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THE ELECTRON PARAMAGNETIC RESONANCE OF IONS SUBSTITUTED IN PARAMAGNETIC
TRANSITION METAL ION HOSTS

Michael Robert St.»John

. inorganic Matefials‘Research Division, Lawrence Berkeley'Laboratorﬁ |
and Department of Chemistry; University of California,
Berkeley, California 94720
ABSTRACT |
The electron peramagnetic reeonance (EPRf speetre of transition
metal ions substituted as impurities into-peramagnetic'transition metal
ion host lattices-has been studied. Cfiteria for deﬁermining wnen
reasonably ehafp'spectra'are expected are presented; ‘The 1iteratnre of
:obServed impufity.spectra in various hosts is revieWed;_ A_number of
unexplained line width effectsvsueh as bfoadening on ioweriné the.
temperature, aniéotropy, and field dependences have been observed'in
' pfevious work. It is shown that these effects can be explained in terms
of two process, (1) host spin-lattice relaxation narrowing and (2) spin
quenching. ‘Host'spin-lattiee relaxation narrowing produces sherp
1mpur1ty lines when the host has a fast T1 and the 1mpur1ty has a Tl
slow enough not to broaden the lines. As an example, the impurity Mn2+
Co (SO

substituted into (NH 6H20 is discussed, and an approximate

4)2 4)2
.Tl(Co ) is calculated at 300 K to be 2X1()_11 sec. Spin quenching
produoes sharp.lines by a reduction of the individual magnetic moments‘
of the’host ione.- This quenehingvoccufs for non-Kramers ions.in low
symmetry‘cryetallfields. The case of:M@nz+ substituted into K2N1(804)2?6H20
and (NH4)2Ni(S0452'6H2O is qualigatively disoussed.

Some systems may have their spin degeneracy on1y partia1ly quenched.

HOWever, if a singlet state lies lowest, it may be exclusively populated
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by thermal means.thereby preventing dipolar fluctuations. Below 2°K
the spectra of Cu2+, Coz+, Mh2+, and V2+ subétituted info the partially
quenched a—NiSOA'GHZO and NiSe04-6H20 lattices have.bgen ébseryedﬁ
Experimégts on Cu2+ shoy that thére are positive shifts of O}tho

0.8 uni£ iﬂ the-g—valge when a—NiSO4'6HZQ is compareé to the isostructural
ZnSe04-6H2Q lagtice. 'Two equivaleqt fhgérieé for the incprporatiop

of the iﬁpufity spiﬁ Hamilténian are pfesented. One of thegé gheories

is- an extension of the standard perturbatiﬁﬁ techniques and tﬁe‘other
utilizes a moiecular field approach.. These theories are.apﬁlied in

. detail to the‘speéffé of Cu2+ iﬁ the a—NiSOA'6H20 lattice. Both give

) o . : . 2+ 2+
similar results and indicate a nearest neighbor ferromagnetic Cu™ -Ni

_exchange with -2J = -0.145$0.01 cm *. The Co’'

slightly ferromagnetic, but the theories cannot give quantitative

2+ .2+

agreement with experiment. The Mn exchange is too small to be

measured, and thé V2+—-Ni2+ exchange indicates -2J ; +0.06i0.01 cm—l. All
these exchange interactions are fpr hydrated ions and taﬁé.place through
hydrogen bonds. The trend of the exchange interaction between N:‘L2+ and‘
the impurity, aé,the impurity electron configuration is varied, ié
discussed.

The impurity spectra in a—NiSOA-6H20 and NiSe04~6ﬁ20 are observéd
to broaden very rapidly as the temperature is raised, becoming un-
observable at 4.2°K. A mechanism for this rapid broadening is proposed
which aésumes that molecular field fluctuations at the impurity are
produced by exitoh motion of the excited state of the Niz+. Temperature

data for Cu2+ substituted into 0a-NiSO '6H20,and NiSe04~6H20 are treated.

4

—Ni2+ exchange is apparently



-vii-

Appendix I lists impurity ions which have Béen_observed and their
host'lattices,.and Appendix iI.presents the spin Hamiltonian analysis
for an+ substituted into the diamagnetic ZnSe04f6D20 (or HZO)' The spin

‘Hamiltonian parameters for the deuterated host are D = +600.OX10_4 cm-ltO.A,

E=+18.6x10'“¢o;5>cm“1,.F=+34x10'“’cm—ltz,,a=-13x10f4scm"1z2; B=90x10"" cm 112,
g = 1.997+0.003. The zero—fiéld splittipg was observed to be a |
function of temperature, and small differences'bgtween the deuterated
and hydrated salts were seen.

Appendix III deals with the Cu2+-Cu2+ and Niz+—Ni2+ pair spectra in
thé ZnSé04-6H20 lattice. Only a rough analysis is:presented. It is
believed that nearest neighbor and next nearest neighbor Cu2+-Cu2+
pa;fs are bbserved. bata'aré presented on both pairs, and values of
-2J = 4+0.15+0.01 cm-l (nearest neighbor) and ]—2J|.= 0.0350.01 cm;l
(next nearest'ﬁeighbor) are found. Only nearest neighbor Ni2+—Ni2+

pairs are thought to be observed,'and a rough estimate of

-2J = -0.130.02 em 1 is made.



I. INTRODUCTION

The presence of chenicaiiy stable configurations{containing unpaired
eiectrone in.tfensition metal ions provides a sensitive means of
probing substances containing them. The electron's unpaired character
_and non s-orbital participation resulte in almagnetic moment
origineting from'both spin and orbital angular mementun. This’
magnetic moment. can beveasily measured by varione meens. The-
tecnnique that looks most closely at the properties of‘individual
ions 15 electron paramagnetic fesonance (EPR). Thisgtecnnique can
really be considered ae fhe Zeeman spectroscopy of;the ground state.

Quite detailed magnetic and structual information can be obtained
by the EPR method.» The presenee df the orbital angnlar momentum
makes the net megnetie monent of fhe ions extremely sensitive to their
electronic environment. This is because the orbital-moinn_is
effected directly, unlike the spin which may only feel the environment
‘through'spin—nrnitvcounling. Thus, EPR is able to'distinguish the
local symmetfy:ef an ien's environment very preciseiy, andvsingle
‘crystal work eiiows‘the identification of ions withfdifferent
orientations. .Bond parameters between an ion and its ligands are also
extractable from EPR datajas well as simple properties like the iqn's.
oxidation state. Interaction.of_the electronic moment with the nnclear |
moments'of.the ion and'its'ligands leads to coupling constants whichv
reflect the nuelear spin values along with other properties already )
‘mentioned, i;e;,‘symmetry, bonding, etc.

Abragam and Pfydeb(1951) formulated the interpretation of the

EPR spectra in terms of a spin Hamiltonian where an effective spin is

LSO OoPEGOOD



used which corfectly describes the degeneracy of thg'grpund state:
Though the spin Hamiltonian provides a conyenient device for the
interpretatién ﬁf EPR spectra, it disguises the faét that orbital
contributions are involved by incorporating them into experimentally
determined parameters. This has often proved very conquing for
workers_notvwell acquainted with the field. A conéidérable amount

of work has beén done along the lines briefly ou;linedlabove,'and the
conprehensive tfeatise by Abragam and Bleaney (1970) provides an
excellent revieﬁ of the subject.

The obsefvation of the properties mentioned is contingént on the
-ability to.obﬁéin'well resolved spectra. It was discovered éarly-
that EPR.in cdncentratéd or pure magnetic materials feSﬁlted; at
best, in broadrill—resoived spectra.' For this reason conCEntrated{
magnetic materials have nét beén deemed to be suitable as host materials.

EThe principal cause of the line brbadeﬁing in paramagnetic
hosts is due té the classical interaction between magnetic dipoles,

usually written in the form

. M, o (u, *1) (U, 1)
- SR S5 R ~1 ~] = . g -
-mhipole r3 3‘ »fS ~i Edipole (-1

wherelsiis thé vector joining the magnetic moments u. As the last
equglity in Eq. (1-1) points out, the dipole interaction can.be viewéd'
as the enetgy of tﬁe magnetic dipole; i, in the field generafed by

the other, j.. Fbr typical distanées encountered in crystalline
solids, the dipole.field froﬁ nearest neighbors usually amounts to

a few hundred gauss. Iﬁ concentrated materials the dipolar iﬁteraction

must be summed over the entire lattice due to poor convergence of the
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sum. - This-is béCause_fhe volume of ions increaées.ht tﬁe same rate
- asg the interaction falls off. The net result of the sum of the -
dipolar fieldsbis to produce a distribﬁtion of magneﬁié field
| strengths thrqughOut the cfystal. -Different dipoleévWill then
experience different magnetic fields fesulting in different-resogance
conditions. ‘This situation is known és inhomogeﬁeouSrbfoadening and
may give 1ine widths as lafgé as 1000 gauss. o

A-mdfe dramatig effect occurs when the wavefunctioné qohtaining
-~ the unpaired sp£ﬂ‘are-allowed go overlap. Here{ wavefunction is
defined és_tﬁe éctual wavefunction found when the bonding of the
ion-with»its ligands is taken into account and not as a pure d ofvf
orbital. When this occurs, the combined effects'of.thé coﬁlomb
repulsiQn betﬁgep-the»electrons and the antisymmetry of the wavefunctions
required.by the Pauli exclusion principle results in.a cbupling Sf
the spins. This coupling of:spins is the well known'exchange interaction
proposed by Dirac and Heisenberg in 1926. In its simplest'form, the

coupling is a scalar isotropic type written as -

Y = —2J5._ i 1-2)
- exchange 2J§1 §2 o 1-2)

This form is often referred to as Heisenberg exchaﬂge._ A'consequeﬁce
of this COupling_df the spins is;that the problem can no,longer.be_
locaiiZed to a single ion plus ligands. It can.bécome>a-many body
problem involving coopefative interactions of the laffiCe as a whplé.
. The épins may_cdﬁple in such a way that no nef magnetic ﬁoment-».
_reméins resulfing.in antiferromagngtism. The most spgétacular

effect occurs when a magnet‘is formed. This occurs when the spins

are coupled so as to be aligned all in the same direction, and this
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type of coupling is knowﬁ as ferromagnetism.

fhese interaptions either destroy the EPR résonapée or change the
character of fhe problem to that of elemental excitations in the
solid‘as a whole. Because of these problems, EPR in éoncentrated
materials has not been as fruitful as might have been hoped. The~ 
stapdard procédﬁfé has beén to eliminate the magneticvinteractions
by_isolating_thé.magnetic ions from one another. This may be éccompliéhed
by substituting small amounts of the ions into~appropri§te diamagnetic
hosts, though iﬁ séme iﬁstances this isélation may occur naturally, as
for example in méﬁy biological systems. Nearly all EPR work to date
has been done in magnefically dilute systems, these being the principal
topic of the trgaﬁise by Abragém and Bleaney (1970).

Nonethelesé; the EPR of ions substituted into paramagnetic
lattices, if de#éctable; shoqld contain the same_informétion available
in a diamagnefic lattice and in addition should also contain information
relayed to it ﬁiasthevmagnetic interactions about the interactions
themselves and host ion.propertieé. A number of impufity ions
substituted iﬁté pafamagnetic lattices have exhibited sharp spectra
(Appendix I), and unusual behavior ﬁas often observed in:theif EPR
.spectra. It will be the purpose of what follows to elucidate exactly
wﬁen sharp line spectra aré attainable aﬁd how to_extraét the additional
information.relayed by yhe interactions from the oﬁserved spectra.

The problem divides itself up into two areas, spin dynamics and
spin statics. The dynamic problem which is'concerned with the impurity's
relaxation and line width will be treated first for ig is crucial in

understanding under what circumstances sharp spectra will be observable.
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The staticlﬁrobleﬁ thenkdeals with anomalies associated with shifts
in:thé speptfal,iinesvor equivalently changes in the_spin Hamiltonian
parametefs cﬁﬁsedvby the magnetic interactiqns. The éxpe:imental
emphasis will,bé'placed on transition metal ion im;urities doped into
transition metal host lattices with lanthanide hosté‘béing treapéd in

a more casualeéy. In addition, a broadening mechanism will be prdpbéed
for the‘impurity_ions that fesults from the motion of;excitons through

the lattiée.
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II. SPIN DYNAMICS

In recent yeérs there has been a handfﬁl_of papers feporting
the EPR of transition or lanthanide metal ions doped ihto paramagnetic
transition or lanthanide-ion host lattices (Appendix I). In these
papers several anomalous line width ﬁroperties have been réﬁorted
such as an increése of line“width.on decreasing thentemperatﬁfe,
- anisotrqpic linetwidths, and field dependent line widths. Wifh thé
exception'of éné qf these papers, Mitsuma (1962), 1itflé or no
expianation of these effects’were given. In the diScussion of spin
dynamics of impurity ionsvin'paramagnetic hosts which'fqlloﬁs, this
data will be reviewed in thevlight 6f what 1s really some old:ideas
wﬁich seem to ha&e been forgotten, and hopefully, it.will be shown
that it all fité very nicely into existing theory. AlSo, criteria
for determining when sharp spectfa of paramégnetic impurities in
paraﬁagnetic-hosts are attainable should emerge from the discussion.

The principal cause of the 1iﬁe width of paramagnetic:resénance
lines in conéenfrated materials is the dipolar interéction, and in
order forAa reson5hce to be sharp, the effects of thé{dipdlar
interaction must be eliminated or at least reduced sigﬁificantly. The
reduction of the effective dipolar interaction can be aécoﬁplishéd'
either by motional effects or what has been called spin quenching.
These two phenomena will be discussed separately in detail.v,Befofe
specializing to cases of line widths of paramagﬁetic impurities iﬁ

paramagnetic hosts, a brief account of motional narrowing theory along

. standard lines (Abragam,_1961; Anderson, 1954; Anderson and Weiss, 19533

Kubo and Tomita, 1954) will be given. This will allow the introduction
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of results contained in the narrowing theory which are'necessary in
the discussion of effects in the paramagnetic hosts. .

A. Motional Narrowing Theory

Motional narrowing is a well documented effectvthat reduces the
effective magnitgde of the dipoiar‘interaction By rapid modulation
of the interaétion. Well known are the cases.where-phe modulating
motion is a result of coordinate m&tion or'électron'exchange
(Bloembergen, Purceli and Pound, 1948; Andérsoﬁ and Weiss,.l953);

First.the ?hysical nétufe of the phenomena will_be discussed.
Only interaétions of a magnetic nature, i.é;,»dipolar,'spin—orbit,
andvhypérfiné, afe capable of effecting the magnetic mdment of the
_spiﬁ directly and, therefbfé, are responsible for the time dependence
of thé magnetié.moment whiéh_dgtermines the line width.; However,
these'interaétiohs.are subject to control By non—mégnetic interactions
_which‘cén not effeét che mégnetic moment directly, aﬁd it is this
control which produces the narrqwing.v The control is brought
about because ?he magné;ic interactions are dependéﬁt on the poéitions'
of the électfohs énd atomsbwhich in turn are controlied_by'the
non;magneticlinteractions since these are much largervthan the magnetic
ones. Tﬁe magnetic inferacfions will then vary in time in-a_ﬁay |
controlled by the electfonic oé atomic mbtion resulting in tihe
avéraging of the magnetic interac;ions. When.the mdtion ié‘sufficientlf
rapid, the averaged effect may be much smaller than otherwise.

Next, the_hafrowing processes will be looked at froﬁ the more
mathematicél.péint of view, and the»needed resﬁlté will be derived.
AIn deéiing with narrowing probiems, it is conveﬁient to divide the

Hamiltonian into three parts



= ﬂ; + ﬂh + ﬂi . | (2-1)

The terms are defined as

ﬂ; = Zeeman energy, single ion spin Hamiltonian
ﬂé = the time dependent pefturbation,”dipole.iﬁteraction
H = the modulating Hamiltonian, unspecified as yet

Also, for narrowing to occur the following commutation relations must

hold among the Hamiltonians

C,M1 =05 PC,M =0 BLII#0  (2-2)

M is the magnetic moment of the resonant spins. In addition, it must
be that ﬂh has no large matrix elements between the states determined
.
As the starting point for the determination of the line width,
the line shape is taken to be given by the Fourier transform of the

relaxation func¢tion, G(t), defined as (Abragam, 1961)

6(t) = Tr{M (t) M } : . _ (2-3)

The determination of G(t) reduces to the determination of Mx(t)

through the Heisenberg equation of motion

ihaM (t) o | o
- = JC = y o -
i ’[ ,MX] [ﬂ; + ﬂh,Mx] » (2-4)
where the last_expression has made use of the special'cbﬁmutétion
relations. With Eq. (2-4) and the commutation relations, the effects

of ﬂﬁ are perceived to be that it has no effect on the line positions

or line width directly, but since it doeé not commute with #,, it can




e

cause a time debendence of the dipolar term. The solution for Mx(t)-

is aided by:changing to the interaction picture which reduces Eq. (2-4)

to the simpler form

dt

',“‘ibﬁ; [JC* M*] . | - (2-5)

M

where the star indicates that the operator is in the interaction

ﬁicture..'In-matrix.notation with,the.eigenfunctions of ﬂ; being used,’

the equation of motion becomes,

(. %) ‘ ) .
~ih d(M:i{t) = - Z (ch)nr;'v (M*>n" J elvv(En" En)t/h
. S n

X

—i(F .- h
P x/nn" V d’n"n’
Now the assumption is made th;t only terms'in'Eq. (2—6)'where_the

exponential factor is zero contribute since the others oscillate so

- rapidly as to giVe no contribution when integrated over a time of

sufficient length} This amounts to keeping'only secular terms in
the Hamiltonian, ﬂh. Under this condition the equation of motion

reduces to

*\
d(M‘) ,
~ih Ax/nm

-

m' _ o @ M*) -hAAu.».M*>'
dt = [« d)nn —;(>d)n'n'] ( x/on' (t)nn'< x/nn'
with the solution '
t i
Y _ © s Ty Kk v28
-<M§)nn' - (Mi)nn' exp 1J~'Aw(t,)nn'dt . v (,— )
o

‘1o obPOOOO
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The quantity Aw(t')nm, is taken to be a random function of time and

depends on the values of the diagonal elements of ﬂ& which change in a

random way at a rate governed by the motional Hamiltonian, ﬂ;, through

the equation

Bﬂh

L
=3¢

AR o -9

The relaxation function now becomes

— 1(E-E Ot/h ) t
G(t) = z e I(nlMxln')l exp if Aw(t') _,dt (2-10)

m' _ ) R ' '
Considering only a single line with En - En' = hwo and observing that
the'knleln')lz can be considered as weighting functions for the ex-
ponential term, the relaxation function can be case in a form of an
average of the exponential function.

R . iwt
at) =e ° Jﬁ dxp(x) eX(E) = g0 (AX®), o)

=00

The following definitions have been used,

. .
= ' '
X(t) f Ao (t )nn-dt
: P(x) = probabi1ity‘distribution for elx(t)

The problem becomes that of findihg the distribution law P(x) for x(t)_

1X(t)). The model chosen is that (1) the random

and then to calculate (e
functionvAwnn,(t)Jis stationary and Gaussian and (2) the Amnn,(t) mean
_squaré value (mz) has the same value as in ;hé absence of motion.

v Thus with the Gdussian form of P(xj the relaxation function becomes

iw t , 2 . ' ' :
Gt) =e © X2 | (2-12)
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which leaves only (xz) to be determined. The normaliied»corfelation

function of the local dipolar field fluctuations is given by

P 2, ‘
g_U)(T)_— (Awnnv (t) A‘l’nnv(t + 1)) W) | v | | (2-13)

where (w ) is . the mean -squared d1polar fluctuation given in terms of

the fluctuating dipolar field by Y AH With the definitlon in

vK. (2- 13), <x ) becomes

%) = <f dt'f at"hu () Mo (£ dt">

.
= W f (t - ) g (1) dr

(o]

C(2-14)

The principal expression for the relaxation function can now be written

with Eq. (2-12) and Eq. (2-14) as

I -
G(t) = e exp(—{w )f'

(o]

t _ ) ‘ : _
(t - 1) g, () df} ' (2-15)

With Eq. (2—15), the effects of the random modulation of Awnn(t)

can be discovered,‘ Two cases are easily handled, those of slow and

fast motion. v
Case 1. -Awn .(t) varies slowly.
“If Aw ,(t) varies slowly the exponential term in Eq. (2- 15) will
dron to a very,small value before Awnn‘(t) can change at all whlch
R .

implies that g&(t)-= 1. After intergration of the exponential factor in-

Eq. (2-15), the relaxation function can be written as

ZoO0topbOroOoO0
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ip t —l/2(w2)t2

G(t) =e ° e | ' - (2-16)

Equation (2-16) is recognized as the rigid lattice relaxation function
and gives the first important result that in the absence of rapid

motion the line shape is Gaussian with a line width given by

A = Vi) o (2-17)

Case 2. Awnn.(t) varies rapidly;
In this case, the correlation function gw(T) falls rapidly to zero
before the exponential has a chance to decay, and the integral in the:

exponential factor can be extended to infinity with the result

o

. 1u t ) | I
G(t) = e exp({-{w™) tf gw(’l') dt) (2-18)
S ' o ' : ’
The integral over the correlation time is equal to some characteristic
time related to how fast the correlation function falls off which is
related to the inverse of the frequency of modulation of the dipolar

interaction, w__,
; nn’

~I.gw(T) ar = == @19

o]

=]

Using Eq. (2-19) the relaxation function under the'narrbwing condition
of fast modulation becomes
| 2 | -
iw t -{w >t/wm :
G(t) = e e . (2-20)
This function describes a Lorentz line shape with the Second importaﬁt'

result that the line width in the presence of rapid motion is
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Mo = Do o (2-21)
. ‘ nn . . .

Equafions (2-17jland (2-21) suppoft the‘original assﬁmptionvthat the
width is dependent on the size of the dipolar fluctuatiéns since
their mean sqﬁared value appears in both.

‘The treatment'given here is necessarily simplified and requires
at least oné comment. When the modulating motion is very rapid, the
neglect of nbn;éecular terms in going from Eq. (2f6) to Eq. (2-7) is

a poor assumption;' The effect of thé non-secular terms is to introduce

the numeriéal factor 10/3 into Eq. (2-21) with the dipolar and

_:modulating frequency dependence remaining unchanged (Kubo and Tomita, 1954).

This so called 10/3'5 effect is only important when the modulating

>> w . At
O .

frequency is larger than the resonance frequency, i.e., w
C o . . m

‘this point speéialization to paramagnetic hosts will take place.

B, .Narrowing by Host Spin—Lattice Relaxation

The discussioﬁ,of Section iI—A points out that if an appropriate
fast motion'qf sémé sort is présént'in the system the dipolar inter-
action mayvbé_gréatly reduced. The question to be addressed now is
whether or not. any éppropriate motional effects aré.operative fof
the observance of EPR of impurities in paramagnetic hosts. |

Tﬁe exchange intérédtion.has been mﬁch discussed aélé motiﬁnal
Hamiltonian with respect to pure and mixe& mafefials (Aﬁderson, 1954;
Van Vleck, 1948). The.case qf exchange Betwgén unlikezspins, wﬁich
ié Of:interest here, is much more complicated than for_like spins.
Unlike the case ofliike spins, exchange between unlike spins doés

not result in narrowing but contributes to broadening. This results

EC I R A R
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because the exchange Hamiltonian between unlike spiné will no longer

commute with the magnetic moment of the resonant spin thus contributing

to ité time dependence by Eq. (2-4). However, exchangé among the

host ions contributes‘to narfowiﬁg of the impurify resonance because

it can modulafe_the impurity—hoét dipolar interaction and commutes
;o ‘

with the magnetic moment of the impurity spin. It is obvious that

the exchange effects are complicated, but they suggest that the rigid

lattice width'wodld contain a contribution from the impurity-host

exchange. It should also be kept in mind that onlY‘iSotropic'exchahge

can cause narrowing, and thus anisotropy will contribute to broadening.

Another narrowing effect first proposed by Mitsuma (1962), which

seems to have been overlooked by nearly all authors, is that fast

spin-lattice relaxation of the host can randomly modulate the dipole

and exchange interactions between the host and impurit&, In other
words, if the»impurity is embedded in a host lattice which has a fast
spin-lattice relaxation time and its own spin—lattice re1axation time
is not so great as.t9 broaden itself, the impurity'ion will give a
“sharp spectré{ A nuﬁber of experimental reports, sﬁarting initially
with the note by Bleaney, Ellio£ and Scovil (1951), have been giveﬁ
which conforﬁ'go'thisv¢riteria, host havingra short Tl'and the

Table I lists impurity ions'which have

impurity havihg:a long Tl.

been observed and their host lattice where the spin-lattice relaxation

narrowing effect is expected to operate. The temperatures at which
these spectra were observed were primarily room‘tempefature with an
occasional sample being reduced to liquid nitrogen temperature. At

these relatively high temperatures, these samples are considered to




Table I. Observed paramagnetic impurities in paramagnetic hosté where hose spin-lattice

relaxation narrowing is expected to occur.

Observed

—g'[_

Impurity S o ) -
Ion © . Host - "Reference
=
TRANSITION METALS
‘ w@. . "' X
 €3 ' ) B Cu?+ KzCo(SO4)2°6H20 Sastry and Saétry, 1973
R w2 () ,C0(S0,) 0 6H,0 Upretd, 1973 .
= - 4 20o 4 2 2 pret_ s
_ 24
T Mn (NH4)2C02(304)3 Chowdari, 1969
_ “Cr” K, ,Fe (CN) Mitsuma, 1962
o e | LANTHANIDE METALS
o . Gd ,Ce(C2H5804)3'9H20 ‘-Blegney, Elliot, and Scovil, 1951 .
Gd3+ Pr?f, Sm?+, Nd3f; Tb3+, Dy3+, H63+' - Gerkin and Thorsell,'1972
_ _ & Er3+ ethylsulfates , ‘
Gd3+ Nd(N03)3°6H20 Singh and Verkarteswarlu, 1967
~ Gd - NdC13:6H20 and PrCl3-7H,0 Singh, Upreti, and Verkarteswarlu, 1967




-16-

meet the critéria that éhe host has fasﬁ spin—lattice»relaxation and
the impurity_has slow spin—iéttice relaxation. Frém the table it may
be observed that the well known slow relaxing Séstate.ions like Mn2+
and Gd3+ areApriméry candidates as impurity ions where thié’ﬁarrowing
phenomena can be observed. In tﬁé‘lanthanide group all other 3+ ions
are fast relaxers due to.the Orbach mechanism ahd,;#herefore; may be
used as hosts for Gd3+. In the transition metal group more selectivity
needs to be exeféised. Here the fast relaxing hosts will be ones
where the orbital angular momentum is not quenched, as.for example C02+.
Since the'ﬁ&st spin-lattice rélaxation narrowing gffect is not
| well known, it'will'be shown that the requirements stéfed in Secfion.II-A
for narrowing ére‘met. The'Hamiltonian given by Eq. (2-1) is broken
down this way.’_ﬂ; is the{unperturbed spiﬁ Hamiitonian:which gives
rise to the_pbsitidns of the spectral lines. Hh is again the time
dependent pértﬁrbation taken tovbe the dipolar_inte?aétion. Hﬁ is»f
identified ﬁith'the spin lattice coupling of the host, i.e., primarily
host spin-orbit:and orbit-lattice coupling. Since ﬂ;'and M contain
only the impufity.operapors and ﬂg only host operators;‘the commutation
relations (Eq. (2-2)) which need to be zero are fulfilled. ﬂg‘does
not commute with X, since it contains both host and:impﬁrity spiﬁ

d

operators, andIBy Eq. (2-9), ﬂh will obtain a time‘dépendence from

H;. If the commutation relationships hold, it only remains to sﬁow-

d

of ﬂh connect statesof M;. Typically ﬂh is around 0.01 cm—l which

corresponds to a frequency in the range 107—108 Hz which implies that

that ﬂ; can be much greater than X, and that no large matrix elements

the host spin~lattice relaxation should be faster than 10—9 sec
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9

(10° Hz) for_nérrowing to occur. This certainly is true at higher

temperatures, where the condition K&}>> ﬂh can be fulfilled. Also

with conventional speétrqmeters, the dipolar interaction is always
smaller than the Zeeman splittings which meets the second condition.

The varification of the conditions needed for narrowing is thus

' demonstrated for the case of host spin-lattice relaxation motional

narrowing.

The host spin-lattice relaxation time shoﬁld‘incfgase ﬁheh the
temperature is.ldwered and will then not be able to average the
dipole interaction as effectively. This:increase Will‘résult in a
broadéning ofvﬁhe impurity lines. The increase of 1ine width'on
lbwering the ﬁeﬁperature; in contradiction to the‘uéuél decrease, is
an identifying feature éf the host spin-lattice relaxation narrowing

effect. In those cases where temperature dependences have been done,

. such broadening has been observed. This observed temperature

dependence isﬁg good case against the narfowing being due to exchange
since narrowing by this means is not expected to be temperature
dependent. Sastry and Sastry (1973) observed the broadening of

Cu2‘+ in KZCO(SO ’6H20 on decreasing the temperature and attributed -

42

it to "the superposition of a broad cobalt line on the spectrum of

2+,

Cu . Upreti (1973) observed Mn2+ lines in (NH,),.Co(SO *6H20 to

42

increase from 12 gauss to 21 gauss on going from 43736K to ~90°K,

4)2

and he attributed this to "increased magnetic interéctions". Also

‘ Gerkin and Thorsell (1972)'observedvincreaseé in Gd3+ line widths

for many of theilanthanide'enthylsulféte hosts when the temperature

was lowered from room to liquid nitrogen'témperatures and indicated
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that "these results are notvpresently understood"._‘Mitsumé (1962)

on the other hand did‘a tﬁbrdugh temperature study:of Cr3+ in
K3Fe(CN)6 andideveloped his results along the lines of the host spin-
lattice relaxation narrowing theory presented earlier.  It is believed
that the narrdwing theory gives the most plausible inferpreLation of
the expErimentéivdata presentéd in this paragraph. |

So far the analysis has led to two conclﬁsioﬁs. The first is

that_impurityvreSonances‘wili be sharp when the host spin-lattice
relaxation time is fast cOmbaréd to the dipolar energy in fréqﬁency
units and the imburity spin-iattice relaxation time is long enough
that it:is not‘the source  of the impurity's liné brbadening. Secondly,
when the condiﬁiéns for the narrowing are in‘effect; the impufity

line width réflecté the spin-lattice rélaxatioﬁ time of the host.
Though no entirely rigorous formulation of the line shape in narrowing
cases 1is availéble, é very satisfactory approximaﬁion for the 1iﬁe— :
width is giveﬁ'by Eq. (2-21) where it will‘be-remembered that (Qz)

is the mean sduared width in the absence of narrowing;_and w is the
average rate of change of the broadening interactions'which is now
.the inverse of the host spin—lattice relaxation time. The use of -
an impurity probe to measure the extremely fast spin-lattice relaxétion
times at high temperature seems to be a technique whicﬁ has not been
exploited.exceét'for the single atﬁempt by Mitsuma (1962). The

main difficulty that arises-is the determination of the mean squared
width in the absence of narrowing, (wz). ‘As pointed out earlier the

exchange between unlike ions adds to the broadening, and, therefore,

the mean squared width in the absence of narrowing will be composed
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of a eontrihution‘from the dioolaftand exchange inteteotion, the
latter being:génerally unknown. - This fact was not7reoognized“hy
Mitsuma (1962) who found that the rigid latticevdiooiar vidth vas
too smell fof {wz) He attrlbuted this increased width w1thout
" narrowing to anlsotropic exchange .on the bas1s of work by Bleaney and
h.Ingram (1952) on the Fe3 line width in K3Fe(CN)6. However, an;sotronlc
exchange among the Fe3+ would only serve to oeuse:enehange narrowing |
to be 1ess effectlve,vbut exchange narrowing effectsIWere_assumed
absent. Thetefote;-this'can not‘be the_reason_fot.thehincreese in
an).v In thehend Mitsuma:was forced to'make a‘resonehie guess.bQSed
fon his experimentei'data. | o |
As an illustratlon of an ordervof magnltude calculatlon, the

vspin—lattioe.relanation time of an+ in (NH4)ZCO(SO4)2 6H 0 w1ll beh.
found frou1the data of Upreti (1973) As an approx1mat10n for Hd

(V(w ) in field un1ts), the formula of Anderson and Welss (1953) w1ll

be used
=51 ()P s(s+1) S ey

All'terns pertein to the host, and n is the density'of spins per cubic
 centimeter found from crystalographlc data (Wyckoff 1965) . This
'value will be a 1ower limit since exchange terms have been neglected

d

Lettlng g for Co2 be 4y H equals 203 guass Mitsnmais formula:for_
the spln-lattlce relaxatlon t1me of the host is. -

Ti(host?==(h/ghostB)(3/20)[Aﬁllz(lmpurlty)/H ] ) ;‘ j (2423>.
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The non-secular terms are included in this equation by the factor

4)2
is 16 gauss. When this width is used in Eq. (2-23), the Spin—latticé

relaxation time fdr the Co2+ is Tl(Coz+) = 2><l(')_ll sec.. The acfual

10/3. At 300°K the Mn2+ peak to peak line width in (NHA)ZCO(SO ‘6H20

value would bé smaller since a lower limit on H& was used. Nonetheless,

. R o 24 .
this value is in good agreement with values of Co  spin-lattice
relaxation times extrapolated to room temperature from low temperature

solid state data. For example, extrapolating the data of Zverev

. _ =11
203 yvield T1 = 3x10

and T, = 3X10_1g sec. Similarly, the data of Pyrce (1965) forvcobalt

‘and Petelina (1962) for the two cobalt sites in: Al
1

in Mg0O yields a value Tl = 1X10_}l at room temperature. This agreement

would indicatelthat at least up to room temperature no new relaxation

effects become Oﬁerative for octahé&rai C02+ whiéh are ﬁétvoﬁeratiyé

at low temperatﬁfes. |

C. Spin Quenching

In the case:of spin quenching, the dipolar infefaction is reduced
by an actual decrease in ﬁhe magnetic moments of thé ﬁostzioné. fhe
line width is a function of the magnetic moﬁent size_with or Qifhout
narrowing through Eqs. (2-17) and (2-21) which contain tﬁe mean-
squared dipolar fluctuation (wz). The reduction of the maénetic
moment results from the quenching of the spin by the crystal field
and spin-orbit coupling. This is analogous to the queﬁching of
orbital angular moméntum by the crystal field where the orbital
‘mbmentum effecté are reduced to second order. Two exﬁeriméntal cases
arise depeﬁdingydn whether or not the spin is completely or only

partially quenched. Complete quenching arises when all the spin

sec
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degeneracy.ié btoken by the crystal field and spiﬁ;orbit coupling.
This situation occurs when the site symmetry of the host ion is
ﬁery ldw, i.e:, fhombic,'and the host ions afe'honékfamers ions.  The
reéult in these'circumstances.is that the magneticimoments of the
host ions become en;ifely sécond or&er which causes an aéuté reduction
of the mean squéied dipolar iAteraction. .At tempefatures where kT
is‘greater than'the*ééro—field splittings, suSceptibiiity measurements
do not indicaté ﬁhe£her or nbt'the spin is quenched; This iS»because'
even though the magnetic moments of thé ions are reaucéd, the increased
splittiﬁgs betweeprénergy levels ‘has increased the ﬁopulation differehces
causing the ;usgéptibility to be basically ﬁhe same. Tﬁe observation.-'
of shafp EPR speétra ofcanfimpﬁrity ibns in a paramagnetic sample is.
thusvthe only'ihdication of spin quenching resultiﬁg'frbm low site
- symmetry at high'temperatures. |

An éxamplé is illuminating and allows the exﬁlanétion of some
hithefto ﬁnexplainea data. N12+ is a prime candidate for spin
quenching being a commonly occurring non-Kramers ioﬁ, #nd the nickel

ions in the compounds K2N1(804)2'6H20 and (NH4)N1(50 -6H20 (nickel

_ 4)2
 Tutton salts) are known to have rhombic site symmetry-(Criffith and
Owen, 1952) mz;king them suitable for hosts. Indeed, Upreti (1974)
hés Obserﬁed the_spectra ovan‘2+ in thgse two sélts, and it is these
spectra which shall be discussed.. |

The ﬁagnetic moment of‘an individual ion‘is defined.by BEn/BH
'which is the derivative of the enérgy of state n with reépect fé the
_mAgnetic field. Using the energy levels given(ﬁy Griffiﬁh and

- 2+ ‘
Owen (1952) the instantaneous magnetic moment of the Ni can be cast:

in the following form,

L9010 PbEON OO



-22~

0
or
oE :
n . BH
T = - = (2-24)
inst 9H [A + GZBZH ]1/2

The A term encompasses various combinations of zero—field parameters
depending on the.orientation of the magnetic field. Eéuation (2-24)
’specifiee the magnetic moments between which the nickel ions fluctuate
and which are responsible for the magnitude of the meau:sqﬁared o
dipolar fl;ctuetioﬁ, <w2>.’ When the zero-field term is 1arge cempered
to the Zeeman eqergy; A >> gfH, the magnetic moment ehd thus the
dipolar interaction will be reduced. This reduction @ay be easily

seen by comparison-with the case of an unquenched spin. In the unquenched

quenched

unquenched ., = oB and in the quenched case M - < gZB H.

case M
Letting g = 2 'and H = 3000 gauss, the values for the moments become

. unquenched _

quenched
max - ax

1><10_5 em /gauss and M < ‘3><10—8 cmql/gauss. This

approximate calculation shows that the magnetic moment is reduced

by a factor greater than 103 which is certainly a Sizable reduction.

2+

Next the line width properties of Mn in (NH Vl(SO ) 6H 0 and

4)2
K2Ni(804)2'6H20 will be ;isted-and qualitatively expleined in terms

of the spin quenehing_ideas. First of all a large anisotroby of the
mapganese liqe_ﬁidth is qbserved for both salFs. With Ho aiong the

X axis of onme of two ions in the unit cell, sharp spectra-are observed
whilevﬁijlﬁo aleﬁg the ion Z axis, the ﬁaﬁganesevlines‘are almost
broadened entirely away. Figure 1 shows this effeet.  Thisvobservatien A
is easily explained by realizing that'with Ho along Z, one of the ione

in the unit cell has A = E and that E is not much larger than the Zeeman

energy, gBH. Under this circumstance, the magnetic moment increases
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l—DPPH

845G |

HIIZ

l-—DPPH

XBL 759-8358

Fig. la. The spectra of _Mn2+ in (NH4)2N1(SO4')__-',6HzO at room .
temperature (~300°K) and X-band (~9.5 GHz) for H
along the principal Z and X axes of one group for
equivalent ions (taken from Upreti, 1974). .

@o 01l 0Pt 00 0o



34—

. DPPH

- HNZ

. DPPH
~HIIX

XBL 759-8359

Fig. 1b.. The spectra of Mn2+ in K9Ni(S04)2°6H20 at room temperature
_ (~300°K) and X-band (9.5 GHz) for H along the principal Z and
X axes of one group of equivalent ions (taken from
Upreti, 1974). Co ' ’
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causing tﬁe.ihcrease in the line width. When Ho ié alohg X, A= (D +:E)/2
for one of the_ions gnd fhé ofher hasiH0 néarly in the Xy plane'which
gives an A vaiqé on the order of D. Both A's.aré much larger than the
Zeemén enérgy,‘and the magnetic moment becomes entirely sécdnd ofder
resulting iﬁ ﬁgrrow lines. The line width aﬁisotfopy is seen to be

a consequencé of the magnetic moment functiOnality.of field orientation.
Secoﬁdly, the line width shows a field.dependence; This is exfegted |
since the magnetic moment given in Eq. (2-24) is field dependent.
Furthermore, coupling Eq. (2-24) with Eqs.'(2—17)_ahd (2—21) for .the
widths indicates a linear field dependence in the abéence of naiféwing_
and a quadratic“field dependence with narrowing.‘ LéSt}&; when Hb. |

42

'6H20. As noted before, in phis‘orientatidn A=E

is along Z, the linésiin'KzNi(SO '6H20 are noticeably narrowing than

in (NH,) Ni(SO

4)2 4)2
for one of the ions and upon consulting Eq. (2-24), the compound -
with the larger E value should have the narrower lines. Griffith

and Owen (1952) give the following values for E at 290°K, E = -0.38 cm—1

for (NH,),Ni(50,),°6H,0 and E = -0.51 for K2N1(804)2'6H20 which varifies

‘the predictioh. All these line width effects seem to be qualitatively

éxplained by'this very simple approach.

Very 1itt1; Qempgfature dependence of the impufity 1ine'Wid£hé'is'
expected until_témﬁerétures iow enough to make kT comﬁafable ﬁith the
enefgy separations of thé‘spin levels are reached; .This absence of
température.depehdgnce can be explained by observing”tﬁat the’
instantaneous:magnetic moments will not be changed, Bﬁf their weights
in the average for the méén séuared fluctuation willzchange. ‘Howevef,

for temperétures.where kT is larger than the energy separations of the

S

690 1tO0pPP0OS00O
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spin levels, thé weighfs will be effectively equal; but when kT is
smaller, the average will depend on the statistical weights. Moriya
and Obata (19585“have obtained the same résults inla_ﬁore mathematical
way using KuBQ and Tomita theory and provide a semi—qﬁantitative
approach to the problem. |

Hosts containing Ni2+ probably provide some of the best lattices
in which fo 6bsérve the various line width vafiatioﬁé*due to the
nominal size of b and E commonly encountered. If the zefo—field

splittings are too large, the magnetic moment will be reduced to the

point where it is no longer responsible for the width of the impurity -

lines. Mbst.observa;ions.to.date_have been made in nickel lattices,
and Table II lists nickel salts in which an-+ has been observed.
Similar effecfé as were foﬁnd in the two nickel Tuttonvsalts were also
seen in the 6ther nickel salts. Other ions should be:equally well
observable inithese lattices provided that they are not broadened
away by tﬁeir own spin41attice relaxation. |

As notedveariier the field dependence of the line width is.an
indicétion whether or not.a'narrowing process is operative. The
dependence is 1inear with no nérrowing and quadratic with narrowiﬁg
implying that if a quadratic dependence is observed, infbrmation
about the nafrowing process will be available. be some of the
nickel éaltsllisted, the nickel resonances at room témperature have
been observed, and for this reason, their spin-lattice relaxation
times woﬁld be‘too slow for the spin-lattice relaxation narrowing
'mechahism tp bé operative. Exchange interactions,wduld then have to

be responsible for any narrowing in these salts and might possibly
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Table II. Nickel compounds in which an+

has been observed and their zero-field splittings.*

Compouﬁd._ R D(cm—l) o , _E(cm—l). Reference
(NH)4Ni2(SO4)3 — _— Chowdari, 1969
Ni(CH,C00),*4H,0 _ -5.61 -0.83 Janakiraman and Upreti, 1971a
, NiSO4'7H20 ' 3.56 1.5 Janakiraman and Upreti, 1971a and 1971b
K2N1(804)2-6H20 -3.30 -0.51  Upreti, 1974
(NH4)2N1(504)2'6H20 ~2.24 -0.38 Upreti, 1974

 *A11 at room temperature.

...Lz...
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be estimated from Eq. (2-21). Janakiraman and Upreti, .1971a fit the

field dependencé of Mn2+ in Ni(CH3COO)2'4H20 and NiSO '7H20 to both

4
1in¢ar and quédratic forms and found that neither fit the data very
well, implying_that some intermediate case exists. ‘Both salts seem
to be more cémpatible with no narrowing. This is not surprising
since the isqﬁropic exchange in these salts is not eﬁpected to be
large. In addition for ions which do not have the same axis of
quantization,‘isqtrdpic exchange will appear as anisotrdpic which
would further reduce the narroﬁing effect of the exchénge in these
salts where.thé_SPin axes of the host are‘spgcified primarily by the
zero;field tefms. The extraction of exchange'data from this data of
this type cértainly becomes difficult at Best, and there seems to
little promise in this regard.

The line width also reflects the zero-field splitﬁing of the

host, and anisotropy of the line width is a consequence of the changes

in the energy.level pattern of the host. 1In theory the zero-field

parameters of the host could be determined from the angular dependence-

of the line width, but experimentally, factors like the extreme line .
broadening'and:thé presence of more than one ion per uniﬁ cell would
make their determination uﬁfeasonable, other methods béing preferable.
The conclusidn‘to be drawn from this_analysis is that even though many
line width effects are observable, little quantitativé:information'

is easily extracted from them.

The only other transition metal lattices used where spin quenching

is expected to be operative are those containing Fe2+. Table III

gives a list of.these. The Fe2+ lattices have been kept separate




Table III. TIron(II) host lattices and observed impurities;'

: ImpuritYf‘ : - .," L Lattice B ' N Reference
— Mn2+' , (NHA)zFe(SOA)2'6H20; : Janakiraman and Upreti, 1970
o~ ’ (NH,) 9Fe (S0,) 5 6H,0 | Cill and Ivey, 1974
o S o o
2+ ’ , . ‘
- _ NiT - FeSiF6'6H20 ‘ Rubins, 1974
::} it i
o
.

~62-
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because the hdst spin—lattice relaxation narrowing mechanism will be
operative along with>spin quenching, Fe2+.having avfasﬁ Tl’ and |
combination efféqts are expeéted. Fe2+ tends to ha?e quite large
zero—field splittings, and the magnetic moments ﬁili'be very
effectively quenched for this reason. The Fe2+ w0u1dvtﬁenlbe ekpected'
to exert little or no influence on the impurity ionbline width at

any temperatﬁ;e? this is observed for tﬁé Mn2+ and N12+_impuritiés
'6H20 is dbserved to

listed. The width of Cu2' in (NH,).Fe(SO

4)2

broaden on'loWefing the temperaturé, reaching a maximum at 13°K. This

4)2

broadening wiil bé commented on in Section IV.

'Next the ¢ase of partial quenching will be cqn;idered. This.
‘situation arises_when the spin degeneracy is not éntirely 1iftéd
resulting frém_an increase of symmetry of the cryétal.field. Under
the conditioﬁ tﬁat a singlet lies lowest, it becomes possiblé to
populate the single; exclusively by thermal méané with the result that
the ﬁagnetic moment.becomes entirely second ordef as in the cdmpletely
quenched spin case. More important, howevér, is the fact that by
thermal restricfion to a single state fluctﬁations béfﬁeen the states
have been remdﬁed, and thus no time dependence of the;dipglar field
remains. Again, a non-Kramers ion is required for a singlet to
exist. Hosts of this sort have primarily cenfered éfound lanthanide
ions having singlet ground states separatedbfrpm the first excited
states by energies of the order of the spin-orbit coupling, i.e., |
several hundred wave numbers. With this size energy separation,
population of the singlet by thermal means is relatively easy and

may only require temperatures in the liquid nitrogen range. Transition
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Table IV. Cu2+

apparent g and A values in two hosts.

0-N150, - 6H0 ZnSe0y - 6Hy0
Axis g ’ A(gauss) _ g : ' _ A(gauss)
a 2.68+.02 59.740.6 2.179+.002 69.9+.3
< 2.50 91.0 2.279 97.2
y 2.85 74.6 2.260 90.8
z 2.91 93.8 2,429 - 115.7
x 2.50 10 $2.097 15
¢ = 61.8° ¢ = 43.3°
*

a and ¢ refer to the crystal axes and z and x refer to the magnetic axes of the ions, (the z-axis

here is defined as the maximum g in the ‘yc plane.)
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ﬁetal zero—field splittings are much sméller, typically in the range
0.1-20 cmfl, which would, therefore, require liquid He temperatures
to exclusively populate a singlet ground state. |
Along theSe.lineS'alnumber'of transition metal'ion impurities‘
have been obsérved in a—NiSO4~6H20 and the isostructural NiSeOA'GHéO.

The spectra in these lattices will be discussed in Section ITI, and

the line broadeﬁing in Section 1IV.
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ITI. SPIN STATICS

Section II has described uﬁdér what circumé;ances spéétra'éf
: impurifies are to be observed in paramagnetic hosts. The next nétural-
step in the dévelopment of the spectroscopy of impurities in
paramagnefié hdsts is the description of the spectra when they are
obseryed. In some cases anomalous g and zero-field paréméters‘have
been observéd; ana these are the obéérQafions to bé e#plained.> The
simplest case and the one which has been ﬁosfvexploited is the case
where a éihgle~$faté of the host can be exclusively populatedf The
advantage of this situation is that the statistical problem is greafly
simplified since only one state of the host is involved. . Also, the
vpopulati?n.of the excited sfatés tends to reduce the mégnitude‘of the -
éhif;sfmaking exClusive population of the host singlét'desirable.
As mentioned prévidusly,'hoéts of this type have revolved . around
lénthanide ions;with ground states derived from a J = 0 free ion state
with a seﬁaraﬁiqﬁ from the first excited sﬁate usuélly on the order
of 100 cmdl, i.e;; a Van Vleck.barémagnet (Mehran, Stevens, Title,
and Holthqu;'197l; Birgenéau, Bucher, Rupp and Bierig, 1964; Rettori,
Davidov;,GrajeVSky, and.W51SCh, 1975; Sugawara, Huang, and Cooper, 1975).

There are.two modeé of att?ck on the problem of-incorporating the
 interaction into fhe impurit& ion’description; If the Hamiltonian
ié known or a reasonable gueés,canfbe made, it can be‘fit to the
experimental data. Alternatively differences in the spectra of the
impurity in a parémagnetic,lattice.and in an isostrﬁctqal idamagnetic
.1atti¢é can be singled out as arising from the interadtions. This

assumes that the Hamiltonian can be written as a sum of the single ion

e /01l 0P b0OO00
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Hamiltonian. The ideal host material would be one where the host-
impuritybintefaction could be turned on and off by thekexperimenter..
By such a meahs'tbose features of the sﬁectra due tb the host—impufity
interactions_cbuld_be unequivocally isolated. An approximation of
this situation can be contrived if the parémagnetic hést lattice has
a isostructurél diamagnetic lattice. Diffefences between the spectra
of the impurity in the paramagnetic lattice (interaction onj andvthe
diamagnetic lattice (interaction off) should be due to the host-
impurity'interaqpibn and be relatable to it. Both of these methods
will be employed in the analysis of the data to be presented.
Transition metal ions with large zero-field splittings cag'also
have.g singlet ground state which can be exclustively populated, but
no impurity sbectra in transition metal hosfs of this type have been

reported. One sﬁch host is a-NiSO '6H20 whose spin triplet is split

4

in a tetragonél_c%ystal field by spin-orbit coupling into a singlet

and a doublet with tﬁe singlet.lying iowest by 4.74 Emfl'(FiSHer

and Hornung, 1968). ZnSeOa‘GHZO is an isostructurél diamagnetic lattice

which can bevuééd as tﬁe reference létfice'(Hajek and Cepelak, 1965).

These two lattices provide a convénient system in_which £o investigate

the magnetic iﬁ?eractions of paramagnetic impurities in'a—NiSOA-6H20.
The rest of.part IiI ig organized as follows. Section A gives .

a theoretical disgussion qf the effects'of-magnetic iﬁ£eracﬁions

on the spectra ofvimpurity ions in the low temperatufe 1iﬁit when a

single state of>the host can be assumed populated. This is foilowed

in Section B with a brief account of the necessary crystalographic

data and experimental procedures in Section C. In Sections D through F
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a detailed analysis»of the g—value'shifts of.Cu2+-ih.a—NiSO '6H20 is

4

given by a spin Hamiltonian perturbation method and by:ah alternative

melecular field method. Lastly, Section G presents data on Coz+,

+
an , and V2» doped into the a-NiSO 6H o lattlce, and Section H

4

" discusses the trend in the exchange interaction as the number of d

electrons of the impurity is reduced.
A. Theory

The principal theoretical problem in the interpretation of EPR

- spectra of ions substituted into paramegnetiC'hosts'is the incorporation

of the host-impurity interaction into the impurity ion's description.
Since the spin Hamiltonian'formalism has proved to be a convenient
and useful method for'deseribing ions'invdiamagnetic.1ettices, it

would seem desirable to stay within'its'framework'for‘iens in para-

 magnetic lattices. The following discussion presents two methods

which describe how to incorporate the effects of the host-impurity
interactions into the impurity ion's spin Hamiltonian parameters with
emphasis on the g-value shifts. The first approach extends the

convent10nal spin Hamiltonian perturbatlon theory scheme similar to

that used by Hutchings, Wlndsor, and Wolf (1966), and the second

- approach utilizes molecular field theory.

1. Perturbation Method
The physical-unit under consideration is defined to be the impurity

ion plus a clustef'of»neighbors, ‘The impurity ion is assumed to

~ interact with each neighbor independently in a pair-wise manner. No:

direct account is taken of possihle interaction effects of the

neighbors with the other host ions. Since the neighbor-impurity

PLOLOPROOOO
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interactions are considered to be independent, the results for a
pair can be developed and then summed over an appropriate number

of neighbors. The perturbation Hamiltonian is taken to be

o= BHe(Lp + 25p) + AgLpeSy + B (Ly + S + MyoSy ¥ Sp7KySy (-1

The sdbscriptsllfand N refef to the impurity éﬁd neigpbor; respéctively,
and the}intéfaétion term has been taken as the general biLinear exchange
form. The-othér terms have their usual meanings.

The aimjof the spin Hamiltonian scheme is to evaluate parametrically,

or in actuality, if possible, all operators except those of the spin

under consideration; For fhe host-impurity péir, all the orbital
operators and ﬁhe host spin opérators nééd to be evaluated‘in order to
leave a Hamiifbnian only in the impurity spin operator.v Using product
wavefunctions of the form Iw;wﬁcﬁ), where the Y's refef_to orbital
functions and 6‘ﬁo.the spin function, and considering.only the case

of orbital non—ﬂegenerate ions, the first-order spin Hami1tonian

for the impurity ion is

2D . (-
. _-28§§I+§11§N<0N|§Nlc§> = (3-2)

Carfying thé development of the spin Hamiltonian to second-order
requireéjthe coﬁsideration of several types of exqited:state wave;
fungtions. The singly excited forms lwgwﬁog)‘and ]wzw;qﬁ)vcontribute
the normal second-order terms tovthe g;valﬁe and the zefo—field
splittings of thé impurity and host ions, respectivély, and-add
nothing new. _The singly excited host spin state, |¢;¢§0;>, adds a

new term which involves the exchange interaction and is given by
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= | ,
. [ (o2 |2BH*S  + S_ K S [on)]“
._ﬂ(Z) S e it S A\ N _ (3-3)

B O v Eo,‘ En

This seéond-ordér expression contributes two terms to the impurity ion-
spin Hamiltonian;_bne arises from the cross term of‘ﬁhe exchange and
host Zeemgn eﬁefgies and one from the square of thébexchange energy.
~All multiple e#cited states yield no.additional terms. The validity
¢ : L . .

of this perturbation approach is specified by Eq. (3-3), where the
céndition that_the exchange interéction be'small'comparéd to the |
separation of the host ground and excited stétes is implied.

Retaining only first-order exchange terms and neglecting‘zero—

field terms;‘thé‘impurity ion spin Hamiltonian becomes |
Hp = BHegrSp ¥ 5p §‘§N'(Q§I§N|°§)- .; Lo G
where the sum islto be ﬁaken,over an appropfiéte number of neighbors.
To appreéiate'thg effect of the exchange term, knowlédge’of the host
wave-function ié.required. For pure éinglet states;.thé.host spin
matrix'elemen;s‘arevidentically zero. However, the presence of a
magnetic field generates Van Vleck paramagnetism which arises ffom
' tﬁe field mixing excited states into the singlet ground state. Fér
low lying excitéd sﬁates~the miiing can be appreciabie;bthus causing
the host spin matrix elements to be significant. -Sinqé the mixing
is done by tﬁe magnetic field, the matrix élements ééduire a linear
field dependenée when the wave functions are taken»to first;orde:

ip pertUrbatién tﬁeory. Thus, for host ioﬁs with a siﬁglet grouﬁd
state, the firSf order exchange term contributes an.additional Zeeman

term or equivalently a g-value shift. Host ions that possess

s/L010pPFODOO0
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paramagnetismlin addition to the Van Vleck paramagnetism will
contribute avzero—field term linear in the impurity‘spin. This case
has not beehvobserved yet and may not be since gf temperatures
where a single state cquld be populated,.magnetic o?dering will probably
have already:eﬁsued.
The secdnd;order terms also contribute linear‘field terms as
,well as highef po§ers in the field, and various zero;field térms.are

generated. Expliéitly they are given by

L B(c plHegy"s | ls s lc y

n v
(3-5)

+ 3 Z
n N

<0§I§I.§N.§N|0;>K§§l§1‘§N.§NI0§)

E - En '
~where C.C. means complek conjggafe. These higher order terms were
not found necessary fo: the interpretétion of the expé;imental data
which follows énd will not be considered in greater detéil.

To summérize, tﬁis ﬁype of.analysis fiﬁds the not too‘SUrprising
fact that the exghange interaction should modify thé'gﬁserved
g-values and zerq—field splittingé-of-thé-impurity ion. The imporfancé
of dipolar intéfaction Willvbe discuésed ip Section D,"

A ée& pfactical comments on the use of thevequations.seems in order.
First of all, to evaluate the matrix‘elements of the host ion, a rather
exact'knowledgévof the host wavefunction is ﬁecessary. ‘There are
two sources whiéh may yield this information. Magnetic resonanée of

the pure host of the host in an isostructural diamagnetic lattice

should be able to provide the wavefunctions. However, in the typeiof
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lattice where.épectra should be most eaSily observable;‘tﬁose‘with
singiet'ground stateé, the abéorptioﬁé Qillzbe in the far infraréd.
Coupling this:faét'with possible line broadening problems'in the
pure host, yieids the result that almost no experimental.daté of the
spectroscopié kind is available. ProBably a better source of wave-
function dataiis rigorous magneto—thermodynamic work‘where the host
energy level scheme has been determined (Fiéher aﬁd Hbrﬁung, 1968).
Also, the genéral bilinear form for the exchange interaction, which
may be an asymmefric tensor, can introduce as many‘aé ﬁine additiénél
parameteré¥into the Hamiltonian. 'This can put a severe burden én
the experimentél datéQ However, the Hamiltonian waS=developéd for .
the orbital singiet gro;nd;state.éase where isbtropic exchaﬁge caﬁ.
be.shqwn to Bé.the dominate term in the excﬁange inééractioﬁ:f
(Mofiya, 1963)ff Therefore, under those conditioﬁs where Eq. (3-4)
would be expeétednto hold, isotrdpic exchange will be a'very_gobd
appfoximation;l'On the other hand, ions with appreciable orbital
énguiar ﬁomeﬁtum;‘for example C02+, isotoﬁic exchangé aé weil as

Eq. (3-4) becéme qUestiénable.and in all probability cannot give'an

accurate interpretation of the experimental data.

2. Mpleculéf Field Method‘ ,

An aiternative first-order theory will be'presented.whiCh combines
SOme_iaeas of moiecuiar field-the6r§ into_ﬁhe impuri#y ibn fieid
Hamiltonian.v The stafting point will deal more directly ﬁith the
Admpurity ion.whose Hamiltonian will be assﬁméd to be'é sum of ﬁhé_
 gingle ion spin‘ﬁamiltonian plus pair-wise intefactions.with its

neighbors,

9401 OPKFODTOO
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JC — [ ] *
1 = BH°By°S; Y

- 23 L S8 . _ (3-6)
N R

In Eq. (3-6); zero-field and hyperfine terms have been neglected,
and isotropic~exchange has already been assumed.

The problem to be addressed is how to replace the host ion spin
by some known quantities in order to leave a Hamiltomian containiﬁg
only the impﬁrify spin operators. Moriya and Obaté (1958) pointed.out
that the host spin can be dividéd into two parts, a.therma1 equilibrium
or average val@é and a time dependent de&iation, mathématicaliy,

s = (§) + GSkt); 'The time dependent pért ﬁill cause the broadening
of the SPectré, and the.static part will result in an exchange or
molgcular field at the impurity ion. Molecular fiéld theory replaces
the neighbgr sfin'operators by this average spin. With z equivalent

nearest neighbors, Eq. (3-6) becomes

Hp = BHegyS; - ZZJ<§N)'§1 e I (-7

The average spin‘(§N) is in general still a véétor'quantityvsince in
an anistropié system spin components Will.be induced perpendicular
as well as.pafallel'to'the magnetic field direction; The advantage
of this replaceménf is that the average spiﬁ canvbe.related to the
vmécroscopic maghetization g or the magnetization pef atom m by the

relation (Smart, 1966)

(§N) = - NgNB = - .

Replacement of the average spin by the mégnetization implies that all'

the ions are energetically equivalent. Though this conditions is not
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in general'fulfilled there are usually symmetry axes where it is.
When the energy level scheme is . avallable, the magnetlzatlon per ion

may be calculated using the relation (White, 1970),

(-
SH

With the above considerations in mind, the exchange interaction

becomes,

ex

ZZJ :> 2ZJmN

which is applicable when the impurity spin can be considered quantiZed _

along the magnetic field direction. Equation (7) now reduces to

JCI - gIBHOSZI Lg_;% <—%> S.1 0 ‘-’ -. (3-8)
where forfaxiel‘symmetry gi = gﬁcosze + gfsinze in tne nsnal way.

In the true molecular field approach; the two termsnof Eq..(3—8)
‘nouid‘bevcombinediby incorporating the excnange part into an effective
Hfieid. in the case under consideration, it is aleo poseible to
’incorporate'che'exchange‘part into an effective g—value.by factoring

Eq._(3f8) in the following way,

s
3

1 _ _2zJ 6EN
1 |81 2
. , N

1' ;-__.' -
64 Ho BHoSzI - gIBHoSzI : (3-9)

Here, as in the perturbation method, the exchange interaction results:
in a g-value shift for host iomns with a singlet ground state. In
this case, the host ion energy is principally second-order and thus,

quadratic in the. field. The derivative of the energy with respect to

M@-gwwmo
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the field is then nearly linear in field, and the field term in the
denominator will be cancelled resulting in a constant g-value shift.

B. Crystal Structure of 0-NiSO, *6H,0
T e —

X-ray and neutron diffraction studies have detérmined the complete

crystal structure of 0-NiSO 6H 0 (beevers and Llpson, 1932) and

4
OL—leO4 6D 0 (0 Connor and Dale, 1966), respectlvely. The crystal

171 371

enantlomorphlc form Analysis ‘shows that the unit cell has dimensions

is tetragonal with space group P4.2.2 or P4,2.2 depending on the

= 6.790i0.003A and ¢ = 18.305%0. 004A and contains four Nl(H O)6
complexes.
The spatiél symmetry of the ligands around the nitkelé is ndt
Vﬁeasurably differeﬁt from octahedral. EPR of the a—NiSO4j6H20 and
Ni2+ doped intp the'isomorphous ZnSe04'6H20 reveal a substantial

tetragonal distortion of the Ni~ site. This distortion has been

attributed to increased hydrogen bonding of two of the water molecules

which reduces the crystal field in their directions (Jindo and Myers, 1972).

The four ions in the unit cell are equivalent except for the orientation
6f their tetragonal akes. Eéch of the ion's tetragdnal axes‘is tilted
by an angle ¢ from the cyrstal c axis in a plane defined by the.c

akis and the #brbisector (hereafter called the Y axis). There are

two Yyc planes, and each contains the axes of two ions with the tilt

of ¢ béing opposite for these iops. FigurevZ shows four unit cells
illuétrating the orientation of the ions'and Fig. 3 shows the projections

~of the ion axes on the two Yc planes. '




Ni2* for a-NiSO46H,0

XBL 758-6926

in
0-NiSO4 *6H)0 are illustrated. Four unit cells are shown.

Each
unit cell is shown as composed of four nickel ions attached to
the vertical rods.

The unique axis of the spin Hamiltonian is
darkened, ' .

Fig. 2. The positions and orientations of the nickel ions

/01l obEDDDDO
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lon Coordinates

X Y

~ XBL 758-6929
Fig. 3. The projections of the magnetic axes of the ions in the
a-NiSO,+6H20 lattice on the two Yc planes are shown. The
angle ¢ is the angle between the ion's unique axis and
the crystal c axis.
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Anothér importaﬁt feature to be noted is the neighbor,afrangemen;.
Referfiné fé'Fig- 2, an ion 1océted in sifé 2 is surrounded by féur
neérest neiéhbors at siﬁes 1 and 3 in a tetrahedral f;shion_and at
aAdistance of 5.72R. There are four more next nearest ﬁeighbérs
located in'the'plane defined by allvions of‘type‘2.. These neighbors

are related by a lattice translation along a and are, therefore,

" located 6;79R‘aﬁay. Further neighbors will not be considered due td

their diétancef iThe'nearest neighbors ions wouid.éépear to have an' 
obvious superexcﬁange.pathway through the'hydrogen bonding of water
molecules in.tﬁg coordination sphefe of the two metaliions. HNexf
nearest neighbérs have no such obvious péthway and brésuﬁably wquld!
have to involve an SOZ- ion between the waters. -For tﬁis reason,
élong'with the:spéctral data to be presented, the nearest ngighbor_g;

interactions:are considered to be dominate.

- The diamagnetic reference lattice used was ZnSé04‘6H20,

‘ Klein (1940) found that it was isomorphous with a-NiSO, -6H,0, and

EPR spectra-of'Various ioné in this_lattiée by.Jindo én& MYérs (19?2)
has verifiéd‘;his. The lattice ratio is given. by Klein to be _

V2a:c
V2a:c

1:1.8949 which is to be compared with the a—N1804-6H20 ratio

]

1:1.912 indicating a slight relative expansion in the a
. : g v

‘direction.  X-ray cyrstallogfaphic data on ZnSe04°6H20 is'given by

' Hajek and Cepelak (1965).

A more accﬁrate analysis of the data to be'preéented could have

been obtained if a tetragonal form of ZnSOa°6H20 was available.

However, no such structure has been reported, the monoclinic form

0 is well

being thebonly’hexahydrate. The monoclinic 2ZnSO 2

4 68
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established (Gmelins, 1956), but a tetrogonal form reported in Gmelin
system No. 32, p. 226 (1924) appears to be in error since it is not
included in the newer addition.

C. Experimental Techniques

1. The Speétrometers

The X—band'EPR spectrometervused waé_one that Haé been built up
and modified through fhe years by pfevious students in this laboratory
(Pratt, 1967; Bafcheider, 1970; Jindo, 1971). Detailed description
of the specﬁromé;er can be found in their théses;réspgcially that of
Pratt, and oﬁly a brief account of the épﬁaratué will be présented
‘with‘emphasis on modifications that were made. ‘

‘Tﬁe basic electronics cohsisted of a Vériéh V4502 EPR spectrometer
with a Variaﬂ 9 in. magnet. In order to field médulate samples immerséd
in the liquid He doub1e dewar used in the low tempeféture wprk,
modulation coils were wound on the pole pieces of the magnet for the
production.of lpwﬁfrequency modulation capéble of penetration to the
sample. The coils were driven either by the Varian VAQOOB sweep unit
or the signél geﬁeratbr of a PAR 124A lock-in amplifier in the range
100 to 800 Hz‘ﬁith amplification by a Dynaco audio'amplifier. A
variable‘capacitor arrangément was inciuded to insuré that the coils
remained resonant. Higher freduencies than 800 Hz were not practical
due to - the excessive power loss from eddy currents in the pole pieces.
Though the microéhonic noise spectrum varied from run to runm, frequenéies
around 100 Hz gaVe, in general, the best signal to noise rati§
presumably due to the fact that'greatef modulation amplitude. could be

produced because of the larger skin depth and less eddy losses at

this frequency.
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The ﬁechanical chopper low frequency phase detectér unitviﬁ thé'
Varian_speétrbmeter is of poor quality, and the PAﬁ 124Ablock-in
amplifier with the PAR 117 differential preamplifier v‘was used in its
rlace. Aﬁother'simple modification was the'ingorporation'of a
.Watkin—iohnstdn'iow.noise'TﬁT aﬁplifier, ﬁﬁbe'type WJ—297—5, into the
microwave btidge for working at low power ievels. o

The vériable coupler iﬁéorpératgd by Jindo was rémdved because
it introduced considerable ﬁicrophonic noise. Fixed coupling was,
therefore,_emplgyed:with coupling adjustment Being made with a HP 8690A

dewar . system.

e

A-variable‘frequency circular cavity was made which operated in

- the TE 011 mode and covered the range of the klystron. It was made

of silver plated, solid brass tubing with no pfécautions?taken for

- mode supression. Extraneous modes were not a problem at most

frequencies.  The freduency of the cavity was made variable by having

a movable bottom and adjusting the amount of teflon packing. The

‘teflon packing played three roles. The first was to make the cavity

dimensibné‘smallér in order fo allow the cavity to fitvin'the double

~ dewar. The second was to allow for variability of the frequency,

and the third was to provide a solid support for the sample. Teflon

has the disadvantage that it shrinks considerably more than the brass

'-tubing on cooling, 'and even at liquid nitrogen temperatureS'the teflon

packing becomes free to jiggle around. In order to reduce this

jiggling, the cavity was fitted with brass spring to squeeze the
packing together. Figure 4 shows a:cross section of the cavity with

a backing‘arrangement which would giﬁera frequency of approximately

6eO0raOpPPODOD
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9.4 GHz. Tﬁe.boftom plate was held on by masking fape which reéains
its adhesive properties even down to liquid He temperatureé.

Crystal orientation was accomplished by the use of various
teflon plugs with appropriate slots cut in them. Figﬂré 5 shows
the three main piugs used.. The magnet could then be fo#ated to
obtain any oriéntation in a given plane. Since the sample's
orientation was fixed_in ﬁhe cavity, its orientation with respect
bto ﬁhe exterﬁal magnetic field was dependent oﬁ thé_acéurééy ofIFhe
dewaf and proﬂe alignment with reSﬁect to the magnetic field.i_Bécause'
- of this,bthe misalignment of the crystal was extimatgalto be L;t6.2
degrees.. This misalignment was found to account for the doﬁéliﬁg of
lines which Jindo (1971) and Jindo and Myers (1972) ob‘sérved_;n).
éertain planes.of thé crystalé studied. Carter;s rubber cement was
used ;o ho;d'theicrystals on the teflon plugs. Tﬁe_adhesive properties
were good ét‘températures from 300°K to 1.3°K, and only a very small
broad signal near g = 2 was produced by it. |

The_crydgenié equipment consisted of a pyrex doﬁble dewar connected
to a Welch Dﬁo Seal pump, model 1398, for fast pumping.i TémperatureSv
down to 1.3°K»cou1d be reached with this arrangement. vTemperature
was determined b& measuring the He vapor pressuré at‘fhe tdﬁ of the
dewar with an NRC Alphatronvvacuum gauge. Thevpressure could then
be converted té témperatﬁre using the calibration wdrkvof»Dijk,
Durieux, Clément.éﬁd.Logan (1958). |

The K-band épectrometer was. designed by Professor Rbllié Myers
and built priﬁéipally by Mrs. Joyce Yarnell, No discrip;ion of thé

spectrometer has been presented previously, and so a brief ome will

teotlapbkCo0o
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ab plane ac plane rc plane

Fig. 5.

XBL 7012-7294a

The three teflon crystal mounts and their planes pf
operation for low temperature X-band (~9 GHz) work.
mounts were ‘used at K-band (~24 GHz).

Similar
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be given here. Figure 6 shows é schematic rep:esentafion of the
spectfoﬁeterg. The microwave suppl§ wgs.anVOki 24V10 klystron:fbr
which avwater_cooied copper jacket was cqnstructed and»which was
pdwered by an FXR 7817A microwave power supply. It provided micfowaves
from 20-26 GHz. The microwaves were split‘into-tﬁo'parts. The first:
part was.senf to the cavity and the second to a gfystal‘mixéf or
wavemeter for frédﬁency measurement. Accurafe freéuency measurement.
was obtained by observing the beat of the microwaves with a harmonic
produced by a Polarad microwave source, model 128,.operating in the
frequency range_3.8—8.2 GHz, whose frequency could be écéurately
méasured‘by éﬁ HP eleétronic counter. A porti&n 6f the micrdwave
signal returﬁingnfrém:the cavity was extracted by a iO'db directional
coﬁpler»andbwas used to lock the klysﬁrbn on to the cavity. Mp§t
often,_the lock_éignal»was generated by applying a 6 KHz signal from
an»HP 200CD oscillator to.the FXR reflector circuit which was then
phase detécte&vﬂy thé'Ithaco phase-lock amplifier,bﬁbdei 353. The ‘
signal was run iﬁto thé'Varian V4500-10A EPR control unit where the
crysfal curréﬁf could be monitered and preamplification-took place. .
For low temperature work, the field moduiatioﬁ and sighal phasé
detection was identical‘to_thgix;band spectrometer.

A variable frequency cavigy similar to thé X—band cavity
previously deScfibéd Qas'constructed for the K-band spectrometer.
iThe cavity‘was‘designed t§ operéte in the_TEO;B_mode; Again né
precautions for modg supression were takén, and extraheous.modés-
.wefe’a probléﬁ; Coupling was fixed as with the X-san& cavity. At

room temperature a cavity made by Mrs. Joyce Yarnell was employed

Pe0lopbkOnO0
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Fig. 6. A schematic representation of the K-band (~24 GHz) spectrometer used.
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which operated in the TEOlZ'mode, had a wire wound section for mode
supression, and an inductive loop variable coupler.

2. Crystal Preﬁaration

Three hbsﬁ lattices were employed,onSé04-6H20; NiSe04'6H20,
énq a—NiSOa-GHZO. In all cases, singie crystals were grown by
' evaporation of éaturated aque;us solutions. This was usually dqne'
by tying a éeed crystal to a hair and suspending it"in,the solution.
It was found‘thét cfystals grown suspended from.hairs had a nérroﬁer
line width thaﬁ'those grown on the bottom of beakefs b&_appfoximately
a féctqr of two.;:Apparently crystal defects are created when bottom—
grown Which inhomogéneously broadens the lines. Largé crystals,
e.g., 1.5%0.75%0.75 cm, can be grown of all thebhosts in 5 to 21 days.
Suitable samples can be obtained by cleaving of pieces from the large
érystais alohg the easy cleavage plane'inbthe ab plane.vrAil the
crystals growh_With the same'ﬁabit which has an eaéily recqgnizable
nearly square ébvplane. Figure 7 shows a whole crystal'and é typical

cleaved section with the axes labled. Having given'thdse features

common to all the hosts, each one will now be considered individually."

a. a—NxSO:j6H29, . The tet;agonal form a—N1S04'6H20 1$ only

" obtainable from aqueous solution in the temperature range 30.7°-53.8°C
§ .

(Gmelin, 1966), the heptahydrate being the stable room temperature

form. For this reason, these crystals were grown in beakers immersed -

in a water bath maintained at 39°C. Normal reagent grade nickel
salts were found to contain appreciable amounts of cobalt as well
as lesser amounts of copper and manganeses all of which were easily

detectable by EPR. "Ultra-pure" NiSO -6H20 obtainable from Alfa

4

Inorganics proved to be magnetic impurity free, and ail crystals
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(@ )

‘xBL'7012—7294b

Fig. 7. (a) A typical cleaved section of any of the hosts

(ZnSe04*6H20, NiSeO4+6H20, 0-NiSO04°+6H20) used for experlments
with the axes indicated. (b) The morphology of a large crystal

showing the crystal axes system.
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were crystallized from mother liquors containing'<i'at.% of the dopant,
which consléted of the appropriate metal sulfate. Special procedures
were necessary for the preparation of the"a—NiSOA°6HéO crystal doped
with V2+ due to its air eensitivity.v The V2+ doping solution was
generatéd from VOSO4 by reacting it with Zn metal in sulforic acid
solution under a nitrogen atmosphere. This procedure obviously‘
introduced'Zn2+ ions lnto the crystal but only at a low doping concen-
tration, and no ill effects were noticed from them. ‘The sz solution
was introduceo to the crystal gtowing flask by a hfoodermic needle.
The cr&stal gtowing flasflconsisted of a three necked flask with
nitrogen entering one neck énd'exiting through'anotﬁef. The center
neck was fitted with a;rubber stopper to which the hair with the seed’
crystal couldrbelfastened.t The nitrogenbeOW served botﬁ to keep |
ox&gen out and to evaporate the solution.

b. ZnSe0 6H 0. The ZnSeO '6H O host was prepared by addition

S 4
of excess ZnCO3 to selenic acid followed by filtration.of residual -
- ZnCO . It was found that a solution of 407 selenic acid became reduced

3

to selenous acid on standing over a oeriod of months and that porchased
407 solutions cootalned varylng amounts of selenous acid. Ampules

of 967 selenie ac1d obtained from BDH Laboratory Chemlcals was found

to be.very pure. ‘The divalent transltion metal selenites_are quite

- insoluble and,btherefore, do not really cause too great a problem when
in small quantities since‘they are precipitated out and filtered with
the excess ZnCO3.' Saturated solutions of the dopant_eelenates were

prepared in the same manner as the ZnSeO4°6H20 from their carbonates.

The doped crystals were prepared by addition of <1 at.Z of»the'dopant

P8O OFEDDODO
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to the saturaté& ZnSe0, solution. Since the solubilities of the
selenates of_Mn'thfough Ni are nearly the same (Klein, 1940), fhe
crystal concehtrations were very nearly the same as»the mother liquor.
. This was substantiated by optical analysis‘bf Ni as,thé tetracyano
complex (chggins, 1970) for various crystals growﬁ from various
mother liquors. -Efforts were expended to make a ZnSgOA'6H20 crystal
doped with V2+.' However, the reducing power of V2+ isfsb great that
alliefforts resulted in reduction of Se04- to Se. At room temperatures
crystals of ZnSe04'6H20 dehydrate, but if kept in a réfrigefator at
5°C, no loss offwater‘oécurs.

c. NiSéOgléEQQ- Crystals of doped NiSéQ4‘6HéO were usually
grown prior to' growing an a-NiSO4°6HZQ crystal becéuse of>the relative
‘ease of growing'the selenate over the sulfate, the éelenate_being
growable in ﬁhg:tetragonal form at room temperature. Since no ultra
pure NiSé04'6H20 was available and all regularlreaggnt grade salts
contained magnetic impurities, as previously noted, it'was'neéessary
to prepare thé NiSeO4-6H20 ffom the "ultra pure" Niso4.' This was
accomplished by'préparing the NiCO3 from the "ultra pure“ NiSQ4
via a method in Brauer (1963), and then reacting the.carbonate with

-

selenic acid.

D. Experimental Results Cu2+: a—NiSO,'6H29
The general qualitative features of the Cu2+_spectra in the
paramagnetic.host_a—NiSOA'6H20 are similar to the diamagnetic host

ZnSeO -6HZO. The ions exhibit tetragonal symmetry. Four copper

4

spectra are obtained for an arbitrary direction of the magnetic field

corresponding to the four ions per unit cell. With the magnetic field
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along the a and c axes, all spectra coalesce.into_a single one.
Rotation of tﬁeifield in the ac or éb ﬁlﬁnes fesuits iﬁ‘twoléﬁe;tra
for all directiﬁns (ions 1 and 3 being equivalent and 2 and 4 being
equivalent). vRotatidn 6f tﬁe magnetic field in the Yc plaﬁe:results
in three spectra which coalesce into two‘along the Y:axis (ioné.l ahd
'3 being equiﬁalént at all angleS)5 Détails of the angﬁlar'dépendences
can be found in Jindo and Myers (1972). They found a slight doubling
of ﬁhe spectra for arbitréry orientations of the fieid and attributed
this:to a tilt of'the k-axis of the copper ions awa&’f:dm the Yc
plane.i It was discovered that this doubling couid'be attributed in
inacCurafe crystal alignment on the.order of 1°, as mentioned in
Section C. For this reason their x-axis tilt is ingdr:éct;

‘Seferal.déviations from the diamagnetic host lattice spectra are
observed. Firét; the apparent g-values are abnormally large, being
0.2 to 0.6 units higher in the nickel lattice. The value of ¢ is also
observed to increase, where ¢ here is defined as the angle between the
c axis and tﬁe_m&ximhm g-value found in the chplane. Two other changes
are a decrease in thg hyperfine splittings gnd an'inbreése in the
linewidth. Table v comparés the g-values and ﬁypérfine values for
’ tﬂe'external fiel&'alonglthe principal magnetic and crystai1ographic.
axes; B

Jindo (1971) attempted to fit'the Cu2+ spectra to a cpnventional '
spin Hamiltbniaﬁ,,but he Waé unable to obtain a satisfactory fit.
Figure é shows a coﬁparison of the calculated and observea uncorrected
g-values as évfunétion of angle in the ab plane. These observations

indicate,that‘ﬁhe copper-nickel interactions must be pléying a

R
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Fig. 8. The experimental angular dependence of g in the ab plane for Cu2 in 0~N1S0y 6H20 1s compared
with the dependence calculated from the apparent spin Hamiltonian parameters. (+) indicates
experimental points, and the line is calcgulated.
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éignificant role in the spectra of the Cu2+."

vSvafé'and Seideil'(1964) have pointed out that at loW‘teﬁpefétures
when it'is possiblé to popﬁlaté a éingle state, a pafamagnetic sample
will show a shape eff¢¢t similar to that,enpountered'in fe;romagnetic
resonance. Néarly all the sampies.used wereVof prismatic éhape, and
since‘it is not ﬁractiéal to‘calculate:the effect fér irreguiar.
.shapes, an ‘unknown error was introduced into the.data. ‘The shape
éffect fbr d—NiSOA‘ﬁHZvaould be‘éXpéétedbgo be small bécauséiip is. . .
'préportiondl to the magnetization which is entireiy second;order at
the temperatures of the'ekperiments. The smallness was verified by
spectra: of Cozf substitqted into a—NiSO4-6H20 taken by Batche1der (1970)
fér éamples of varying s£apés at 1.3K. Téble v gives representative
g;vaiues ovaoz+ in sampieé of different shapeévalong twbvc:ystal axes.
The sﬁhericél éamples.should have no shape efféct while the plate
should show the largest effect (Kittel, 1971). As can Be séeh the
shape éffect is-not negligiﬁie,'but it is believed that an upper limit
of 0.02 may be set on the prismatic shapeé of'a#NiSOAf6H20.' The
differencés‘in the upco:rected g-values between pa?amagnetic and
'diamagnetic hosts cannot be ascribed ﬁo the shape effect alone, but:
it is considéfed to be the limiting source of error iﬁ the g-value
measurements in a—NiS04-6H20. N

At 1.3K thé Cu2$ spectra in d-NiSOa'6H20'wéfe, for the mbst-part,
well resolved into the characteristic four;line hyperfine péttern
with the derivative peak—fo—peak line widths of each hyperfine

v + _
component about 20 gauss. Natural isotope abundances of qu were

used, and the line width is the combined width of the two isotopes.

9201 0Pk O0OLDO
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Table V. Co>': 0-NiS0,, *6H,0
 Axis Sample Shape g(uncorr.)
e " plate 4.282
sphere 4.301
a - pléte 4.744
V sphere 4.688
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A typical absorption spectra is given in Fig. 9. ' The line width in

ZnSe04°6H20,is-close to 10 gauss, and the two-isotbpes could be
resolved in the outer hyperfine lines. The line broadening of the
2+ '

cu’t winl be discussed in detail in Section IV.

E.  Application of the Pertqrbation Method to Cu2+

Equation (3-4) of Section A reduces to
. JC = - . .O ° ’ . .— .
gBHoSzI 2J§I g <GN'§NION) o .(3_10)

with gi =,g§co$26 + nginZGthen the impuritj ion is axial symmetric
éhdIiSQtropié'exchange has been assumed. The summation will be
restricfed to.ﬁearest neighbors only and hyperfine terms are negléctedL
The follqwing assumptioné are'made about axes of quantiéation. The
copper spiné'are taken as quantgzed along thevexternal field, andr‘
the nickel spins a;e taken as quantized élong théir cryStal field
axes.‘ The nickel coordipate systems used are those given in Fig. 3.
Theseﬂassumptiéns allbw the simplest coordinates fdf the calculation '
of the interaction term.

4Tovevaluaté tﬁe nickel matrix elements in the exchénge term, the
' scalar spiﬁ'pfbdﬁct is written in the'codrdinate system of the :
coppé;_ion,.aﬁd ﬁhe nickel spin operators are rotated‘intéitheir
.’crYStai field coordinates where their wavefqnctions andvmatrix elements

can be detefmined. The wavefunctions can then be obtained by

diagonalization of the Single‘ion axial Hamiltonian

: N - pel ) : ’
: ﬂ(Nl) - DSz + gHBHzSz + gLB(HxSx +_Hysy)
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Fig. 9. A typical absorption spectra of Cuz+ in 0~NiS04°6H20 1is depicted when the field is along a Y
axis showing two sets of Cu2t spectra. Ions 1 and 3 are equivalent as are 2 and 4 in this
direction. The hyperfine pattern is absent in the high field absorption due to the small
value of A). The tip of the arrow on the right side of the 200 gauss marker is at
2550 gauss. .T = 1,3 K and v = 9.4533 GHz. '
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which is-in general an imaginary matrix. The nickel spin Hamiltonian
parameters were obtained from Fisher- and Hornung (1968), Jindo (1971),

and Myers (1973). The magnitude of the magnetic field at a nickel ion

was taken as H - H + Yﬁ, where Hext is the'extérnal field at

total = ext

which a given copper ion resonance took place, Yy the molecular field

parameter determined by'Fisher and Horpﬁng (l968),land'M the magnetization.

The inclusion of the molecular field improved the céléulated_resu;ts .

and indicate that nickel-nickel interactions have an effect on the )
impufity ion which can be taken into account in thisvway.
With Hext'along the a, ¢, and Yy axes of the crystal, only components

of the exchange ih'szI remain. After the nickel matrix elements are
computed, the resulting Hamiltonian is of the fqrm'v
,+ ¢Js, . R (3-11)

JC% gBHoSzI

where C is a combination of matrix elements and angular factors dependent

'_on the field orientation. ' For arbitrary directions of the field, spin

components in‘S#.énd?Sy,are introduced.”uThat the.coefficientvC is
basically linear n the field H to first~order may #e seen by
inspecting the nickel ground.state wavefunction. To fi;stéordéf it is
principally ]0) witﬁ |il) stateSimixed in By'thg off diagonal Zéeman

terms, i.e.,

_ ©|g B S +HS [n)
_ 3 ) XX VY
log? = [0 + g S

. 0 n

jny o

The largest matrix elements which contribuféfto C’ére those of the_form

which include a field tern in their coefficiénts resulting in the

linear field depgndence.
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An effective spin Hamiltonian car be written from Eq. (3-11) as

(3-12)

I

JC = . = \J
v [gdia + CJ/BHO] BHosz & BHoSzI

with the effective g-value given explicitly by,

2

‘ _ re. 2 . 2 |
g = 8444 + CJ/BH‘o --E%'cos 8 + g sin 6] + CJ/BHo . (3-13)

obs

Theoretically,»the observation of' four g-values af.different orientations
wherg Eq. (3-13) holds would serve to fix the fpur unknownsAg", g »

J, and ¢, and théuimpurity ion spectra could be solﬁed without recourse
to a diamagnetic iattice. Solutions for B> 8 s and ¢ should be
éxpectgd to correspond closely to the diamagnetic Valﬁés. For the Cu2+

in a-NiSO '6H20 four good'énd simple measurements are available. These

4
are the two g-values aiong‘thé Y axié and one eacH from ;ﬁe a and ¢
axes. These four meaéuremgnts turned out to be'line;rly dependent.
Independent.détérmination of the geémetrical factor.¢ was not possible
though in othervdases it ma& be, é.g., from the hyperfine tensor.
The angle ¢ was, fherefore, taken as an adjustable géometrical parameter
and varied until_g'I and g, most closely matched the diapagnetic values.
The best‘valqes are given in Table VI. Good agreemeqt is obtained
considering the assumptions employed. |

Attacking tﬁe ﬁroblem by relating the differences.of the observed

g-values in the>paramagnetic and diamagnetic hosts yields_the

following equation for the exchange

(g - 845, BH
.y = obs Cd1a ) . ‘ (3-14)
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' - , T X
Table VI. Comparison of corrected g and ¢ values of Cuz in

. 0-NiS0, -6H,0 with those in diamagnetic.ZnSe0y*6H,0,

Lattice (method) ) | g g '_2J(cm'1)]
ZnSe04°6H20 L 43.3° 2.4295 2.0965 —_—
NiSO,6H,0 45° 2,40 . 2,12 . -0.146
(perturbation) '

NiSO,-6HO - 45°  2.44 2.05 . =0.152

(moleculaf field)

T eR 0 1ok OROO
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. Table VII listé_the ~-2J values calculatéd for different brientations
of the magnetickfield providing a further check on ;he_ﬁethod.

One can see that the,differences_in:the g—values‘bf Cu2+ doped
into the paramaghetic‘a-ﬁiSQ4f6H20 lattice from those in tﬁe isostructural

ZnSe0 '6H20 lattice can be satisfactorially explained by the preceding

4
theory. It requires an isotropic ferromagnetic exchange interaction

between the'Cu2+ and N12+ with -2J = -0.14620.007 cm_l.

F. Application of the Molecular Field Method

.From Eq. (3—9) in Section A the g-value in the molecular field

.

approximation is given by

obs = [gﬁcosze + gfsinze] - 223 5 <5E§gi) }11__ T (3-15)
. - g(Ni)B ‘ o S :

g

where 8| and g are the values which would be obtained in the absence

of exchange. The value of <‘§§§gil- was calculated by findiﬁg the

slope of the energy vs field plot of the ground state at the field

present at the nickel ions, which was again taken to be

-total =_‘Hext + .
The use of Htotal-reproduces the measured magnetization found by
Fisher'and‘Horﬂung (1968), and along the a and ¢ a es <(§Eégll- %—
, : o

may be replaced by the measured magnétization per atbm. Since the
'grouhd state's Zeéman'energy is principally secqnd order, the derivagive »
.is almost linearvin the field énd over ﬁhe range of fields used, the ..
g-vaiue correction can be considered constant. |

As before-only three indepe#dent measurements wefe obtained, and
the.anglé ¢ was again taken as an adjustable parameter. Table VI
gives the results which most closely match the diamagnetic gfvaldes.

when ¢ is varied. The values of -2J calculated from the paramagnetic-
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+ + : ' ‘
Table VII. Cuz —Ni2 -isotropic exchange values along crystal axes -
: from perturbation method '

Axis - 23 (em )
a | 0.139
c : ) o -0.151
Yo | $-0.139
YG) | -0.156 |
Ave, | ' -0.146£.007
|

0601 0bF0ORDDO
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diamagnetic g-value differences along the various crystal axes are

tabulated in TaBle VIII. The value J is calculated from the formula

. 7 ‘ . 2
(gobs B gdia) g(ni) 8 Ho
-8 (6E(N1i)/6H)

J = (3-16)

This simple molecular field approach also gives satisfactory

agreement and yields a ferfomagnetic copper-nickel isotropic exchange

interaction of -2J = —0.144i0.008“cm_1.

G. Other Impurity Ions in a-Nigg;-aﬂég.‘

1. co?t

The qualita;ivevfeatures of Cozf in a—NiSOA'6HZQ we;é also found

to be similar to the diamagnetic ZnSeO4'6H20 1attice.. However, thé
data give unreasonable results wﬁen'the previous theories afe‘applied.
Table IX lists ;ﬁé observed g-value of cobalt in the two lattices
along the principal crystal axes.

The'most disturbing obsefvation about the data is the éhénge in
sign of the difference g(Ni) ~ g(Zn) which can only be explained with
the present theofy if the exchange constaht.J changes sign. Several
reasons can be.put forward'of why the cobalt should nét be satisfactorily
explained by the theory. As is well known, the large brbital contribution
to the g—ténsof mékesvit extremely sensitive to changes in the crystal
field. -The initial assumption of the theory was that a suitable
diamagnetic host was available fér comparison, whére'suitable here
means as much like a fictitous diamagnetic a-NiSO4'6H20 as possible.
Ions like Cu2+ which do not possess large orbital momeﬁf 1contributions
to their g—valués are relatively insensitive to crystal field effects,

and ZnSe04°6H20 provides a suitable comparison lattice. For C02+,
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+ o v
Table VIII.;Cu2 —Niz+ isotropic exchange values along crystal axes

from molecular field method.

‘éiii . ’ _ ' -2J (cm—l)
a ' C-0.146
e : -0.138
YO - -0.157
1;(1) o -0.136
Ave. | | . ~0.144+.008

: L2+ -
Table IX. Co apparent g-values.

Ax1$‘ a—N1804~6H20 -' B .ZnSeO4'6H20
a 4.69 7 4.453
c . N 4,30 S 4.315
Yo 5.9 7 5.410
Y(L) 312 327

60t opP0OC0O
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ZnSe04-6H20vmay,qo longer be a suitable lattige, and eXChangg effects
cannot be unraveled from changes in the crystal field. Support for
this can be found in fhe Tutton salts (Landolt—Bornstein, 1966) and
isostructurai-lanthanum'magnesium nitrate crystals (Culvéhouse‘and
Schinke, 1969).”:in these crystals changes of similar ions, é.g,, K+,
Rb', or NH, v

g-value unit which is the same order of magnitude as the observed g

in the Zn Tutton salt, causes changes of 0.2-0.3 of a

shifts in the present experiments; ‘The orbital moment‘should also
coﬁplicate the e#change‘interaCtibn. It would be‘uﬁlikely for iéotropic
exchange to'clbsely represent the cobalt—niékel interaction (Baker, 1971).
As noted in Section A the theory was derived for the ofbital singiet'.
case which is nqt the case for Co2' in an octahedral field. On tﬁe

basis that the‘general trend seems to sﬁow g(Ni) larger than g(in),

one would conclude from the molecular field theory that the cobalt-

nickel exchange is probably slightly ferromagnetic.:

The spectra of Mn2+ was observed in ZnSé04°6H20;’ZnSeO4'6D20 and
NiSe04-6H20. A comparison was‘then made between ;he g-valﬁes found
in the paramagnetic NiSeO4'6H20 and the two diamagnetic hosts. .
Jindo (1971)'showed.thatvthe g~value shifts for ions in NiSé04'6H20
were similar to those observed in a—NiSO4'6H20, and’since the
NiSeb4'6H2

were always done in it. Divalent manganese gave a very complex spectra

0 is easily grown at room temperature, preliminary experiments

in ZnSeO4r6H20 (or 6D20) and NiSe04-6H20. The normal complexity
was increased in these lattices by the four_iogs per unit cell and by

"forbidden" transitions which gained appreciable intensity due to the
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break-down of selection rules by a iarge zero—field:splitting; When
thg external field‘was perpendiculaf té the crystal field axes of
fwo of the ioﬁs along the Y'a#is, the fuii set of five Sextefs from
these ions could be @istinguishédland 8 méaéuxed.for the Ms = 1/2
to ~-1/2 transition.fWith Ho parallel fhe z crystal field axis, the spectra
had the maximum spread, and éll but the Ms ?.1/2 to;~l/2 sextet could be
completely resolved. From the sextet splittings the_zéro—field splitting
was determined. Table X gives giband D in two 1attice§.

The 1argeness of the_zéro—field splitting m;de it.ﬁéceSSary to
use K-band frequéncies in order to increése the validity'ofvthe
sécond—order ﬁamiltonian (Abragaﬁ aﬁd Cleaney, 1970): The poiﬁt to
focus on here is that the o?erall exchange interaction_is very close_
to zer§=sincevthe g-values are very neaflyfidentical in ﬁhe.two.
lattices. Fdr this reason a more detailed‘analysis of fhe Mn2+vwas'
not conducted. 'There are exchange contributions to the . zero-field
splitting, but.the difference observéd.in Table X may be_due to crystal
field effects or temperature effects. Details of~the'exﬁerimental

A :
- procedures for the Mn~ spectroscopy may be found in Appendix II.
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" Table X. Mn2+ apparent gl_and D values
o in two hosts. _ oo

. . * : ', - B ** .
_ Pg;ameter leeO4 6H20 ZnS§04’6H20 |
g 2.02 0.02  1.997 0.003
D (gauss)  +624 10  +637 10 -

&
At 1.3°K.

- k% :
- At 77°K.
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V2+

3.

The ion V2+Jis good choice for study, since if‘has,Very little

orbitalvangular_momentum and represents a case where only t2g electrons

are involved in the exchange. However, it is a fairly strong reducing

agent, and attempts to preparé ZnSe04'6H20 crystals doped with V2+

4— to Se. The'SOZ- ion is less
susceptible to feduction; and single crystals of a—NiSO4°6H20 doped

resulted in reduction of the Se0

with V2+

could'bé‘prepared. Evén though a diamagngtic reference
lattice was not avaiiable, large deviations of thejg—valﬁeAshoﬁid be
disernible since'thé.small orbital éqntribution to tﬁe'V2+ g-values
'makes themvverY'close t§‘2.0. A sampiiﬁg of V2+ g4v;1ues shows'thaﬁ
they lie between_1.96 aﬂd 2.00 for kﬁown octahedral complexes (McGarvey,
1966). | | |

Following the previous work, an axial spin Hamiltonian was assumed

and is given by fhe standard form (Abragam and Bleaney, 1970)

K= B§'§-§ + D[Si - 1/3 s(s + l)] (3-17)
Then with S = 3/2, the spectra conéisted of the expegfed:three octets
per ion. .The Qcte;arisesfrom the vanadium nuciear spin of 7/2.° ﬁith'
Ho along the Y'akis, which is pgrpendicular to thg gr&stal_field axes

of two of the ions in the ﬁnit cell, a set of three 6¢tets wére\éasily
resolved, and 8 wés determined from the centér octeﬁ; Taking
perturbation theory.to second order, results in the following three

field positioné‘when the magnetic fieid is perpendiéulér to the cfystal

field axié,

C601 0P bEGOOD
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HL =H_ +D - | (3-18a)
H2 = H_ - 9D°/8H_ ‘ (3-18b)
o o v
~“H3 = Ho - D . _ : C (3-18c)
where.
H = hv/g B

. B,
The wvalue 6f gLnis_defined as

2 ’ : . .
- _bhv . 9D . . ;
81 T BH2 ~ 8hveH2 . o (3-19)

- The splitting between the center of the high field octet and the low

field octet is 2D,4and, therefore,

S 2

:_Iﬁl SRS . (3-20)

The first-order g was found tb be 1.836 neglecting the second-order

i

shift which would make it éven smaller, and with g = 2.0 the zero-
field sﬁlitting Qas‘found to be 0.133 cmfl. Thus, the observed g
value is conéiderabl& outside the range previously observed for-V2+.
Since the observéd’g,_L for V2+ is smaller than expecfed for diamagnetic
lattices, the imﬁlication from Eq. (3-14) or Eq. (3—16)'is_that the
vanadium—nickel‘e#change interaction is antiferromagnetic. Estimating
- Bgia 25 2.00 one obtains -2J = +0.06 cm.—1 using the molecular field :
method. |
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-H. Discussion

Table XIisummarizes the different types of intefaeting pairs‘and
the exchange interaction that were obtained. It is believedrthat_the
most advantagebue_euperexchange pathwey is throughxa hydrogen bond
linking the wafers of an ion with its nearest neighbor. Figure 10
illustrates ;ﬁis hydrogen bonding arrangement_be;weeﬁ ehe nearest
neighbors. :Allﬂother hydrogen bonded pathways have.aeleast a sulfete
oxygen as'an iqtermediate between two water molecules} Two types of
neatest.neighborseare possible. The first involves the bonding of
an equatorialAwatef of the impurity and an axial water of tﬂe.nickel.'
Choesing complexe3 on Fig. 10 as the impurity, the first pathﬁay wouidw‘
be from complex 3‘to comﬁlex 1. The other pathway inQoives bonding

of an axial water of'the\impuriéy with an equatorial water of a nickel.

Again, wifh complex 3 as the impurity, this situetion'uses‘complexes

3 and 2. For Cu2+.whose equatorial (dx2_y2) and axial (dZZ) orbitals

are half-filled and filled, respeetively, the exchange between the

\

two types of‘heighbors may differ significantly, aﬁd the velue of the
exchange interaction calculated in the previous sections is really an

average of these two exchange interactions. For ions with half-filled

configutationsf(tg —V2+, tg ez—Mn s eZ-Niz+),.both types of neighbors
o ; S
should have more nearly 1dentica1 exchange.

Regardless qf this problem, the obvious trend obServed in

_Table XI is the gradual change in sign of the exchange interaction

with impurity coﬁfiguration on going across the periodic table from

copper to vanadium. The implication is that eg - eg orbital interactions

are ferromagnetic and t2 - eg interactions are antiferromagnetic.

g
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Summary of observed exchange interactioas.

Table XI.

Pair .Configuratioﬁ Interaction -2J (cm_l)
Cu2+--Ni2+ eg—(eg)2 Ferromagnetic —0.144
C02+-Ni2+ t"z"v(eg)z-(eg)2 - Slightly Ferromagnetié ——
Mn2+~_N12+ ff(t‘v)3(e )2—(e )2 L ~0

2 g g
g
V2+—-Ni2+ Antiferromagnetic +0.06

3, 2

8
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XBL 759-7208

Fig. 10. Three Ni(HZO)éf complexes are illustrated showing the
proposed nearest neighbor superexchange pathway via the -
hydrogen bonding between complexes. The figure is adapted
from O'Conner and Dale (1966). ' o
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This observed trend conforms to the Kanémori—Goodenough rules
(Goodenough, 1563; Kanémori, 1959) for ions coupled.Via a 90°
interaction. However, the vefy compléx geometry of the proposed
hydrogen boﬁdéd_superexchange pathﬁay precludes any correlation
'along these lines. |
It is iﬁte;esting to note that in other hYdrogen bond systems

similar resulfé have been obtained. .Pair spectra in the hydrogenv_i
bonded doublé ﬁitrate systems also indicated that.eg - éé interactions

were ferromagnetic and t - eg interactions were antiferromagnetic -

2
(Culvahouse and Schinke, %969; Dixon and Culvahouse, 1971). Twov
other reporté in hydrated systems‘yigld results conforming to the
observed trend? Cu2+ pairs in KZZn(504)2-6H20 wererferromagnetic

(eg - eg) (Meredith énd'Gil;, 1967) and N12+ pairsviﬁ ZnSiF .+ 6H,0
were ferromagnefiC»(eg - eg) (Altshuler and Valishev, 1965). .In these
hydrogen bbnded;lattices the magnitude of 2J runs from 0.025 gm_l
to about_O.lvcm_-l unless cancellation of the mixed‘(fz--f eg) type

g
occurs.
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IV. EXCITON RELAXATION’OF’Cu2+ in G-N1804°6H20 AND NiSe04’6H20_;

A. iﬁtroduciionv

For the paffially queﬁched ioné, it hé#’béen Qﬁger?ed that the
.temperature dependence of the impurity ion's line width_corrésponds
closely with ﬁhé_populating of tﬁe excited states. _Ihe width should
then_bé some fungtion of the excited state population which in turn o
depends upoﬂithe’spliftings of thé levels. Therefore, fhe possibility
§f'determiﬁiﬁg £he host's zero-fieid splittings exists, and in fact,
| veryvrecently:DaVidov and ﬁabefscke-(l975) have apélied this idea tb
determine thé.exéited state crystalline field energy of Tm3+ by
observing the temferatu;e dependence of‘the'Gd3+'liﬁé Width ianme{'
The relaxatidn mechanism that they proposed fdr'the'3ﬁgstitutéd'Gd3+'
was one where thé'Gd3f width was due to spin-lattice feiaxation brought’
about’by osciiiéfions between the energy levels of the'éﬁcited state .
manifold at the éa3+_resonahce frequency. |

As_reported in Section III,Va numbér of transi;ibﬁ'metal ions
have beep bbséfVéd in the a—NiSO4'6H2§ and NiSe04‘6H20 lattices. As
previously noted the nickel ions in these lattices have a siﬁglet
ground Statevséparated from a doublet excited state by séveral wave
numbers, e.g;;:4f%4 o::m-'l in a—NiSOA'6H20.  The line'ﬁidth obsefva;ion"
for the iﬁpurity jons is that at 4.2°K the widths are so large as.to
make the resonances undetectable, but on lqﬁering the temperature to
1.3°K'the resonances are reasonably sharp. This ;api& ﬁroadening

does not occur in the isostructural diamagnetic- host ZnSe04-6H20 which

G 60 i¢ P F 6 oooo
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implies, not'unéxpectedly, that the nickel‘ions are connected with
the broadening. :The temperaturé range over which the iﬁpurity
resonances broaden also corresponds to ;he range in which the excited
states of the nickel 5ecomes populated. At 1.3°K éhe nickél ion
excited state.population is approximately 1%, and at 472°K it is -
apprdximately_equal to 287 for a zero-field splitting‘of 4.74 cm-l.
With thesé'cohsideratibns'in mind a study 6f the 1ine width femperafuré
‘dépendence'of Cu2+ in a—NiSO4-6H20 and NiSe04'6HZQ was undertaken.

B. Adaptation of Chemical Exchange Equations

It is proposed here thét the line broadening of'the Cu2+ in

a-NiSO, -6H,0 and NiSeO, *6H,0 is the result of diffusionvof the excited
state of the ﬁiékel through the lattice, i.e.,.a Frenkel gxciton;
For low eXcitbn cqncentrations, the Cu2+ ions find theméelves in
environments with>different exchange fields dependiﬁg on whether the
exciton resides:oﬁ a Cu2+ neighbor or not. Since the exciton is
mobile, theldg?+.fluctuates between different enVirénmeﬁté. This
type of behaviér_isvvery reminiscent of.chemical exéhangg ﬁroblems
in magnetic resonance where a spin is subjectAto environﬁental
changes. The huéiear magnetic resonance of 017 in soiu;ions containing
paramagnetic ions where the 017 spin jumps back and.fofth between
bulk water and éoordination sphere water has been'déveloped:by Swift
and Connick (1962), and the mathematical formalism shéuid be adaptable
to the_Cu2+ resonance under discussion after an gppropriate identification
of terms is madé.

As”noted in Section III, the Cu2+ ions in thése'two nickel lattices

are exchange coupled with four nearest neighbors which surround the
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Cu2+ in a tetrahedral fashion. Considering this arrangement, the Cu2+

can exist in three environments for low excitoh,c@ncentrations since
the excited state has two possibilities. For clarity the various
environments wili_be labeled and enumerated,
24+ 2 _
Environment A--Cu surrounded by 4 Ni~ neighbors in their
Agroun& states
Environment B--Cu  surrounded by 3 Ni  neighbors in their
ground states and a fourthin the excited.Stgte |+1)
' 24 L 2+ SR
Environment C~~Cu - surrounded by 3 Ni~ neighbors in their
ground states and a fourth in the excited state |-1) o
The equations derived by Swift and Connick (1962) require that qﬁe_
of the species be dominant and that the exchange of énVironments
occur only from A to B or C and not between B and C, which really is
a consequence of A being the dominant species; Over the_temperature
range studied;ienvironment-Avdecreases from 997 to 92%rin a—NiSOa'6H20,
and the condition that A be the dominant species is reasonably
fulfilled. Under these approximations the experimental half-width
vét half-height of the Cu2+ resonance is. given by,
1 1 P ,(1/TZB)(1/TZB + l/TB) + Mg

= B
=T tT | “ ) )
2 "2A B (1/T2B + 1/TB) + AwB

+ . (4-1)

B [aimp army, + 1/m) + g

T 2., 2
c | (1/T20,+ l/TC) + ch

where the symbols have the following meanings,
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2A

nickels are in their ground states, i.e., at T = 0°K.

S 24 : .
T,, is the transverse relaxation time of the Cu” when all of the

' ) . 2, :
2B.c 2Te the transverse relaxation times of the Cu~ in environments
?
B or c.
T are the lifetimes of environments B or C.
. ' 2+
Aw are the differences between the resonance frequency of Cu” in

environments B or C and the observed frequency.

PB C areitheffractioné of Cu2+ ions in environments B or C.
]

At the mégnetic fieldsvemploYed to observe the Cu2+ resonanceé, the
energy differénce‘between thé two excited states of the Ni2+ ions is
small compared‘to the zero?field spiitting, and thejtwo states can be
considered to be approximately degenerate. Under tﬁis condition
PB = PC’ and the fractional population of'gnvironment B is given By-_
the product of the fraction of N12+ ions in the excitéd:staté times

the concentration of neighbors, which is four times the copper con-

centration, divided by the concentration of copper ions,

-D/kT
: be
- P = — - (4-2)
B 1+ 2 D/kT ]
Also, the transverse relaxation times T2B and TZC areiexpected :

to be the same and are probably not too much different than T2A' If

different, they will be shorter than T The shifts AmB and ch,

2A°
though they may be opposite sign, should have similar magnitudes.. The
lifetimes of the environments B and C should be controiled by the

exchange interaction between nickel ions. Since the Ni2+ excitation

24 . s .
can not jump to the Cu due to energy conservation, it may jump to

any three of the nearest neighbor nickel ions, and since the exchange
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is largest'emoné these, the probability of jumping to nfher neighbors
can be assnnedvnegligible. Beeéusevthe junning rate'fof both B and

C ennironmente‘ere eentrolled'by the same exehangeinteraction, TB.
will be the Saneeas T, and may be defined as

i:iB = h/3J : : | : e vv : (4-3)

-Undef the above’aséumptions, the two sites B and C are identical, and

" the problem collapses to a two site problem with the width now being

~

given b&

1.1, 2Pp | U/ Ty ) (U Ty + 1/Tp) + Mg ) ey
T, T,5 T 2 2
2 24 B (/T + 1/Tp)" + fwg

A number*of'limiting cases exist depending on the relative
magnitudes of‘the terms in Eq. (4~4), i.e., the relative rates of the

various processes; Swift and Connick (1962) 1ist_the following

situations.
N 2P
1 Amg >> —%—- , —% ; %ﬁ._ El_.= _;E
TZB» TB 2 2A B

' The exchange 6: environments is relatively slow and can not'average

the two environments effectively. Two resonances,.one‘ffom each -
environment, may be detectable. Their widths are dependent on ;he
speed of environmental exchange and result from a change in preeessidnal

frequency.

850t QK PONOO
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| 1., .2 1 11 2
2. == 5> M, >> S =& = = = 2P T Aw
+2 : B (T2B B) T, Ty, BB B

B
Here the environmental exchange is of an intermediate value capable
of averaging.the‘two sites. Its frequency is larger than the difference
in precessionai'frequency but not so large as to make the second

inequality hold. The width depends on how_effecti?ely T, can average

B

the two sites and is a function both of exchange time and the frequency

difference.
3. ' —%— >> Ami . —%-, 1 1 _ 2Py
T > 7 T = T

Trs B T2 Toa B

The trasverse relaxation time of site B is very effective in causing
relaxation, and the width depends on how long the sﬁecies is subject

to environment B.

'1 2p

- : - 2 1 1 B
4, : >> T T S
(Typ7p) 72 BTy Ty Typ

o 2B
The environmeﬂtal:exchange is the dominate process being very fast.
The width becomes dependent on the transverse relaxation time in

environment B..

The relevant quantities which might be determined'from the daté,

depending on which case holds, are T thch contains the exchange

B

. The

value between host ions and zero-field splittings contained in PB

next section investigates the propriety of the various_éituations

listed to the’Cu?+ line width in a—NiSO4-6H20 and NiSe04°6H20.
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.Table XII. Teﬁperature dependence of Cu2+ peak-

. to-peak line width in a—NiSOa'6H20 and
. ‘NiSeO '6H20. =

4

a—N1504-6H20

T(°R) LW (gauss) @w)-@wW)  (gauss)

1.34%0.01  50.7+0.06 . 7.745

'1.56  58.3 15.3
1.75  74.0 31.0
'”1.92 92.8 49.8

2.02 - 107.7 64.7

2.18 . . 130.0 87.0
L 2.27 140.5 975

 Zefo,temperature extrapolated value (LW)°=4315

NiSe0476H20

T(°K) LW (gauss) [CORGOR (gauss) '

1.30 0.01 46.6 0.06 7.1 5

148 53.2 13.7
1.4 73.2 337
1.76 74.5 35.0
.1.86 83.8  44.3

2.04 117.7 78.2

2.25 135.7 96.2

' Zero temperature extrapolation value (LW) -39.5%5

6H0 1 0OPEDDTOO0
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C. Results and Discussion

Aiong tﬁe Y_éxisfthe external field is perpéndiéular to the z axes
of ions 1 ana'3,‘and the perpendiqular hyperfine spiitting of the
Cu2+ is less than 8 gauss. The line.widths of the individual hyperfine
lineslare greatéf than the splittings, aﬁd.a singlé inhomogeneous line
with no structqré is observed. Admittedly, this line is a poor choice
for a line width measurement ddé to the hyperfinerinhomogeneity, but.
all other seté_of‘lines are also overlapped and shéw ih:general
resblved structﬁfe. At the lowest temperatures an asymmetry of the
line is detectaﬁle, but as the'line broadens, this disappears; The.
line was treaféd as if it were a single Lorentz line. Table XII gives
the widths as a function of temperature at ~9.5 GH;} The obvious shorf
coming of the,daté is ‘the very mnarrow ﬁemperature.range over whiéh
line widths are available. In order to apply thevprevious equations,
the line width iﬁ'environment_A, 1/T2A, is requifed.i,Tbis would be
the width at zefb temperature and is obtainable by ektrgpolation. The
,extrapolation‘forzthe Cu2+ is very difficult to maké with the présent
data since the curve is just beginning to bend over at ﬁﬁe lowest
temperature. Figuré 11 plots peak—td—péak line widtﬁ QQ‘T and
indicates the égtfapolation to T = 0°K. Since the extfapolation is
very uncertain, the values of"(l/T2 - l/TZA) beéome v§r§ uncertain
éspecially at theulower temperatures.

No thorough*study of the line width was made at frequencies other
than g-band,‘but‘spectra taken'at ~23 GHz indicate thaf there is no
change in the 1iﬁe width with field. This eliminates the mechanism

of Davidov and Baberscke (1975) since it should depend on the Larmor
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Line Width
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 XBL 759-7261

Fig. 11. A plot of line width vs temperature for cu?t in

a~NiS04+6H20 (0) and NiSeO4+6H20 (A) extrapolated to |

zero temperature. The solid line is not theoretical.
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frequency. In gddition, the lack of frequency depgndence makes case 2
involving AwB ddubtful since from Section III the aiffereht molecular
fields for ﬁhé:different environments céuses different_g¥Value shifts
whiéh would maké'AQB frequency dependent. ' ‘2'_ .
To distinguiéh between the remaining cases, khowiedge of the
various rates ;ﬁd the fémperature dependence can bé.éﬁpioyed. All
'three cases have®a similar form, 1 and 3 being ideﬁtiéél. Since for.
o -NiSO -GHZQ fhé zero—field splitting'is known, the-gases can be

4

cast into a form where a single unknown quantity is solved for,

. - = T g ’ -‘ E -
ZPB/(l/T2 1/T2A) g Of T2B o | . (4 5)
s ‘ U 24+ 24 .
A good estimate of Tz can be made since the Ni~™ - Ni" isotropic

exchange value,is_knoﬁn to be between 0.1—O.2 en L from thermodynamic

work (Fisher and-Hornung,'l968) gﬁd pair spectfoscd%y (St. John, 1974).
Taking the 1owéf'limit leads to a value of 1.8X10_1; sec for Tg using
Eq. (III+3). JSince the'exchénge interaction is notiﬁéﬁéerature
dependent, the pfbduct in Eq. (4-5) should be a congtaﬁt eqﬁal to

11 sec if it is equal to Ty Figﬁf¢,12 plots

approximately i.8x10"
the produgt, 2PB/_(1/T2 - 1/T2A) vs T. As can be seeﬁ'the product shows
a slight tempe:atufe dependence and is much lafgervthan the required
vélue ofv1.8xlo_ll éec needed to be in ﬁhe correct exchahge range.

The conclusidnfis'that case 4 describes the situation beét,_ On
physical groﬁﬁds-case 4 sounds most plausible also éince’it requires

that the environmental changes be the fastest process occurring, which

is a very reasonable situation considering the estimates of the various

2B and indicate that

quantities. The products in this case are equal to T

TZB has a slight temperature dependence. This conclusion is somewhat
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XBL759?7260
Fig. 12. The product 2PB/(1/T2-1/T2A) is plotted Vs temperature

for cuZt in 0~NiS04 +6H20 to 1nd1cate if a temperature
dependence exists.,
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' o + ol
disappointing since the Ni2 - N12+ exchange interaction is not
extractable.

The presence of an apparent temperature dependence inuTzB thwarts

the possibility of determining the D of the nickel. However, since

the temperatufe!dependence of T, is small, the determination of D

2B

would serve as an approximate check on the proposed‘mechanism.

Rearranging Eq;-(4—5) and taking the logarithm yields  

~InB= n{Q1/T, - 1/T2A).Z} = —1n(T2B/?)>— E(E) (4-6)

where the fact ‘that PB = e_D/kT/Z has been used. With T B assumed

2
constant, a plot of in B vs 1/T will yield a stfaight line with -D/k
as the slope-hhich should correspond to the known value of D for

the a-NiSO '6H20° Even though Z contains D, it is very insénsitivé to

4
D 6ver the temﬁeféture range used and was taken_to”ﬁe 4;74 o::m—l for
the calculatioh. ‘Figure 13 shows a plot.of 1n B vs l/fland yields a
value of 5.9 i }icm_l for the zero-field splitting. - Compa;ing this
with the'known7va1ue of 4.74 cm_1 indicates that tﬁe agreement ié
'pbor but notAéﬁtirely §ut of the limits of error. |

The Zero—fiéid splitting in NiSe04'6H20 is not_khown, but EPR

spectra_(Jindo, 1971) indicate that it is a little lafger than that

in -NiS0,-6H,0.  Using the line width temperature data, the zero-

4
field splitting_iniN{SeO4~6H20 will be estimated. Figure'l4 gives
the In B vs 1/T plot which estimates D to be 5.9 * 1_:<:1'n—1 in

NiSeO4-6H20. The vaiue of D used to calculate Z could be varied

from 4.5 to 7.5 cm-l without any change.
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Fig. 13. A plot of 1n B, defined by Eq. (4-6), vs 1/T for cu?t
in NiSeO4+6H90 is shown. The straight line is the best

one drawn by eye. The slope yields a value of
D =5.9+1 em t | -
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Fig. 14. A plot of 1n B, definéd by Eq. (4-b), vs 1/T for
Cu?* in NiSeO,:6H)0 is shown. The straight line is the

best one drawn by eye. The slope yields a value of
D = 5.911 cm~1,
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4)2Fe(804)2'6H20 (G#ll and Ivey, 1974) pf

Sectioﬁ II—C;'if‘is’believed that the temberature_dépendence observed

Returning‘to Cu2+.in (NH

for the Cu2+ fits into the present framework. Thésé Vorkers observeﬂ ‘
the followiﬁg?ééquencé of épéctra at various tempéfatu;es.  At_l.3°K
a fairly sha£p £our‘1ine Cu2+‘s§ectfa was observe&:iglaccérdance wifh
the fact that aISinglet ground state exists and itiis tﬁe only stéte

v populafedvatbthis femperature;' The ne#t state is'6;7 ém-l above the
groﬁnd state.(Gill and Ivey, 1974). As,the'tempefafufe rises to

| 4,2°K a satillife.line appears which they attributed to a Cu2+ ion
~with one to its neighbors in the first excited staté. On réising'
'the-temperafgre of 13°K, ;he lineé broaden, and only a single line

is observed. A maximuﬁ in the line width is obtained at 13°K, and
further increésés in témperature'narrows the 1ine$;J'Recapitulating,
the sequence of events is (1) two lines observed,‘(Z)vbroadéning of
the line widtﬂs, (3) a single broad line, and (4) narrowing of the
1ine'width.. This,sequencé.is in agﬁord with the cléssical case of
environmentalje#éhange between two sites.

In this ¢ése, the exchange interaction betweeﬁ.Fezf's is not
expected to bé great, and the hopping rate will be less than in the
previous nickel.éalts.; fhe reSult is that spectra.fr§m two énviroﬁments,
Cu2+ surrounded by all ground state Fe2+ and Cu2+.with.ohe of its Ee2+

" neighbors in thevfirst excited sﬁate, are ébsgrvable at 4.2°K where
few excitons are presegt, ;nd thug the environmental exchange rate is
’slow. As the teﬁperature increasés the population 6f éxéitbns increases

which increases the rate of environmental exchange, and the lines

broaden. At 13°K only a single broad line remains. _ The narroﬁing

201l OPFONOO
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after 13°K may either result from an increase of the environmental
exchange to a point where 1/TB >> AwB or the host spin-lattice

relaxation narrowing may take over.
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APPENDIX II. THE EPR OF Mn2+ IN ZnSeO4‘6H20 AND ZnSe04'6D20

Introduction

The spectréscopy of Mh2+ substituted into ZnSe04-6H20 had not been

done previously, and so it was necessary to determine the g-values

. ' : . ‘o 2+
0 in order to make a comparison with Mn

of Mn”T in 7nse0, - 6H
T4 T2 7

substituted into the paramagnetic host7NiSe04'6H20..»0n observing the

. Mn2+ spectra, an ekceptionally large zero-~field splitting was detected,

and for these.réasons if seemed desirable to determine the Mn2+ spin

Hamiltonian in the diamagnetic ZnSe04'6H20.

Experimental Pfoéedures and Results

 ‘Considering‘only AMS = i, Ams =0 transitions,'the spectra of
of Mn2+ should ¢6ntain five sextets (30 lines) fqr each ion in the unit
cell, assuming that hv is gréater than the zero—fieid splittings;
The presencefof four ions per unit cell in the ZnSe04‘6H20 lattice
leads to an abuhdance of lines which naturally-gives a complicated
and highly erriépped speétra;_ In addition, the preé§QCe of a large
zero - field spiitting giVes appreciable intensity to tﬁé "fdrbi&den"'
transitions, both AMS # 1 and Ams # 0, which-furtherb¢omplicates the
obseryed spectra;{ In order to obtain the best poséibleTresolution;
host crystals of ZnSeO'°6D 0 were prepared by repeate& reérystallization

4 "2 _
from DZO, The replacement of the protons by_deutero@s reduced the -
residuai peak-to-peak line width caused by the water protons magnetié
moments from @lb gauss to ~6 gauss. Since bettervresqlhtion could be
obtained in the=deuterated 1Attice,'the majority of thg work was
conducted in it. However,“éven with the deuterated'sampleé, it was
not possible to follow the angular dependence of the l%nés.due to the

lack of resolutidn._




-99-

Previous work on Cu’¥, N12¥ and co?t in the Zns,e'o'[*'-eﬁzo lattice
indicated tetragonal symmetry around these ions, and they were fit
nicely to an axial spin Hamiltonlan (Jindo and Myers, 1972) Following
the precedent set in these 1ons,lthe z axes of two of the ions in a
unit cell shouldAlie in a yc plane. When the magnetic_fleld is
rotated in the Yc plane, a maximum spread in the'fine.structure pattern
shbuld occurIWith-H along z. vThis maximum spread was ebserved and |
taken to be the z magnetic axis of the an . The outer7sextets
(Mgv= *¥3/2 to +5/2) were well separated from the main body of lines,
the (MS'¥ il/2.to Ms = +3/2) sextets were easily d13t1ngu1shable on . ..
the outer edges 6f the main body, and the (MS = +1/2 to‘—l/2) was

indistinguishable invthe complicated center of‘the:mainebody of lines.
A secondary-relative.maximum s;read in the fine structure nas also
obServed in the Yc plane, and identified as the vy axis where Hb is
along the x axis cf two of the ions.v The same spectra was_also
obtained in the ab plane confirming the aSsignment.cfithe‘ydirection,
and this wasbtaken to be the x magnetic.axis of:the anf;_ Figure 15
shows the an_+ spectra along the Y axis and indicatesithat all five
sextets are disernible for one pair of equivalent icns..>Along the vy
axis two spedtra are expected,iions l and 3 being equivalent'and 2
and 4 being equivalent here. The one set of five Sektets is able to
dominate the spectra here because the fine structure pattern of the
other‘set is at a collapsed position causing overlap cancellation of
intensity and the "forbidden"'transitiOns also rob the collapsed set

of intensityQ It was not possible to distinguish a single set of .

 five sextets either along the c or a axes where all the ions in the

90l orFOCDO
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l«—DPPH
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1000 gauss

]
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. 3/2+—=3/2
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| P =32
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| -1/2<—il/2

XBL 758-6928

Fig. 15. A derivative spectra of Mn2+ in ZnSe04+6D50 with. the
magnetic field along the Y axis. The five sextets
belonging to the ions with the field perpendicular
to their tetragonal field axes are identifiled.

T =77 K and v = 23.2504 GHz. -
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cell should Eéﬁmagnetically equivalent. This may ﬁave-been-an
alignment prbblem, a 1/4° rotation having very signifiéant-effects
near these positions. Measurements with H0 along ghe z and'x axes as
defined above;were the source of lipe position daté psed to determine
the spin Hamiltonian. The angle ¢ was again takenitévbe the:angle |
between the ion's z axis and the c¢ crystal axis_and'Waé detefmined by
éuﬁéfaétiug tﬁé:angle betweén the z axis maximum énd’the Y axis maximum
frém 90°'sin¢é‘the anglevbetween the Y axis and the:c-axis is §0°;
Sextet Centefé'wefe taken to be an average’qf the hy?érfine m, = -1/2
and my = +1/2 ffapsitions within a sextet. The'presenée of very
large zero—fieldiSplittiﬁgs madebthe-accuracy of tﬁe seéond—order
';ﬁéfﬁurbation>edﬁé£iohs (Abragam and Bleaney, 1970)fsuépéct when applied

at X-band (~9 GH?); and K-band:(~23 GHz) measurements were employed

when possible} _:

The Spin Hamiltgnian

When a ﬁurél& a#ial spin Hamiltonian was appliéd'fé the data,
various inconsiséencies arose,-énd_so a HamiltonianIWhiéh includéd a -
small rhombic cdﬁponent waé deemed necessary. Thié:wés; of coﬁrse,
'_a deviation from the previous ions. The spin Hamiitsnién employed

was taken to be’

i

I = gHeg+$ + D [Si - 1/3 S(s + 1)] + E(Si - s}z,) _ (A2-1)
F o a 22 2 7
igal%ssz - 30S(s + 1) SZ + ZSSZ - 6S(S +‘;)_f_35 (s + l)]

> o >

ale | 4, b | 2
J"6[Sx +,.sy+sZ - 1/5 S(s + 1)(3s »+ 38 - 1_)] + S*A-1
The cubic field term, a, was assumed to have the same axis system as the

other fine structure terms. With the cubic and higher order axial terms are

L0l 1opbOrO0
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added to the second-order perturbation equations for Ehe field positions

given by Howiing'(l969), the transition fields are.given by

- 3/2,+5/2 _ 4
HL = H_ Q}ZR - 64S/(8H ) + 8T/(8H ) - U/6 -_255._-
S 1/2 » 3/2 | | |
‘H2 = H - R+ 88/(8H;).- 10T/ (8H ) + 5U/24 + S/é pa
-1/2 + 1/2

H, = H».+'328/(8H0) - 16T/(8H )

H4 = H + R+ 85/(8H0) - 10T/(8H)) - 5U/24 - 5/2 pa
-5/2 + =3/2
HS = H_ + 2R - 645/ (8H_) + 8T/(8H ) + u/6 + 2pa

_The following definitions,were used,

(A2-22a)

(A2-2b)

(A2-2¢)

(A2-24) -

(A2-2e)

.Ho~= hv/gB
e 21‘. ’ . .2
-~ R = [D(3cos™ 6 - 1) + 3Dcos¢sin 6]
}S';'[(D — EcosZ¢)2‘sin226 + 4E?sinzesin22¢]
:'Tf= {[Dsinze + Ecos2¢ (1 + cosze)]2 +.4EcosZGSin22¢}
: 4 2 '
U = F(35cos 6 - 30cos" 6 + 3)

The rest of the symbols have their standard meanings‘(Abragém and

Bleaney, 1970), and second order terms in a and F have been neglected.

Qbeerving‘that the differencee between Eqs. (A2-2a) and (A2-2e)

as well as Eqs (A2-2b) and (A2-2d) eliminate all‘seeond order terms,
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one can write these differences for H along the z and x axes as

follows,
L -ES) =8D+4@a+2/3F) (A2-3a)
(H2 - ) = 4D - 5(a+2/3F) o © (A2-3b)
.(ES - Hl)x = -AD + 12F + 4(a + 1/4 F) f (A2-4a)
(H6 - H2)_ = -2D + 6E - 5(a + 1/4 F) (A2-4b)

"Equation (A2;3) indicates that measuremepts.of'theﬂseitet centers

along the z axie is Sufficient to determihe D with the eum (a+ 2/3F)
thrown in. FCoupiing tﬁe reselts of Eq. (A2-3) with‘Eq;_(AZ—A),-obtained
‘from ﬁeaSureﬁeete of sextet centers along x,'leads'ﬁo the determinetion
- of the rest of Ehe'fine stfucture parametefs, E, a,;eed F. The- sign

of D.waS-obteiﬂed'by Qbserving the intensity dispariﬁy'among sextets
at'lowvtempeﬁa;ufes.‘ At 1.3°K the M= 3/2 > 5/2 tfaﬁsition:is‘almost
undetectable reia;ive ;6 the Mé = -5/2 » -3/2 indicatiﬁg a positive

D value. It Wee ﬁot possible to determinelg"_since-f.the_l*iS = -1/2 »'1/2
sextet could net“be distinguished due to bverlaf. As noted earlier,.
all five sextets.ﬁere distiﬁguishable with Ho along x, and g was

calculated from the‘eQUation

o = 2D+ E)" _ 17(A" + B7) ; o

The perpendicular hyperfine value was taken as the difference between

= 1/2 and the m_ = -1/2 transitions in the Ms==—1/2

the hyperfine m I

I
1/2 sextet. Since the hyperfine value is expected to be nearly isotropic

for Mn2+, A was set equal to B in the calculation of g - Using

K-band (~23 GHz) data, the spin Hamiltonian ﬁerameters for Mn2+

8011 0pPPODGO
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substituted intb ZnSe04°6D20 at 77°K were found to be

- D

D = +600.0x10™% cm 120.4
.fF = +34X10—é cm-liZ
“B.= 90x10™* cnte2
- ﬁf%"18.6x1o‘4 cn 10,5

7'413x10'4'cm'1f2

o
|

‘g, = 1.997£0.003

“As a teét‘ofxthese values, the field poSitions of the center of
the se#tets atvg;bana Qere calcuiated.byldifect.diagonalizatioﬁ.of.the
Hamiitonian; Téb1e~XIIi'comﬁaresvthe calculétedvand'ébsetvéd~fiéldﬂ 
positions WitﬁiHO parallel the z and x axes. For thé.galculations?

g, was taken é§ual_to:2.00 when Ho was aldng z, and_tbé.secopd—ordér
hYPerf;ne shifés‘ére not inéluded. The aﬁsence of aﬂ;Evterm effects
the'Ho pérallél zrpositiOnSVOnly‘slightly, but its’aﬁéence for the

Hd parallel x pééitions_résults'iﬁ an appreciéble égpaﬁsion in the
fine structufebpaftern; The positions differ in the'iatter.case by
greater than 100 gauss; ~Data obtained with difféféﬁt saﬁpleé were not
aé consistént as would have beén liked. The réasonifbr?this isvnot

known, but oﬁejobvioué possibility is'crystal alignﬁent,

Other Dependences

Two interesting observations were made about the zero-field

splitting, D. :The first is that it appears to’temperhture dependent.,

Table XIV compares the observed splittings of the fine structure

pattern along the Y axis (Ho parallelvx) at 298°K and 77°K.
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Table XIII..uCompafiSOn of experimental and calculated field

. positions (in gauss) for Mn2+ in ZnSe04°6D20.*v
H ;1ong z N . .:Hovalong X
Transition .'Experimental Calculated Experiﬁental' Calculated
3/2-5/2 | 833 837 4683 4693
1/2 +3/2 | 2174 2169 | - 3785 - 3783
-1/2 >1/2 | 3431 3637 | 3166 . 3177
-3/2 > -1/2 | 4687 4684 2750 12778
~-5/2 > =3/2 | 6006 6018 2614 2446

* N . . ..:
v = 9.5906 GHz.

Table XIV. Comparison of an+ Splittings
(in gauss) along the x axis at two

.temperatures.*
. 'Splitting 298°K 77°K
E-ES)_ 2173 2363
(H2-84) 1055 1147

%
. v.~ 23 GHz.

60 Eg Q%?%}’ Ci £ GO
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Also, the'hydrated and deuterated samples had}slightly different
gplittings. This is not tos surprising when it is‘reealled that the
large tetragonaizcomponent of the distsrtion was-stttibuted to hydrogen
bonding effects ‘and that the proton hydrogen-bond is stronger thsn
the dueteron hydrogen—bond (Novak 1974) A 31mllar observatlon was
made recently by Berstein and Dobbs (1975) who observed changes in-
the zero-fleld spllttlngs of the S-state ion Gd3 when the water of
hydratlon was deuterated in the ethylsulfates. Tahle XV compares
the sp11tt1ngsvsf an’ in ZnSe0,*6H,0 and ZnSe04F6D20, .Since.the D
value is by fatjthe largest splitting factdr; these:obsersed ehanges

in observed spiittings with temperature and deuteration are attributed

to changes in D.
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" Table XV. Comparison of Mn2+ splittings

(in gauss) along the z and x axes in

ZnSe0 '6H20 and ZnSeO

. *
A 4 6D,0.%

'?Pllttlng ZnSe04j6H20 .ZnSe04'6920"3

(HL-H5) 5098 5206

(ES-HL) 2325 2363

- .
7T = 77°K and v ~ 23 GHz.

oCtlltopbata0
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APPENDIX III. COPPER(II) AND NICKEL(II) PAIR SPECTRA IN Zn8e04-6H20

Introduction

A standard éciéntific procedure for understandihg,a systeﬁ is td
first understaﬁd its component pafts. In magnetic insulators, the
component'partslare the individual transition metai‘ioﬁs andvtheir
~ surrounding‘affai of ligands. ~ As previously noted,'ﬁhe:indiVidual
isolated ions-have béen the object of considerable sﬁudy,'as‘the
comp;ehensivéitéeétise_qf Abragam and Bleaney (1970)'éan attest. Thé

next more complicated unit is a pair of ions which are able to

interact with one another. Study of the interactions between the ions

can then 1ead;£d an understanding of the propertiés of magnetically
concentrated_é&stems. EPR, when‘observabie, is the most sensitive
probe of the d;tgils of the e#change interaction bépwéeﬁ trahsition
metal ions in’ip$ulators, and a number of reviews ekist on the subject
(e.g., Kokozka‘and Gordon, 1969; Smith and Piibrow; i974). Work along
" these liﬁes haéiconcentrated on péiré of ions in unidﬁé dimer'units, 
parti@ularlyvtﬁé copper ﬁairs formed_by carboxylic'aéids and other
organic ligaﬁ457: | |

Pairs of ions can also be prepared by substituting magnetic ions

into isostructural diamagnetic lattices at a high enough'percentage_whe:e

a signifiéant;ﬁumber of paips‘ekist. Unlike the diﬁeré;'the EPRfof
these statistiéallpairs suffer from héving the singleAi;n spectra as 
the largest feature which ofﬁen obscures the paif speétfé. On thé
other hand,béhis E&pe qf pair is diréctlybrelated to a magnetically

concentrated material which would occur at 1007 substitution. E




_1_09..

,

EPR is ah_eépecia11§ good technique for probing the exchange

interaction whgﬁ the interaction is of the order of magnitude of the

Zeeman energy. or less, i.e., small exchange interactions. Relatively

small interaétions-are expected for hydrated salts of transition

metals. »Wiﬁh'these things in mind a study of the pair'spectra»of

Cu2+;Cu2+'anvai?+—Niz+ pairs in the ZnSe04-6H20 lattice was'ﬁndertaken'

with the aim oflihterpreting_more complicated pair systems and to

aid in the undérstanding of previous WOrk (Batcheldér, 1970) on the-

EPR of pure a—r_xfis’oa'-sﬂzo.

The Hami1tonién to be used for the interpretatibﬁ of the péir-*

spectra is a‘sum of the éingle ion Hamiltonians plus*an interaction“?

term - 7 R
JC A A U (3A-1)

For ions with orbital‘siﬁglet ground states, ﬂi and:ﬂg are just the

normal spin Héﬁilﬁgniaps for ions 1 and 2, and ﬂ;nt.is the‘dipdlar
and exéhaﬁge in£eracti§ns. Thé_single ion spin ﬁaﬁiitonign éaﬁ-ﬁe
gotten from the EPR.of thg ions at low pércéntages in‘a.diamagnétic B
host. This aééﬁméé-that the ethange,interaction‘dqeé'hot effecg

the-éingle ion ﬁafamaters which is a reasonable aSSumption for'small

exchange. - The'dipolar interdction is well known and éanvbe'accurately '

calculated with aid of apbfopriate érystallographic:daté. The form

of the exchange interaction is not known and is the quéntity of

_interest to be determined.frdm the experimental data.:

There have been two approaches to the determination of the
exchange interaction. The approach which has been used almost
exclusively isrtdvguess a particular form of the iﬁtgraction (dsually
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isotropic) and then see if it feproduces the obsgfvéd spectra. This
is surely thg easiest procedure, but it is hard to acéuire-all the
details of thévihteraction.v The other approach,’;sed for example by
Culvahouse aﬁd Schinke (1969) and Dixon and Culvahpﬁse (1971), is to
start with fhe geheral bilinear form of thé exchaﬂgé’interaction-and
determine ali:the'components by ﬁsing symmefry'arguﬁehfs and experimental
d;ta suéh aé liﬁe splittings. This method determines the details of
the exchange iﬁféraction very well but is also the'ﬁdéf difficult to
do experimeﬁﬁaily.f Very detailed spectra are needed'fér this method,
and these ére bften times not available due to overiﬁp'problems. - The
work on the paifs.in the ZnSeOA-GHZO used the first épproacﬁ and.as
such is notVQefy complete. ‘Before proceding a caveét is in order.

In the work to be presented many problems and ingoﬂéistenéies exist;
so that the éonélpsions drawn are to be viewed with soﬁe suspect.
It is forvthis_réason givén as an appendix and notva:éﬁapter.‘

Cu2+—Cu2+ Pairs in ZnSeQ,-6Hzg_

The Spin H§mi1tonian

The simpleét exchange éair cbnSists of two ioﬁs ééch with a sinéle
unpaired elec;rbn.as‘is found in the Cu2+-Cu2+.- Tﬁé:céﬁpling of the.
two spin 1/2 ions results in thé_familiar‘singiét—triplét probleﬁ,_and:
this is usuall& ;he most convenient representation to:work in since
in many cases the isotropic exchange and Zeeman-ene;gies can be
simultaneously qiagonal. Nearly all the copper pair Qork donevhas
been with what wiil be called similar pairs. Similar:means that the

g-tensors of the two ions are equal and parallel. This 'situation is

accompanied by at least inversion symmetry ih the pair unit which
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‘simplifies theiform of the exchange interaction. A-dlsslmilar'pair

.is one where:either the é~tensors are different (not nery common) or

the g—tensors'of the two ions are not parallel. The_nresence of
non—parallel'gerensors introduces angular propertiesuinto the.exchangev
interaction. th.Will'be shown later that the ZnSe04~oHéb lattice has
both similar andinissimilar pairs, and for this reason,_the more general
form of the‘interaction Hamiltonian will be_developed.tovaccount for
hoch types offpairs.l | |

For ions which have their orbital momentum well qnenched, 1sotrop1c
exchange has been shown to be a good approx1mat1on (Morlya, 1963 |
Anderson, 1963) This is true of Cu2+ in a tetragonal ligand f1eld
as 1s found in ZnSeO4 6H o (Jindo and Myers, 1972),and isotroplc,' |
exchange has been almost exclusively used for.Cu2+.' However Worlya (1963)
has shown'that;in.the_orbital singlet case the-anisotropy in the
exchange'interactiOn should be of rhe(order-(ég)J whereiAg is che
deviation from:the:free.electron‘value anc J is the:isocropic exchange
: oaluecv ForVCug+brhis should'run around 5-10% which_mill certainlf not
be‘negligihlezeXCebt for very small exchange interactions. 'Regrerrable
as it is, 1sotropic exchange will be assumed in what follows since
deviatlons from 1t rapldly increases the complex1ty of the problem. .

The review by Smith and Pilbrow (1974) gives an excellent trearment
of Cu2+--Cu2+ pairs which takes all the anisotropy in'the Hamilconian
into account exactly."The exchange interacfion is ﬁaken by them to be

. ' v

. > ' V ‘ . :
K = =95.°5, I

(This is probably not the most common form, unfortunatelyu The_

interaction is' written more frequently with either -2J or +J). 'When the

e ’Eowbﬁfﬁo
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g-tensor axes of the two ions are not parallel the dipolar interaction
‘becomes quite complicated and whén4WrittenAjn the coordinate systeﬁ

of on of the ions, in this case ion 1, is given by

o dip Z RocYSflaszy , R (A3-3)
_ a’Y=Xl’yl’z1 : . _

where
(A3-4)

ROtY = gla z gzg YE aE 300.' z d-iigc E’>2/r3 .
g.x2’y2322 CEER YT

in'Eq- (A3-4) th?»ng are direction cosines connectiqg thé C axis
(xl,yl or zl)‘and the £ axis (xz,y2 or zz), and the qa ére the dirgction
cosines of ¥, thgyvector from ion 1 to ion 2, and the coordinate system
“of ion ; (xl,yliér,zl). B

The most convenient representation to work in is 6né that
diagonalizes thé Zeeman-interacti6ﬁ of the two ions. For similar
Lpairs the isotrpﬁic exchange will also be diagonal in this representation.
Forva‘dissimilér péir the exchange will not in_geﬁefal be diagonal in
this representatién,.and if J is large epough, the Zeeman representation
may not be the mbsﬁ convenient. For an exchange interéction smaller
than the Zeemaﬁ!inéeraction, the Zéeﬁan repfesentation remains con-—
venient. By thé:s;andard rotation of the spin operatofs to diagonalize
the Zeeman energy:(Abragam and Bleaney, 1970), the single ibn Hamiltonian

inclﬂding hyperfine becomes

R T & T PO TP S P iy thyy (A3-5)

i2 iy

+ -
+ 7 3Siy'11xi + Tiésixfliz Ti55; y tIin
i 7% 21
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The quantitiés‘ﬁn”Eq. ‘(A3-5) are defined as
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. where the subscfipt k = xi; yi; z,. The direction coéinés QX , 2y
Lo . i i
and 2x are between .the external field H and t,he)xi,:yi and zg axes, .
i _ ‘ cr _
i.e., the g-tensor axes. The unprimed coordinates are those of the

g-tensor. The single primed coordinates refer to the electron spin

axes and the doublé primed refer to the nuclear spin axes.
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After the rotation of the spins, the interaction Hamiltonian is

transformed to

‘HL = . (D 1pt + Jo 1) S.oeSoo (A3-6)
~int 2 : B 32 S S Jee e |

:  JE R S

P Y1075

]

Tyt ot
P)=%5:Y3525

The spin coefficients have the following definitions

y :E:: 1,2 .
Doipr = R 2y 2 _,d o (A3-7)
kP v oy Ry xByyr | .
a’Y=X1,yl’Zl ’ :
r=x2 ,y2’22
and
i | o2
Jovgr = =T E S S S (A3-8)
1P ~ 9P P 1%

171°71°%
Ap7%p2Y952%3

. 1 | e )
The direction cosines & qlpiandgzqué ére those connecting the g-tensor
axes to the spin axes defined by the conditions which diagdnalize the

Zeeman energieS”bf ions 1 and 2. The direction cosines d or d
_ .- 9;9, Yr

are again those that connect the g—teﬁsor coordinate system of ion 2 .

with that of ion 1. For similar pairs d = quqz; and the exchange

939,

term is isotropic. For non-parallel g-tensors, the isotropic exchange

will appear as anisotropic in this representation.
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Types of Cu2+--Cu2+ Pairs in the ZnSeO, *6H,0 Lattice
. — 0 L

As noted in Section III4B, an ion in the ZnSeO ?6H20 lattice has

4

nearest neighboré at four spatially equivalent positions arranged
approximately”ot.the dpices of a tetrahedron. When a pair consists
of an ioo and'one of its neafeot neighbors; it will be.designated as
(1-2) or (3—2)»péir. The numbering refers to the_fao;:thét the unit
" cell has four ions which are stacked in 1ayérs whioh oré numberéd'
consecutivelyjas_in Fig. 3. The (1-2) or (3-~2) pair is a dissimilar
one because thezions composing it have'differently oriented g-tensors.
The four poséible pair arraﬁgéments with the neareét‘oeighbors are
'ﬁ;t io gonoralvoquioaient. Four an arbitrai& direotioﬁvof:the magnetic
Tfield,‘the Zéeﬁénvenergy for a (3-2) pair will be'different than a
.(1—2) pair‘wﬁioﬁ{would make them inequivalent. Wiﬁh the magnetic
field in the ac,or ab planes, both oairé have the somé Zeeman energy.
Since the exchaogé is isotropic, only one type of péirzis found in
iﬁese planes ififhe:dipolar interaction is neglected.V'When the dipolar
interaction io oakeﬁ into account, the equivaience of the four nearestv
neighbor typeopoirs is brokén. With the magnetic fieid:along.tﬁe
‘crystai c axiégieven the dipolar interaction energios'for all nearest
neighbor pairsiare the same, ond only one type of noaiosp neighbor
pair exists. Thié di;ection of external field ohould yieid the
simplest spectro.. |

The next nearest neighbors are situated at tho éofners of ; square
sorrounding tﬁe jon of interest. Referring to Fig.b3'and picking ion
Qvas the réfeiénoe ion, a pair may be formed with an ioo found by

translating along *X or *Y by a distance a. ' These péirs are similar

Plliakkeno0
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o . 9 XBL 7510-7422

Fig. 16. A typical energy level pattern for a Cu” -Cu” pair as function
: of magnetic field. Antiferromagnetic exchange has been

assumed with hv > |J|. Solid arrows indicate "allowed"

transitions and dashed arrows ''forbidden' transitioms.
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pairs since ghe two ions making up the pair have ﬁéféllel axis systéms
vand the éamevg;téhsor. These pairs,.ﬁhich wili.belaenbted 2~2 pairs,
are all eQuivélent»for.a given layer of ions at all éﬁgleé of the
external magnéfié fié1d if the dipolar inﬁeraétion.ié_neglected.

'Péirs formed-by‘ﬁfanslation along X wiil be-called'2x¥2‘and'if fouhd
By a translatioﬁ”aléng Y.as 2yf2. However, next neéréét,neighbof
pairs in différent layers may be different when thé-de@an energies
differ between 1§yers.. The dipoiar.intefaction spiitéﬁthe four neXtv’
nearest neigﬁgérsﬁinto pwo sets. Qne set arises frém‘z#—é paifs‘and :
" the other'ffbmv2§92 pairs. Then fbr an'arﬂitrary field diréction,
there will be twé_clbsely spaced 2-2 pairs in a given layer of ions.
With the maghetic ﬁiéld élong the ¢ axis, all 2—2 péi%évare équivalent;
and the simplegt épectra shoufd again occur witﬁ this orientation.

All other posSiblé pairs are considered to be s§ far épart as to

have a non-measurable interaction.

_Ekperimeﬁtéi Results and Discussion

- As previously stated the orientatioﬁ of magnetiéffield‘which is
expected to yield the Simplest pair spectra is .that wheh the field
ié along the.é_égis. in this orientation only one“tfpé‘of neareét
neighbor pair (1-2 and 3—2) as well as only one typé of next nearest_i
neighBor pair (2f2> exists. In order to assign the observed 1ines,
it is helpfui‘tb refer to a'typiéal energy ie?el schemevfor a péir
of coupled spin i/ZVions as iﬁ Fig. 16. In Fig. 16, it has bégﬁ
assumed th#t hv:>»|Jl. The dashed arrows indicéte thé éransifibn-is 5
"forbiddeﬁ" andvfhe solid a-rows indicate an "allowed" ﬁransition.

The exchange has been arbitrarily assumed to be antiferromagnetic. If

Sl i tokFFoe0o0
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the exchange WAS ferromagnetic, the singlet'and tripieé would ha&e
their order iq&efted, but the qualitatiQe featureé of'the transitions
would remain the'same. This fact points.out that it‘is difficult to
oBtain thevsign.of the excﬁange‘interactioﬁ from thg line positions.‘ ' -
For isotropic exéhangé_the splitting D arises soley'frdm the dipolar
interaction apd i$, therefore, relatively small for the‘distances
involved, <0,01 cm“l. Because of this, transitions ljénd 2 should

lie vefy cl&Sélio the single ion trﬁnsitions, and'oﬁlfvfhe outer

lines of theéehéfansiticn's-hyperfine patterns are expéﬁted to bé
observable. iraqsitions 1 and 2 are also the:"alloWéa" ones‘and will
be the strongest bf the pair transitions. Transitidns 4 and 5-are’the
called singlet-triplet transitions and are most diréct-measure of 1J|;>
However, they ;ré also "forbidden" and are expected fo#Be weak.
Transifion'3 is £ﬁe AMS = 2 transition within the tfiplét and as such
is expected also to be very weak. With this prefacé of_what»might be
éxpected for'tﬁé Cu2+—Cu2+ péir, the observed spectré will be

discussed in terms of the transitions enumerated in this paragraph.

The ¢ Axiéjsbectral Featureé. Feature 1. Jusfﬂoutside the
single ioﬁ quaftet on both sides, one and a half 1inésfw1th about
1/100 the intenSiF& of the single ion lines are found. - The separation
getween the 6ﬁ£ér line and the half line as measured ffom_the observable ' .
feature of the hélf line to the. equivalent position of the duter line
is Ac/2. The Qu£er_lines are at 3127%5 gaués ;nd ZGSZtS gauss at
9.55133 GHz and577°K. These are by far the strongest non-single ion

lines.
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Featureyz . Outside of and apparently partially overlapplng the
" features of.1, a. Jumble of lines occur. No measurements were made
on these 1ines; The intensity of these lines are down by at least a
factor of 10 from feature 1.

Feature 3511The third feature is the most striking. It is a well
defined septet structure of lines. The center of the septet as measured
from the center Iine is at 1450+1 gauss (9. 24182 GHz and 4,2°K) and

. 1420410 gauss;(9701109 GHz and 1.3°K). The 1nten51ty is very small,
approximatelyfl/IOO of feature 1. The spacing betweendthevindividual
' septet lines is éA /2. The intensity ratios of'thezseptet are about
1.00:2.07:3. 00 3.54:3,07:2.46:1.23. -

An electron in contact with two nuclei of spin 3/2 and with the
© same coupllng constant produces a pattern of seven lines in the ratio
1:2: 3 4:3:2:1 if the ratio of the exchange to the coup11ng constant
(J/A) is 100 or greater (Culvahouse Schinke and Pfortmiller, 1969)
Thus, the septet'described as feature 3 certainly arises from a pair
of coppervions{ On. the assumption hv > |J|, the position'of the septet
below the single’ion lines and its low intensity suggest that it is
_either transitioniB or 4, These may be distinguishedtby'the hyperfine
splitting. TranSition 3 is expected to have the‘same{splitting as the
single ion, A ;and 4 should have half of this, Ac/z." ..'T_he latter is
| observed'and.the septet is assigned to transition 4. ‘The observation ,
of the Septet_center at the two frequencies show an increase of the
transition field uithbfrequency which supports the aSSumption the
ihu > IJI. A search for the other'singlet—triplet transition, 5, was

unsuccessful. This may be explained by realizing that the transition

91l t1obrOO00
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probability wili have the Zeeman energy in the denominator'tb first
order and will, pherefore, décrease as the field ié increased. |,

The lines of feature 1 are assumed to be thevouter lines of
transitions i énd 2 which héve been slightly shiftediéway_from the
single ion résqﬁances by the dipolar interaction. The fact that the
separation of'fhg lines is AC/Z implies that the tqtal pattérn is
a septet. Thesé:two satellites described as featufe.l are, therefore,
assigned to tfanéitions 1 and 2 associated with thé_éépfet of
feature 3. Thé jumb1é of lines called feature 2 wére'noﬁ investigatedv
along the c‘éxié‘and,their origin will be postponed uﬁtil.discussion'
of the a axis. . |

Since the ab plane ofientation is experimentally the simplest
to work in, the most detailed information was obtaiﬁéd'in this direcﬁion.'
Thé a axis ié qualitatively the same as the c axis;uv |

The a Axis Spectral Features. Feature 1. Strong satellites were

" found on either'sidevéf the single ion hyperfine,paﬁterh. .As along
the ¢ axis, oﬁly ?he outer 1-1/2 lines of an apparent_ééptet are
observable. Measurements of thefouter lines are " |
3268%5 gauss at 9.43012 GHz and 77°K
288315'gauss ' |
13393%1 gauss at 9.7656 GHz and 77°K
3010%1 gauss -H
'318411 gauss at 9.1266 GHz and 77°K
7 286411 gausé _
Where observablé,.the splitting between the outer line and the next

line is ~A /2.
‘ a
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f'Eeature é; i0ﬁtéide of the stfong satellites apﬁéafs a jumble
6f many 6vér1apfing lines. On the low field side éf_thé single_ion
spectfa; the ébﬁplei hype?fine pattern.begins ét 2500 gauss-(top of
the.lsf peak andlat 9.12604 GHz and 77°K) and extéﬁésninto»the étr@ng
satellite 1iﬁes ;t ~2704 gauss. This must be neariy‘éil of a hypeffine
pattern sincé thé width along the a‘axis will be ~210 gauss. An
: avérage of the ﬁigh and low valué yieids a center éthébZ gaussQ A
‘similar featﬁfé occurs on the.high field sidé of tﬁebsingle ion
resonance. - Hefe,.the pattern begins at 3497 gauss énd éontiﬁues down
. to 3265 gauss (at 9.1259 GHz and 77°K) with an averaéé of 3381 gauss.
| FeatUre.3.-vAt approximately_half the single ion'résdnancg field,
a weak septetiﬁitb a hyperfiﬁe spacing ~A.a/Z is'éeép%:.Meaéurements of
the center are :
'ff149311 gauss at 9.1254 GHz and 77°K
.:i483i1 gauss at 9.01109 GHz and 1.3;Kf
. The intefprétation of featﬁres 1 and 3 alongrfhe a axis is the séme_
.as features 1 éﬁd:Bbalong'the c axis previously gi&eh; fHowever, a problem
exists‘here.ﬁ The dipole interaction is expected to Breék the - - .
degeneracy of thé.1—2 and 3-2 fairs along the a axis, and because of
this, a cleaﬁ,éepfet is not egpected. Calculations_indi;ate that |
the dipolar iﬁteraction of these two pairs is.significéﬁtly different
to cause probléms} This éspectlis not yet understood;3‘
As pointed out b§ Culvahouse, Schinke, and Pfortéillef (1969),
when‘the exéﬁange interaction is of the order of'mégnitudg |
of the hyperfiﬁé inteféction, the hyperfine pattern is no

longer simple and in general, can be very complex. ‘For this

é’ Pt oFrF 0 on o
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'
reason, the:heak.satellites are Attributed to the 4 and 5 tranéitions
of a pair wiéﬁ a much smaller exchange thén the pair:which presumably
gives»rise'to fé?tures_l and 3. The intensities 6f tﬁese 4 and 5
transitions a£e;weak as they should be, and the lcénd.é lines of
this weak éxéhaﬁge pair are nof éhifted‘enough.froh théisingle ion
lines to be obséfﬁable.v

On the.bASES of distance, the strong satellites and the septet
(features 1 and 5) are assigned to the 1-2 and 3-2 ﬁéifé, and the
weak satellitéév(feature 2) are assigned to 2-2 paifé.. As the field
is rotated in.tﬁe ab plane from the a axis to a Y_gxis, the strong
satellites disappeaf under thé two single ionfhypeffiﬂe patterns which
move apart. _Tﬁis would be the case if they were dueltbal—z and 3-2
paifs and ndt‘fo_Z—Z pairs which would remain as sétéiiites to the
single ion lineéli The 1-2.and 3-2 pairs remain fairly stationary
because the Zeémén interactipn of one of the ions of’fﬁe-pair increases
as.the other dééréasescnlrotation in the ab plane é&é§.from fhe a axis.
As a result,,iittle change in the Zeeman interacfioﬁ df‘the 1-2 or
3-2 pair occqré#vaeésuréments ét'higher frequenciééfzé:g., K-bénd)
should_split_théﬂsihgle ion sets of lines ‘apart far:éﬁoﬁgh.to dbserve
the feature i:wﬁen.the magﬁetic field is along the‘Y‘a#is, Alsd, the
septet breakS-up and along the Y axis is nearly a fouf line pattern.
This type of behévior is expected for transition 4 gf a'l—2 or 3-2
pair. The weak'éatellites remain outside both singlé;ion hyperfine
patterﬁé as a 2-2 pair should do. These angular dépendences reinforce -

the assignment of the various lines given earlier.
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With thé.fiéld along the vy axis, the.low fieid'weak satellite
losesvits juﬁbled appearance and is observed as set‘éf three weil
resolved lines.'“At 9.1265 GHz and 77°K, their centefs ére at 2500,
2574 aﬁd'2640 gauss and are in the intensity ratio“3:2;l. This behaviér
is also not understood.

Cu2+;Cu2+‘Pair Calculations

From a qualitative view pbint the line assignmenﬁ seems fairly
~ reasonable. aHowever, when putvto the test of matchigg éalculatéd'
spectrum witﬂ.thé observed spectra for a quantitatiye”déterminafion
Qf pafameﬁers;-the results are less satisfactory.

1-2 and 3-2 Pairs. A reasonable estimation of .the magnitude of

‘the exchange for 1-2 and 3-2 pairs can be obtained direct1y from the
singlet-triplét3transition by subtracting out the Zeeman interaction.
Neglecting the dipolar interaction, the exchange Valué'may be

estimated along the a and c axes as

N "_.|J| =hv-g _ BH | o (43-9)
Table XVI giveé fhe value of J calculated in' this ﬁay. The magnitude

of J calculateavfér the two directions support the’éssﬁmption of
isoéropic excﬁange. | -

Ffom Table XVI it can be geen that the exéhange interaction is
ofbthe order oﬁ'magnitgde of the Zeeman enérgy-for'X—bénd‘measurements.
This ﬁécessitéted finding the transition fields by direct»diagonalization
'ofvthe energy m#trix? ‘For eqohomy the hyperfine terﬁs were'neglected and

only the'center of the hyperfine pattern was calculated. Table XVII

gives the energy matrix in the singlet—triplet%representétidn. The

Bi Il OoPEROOO0O
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v Table XVI. The magnltude of J for 1- 2 or 3-2
pairs calculated by Eq (A3-9) .*

)]

o Septet Center : \Y -1
Axis (gauss) g (GHz) - (cm 7))
sy 1450:1 2,279 9.2418  0.154

a 1493+1 2.179  9.1254  0.153

* I
-In most places we shall refer to -J as -~2J
so that we follow the convention of the
.previous sections. :




Table XVII. Energy matrix for two dissimilar spin 1/2 ions in the singlet triplet

representation.
|11 | 1D | 100 . [oo>
l/2(gl+g2)BH>v w ,1/4(D ' +Jx'¥.) Q~(Dz_i-+J Yiwz @, /4#”
+1/40. 4 ) 1% XX B 1 h IR | 2 1 2
e N YL TO N D I TC N P YW - )47
1 ' 1Yy V1Y % 2 1%2 Xl?z xl 2
-i/4(@, 4 ) -i(D,  H] /a2 -i(D. _+I _)/e2
172 *172 2192 %22 219y 22
-i/4(D +J - -i(D +J Y/4v2  +#(D +J ) /42
V¥ V1% % V1% - Y1%2 1%
-1/2(g +g,)BH -(Dzlx2+J 2% 2)/4/5 (Dzlx2+le*2)/4/§
_ . : +l/4(Dzlz2+lezz) —(Dk . )/ &2 '-(Dx , +JX z )/ 6V2
[1-1) - C.C. _ 1 2 *1%2 172 "172
' . -1+ )2 -1+ ) /472
Y122 Y1%2 - NP2 1%
-i(D _4+J_ _)/&V2 +i(d _H )2
2172 %172 A B
C-1/4. 43 Y 1/2(g,-g)BH
10) - c.c. o c.C. +1/4(D +J ) -1/4(D +J )
. | 1%, X% X1Y2 *172
+1/4(D +J ) +H/4(@ - A
W2 Y2 1 1M

~671-
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D's are defihed.hy Eq:'(A3—7) and the J's by Eq.'(A3e8): A mulﬁitude
ef direction coeihes‘have been generated anq require exblicitv
definition. ih order ro epecify the directioh cosinestfa precise
1abelihg schemevfor~the ions is necessary. Teble *VIIi}gives the
 position of rhe;ions and their designarioﬁs. Ion 2 ie che'reference
ion and can fcrm ; pair'wich any cf the.other four:iohsf The direction
cosines labeled hyrd connecr the g-tensor axis systeﬁs of'the.various
icns'ro thatioffion Zland are given in Table XIX. |

" Some coﬁmenrs cn”notation are necessary for theee direction,cosines.
In the previoue aiscussion of theFHamiltonian; the reference ibnnﬁas
designated asklon 1, and the other member of the palr ‘was ion 2. Thus,
to use  the directlon cosines in the Hamlltonian equatlons ion 1 changes
-vto ion 2 and ion 2 to either 1 or 3 depending on whlch nelghbor is the
bbther member orhthe pair. For the calculatiohs of the dipolar
ihteraction, the'direction coeines of the vector cohneccing_ion 2
to its neighbers i}or 3 are necessary. These are-giren'in'Table XX.

" The 2 directidn cosines csed in Eqs. (A3-7) and (A3 8) are those
connectlng the g—tensor axes with the electron sp1n axes which
diagonalize the Zeeman energy. These are given by Smlth and Pllbrow
(1974), »p. 188.‘ A computer program to calculate the transition flelds
by-directly diagonalizing the energy matrlx wasl§r1tten;- Flgures 17
and 18 give the calculated transition fielde as function”cf the exchange
parameter.for the 3(1)—2 pair and with the magnetic fieid_elqng the a
axis. Figure Ii:ie.for ferromagﬁetic‘exchange,'and Fig. 18 is for
antiferrqmagnetic'eichange. vThe»transitions are lebelled according

‘to Fig. 19 which shows the energy level pattern and trehsitions
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Table XVIII. Nearest neighbor ion designatidn in
the crystal (Beevers and Lipson, 1932).

Ion x (&) T d
2 5.498 . 1.462 - 4.623
(1) -« 4.942 4.942 0.0
1(2);',;‘ 4.942  -2.018 S 0.0
'3(1)» : 2.018 . 2.018 'f’9.é45

3(2) - 8.978 2.018" 9.245

Table XIX. The d direction cosines for nearest
: neighbor pairs.*

1(1)-2 and 1(2)-2 Pairs

L2 »

d = gin"¢ d = cos¢ d . = —gindcos
xle‘ T X, ‘ X,z 3

d =:=cosd . d =0 d = -ging
Yo¥1 Ya¥1 R4 55 R

d = -sindcosd d = gind * d = cos?¢
2%y 261 Z2%1

3(1)-2 and 3(2)-2 Pairs

d = Siﬁ2¢ _ d = ~cos¢ d . = -sinpcosd
X2*3 o X273 X3

d = cosé d =0 d = sing
Yo¥X3.- o Y2¥3 Y23 o

d_ . = -singcosd d_ = -singd d = cos ¢
Zx¥3 Z¥3 - %P3

*The angle ¢ is the angle between the crystal c

axis and the tetragonal axis of the ions. The angle
¢ = 43.3° for Cu2t in ZnSe04 6H20 (Jindo and -
Myers, 1972). ’
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Table XX. Direction cosines of the vector conneéting ion 2

with its nearest neighbors (referenced to ion 2).

" Pair O . Oy L s,
1(1)-2 _f_ 1 0.2865 -0.4909 ff ;6.8227
1(2)-2 0.9026 0.3558 ".f‘-6,2422
31)-2 ~0.2865 ~0.4909 - 0.8227
-0.9026 0.3558 f §,2422

3(2)-2

1211 okbP 0000
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Fig. 17. The transition field for a 3(1)-2 Cu’ -Cu’' pair are
plotted as a function of a ferromagnetic'exchange -
parameter. The numbering is from Fig. 19. . The

exchange value J is from the Hamiltonian J(S S

),
and v = 9.1260 Giz. 2
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3(1)=~ 2 Pair
Anti - ferromagnetic

1200 S R
~ 0.100 0.150 0.200
J (em™) |

' L Hi : 24 ~ XBL 7510-7421
Fig. 18. The transition fields for a 3(1)-2 Cu -Cu2t pair are
plotted as a function of an antiferromegnetic exchange
parameter. The numbering of the transitions is from
Fig. 19. The exchange value J is from the Hamiltonian
J(Sl-SQ, and v = 9.1260 GHz.
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Fig. 19. " The \c:a]..éulated energy level pattern for a Cﬁ2+.4Cu2+

3(1)-2 pair as a function of magnetic field. . The field is
oriented along the a axis. The plot is calculated with

-2J = +0.150 cm~l. The transitions are shown . for-

V = 9,1260 GHz. The dashed arrows are '"forbidden'" transitions
and the solid arrows are "allowed" ones. ;
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calculated for-an exchange of —ZJ = +0;150 cm_l. DQelfé'the'pon—crossing
of‘energy‘leveis;?thevlowesﬁgfieid transition in Figé: 17 and 18
beginé as trénSigiqn 3 and then becomes transition 4;' Likewise,‘the
ﬁext transitioﬁ sﬁartsvas.é and transfdfmékinto 3. IA$ céh be seen
from the figﬁres,{the only transitions which are strohgiy efféctéd‘by
the size of the.exchange are the singlet—triplet.tranéitioﬁs, 4 and 5.
This implies that. the transitions 1 and 2 are shifteﬁwfrém tﬁe single
ion resonance.énly by the dipolar interaction. It wasuhopgd that the
éxchange paraméter‘could bé read off the graph By tagiﬁg:fhe J which
corresponded to 5bSefved singlet*triplet trahSition,'é. However, the
appropriate oBserved transition field occurs right iﬁ tﬁé cross over
region and makeéifﬁe valﬁe of J less certain. T;ansi;ioﬁ 5 would'be'
amen&able’to this pr§cedure, but it was never obéerved;;i.

All the abové calculations apply to 3-2 bairs{ _Thg.l—Z pairs
have a different?&ipolar interaction with the magnetig_field'along
the a éxis."Iheif i and 2 transitions afe calculatedfﬁo be aimbst
exactlj on top of Ehe single ion spectra and are not expegted to be
bbservable. Beca#sé of the difference in the dipolar energy between
the 1-2 aﬁd 3-2 paits, the éiean septet which is observeﬂ%is.somewhat
unexﬁectgd. Ihe"éalculation woula indicate that-two‘seétets siightly’
displaced from oné’anqther wouid result, most likelyvin-cbmplicated
Eyperfine pattern; One could imagine that the singléé—triplet tfansitioﬁ»-
draws in intensity.from the dipolai interaction:mixiné sméll amounts
of wavefunctions.'_This would allow the 3-2 pairs soﬁe inten§ity but

not the 1-2 paifs resulting in only a spectra from the 3-2 pairs.

cz 110k 0000
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The faé; that the septet hyperfine spacing ié-Aa/é rather than
Aa definiteiy means that the trapsition a;ises from.;he singlet-triplet
transition. 'Therefore, the positiqn on graph choéen_fqr tfaﬁéition 4
in the cross o&éi regioﬁ_must-be stroﬁgly sloping. éﬁ.this basis,
the antiferrom;gheticjexchange gives the best fit.:nThis is the ﬁnly
indication of thé.sign of.J since equally good agréemeﬁt is obﬁained
for transitions l~and:2 for both aﬁtiferromagnetic and ferromagnetic
'exchange. TébiéJXXI gives the best values calculatéd*along with the
observed line centers. “

| Similar reguits'are obtained from the spectra bbtained with the

magnetic fiela albng the ¢ axis. Measurements at a significantiy
different freqﬁéncy are needed to avoid the crossover problem. To
summarize, tﬁe:mést consistent béhaﬁiqr is foﬁnd fofaaﬂvantiferromagnetic
nearest neighbor éxchange interaction of magnitude %Zq ;f 0.150 cm—l
between two neighbor Cu2+ ions in ZnSé04-6H20. |

2-2 Pairs;-‘The complicated structure 1§ing.outside-the strong
satellites which'ﬁave been denoted as the weék safeLiitéé cannot be
‘attributed to éhy of the 1-2 or 3-2 pair transitibns;,;Their complicgtéd
structure is tyéical of hyperfine.structures fgsultiﬁgfﬁhén the .
exchange is of'tﬁeibrder of magnitude of .the hyperfiﬁe coupling
constant.. The most likely origin of these lines are,the 4 and 5
transitions of a 2;2 pair. The 2-2 paixs ére similé#apaifs, and fhe
indication from thévhypérfine pattern is thét the'exéhaﬂge value is
smaller than the 1-2 pairs as expectéd on distance and éuperexchange
pathways groundé. Under these éonditiohs the éecond order equations

derived by Smith and Pilbrow (1974) are directiy applicable.  Their
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Table XXI. Comparison of calculated and observed
transitions for 3(1)-2 pair with the magnétlc field
along the a axis and-an- 1sotrop1c exchange of
=23 & +0.150 em—1,

Transitién' : . Observed (gauss)* Caiculatéd
1 - 290945 ' S 2914
2 - 3079%5 . ':_3069
3 e S 1480
4 1493%3 ‘ ,'x“15o7
O —— = »g'lj 4489

pz 1t opb 0000
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procedure is to take tﬁe énergy matrix in the simplé préduct representation
and diagonalize the nearly degenerate |+1/2,-1/2) énd [:}/2,+1/2> states
exactly. Once fhis is done second order perturbatioﬁ‘théory can be
safely employé&. _ | |

The tranéifion fiélds using the basic férm of.Smith aﬁd Pilbfow
a;e as follo&s |

Transition 1-

- 3 /2 .2 ‘ -
= -p' - . _ ) _
Hy = H, + _pzz/z K(my +'m,)/2 + ¢ [2 .\Sl +~,SZ)'- | (A3~10)
) 2 . 2 2. 2\ (2.2
+ 1/2 (53 + SA) + (87 + 58) - (SS + s6>]/h\) /eB
Transition 2
H o= H +1D' /2 - R(m +m)/2 - & - |-(s2 + s2) C (a3-1D)
2 o | zz 1 72 - 1 72 >
a2, 2 (2, .2 2 2
S+ 1/2 (53 + 34) + 2(55 + s6> + (sg + §10)] /hv;/gB
Transition 3
=0 +0oD' /2 - kem, + m)/2 - 6 -|(s2 + 2  (a3-12)
3 o zz | 2 1 2]

2 2\ 2.2\ (2. .2 '
f + 1_/2(53 + 34) + 2(37 + SS) - (sg + 510)] /h\){/gs

Transition 4 -

H 7

2 2 2 . 2\, 2 2
. o+ 1/2 <s3_+ 34) + (35 + Sv6'> + 2(39 + 310)] /hv

For axial symmetry,and similar ions the symbols have these definitions.

.v - '_ ._ 2 2). . -
s FH pzzlz K(m, +m,)/2 + 0 [ <s + Sg (A3-33)

/gB
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hv/gB ;’g2 = gﬁcosze + glsinze

il

K ;(Aﬁgﬁcoszﬁ + Afgfsinze)/gz -
 b;; ? Dpe = | o :
'é?%7{[1/4(nxx ; D) - i/z 312 +.1/4 kékmlf—mz)z};/z
S'i%:(UDZX +bD /4 + (UT,m, + bT4ml)72" '

. _fﬂ(_ﬁDzy_— bD, ) /4

,S3bfé<Dxx " Py

'S»G% _(ny + Dyx?/4. | o

S :é5K—UDXZ - szx)/4 + (UT1m1 + b1, m,)) /2

S =f@UDyZ +,bp?Y)/4 |

s '% (szx-+'§sz)/4 + (WT%m2~+ dTAmi)/zfl 

S %'<“WDzy _'éD§Z)/4 |

g :ﬂ(—wp%z - dp__)/4 + (wTAmi +'d14mé)(? ?.

519 %:‘_wDyz - dDzy)/4

(o]
]

= [1/4(D_, +‘Dyy) - 1/2 J]/fl

O
!

S[}/4(ka + Dyy),— 1/2 J]‘fz

o'
1]

0 - 1/2 K(m - mz)]/fl-

[fé-l/z K(gl - mz)]/fz.

[a W
il

2}1/2

H
1}

(/40 +1 ) <1/2 317 + [0 - 1/2 Remy - »)]

th
I

, 2 - 2,1/2
([1/4D + Dy) -1/2 317 +.[=0 = 1/2 K(my = m))] y:
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The D's are defined as in Eq. (A3-7) with the direction cosines of
? given in Table>XXII. The complex hyperfine pattern‘can be seen to
be the result 6ffthe term ¢. For large J, ¢ is not‘effected by thet
hyperfine term{ﬁann.the pattern is determined by the term -K(ml'+ m2)/2.
This leads to a pattern derived as if it arose from a.total nuclear
spin of m, + méland a hyperfine splitting 1/2 as large as‘the.single
ion splitting..:Fcr copper with m = 3/2 a septet is produced; 1t
J << A, the ¢ ‘term is due almost entlrely to the hyperflne energy wh1ch
may be added to the flrst order term -K(m + m, )/2. Thls yields a sum.
only in one of the m's (1 or 2) resultlng in a four line hyperf1ne
pattern. When_J;and A are of comparable magnitude, the‘hyperfine pattern
.ié changing from the quartet to the septet,'and a comnllcated pattern‘
results which isﬁvery sensitive to the exchange parane;ér; Thus, the
center of the nattern as well as the structure of the hyperfine pattern
are indicative fothe exchange interaction.

Along the.a akis, their are two types of 2-2 pairs hy‘virtue of
the‘fact that there are twc different dipolar energies poesible..
Because of thlS, the already complicated hyperfine pattern is further
complicated by the overlap of two nearly equivalent spectra slightly
4dlsplaced from one another by the slightly dlfferent dlpolar 1nteract10ns;
Thls makes it very d1ff1cult to determine a center for the weak ]
satellite lines.~‘The centers were taken as an average of "the start‘and
finish of the Qbserred pattern‘for the a axis spectra. Table XXIII
gives the calculated and ohserved centers for both ferromagnetic and
antiferromagnetlc‘ekchange. Figure 20 gives the energy vs field nlot_

and transitions;for representative values of a 2-2 pair.
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05+
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' H (gauss) o
XBL?&O-7423
_Fig. 20. The calculated energy level pattern for a Cu v—Cu2+ 2,72

pair as: a function of magnetic field. The field is oriented -1
along the a axis. The plot is calculated for -2J = +0.038 cm ~,
and the transitions are shown for = 9,1260 GHz. The dashed
arrows are ''forbidden'" transitions and the solid arrows are
"allowed" ones. :
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Table'XXII. The direction cosines of the vec£0rjl
connecting ion 2 with its next nearest neighbors
(referenced to ion 2). L

Pair . o o . ’ g _
- . X y i : - z )
Zx—z | i:_i -0.5146 0.7071 20,4849
2,-2 T -0.5146 -0.7071 . -0.4849
2_-2° . 0.5146 -0.7071 L 0.4849
2_2 o 0.5146 0.7071 . 0.4849

Table XXIII. Calqﬁlated and observed centers for 2-2 ‘pairs for the
a axis spectra. '

Observed#** A.Calc. (ferro) F,Célc.'(Antiferro)

Transition 4 (gauss)* = 260220 2602 2601
Transition 5 (gauss) 338120 13372 5 3377

~23 (en' 1) B Z0.042 . 40.038

* ' S

Labeled according to Fig. 20.
%% T

V = 9.126 GHz and T = 77°K.
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With the @ég#etic field along the Y axis, 6nly Oﬁé:type 6f 2-2
pair exists fbr:eACh single ion of which-théfe afe two;‘ As sfated
previously, thé.ﬁégk satéllite‘on the low field sidé'3f7§he‘low.field
single ion (Y'ioﬁi appears as a very clear set of 3‘iiﬁes in the
fatio 3;2:1,  Tak;ng theée to be three of the four lines% the centef
~can be detgrminea; ‘Table XXIV gives the best calcqlaﬁé&faﬁd the
6bserved values fpf this satellite. |

_Equally gbd@uégreement can be gotten for all thé above lines centers
'usiﬁgveither féfrdhaghetic or antiferromagnetic exchéﬁgé{ Be;éuse of
this, the sign of J is indeterminate for the_2-2 pairs{~ Several
pfoblems still é#ist. The:first is that the exchangg Vélpe
determined by'thebéenter calculations does not give thé"@bséfﬁed
hyperfine patterh when a simulation is préformed. For “the Yy axis
satellite given.iﬁ Tab1e XX1V, the hyperfiné pattern,ié'
reproduced if J %<FK.which cannot‘give the correct pattérn‘cénter.
Also, a differeﬁt*J is needed fdr the two directions étﬁdie&. Both
these problemsfcoﬁld‘theoreticaliy>be taken care of by;;fhighly
v anisotropic exéﬁaﬁge interacfioﬁ, but no progress aloﬂg;ﬁﬁese lines
was made. The éréBlem of the 2-2 pairs is still not ful;y understood.

- NiZPoni®t pairs in’2nSe0, - 6H,0
_ 0, 6]

The spectroscopy of pairs of ioﬁs with spins gréater;than 1/2
e R | 2 2
~is fairly sparse. Only two reports of Ni~ ~-Ni~ pairs have been made
(Dixon and Culvahouse, 1971; Altshuler and Valishév,.1965). ‘The reasdn
for the sparsity is the complexity in the number of lines accompanying
the larger spin‘degéneracy and specifically for_Ni2+,_the large zero-

field splittings wﬁich are common. Also, additional higher order exchange

;71 i obpp 0000

N
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Table XXIV. Calculated and observed center for the low field weak
satellite lines along the Yy axis. :

. - . , y
Observed Calc. (ferro) ‘Calc. (Antiferro)

Transition 4 (gauss)* 26074 2612 2607

27 (en™h) R . -0.028 . 40.030

* Ny

_ Labeled according to Fig. 20.
*% : . S

v o= 9.126 GHz'andh77°K
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terms are sometimes found necessary which adds additional parameters to

' 24 2+ :
be determined. . The work on the Ni~ -Ni " pairs 1nVZnSe04'6H20 to be
presented is'quite imcomplete and only tentative aésignment of the
lines will be given.

The Spin Hamiltonian

As with the Cu2+fCu2+ pairs,>the spin Hamiltoniénfwill be assumed .
to be the sum of the single ion Hamiltonians, as_depermined from dilute
spectroscopy,jéﬁd\the exchange and dipolar intéractiéhé. The single
ion HamiltoﬁiaﬁS'ére given as usual by

A 2 I
RN SRS 3 (a3-14)

Ni?+ also has aﬂibrbitalAsingiet_ground state which;shéuld ggain.make'

the assumption.of isotropic éxéhangg reasonable.v Apologizing for the

inconsistenc&Vﬁiifﬁomenclatufe, which also exists in_tﬁé literatur¢;v

the exchangé Héﬁiltopian forqthe'pair calculations i§ taken in‘this
~case as |

X =383 e | o (A3-15)

Ci -+ .-» > >
o, 2,2 (S,°*r)(S,°r)
SR P R RilA

(A3-16)
T

e 24 TS
.The value of g for Ni  is nearly isotropic and is taken as such for-
‘the dipolar term.. The tact to be followed is to express the Hamiltonian
in an appropriate representation and to computer diagonalize the
Hamiltonian to find the transition fields. The exchange value can

then be varied until agreement is found for the line positions.

ge il topb 000



-144-

From the wofkvof the previous sections and the‘thermodynamic work
éf Fisher and'Hofﬁﬁng (1960), tﬁe exchange interactibh.ié expected to be
éf the order of’é.few tenths of a wavenumber. On this Basis, the
predominate term iﬁ the‘spin Hamiltonian will be thé.zero-field
| splitting, D, whlch is 4.20 cm (Jindo and Myers, 1972) To a good
approx1mat10n the splns will remain quantized along the tetragonal
crystal f1eld ax;s and w1ll’remaln almost fixed forvall orlentatlons
Qf the magnetic:field due to the lafge-size of D. ThiS'approximation
willvbe assumed valid from this point on. -

The fact théﬁfthe spiné remain essentially quanti?ed.along the
tetragonal cryé;#lbfield axis has a major effect on'tﬁe'fair‘situation.
Since the spin”axi$ is fixed in this approximation, thé dipo1af and
exchange terms rgﬁéin fixed for all direcfions of the magnetic field.
This quite unliké'the copper éase where the spins esééﬁtially follow
the field and éhange their oriehtétion with respeét #o{?;‘ Because of
the spin axis fixed{nature,.only one type of nearest'neiéﬁbor'pair
exists'which'willfﬁe desigﬁated a l—2,béir. This is tfue for the ac
and ab planes where thé Zeeman energy of the.l—Z and 3;2}pairs remains
the same.

Beéauée of'éﬁe sizé of D, it ié desirable to chédée:wavefunctions
for the single-ibh:pérts of the Hamiltonian which are_ﬁuaﬁtiZed aldng-
the tet?agonal axé;} The pair wavefunctions canvthen bé_chosen as
product functioné 6f these single ion wavefunctions.. Thé single ion
ﬁamiltonians f§f5the pair are given by

| o . ,
C = %IBHzlszl + ng[Hxlel l 1] + DS 1t g"BH S 22 (A3-17)

+ ng[H <2 +H 2s 2] + Ds?'2
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which is givéﬁ'iﬁ the produét representation by Tablé xﬁv.

To expresg‘fﬁe iéotfopic exchange interaction_iﬁ‘thé product
represenﬁatiqﬁ'hééessitates specifying the coordinate‘sfétem in which
it is written. The exchange Hamiltonian is chosen fo be written in
the crystal coordlnate system as defined’ by prev1ously by Batchelder (1970)
To express the»spln operators of the exchange interacplpq in terms of

the ion coordinate systems requires the following rotatidns

/;;1 Jcosd O  -sind '/sxla C
‘ Sy1 |7 0 Sy

. ]
ng.

»\?;i  \s1n¢ 0 'cosﬁ | szl /_T»
/o Lo [

S _ iy ;

sy2‘ coso sind Li Sy2
.‘1:' : - : -
SZZ- ~sing cogb/ S22

~The angle ¢ is thé*énglé between the tetragonal crystal field axis and

the crystal c éxis; The primed_operators»are.in the‘Crystal coordinate
system.and the-ﬁﬂprimed are'in either the crystal fie1d é§ordiﬁate
system of iomn 1'of{2. ‘Having preforped these rgtatiqné, the ex;hange :
Hamiltonian, Eq:'(A3—15), becomes using’the'lowering,éﬁd faiéing

operators

6z 11 opPk0R00



Table XXV. 1-2 nickel pair zeeman and zero-field Hamiltonian'in the product

-9Y1-

"representation.
[11) 100 . foD) [1-1) |00) -1 [-10) los1> ]-1-D)
Choe WAG 4Gy Cegiyy GGy 0 0 e e e 0
1100 .C. SRR _ic . IV > . ‘
|10 c.cC DHG_; 0 Gmi6y  Gyy=iG ) 0 o. 0 0
) .C. c.c. 1 .C. G i -
lo1 c.C c.C D+G_, c C G, 16, Gy 1Gyl 0 | :o 0
-1 c.c.  c.c. c.c. - 2D4G,-G_, 0 0 0 GymiG, 0
[00) - c.cC. c.c. V‘c.c. c.c. 0 . 0 . le—IGyl ze—lez 0
-11) . _ - C. C. P PR
|-11 c.c. . c.C.'  C.cC. . c.c c.c -G, ¥6,y GG, 0 0
|-10>  c.c. c.c.  C.C. c.C. c.C. c.c. ‘D-G_. 0 G .-iG
. - _ : x1 x2 y2
[0-1) c.c. c.c. . C.c. c.cC. c.cC. ~ C.cC. c.c. D-G G_.-iG
K _ ‘ . _ , v T2z x1 " y2
|-1-1) c.c. - c.c. ~ C.C. c.c. c.cC. c.C. c.C. C.C. 2D-G_;~G,
<C.C. E‘Co@plex 6 - g BH,,; -:Qx1;= gLBHxl/JZ Gy =_3LBHyl//5 
‘Conjugate G, = gBH,) G, = gBH /Y2 G, =g BH ,//2
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* = J[szis ye08 %6 +ss3(1/4 sin ¢) + 8] (1/4 sin q>) (A3-12)

+ S (1/4 sin ¢ ¥ 1/2 cos¢) + S (1/4 31n ¢ - i/2 cosod)

l 2( ~-1/2 cos¢31n¢ - i/2 sing) + Sl S (- 1/2 cos¢51n¢ + i/2 sing)

+ “lL 2( ~1/2 cospsing + /2 sinb) + S|S_,(-1/2 cospsing - i/2 sing)

In the produqt_répresentation Eq. (A3-18) is given in T;Ble XXVI.
Expreséiﬁg the‘dipolar interaction in the crystal cQordinates
brequires the éaﬁévfotations of the spin operators into tﬁe ion coordinate
sysgems. The first part of the dipolar interaction is.énalégéus to the
exchange interaét%pn and may be.incorporated into iﬁwﬁfIhe second  part

e N [
is best handled by expressing r in polar coordinates. -

1

= rsinacosB |
.y = rsinosinf
=

= Ycoso

The angles o and B are polar éoordinate angle»of r in the crystal

-
[
,»"A'm

coordinate systéﬁ;' This allows the r dependence to cancel leaving
only the angular factors. The second part of the dipolar interaction
may then be written in the ion coordinates as

SRISEN

3. -G-8 R (a3-19
2 172 . o -19)

The components of the C tensor are as follows

ot iopbk0n0O




Table XXVI. 1-2 nickel pair isotropic exchange Hamiltomian in the product representation.

NEEY) S DU DN [ PR S B ES ¢ [00Y |-l f-10)- _ 10-1) o l-1-1)
j11 Jeos™¢ . -Jcosdsind/v2' -Jcosdsing/v2 _ o . Jsin“¢/2. . 0 AR 0 ‘ 0 : 0
‘ 2idsind /Y2 T 41Jsind//2 :
10 cc. 0 Jsin®$/2 -Jcos¢six}Q//§ 0 0o - 0 0 )
) +1Jcosd -iJsind/v2 : :
jor) c.c. c.c. "~ 0 : 0 _ 0 -Jcos@gi‘yg//z' Jsin®e/2 0 G
: +1Jsind/v2 .
!151) c.cC. c.C. ' c.c. -Jcosz¢ Jsin2¢/2 0 e ~Jeostsing/vV2 0
: “+iJcos¢ —iJsin@//E
. . N . . "
[00) c.c. c.c. . c.c. . c.c. o Jsin’e/2 0 0 JsinZ4/2
+iJcosd '
[-11) c.c. . c.c. c.c. “¢.C. © ¢.c. -Jcosz¢ ) Jcosdsing/v2 . 0 0
: ' +iJsing/v2
[-100 c.C. - c.c. c.c. . c.c. c.c. c.c. 0 JIsin®6/2 Jcosésind/v2
: -iJcos¢ +iJsind/V2
Jo-1) c.C. ‘c.c. - c.c. c.c. c.c. . c.c. ' c.c. 7 0  Jeospsing/i2
| _ . _ o . S : -1Js1n¢/ 2
.- 7 ce. el .o e e e . e Tce o Tee. T deosty
C.C; = Complex conjugate.

" A
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C11 = —gééz¢sih2acosBsinB - cos¢sin¢cosasin&coé81'

. . . , 2 2 -
-+ cos¢sindcosasinasinf + sin"¢cos

C12 = cos¢sin2acoszﬁ —~ sindcosasinacosf

C13 = —coé¢sin¢sin2acosBsinB + cosz¢cosasinacoéB'” 

L oa2 o a2
+ sin“¢cososinasinf - cosdsindcos a

C21 = —cos¢sin2asin28 - sin¢cosasinasinf
C.. = sinlacosBsing
29 “acosBsin
c a2 2 L.
C23 = -31n¢§1n asin B + cos¢costsinasinf
. , 2 . .2 X '
C31 = —cos¢s;n¢51n acosBsinf -~ sin ¢cosasinccosB .

2 . . : o L2
- cos ¢cosasinasinf - cospsindcos o .

Cqy ='siﬁ¢$in2acos26 + cos¢$cososinocosf

C33 = —sin2¢sin2ac0583in8 + cosz¢cos a + cos¢sinpcosasinacosB

- - cos¢sindcosasinasinB

In the product_rébfesentation.Eq. (A3—195 becomes‘éé'éﬁoﬁﬁ in Table XXVII.
A computer program was written to deterﬁine thé tranéitién fields
which utiliZed'difect.diagonalizatiop of the energy matfik made up of
Tables XXV to XXVII: “The 8> 8> aﬁdﬁD weré taken frdw'ﬁﬁé singlé'ion
data (Jondo and M&éré, 1972), and z'was gottén from.thé'zhse04°6H20v 
cryétaliographic d§ta:(Hajek and Cepelak, 1965). Thé"e#change value J
was left as the oﬁly adjustable‘parameter. With the ﬁamiltonianv
spécified, the next section will discuss the'assigﬁment"éf thé_observed_l

lines along the principal crystal axis in terms of it.




Table XXVII. Equation (A3-19) in the produét represeﬁtation.

I11) [16) [o1) f1-1) fooy - iy L l-100 fo-1) - 4e1-1)
¢ N A s R S VS, 0 "0 0 o
IR 33 - “3p ."/_ ‘13 L ) 117722 :
, ~1C,, /Y2 ~1C,,/V2 =1(C),4C, ) /2

) o

j10 c.C 0 (€1¥Cy,)/2 cn//E/_ 0 0 0 (€ 4C,,) /2 0
+(C1,-C,)/2 ~1Cy, /72 ~1(C) 4,012

oy .C. .C. ] ' / -
to1 c.c c.c 0 0 0 €1y’ /5/_ (_Cn €,,)/2 0 0

| -1C,,/V2 ~1(€)y%Cy ) /2 p'-a
1-1> c ' 7 ' b3
11~ c}.c.» c.C. c.c. =Cyy .(cn+c22)/2 0 0 _ "013/ 2 0 ?

+(C),-C, /2 +1023//E
j00) c.c. c.C. o.c. c.c 0 (cll+c22)/2 0 0 (CiL'sz)/Z
+H(C;,=Cyy)/2 -1(Cy,+C, ) /2
- ~ : . - -
j-11»  c.c. c.c. c.c c.C. . c.c. Cyq cnlﬁ 0 0
+1c32//2_
-
l-10y  c.c. c.c. c.c. c.c. c.c c.c. 0 (€, 1¥C,p)/2 cnl/i/_
A . THCTE HelE
oY) TTie. . c.c. c.co c.c. c.c. c.ed c.c L0 el Y
+1C23/v2
|-1-1) c.c. c.C. c.c. c.c. c.c c.c. c.c. c.c. Cys
C.C. = Complex C“'s as previously defined
. ‘:Conj ugate .
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ExperiméhtaifResults and Discussion
Under the expected conditions that D> gBH and J; tﬁe energy level
S . inolat ' -
scheme of the Ni~ -Ni~ pairs will consist of a singlet and two quartets.
For a positive D;‘as is observed for the single. ion,’ the Singlet will

lie lowest. In zero-field the wavefunctions to a first approximation are

singlet ‘ [00)
L o1y + 1001
V2 :
L (o> - 100
v V2
“quartet (1)
L fJo-1) + =100
,‘/i.
2L []o-1) - |-100]
[ V2
[ 1D
[-1-1>
quartet(2) - _é []-11) + 1-1)1
' V2 :
1
—= [|-11) -]1-1)]
V2

If these were thé?true.ﬁavefunctions, no.transitions'wbuid-be.aliowed )
because conventidhal microwéve frequencies are not large enough to
cross the'zeroefield splittihg.f The mixing of the fuﬁcéions by the
Zeeman and exchénée interactions makes transitions withih_the duartef;
allowable; 'Trépsitions between the levels of quaféet(é).éan be

distinguished from those between levels of quartet(1) by'dbsérving the

2811 0pPPOCO0DO
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relative inteﬁsi;y'variation as function of temperature. Af liquid
nitrogen'tempéfatﬁres (77°K) the pair spéctra«are eaéiiy:observable,

and all 1evels,éfébvirtually eqﬁally populated; On.lqwé;ing fhe
temperature to:liquid helium‘(4.2°K), thé size of D is Sufficiently

large to begiﬁ”ah appreciable decrease in the ﬁopulétioﬁ'of the
quartét(Z) relative to quartet(l). At 1.3°K transitiOng Qithin quartet (2)
are no longervébsefyable and transitions within quartéttl) become very |
weak since even qﬁartet(l) is significantly dépopulafed:at this tempergture.'

2+ L2+ L » » . . .
N124.—N12 Pair Spectra Along the ¢ Axis. Under any circumstances

_when the magneﬁiévfield is‘along the crystal c axis,.bnly one type

of 1-2 pair eiisfs;‘-Figure 21 shows a spectra with pfieﬁtationvat
4.2°K. At 77dethé lines labeled (5,6) and (8,9) are_much mdre intense
than those labelea:l,'(2,3), and 4. This intensity vériétibn inaicates
fhat the 1, (2;3); and 4 lines are transitions between’the level; of
quartet(l). Figure. 22 shows a plot of energy vs magﬁgtig field
calculated from tﬁe-Hamiltonian gi?en'in the last sectibn with a
ferromagnetic éxéhénge -2J = -0.14 cm;l.' Fof a typiééi'microwave
frequency of.é;BSZQ GHz, the energy vs field plof indiéé&es that
within quartet(l?L£hrée lines‘are likely to occur ifkéland 3.are
suitably overlapéga; ’Tﬁerefofé, 1iﬁes l; (2,3), andzé;grevassigned '
to-the.transitiOn§~in Fig. 22 with the séme nﬁmber. 'Otﬂér_spectra'gave
a splitting of:thé3t2;3) line indicating that it is cdmposed of two
lines and thus reinforce the assignmeﬁt. AThe a;sigﬁmentrdf the

two lines (5,6) ahd'(8,9) is not as‘clear sincé there éfgfmore possible
tfansitions within quartet(2) than.are obsered. Lévgls H and G

are so close together that transitions from them to the I and F levels
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Ni 2t - Ni2T =2 Pair '
coxis ) o e ST

L" IOOO gauss >*

[

H—

_ . : . . XBL7510-7445
Fig. 21. A épectfa of ~5% Niz* substifuted into ZﬁSéQ }6H 0 at
4.2°K and 9.6520 GHz. The magnetic field is oriénted
along the ¢ axis. The line labeled S.I. indicates the

- single-ion line, and the numbered lines are due to pairs.
The single ion line is at 1909 gauss. '
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Fig. 22. A calculated plot of the Ni’z-'-v--Ni2+ pair energy levels vs
magnetic field with the field along the c' axis and a value
of -2J = -0.14 em~l, The arrows are drawn for transitions
which would take place for v = 9,6520 GHz.
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ﬁill oelovetlepped;. Thevoigh‘field line can theé be.assigned to

the (8,9) treosit}on.‘ The low field line (5;6) coold atise from

either transitioo 7 or (5,6). " To match the (8 9) trans1t10n, the.

v(5 6) llne is asslgned to the (5 6) tran31t10n, and trans1t10n 7 is
“assumed to be too weak to be observed. Table XXVIII gives the line
positions withlthe magnetic field alohg the c axis. ‘~"

Calculatioos.of the line positions using the Hamiltonian from

Tables XXV to XleI'have very unsatisfactory‘results. ﬁTakiog the
.exchahge interaction to be ferromagnetic as'determined by thermodynamic
work (Fisher and:Horoung,'l968), a tabulation of.the.line positions o
~as function ofyjjcan be made and is glven in Table XXIX. The obServed
fieldgpositions at v = 9.6520 GHz from Table XXVIII should be compared -
with the calculated values of Table XXIX F1tt1ng tran31t10n 1 Wthh o
measures‘the‘splltt1ng within quartet(l) most directly yields a.value .
of -2J = f0.142 gﬁ*l, but fitting transition 4 yields:jZJ:= ~0.120 em L.
The 2 andv3 ttaoSitions-cannot_be fitted in this range'ohich.is disturbing.
Thus, the“celculetlons are not very definitive. They y1eld a rough
determinatloﬁ.oflthe exchengevof -2J = -0.1320.02 cm 1,: The poor
agreemeot.betweeﬁlthe calculate&'and observed valuesatif:the calculatioo
is cortect, implles that a modification of the exchehge‘Hamiltonianjosed
is oecessafy., ?étﬂaps anisotropy in'tée'ekchange intetection is
required, or slnce Ni2+ has a spin 1, the- b1quadrat1c exchange,
vJ'(gl'gz)Z, may be necessary. Also, the assumptlon of a fixed spin

méy.not be good”enough.
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: + +
Table XXVIII. Ni2 -—Ni2 pair line positions with the
: magnetic field along the c axis at 4.2°K.

Transition  Line Position (gauss) Line Positidn (gauss)

Vv = 9.6520 GHz Vv = 8.6166 GHz
1. 46416 -
(5,6) . - 844 614+20
(2,3 7 1740 ‘1483 ‘& 1536
(8,9) 2678 2740
4 2984 - 2800
2+

Table XXIX. Calculated Ni —Ni2+ 1-2 pair line positiéhs as a
“function of J (v = 9.6520 GHz).

—23 (e Yy 48 9 .2 3 6 7 5 "1
~0.10 2805 2685 2675 1889 1855 1173 1163 962 927
~0.12 2982 2851 2838 1882 1841 1017 - 1003 963 718
~0.14 3156 . 3019 3001 1874 1826 860 841 966 497

-0.16 3328 3188 4164 1866 1811 703 678 967 226

-0.18 3498“. 3358 3328 1856 1793 546 »513 969  —=-

* - : .
Numbers refer to transitions as in .Fig. 22.
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N12+—NiZ+ Pair Spectra Along the a Axis. Figure 23 shows the

spectra obtained withvthe magnetic field pointing.along‘the crystalv

- a axis, and Flg. 24 shows the accompanying energy vs fleld plot calculated

w1th -2J = -O 14 cm l. As may be seen; a similar llne pattern to
that found along the c axis is expected even though:the.energy levels
behave differently; Changing the temperature from 77°K to 4.2°K shows

that the llnes 1, (2'3), and 4 of Fig. 23 increase in“intensity

‘relatlve to the other marked lines (6,7), 8 and 9. The_assignment of

the 1, ( 3), and 4 lines 1s, therefore, g1ven to the tran81t10ns

w1th1n quartet(l) - Lines 8 and 9 are assigned to the - tran31t10ns 8

and 9 and are~split due to their appearance at hlgher field where levels
H and G become sufficiently split. The (6, 7) line is a531gned to the
two tran51t10ns 6 and 7 which are assumed to be overlapped On rotating

the fleld away from the a ax1s, the lines (6,7), 1, 8, "4 and 9 all

split 1nto two llnes. How this fits into the ass1gnment is not known.

The origin of the lines at the lowest field positions is also not known.

Table XXX gives the line positionslat two frequencies-. -

Niz-'-—Ni?"+ Pait Spectra Along the Y Axis. The spectfa observed with

the magnetic f1eld along the Yy axis is substantlally dlfferent from
the other axee and 1$ shown in Fig. 25 for 4.2°K. ThlS flgure does o
not show.the entire-spectra. ‘A 31né1e ion line appears beyond the
11,000 gauss capablllty of the magnetlc, and 1-1/2 palr 11nes appear

’

between 10,000 and 11,000 gauss. Figure 26 g1ves the corresponding

energy vs magnetic field plot; again with -2J = -0.14 cm_l, ,Temperature

variation from 77°K to 4.2°K indicates that the relative intensities

of lines 6, 7, 8 and 9 decreases with respect to 1ines-l, 2 or 3, and

0

st 1eprkr0n00
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_ _ o e o XBL7510-7447
Fig. 23. A spectra of ~5% Ni~ substituted into ZnSeO4°6H,0 at 4.2°K and 9.3313 GHz. The magnetic

field is oriented along the a akis. S.I. indicates the single ion line, and the numbered

lines are due to pairs. The single ion line is at 3662 gauss. The weak set of lines
between lines 1 and 2,3 are due to cu?t impurities.
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| 23 4 D
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. 1 1 . ] . ‘ 1 . .
0 2000 4000 6000 = 8000 - 10000
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. ' 2 2+ 24 e
Fig. 24. A calculated plot of the Ni" -Ni“ pair energy levels vs -

magnetic field with the field along the a axis and a value
of -2J = -0.14 cm~!. The arrows are drawn for transitions

" which would take place for v = 9.3313 GHz. -
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Fig. 25. A spectra. of ~5% Nizf substituted into ZnSe04:6H20 at 77°K and 9.2666 GHz. The magnetic
‘field is oriented along the axis. The mark at 2581 is an NMR field marker. S.I.
indicates the single ion line, and the numbered lines are due to pairs. The set

of weak lines between the S.I. line and line 9 are due to cuZt impurities.A
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I T , B E—

o NifY-Ni%Yi-2 pair o -
wowokE , | | - A
: S y axis _ R _ I
6 78 — H
T _ _ 9 ‘ G
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_ __ | , " XBL 7510-7444
Fig. 26. A calculated plot of the N12+—Ni2+ pair energy levels vs
magnetic_field with the field along the 7y axis and a
value of -2J'= -0.14 cm™L.  The arrows are drawn for ‘
transitions which would take place for v = 9,2666 GHz.
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Table XXX. Niz+—Ni2+ pair line positions with the ﬁégnetic field
- .along the a axis. ' '

v

Transitioﬁ  ﬁine Position (gauss) Line Poéipiph (gauss)
V.= 9.2642 GHz and 77va v =‘9.3311 GHz and 4.2°K
6,7) - 6101t6 1584%6
1 ;  2327 | 2286'
@n . 3423
8 . 4oL | 4963
4  -:.?_ 5112 | . s182
9  -‘;15 5413 | 5485
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those lines at high field. 1In #his éése, the four lines in quartet(2)

are most easiiy éssignéd and are taken to be txansitions_6, 7, 8 and 9

as shown in Fig. 26. The assignment of the trahsitions between levels
in quartet(l)mislless'certain. Presumably the lowest.field Iine which
increases its iﬁtensity at the lower temperature is due to transition 1.

The»l—l/2’linés seen at'high field,‘}l0,000 gauss, cpuld possibly be

those labeledrﬁfand 5. The line above line 9 could'pdssibly be due to

transition 2:orv3. It might be supposed that this:iinéyis trénsition 3

and thét traﬁsition.z is overlapped and hidden‘by.théhéther linés.at

lower field'théh'the line (2 or 3). ‘In TaBle XXXI'éfé:given the transition
fields of the observedvlines.

1fTo conclude, the problem.of the Niz+—Ni2+ pairsﬁihonSeO4'6H20 is

far from a satisfactory solution, and further work'is_required to sort out

the details. .
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- ) + : R
Table XXXI. Niz+—Ni2 pair line positions with the magnetic field

along the y axis.

Transition - 7Line Position (gauss) ' Line Position'(gauss)
vV = 9.2645 GHz and 77°K Vv =.9.3311 GHz and 4.2°K

T T-_ | 89746 . sles6
6 1098 " ':E»»' 1079
7 2004 = ::' —
8 Co T 2294 | o ,  : —
9 1f .;; 3532 | :, 3575
ER 466 4221

4 1033 | 10228
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