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vAPPLiCATIONS OF TIME-DIFFERENTIAL PERTURBED
ANGULAR CORRELATIONS TO THE STUDY OF SOLIDS
Gary Paul Schwartz

(Ph, D. The51s)

Departmeht of Chemistry, and Lawrence Berkeley Laboratory -
University of California, Berkeley, California 94720

April 1975

- ABSTRACT

Time-differential perturbed aﬁgular'correlatioh'teehniques were

applied to a systematic study ofvinsulating antiferromagnets and rare-

111m 111

earth intermetallic alloys doped with either Cd or In. The internal

magnetic fields and electric field gradients at the radioactive nucleus

-.are deduced from the experlmentally measured perturbation factors. The

ana1y51s of fluoride, chloride, oxide, and sulfide data shows the sys-

tematic variation of the observed supertransferred.hyperfine fields with

~ the intervening anion covalency and allows one to extract covalency pa-

rameters after the adoption of a simple model. A_comparieon of the trans-
ferred hyperfine field data between fluoride perovskites and the corre-
sponding quadratic layef compounds produces a valde for the zero-point
spin deviatioh in magnetically two-dimensional antiferromagnefe which is
in qualitative agreement with existing theoretical estimates. Paramagnetic
shifts due'to traneferred hyperfine’fieldeand field-induced spin;flopping
have also been'ebserved. By careful temperature reguletion we have,been
able to plot out the temperature dependence of the sublattice magnetiza-

tion next to a.diamagnetic impurity in RanF3 and Man. A shift in the
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transferred hyperfine field at Cd doped into MnS has been measured under

the application of moderate pressures up to 22 kbaf. Analysis of the

electric field gradients at the In and Sn sites in the rare-earth series

RIn3 and RSn3 as functions of temperature and pressure has permitted us

- to check for valence fluctuations in certain ofithese alloys.

L



D0 uUa4d4307 4902

I. INTRODUCTION
The early 20th century saw the advent of the directed valence bond

proposalsfof Pauling1 and ifs-éésociated conceptvoffcovalent bondiﬁg be-
tween atoms. It was not known to what degree the idea of covalent bonding
could bé applied to salts ;ontéining;strongly eleétrbnegafive aniéns,‘
and Van Vleck? had devélbped.a relatiVely'successful model tQ.explain
the magneticﬂﬁropérties of a nuhbér of fransition metal salts baSed‘dn.
aﬁpurely "ionic" crystal field anaiysiSJ The postwar application of the
new'resonance.techniQues (NMR, EPR, ENDOR) to these materials, previously
considered.tb be purely ionic, was to prove a testing ground_for the
general applicability of the'éovalency cbncepf_and for the further
elucidation of the fundamental nafure of the chemical bond.

| The‘natﬁre of the chemical bond was not the only problem which drew
attention toAthe transition metal salts; concurrent theofétical advances.
by Kramers3 involving the role of nonmagnetic atoms in explaining the
existence of lqng range magnetic order had been put forth andbdeveloped
éubsequently by many'éuthors. The concept of sﬁperexchahge4 associated
with the change in thé‘paramagneticvion Wave functidn due to admixture
of symmetry allowed 1igand orbitals was integrally_tied to the discussion
of covalency in these compounds. |

The 1ate“entrycﬂ?neutron diffractidn, Mossbauer, and perturbed

" angular correlation studies into this field can be understood in térms -

of the experimental difficulties which must be surmounted. For PAC mea-

surements the insulating nature of these compounds requires a nuclear

cascade which proceeds via either beta decay or an isomeric transition

in order to avoid multiply charged electronic states following the decay



which would wash out the correlation. The radioactive nucleus must have
in addition an ionic radius and oxidation state commensurate with that
of the magnetic impurity which it replaces. These stringent requirements

lllmCd,

narrow the field of available nuclei to essenfiaily‘one candidate,
with its attendant half-life of 49 minutes. Since Cd pord orbitals can
~contribute to nuclear magnetic‘fiéldé only through'core pdlarization,
tranéferred spin density into Cd s shells via the.Fermi cbnfact term will~
domihate the‘magnetic"hyperfine interaction. Thé‘épherical symmetry ex-
hibited by s shells results ina o or.é bond specific interaction;
thereby providing a distinct advantage 6vet other techniques.

It waS'thisvcambination of unique bonding information available to
PAC'and the continued need to study concentrated magnetiC'Sysfems'ex-
hibiting long range order which provided the impetus.for'undertaking the
measurements. We thus systematicaily studied a iarge range of insulting
antiferromagnets which encompaséed fluorides, dxidés, chlorides, and
sulfides as anions. In order to make éomparisons between compounds with
different covalency parametera and tO'check the predictions of.super-
exchange thedries, we have further_required the impurity to be octa-
hedrally coordinated with only linear metal-ligandéimpurity bonds.

Our interests have ranged beyond the data available from a simple
Achemical bond anaiysis; we have also used the transferred.hyperfiné field
at the Cd nucleus in order to probe a variety of solid state phenomena.
In this vein we have detected spin deviations in magnetically twoFdi—
mensional antiferromagnets due to quantum mechanical zero-point motion
as well as probing the temperature dependence of the sublattice mag-

nctization next to a diamagnetic impurity. Mcasurements in an applied

A4

v
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external field have yielded paramagnetic shifts due to transferred fields
énd the observation of the‘flipping-ofrfhe magnetization axis at a criti-
cal field in RBMnFS. ‘ | | | o
The quest to apply PAC to the study of physical phenomena has not
been limited to ﬁtiliiing transferred magnetic fields. Using the electric
field gradiénttat-the tetragonal site iﬁ the rare-earth seriés RIn3 and
RSnS, we have demonstrated a high sensitivity method for discriminating
between rare-earth valence states and have checked for temperature aﬁd

pressure induCed‘Valence fluctuations in a number of‘Ce, Eu, and Yb com-

pounds.
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I1. PAC FORMALISM

_The exact quantum mechanical description of the anguiar distribution
of'radiations onitted from an ensemble of nuclei is based.on.the trans-
fotmation properties of spherical tensors, the manipulations of Racah
‘algebra, and the statistical fonnalismlof the density{matrix. I plan'to
forego dupiicating this involved description and will pursue instead_the
basic:nhysiCal ideas involved and will describe in a general way the
results which will be pertinent to the data analysis. The reader who re-

quires more rigor will find that the 1iteratur_é5’6’7

fairly abounds in
comprehensive tracts~which'inc1udeball of the formal details of tho o
theory. | | | |

Our basic picture centers around a statisticalnensémble of-nuoléii
which will emit radiation isotropically if they héVe_no preferred di-
rection in space. We wish to explain in physical terms how this ensemble
is prepared_so that,tne associated nuclear angular momenta are prefer-
entially oriented with the result that the emitted radiation will in -
general be anisotropic. |

If one considers é-deexcitation taking place between two nuclear
levels witn angular nomentum Ii and If with projection quéntum numbers
Mivand Mf,-then the quantum mechanical description'of the'radiated éngu-
lar momentum of a photon field contains in it the selection rules for.
allowed multipole transitions between quantum stétes.»A photon carrying

hg units of angular momentum with projection quantum number m connects

the initial and final states such that

1T < o< 1 + I
v i~ f _ i fl (1)

m = Mi-Mf.



In principal the emitted radiation will contain all the multipole

_character consistent with the allowed values of 2, but in practice the

transition probabilities are scaled by a factor of order (a/x)zz, where

a and A are parameters characteristic of the nuclear diameter and the

‘wavelength of the emitted radiation. For the actual cascades (Fig. 1)

which were used in this work, the radiations are essentially unmixed and
carry away the minimum allowed angular momentum. By performing a measure-

ment which detects the emitted phbton, we select out of space a quantiza- -

tion axis with respect to the ensemble of nuclei. In the simplest case

(Q = 1, dipole radiation), the projection of the photons angular momentum
along the quantization axis is m = * 1. In this case the state m = 0
is notvailowed since a transverse fieldvcannot carry.angu1ar momen tum
along ifs direction of propagétion. Inspection of the selecfionvrﬁles
(Eq. 1) for the allowed transitions shows that certain transitions are
now forbidden and thus the final state subpopulations associated with
the Mf'quantum numbers will be unequal. Anvequivalént statement is that
the final state now shows a preferential direction in spacé specified
by the quantization axis, and subsequent photon emission from this state
will not be generally isotropic.

A. The Unperturbed Directional Correlation Function

The techniques of Racah algebra and the density matrix formalism

for handling an ensemble of statistical spins can be used to quantify

the simple picture of a two-photon cascade and the emission anisotropy

- of the second radiation. It is a general result8 of the angular momentum

properties of a photon field that the directional correlation function

for a Y17Y, cascade can be written as
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| Wie) = 1Z< Akl Ak'z Py (cos8) | I | (2)
where k takes on only even values for photon-photon correlations and
obtains a maximum cutoff value of 21,'221, or 222, whichever is emellest.
Here I is the intermediate level spin and &, and“iz-are the multipo-
larities of the radiation for the first and second photons. The

Pk(cose) are the Legendre polynbmiais, and for pure multipole radiation

the Ak‘s are functions of the multipele“order and the initial and final

spins of the states connected by the transition. For purposes of the

111m 111

Cd and In eascades (Fig. 1), k can be effectively truncated at

2 and the normalized unperturbed correlation function written as:

W) =1+ A22 2(c056), where AZZ = A.k Ak for k = 2.» (3)
ﬁAZZI 1llmCdli's + 0.16, while A22 for 1111n is -0. 15 The 51gn dlfference

is due to the nuclear spin sequences and photon multlpolarltles involved in

the two dlfferent decay schemes

B. The Perturbed Directional Correlatlon Function for Static Inter-
actlons '

A few words'are in order concerning the physical meaning of a
"perturbed” directional angular correlation. Directional correlations
in the absence of static magnetic fields or electric field gradieuts

will not depend on the time elapsed by the nucleus in the intermediate

~ state. However for a nuclear state which has a non-zero spin or finite

quadrupole moment, the presence of statiC‘magnetie fields or electric

‘field gradients will cause the nuclear state to precess relative to the

quantization axis defined by the perturbing field. In order for the per-
turbing field to be effective in causing a finite rotation of the nuclear
stéte prior‘to‘the emission of a gamma quantum, the state must have a

finite lifetime comparable to the time associated with the precession
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ffequency. This precession of the nuclear state prior‘to the emission
of the second detected photon impresses a quantum beat modulation onto
the observed directional éorreiation pattern due to,time‘dependent re- ~§
population shifts in the emitting State sublevels. |

| Under thévassumptioh of "static" perturbing fields the time-modu-

lated perturbed angular correlation becomes®

-1
2

W(e,t) = X A A.kz [(2k1+1) (2k2f1)]

k

klNl kZNZ 1 |

- 12 ! 2%y B |
* Gy (0 Y (k) Ykz(iz). W |

For a polycrystalline sample one needs to integrate over all possible
orientations with the constraint that the angle 6 between the emission
direCtions,ii and fz be held fixed. Truncating the maximum k values at 2 -
and performing the integratioh yields

We,t) =1+ AZZGZZ(t)PZ(cose).- | (5)

The perturbation factor Gzz(t) contains all the time dependence and for

static fields has the form’ _ ' | f
_ +2 ‘ S 21+m1+in2 _ o .
G,,(t) = I z z (-1) exp(-<I[E_. -E_)t]
22 n - h ™, ™
N=-2 n;,n, m,m, . 1 "2

I T2 I2 % - . _
t
xm'_ . fn'-mN(nllmZ)<n1'm1)(n2lm?(n2|-ml) c - (6)
1M "2

‘_Here |m1) , 'mi) , lmz), Imé) are eigenfunctions and ]nl)_,lnz)



eigenvectors of the Hamiltonian belonging to the eigenvalues En and
En ‘'respectively. In the presence of both an internal magnetic field

2

Hint and an electric field gradient ed, s the Hamiltonian describing the

~ interaction with the nuclear spins and quadrupole moment is

> "ezq ,Q : -

ﬂ'é — vh ﬁ
The componentsvof 1 refer to the principal axes of the field gradient
tensor. Our experiments essentially spanned the three possibiiities for
" the Hamiltonian of Eq. 7, i.e. a pure nagnetic.interaCtion, a pure elec-

tric field gradient, and a eombined interaction ef the most general'sort
where the principal axis of the electric field gradient does not coincide
'.w1th the internal magnetic field direction
For the purely magnetic interaction invoiving an intermediate level

of spin.5/2 the perturbation factor for a polycrystalline sample is a

simple analytic function given by

G,y ()= 1/5 (1 + 2 cos wt + 2 cos Z wt) o | (8)

where wp is the Larmor precession frequency guNHint/h
The Hamiltonian for the pure quadrupole case is not diagonal unless
the electric field gradient has axial symmetry, in which case n =.0 and

the perturbation function for spin 5/2 once again has'a simple analytic

~ form
_ 13 10 5
2(t) 1 * = costt + == cos Zth * cosmS Qt
and
w3e%q, Q /hZI(ZI 1). | - (9)

“Q
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For electric field gradients lacking axial symmetry n will not be
zero and Gzé(t) must be generated numerically. This is also true of the
combined interaction, for which one must diagonalize the Hamiltonian (7
iin order tojcalculate the eigenvalues and eigenvecfors needed for the

-evaluation of_Gzz(t).

C. Applied Magnetic Fields

Certainrsituations dictate.experiments in the paramgnetic state,
i.e. Hint = 0. One can still extract data pertinent to the magnetic prop-
erties by applYing a magnetic field perpendicular to the plane of the de-
-tectors. There is ndw one field fixed in sSpace perpendicular to the corre-
lation plane rather than an internal field whose.axis is randomly orienfed-
~ relative to the correlation plane. Tne perturbedicorrelafion function for
a static magnetic field H perpendicular to the plane of the detectors is
| given by9

We,t,H)= £ - b, cos k(e-th)._ - (10)

k even k

The same fundamental information is available from both the applied
field and internal field cases, i.e. the Larmor precession frequency
W = gunH/h, but the Fourier coefficients of the perturbation factors for

the two cases are now different.



00 V43 U7 a0 7

-11-

‘IIT. APPARATUS
Data>for'this thesis were collected on two separate Y-y coincidence
spectrometers, one employing four counters -and the other eight. We found

it advantageous to run_bothvspectrométers simul taneously, usually re-

~ serving the eight-counter system for those compounds which would require

more statistics in the analysis, e.g. in the case 'of combined interactions.

A givenvdetector is used as both a START and a STOP in the éighf—counter

system, and it was able to accumulate data at a rate of nearly six times

that of the older four-counter system.

A. The Four-Counter System Electronics

| Figure 2 shows the bésic schematic for the four-counter system. The
detectors were 1x1%'" Nal(T1) crysfals followed-by Amperex 56' DVP photo-
multipliers and LBL designed preamps. The fastvsignals Qere éiipped with a
shorted delay 1line and fed_into EGGG TD101 differential discfiminators.
Both START and STOP output pulses from the discriminatofs strébed'ani
Ortec 437A time-tofamplitude converter (TAC), but'the STOP .signals. were

run through a passive delay box prior to entering the TAC in order to pro-

’ vide a time region in which only chance coincidences could be accumulated.

The slow 51de of the preamps fed LBL designed 11near amplifiers and single-

~ channel analyzers (8CA) and the output 51gnals were fed 1nto a slow coin-

cidence unit. The output of this slow c01nc1dence,un1t was used to trlgger

a mixer-delay géte whose input was the TAC output signal, and the gate output

- which represénted_the slow-fast coincidence déta was fed into a Scipp 1600.

channei analyzer with appropriate routing to record two 180° and two 90°

 spectra. After thebspectra had been accumulated on the Scipp, they were
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recorded on a Kennedy Incremental 1500 tape unit for subsequent analysis.

The'typicai time resolution for this system was 1.8 ns FWHM on the_zzNa
111m

511-511 cascade with the SCA windows set up for the Cd cascade. An

' Eldorado 610 Digital Delay Generator and calibrated lengths of delay

cable were used to establish the time calibration.
.B..The Eight-Counter System_Eléctronics'
'The’eight-counter system was'designed to producé Higher'counting'
efficiency and better time resolution than the older systém; Figure 3

shows the essential pulse sequenéing for one detector. The use of two

 SCA's plﬁs addifional circuitry allowed each detector to be used as both
a START and a STOP detector. lxlz”'Nai(Tl) scintillators were used with
~RCA 8850 photomultiplier tubes which had been selected for:minimal gain

shifts at high counting rates. The LBL preamps were modified so that the

final dynddes were held at a fiXedivoltage by Zener diodes to further im-

prove the high counting rate éapacity of the system. The fast output of

the preamps fed constant fraction discriminators of a type described by
- Maier and Sperr.lo The fast pulse shaper produces outputs which feed
~ circuits to suppress multiple coincidences as well as feeding the basic

fast timing data into a high speed coincidence circuit similar to that

1 With this circuitry each detector func-

described by Gerholm et al.
tioned both as a start and a étopvand triple ‘and quadrupéle coincidences
were suppreSsed to better than 0.05% even at high céﬁnting rates. The
fast coincidence data fed an LBL designed TAC whose output was directed
through a délay into the input of a linear gate. The gate trigger was

strobed by the slow logic and multiple coincidence suppression circuitry,

and the final timing information was directed to an 8192 channel Hewlett
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Packard ?HA aleng with the appropriate roufing'signals.‘A Kennedy 1600
tabe'unit was eoubled to the PHA for purposes of data reduction.

The eight—counter system recorded eight 180° and eight 90° spectra
and circuit-wise could be split_into two (an even and an odd) fouf-

counter systems. The purpose of the pedestal was to.add in the even side

~a region which reflected only chance coincidences. This could not be in-

corporated into a simple delay box as with the odd side because of the -

way the TAC was designed. The Characteristic time.resolution of this sys-
| ' | 22,

tem was 1.05-1.15 ns FWHM on “"Na 511-511 cascade with the SCA's set up

for the 111m‘Cd'cascade._T-he Eldorado 610 Digital Delay Generator was used

to calibrete the TAC.

C. The ngh Pressure Cell, Temperature Regulator, and Miscellaneous
Equipment

‘ In‘order.to measure the pressure dependence of the transferred hy-
peffine field, we built a simple clamping-type pressure cell which is
shown schematically in Fig. 4. '"Windows" were machined odf of the cell in
the vicinity of the sample in order to obtain the highest possible coin-
cidence rate. We chose to make the cell body out of A286, a steel which
does not fracture at liquid helium teﬁperatures.”The clamping nut and

backup plugs are also of A286, while the pistons were ground from tungsten

- carbide. The cell worked reliably to 22 kbar but at pressures around 30

. kbar the cell body and inner bore tended to stretch. After something like

thirty runs the_inner bore had stretched non-uniformly from 187.5 mils to
196 mils. The" pressure locked into the cell after tightening the clamping
nut was Lallbrdted by measuring the Shlft in the quadrupole coupllng con-

stant for 111111 in Cd mctal
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For experiments in which the temperature of the sample needed to be

' regulated,_we modified a standard metal dewar with windows for low energy

y-ray counting by necking down the tailstock to 4" id. Into this reduced
tailstock we inserted our sample holder and temperature regulator of the

type firStrdescrihed by Welber and Tynan.12 Figure 5 shows our adaptation,

which'consists of nothing more than a thin-walled stainless steel tube

"comnected to four inches of nylon rod and terminated in a copper bobbin

to‘which the aluminum sample housing was connected. The nylon rod was
pressedrthrough a four inch cylinder of styrofoam which fit snugly into
thevtailsteck.andvprevented liquid helium from passing to the sample
holder. The copper bobbin had a heater and Au-Fe thermocouple attached

to it for purposes of temperature control and measurement. We calibrated

the thennecouple against a germanium thermometer purchased from Cryo Cail,

Inc. The calibration of the germanium thermometer was traceable from
NBS standards from 1.5 to 100‘degrees Kelvin.
‘Figure 6 shows a simple schematic for the circuit employed in the

actual temperature regulation During a measurement the thermocouple

: Voltage was fixed on a Leeds Northrup K-3 potentiometer and the out of

balance signal dlsplayed on a galvanometer Fluctuations of the out of
balance 51gna1 were detected by a light sensing dlode and fed back into
the heater on the copper bobbin. Regulatlon was stable over several hours
to #0.2° K for temperatures greater than 15°K, but below this temperature
the'response of the feedback was insufficient tO*regulate properly.

Two different magnet configurations were used in the work. For the

paramagnetlc shlft cxperlments a C-frame iron core electromagnet with a
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maximum field of 38 kOe with a one inch gap sufficed. The magnet was
powered by a Spectromagnetic Industries Model TC 200-300 D.C. power supply
with a stability of 1% over several days. The spin-flop experiment re-
quired counting along the magnetic field axis, aﬁd for this purpose we
bored out the pole pieces of a small Varian NMR magﬁet and inserted the

~ counters parallel to the applied field.

The fields of the magnets were measured using a rotating coil
gaussmeter which had been calibrated against an NMR probe in a high
homogeneity eléctromagnet. The field errors were‘principally due to
curfent supply drift and nonreproducible sampling of the volume between

the pole pieces.
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IV. DATA ANALYSIS
Since the eight-céuhter circuitry is consistent with é deScriptioh

as two high-speed féur counter éystems, it shall éuffite'to describe
how the data ére analyzed for a set of four counters placed on a square
array and labeled cyciiCally_A,B,C,D. If a given detectdr can function
as only a START or a STOP, then there would be two 180° coincidences
(AC,BD)Vénd fouf 90° ;oinéidénces (AB,BC,CD,DA). The eight-counter
1 électfonicsiallow a counter to function as both a START and a STOP de-
tector, theféBy doubling thelnumbér'of allowed combinations. In practice
;all of the 180° spectra are used but only ﬁaif of the 90° combinations
are séleéted'for éﬁalysis. The coincidenée counting rate between two de-
tectors, e.g. A and C, is related to the pblycrystalline correlation func-

tion (kmaxv= 2) found in Eq.'S by the following expression:
0¢ Exc 11+ Qo Ay Gpp(t) Pylcostpe)l + Gy (1)

'NO reflects the source strength when the experiment begins, and

Eyc 1s an ”effectlve” detector efficiency for the detection of the Y17Y7
-t/

. pair by NaI(T1) crystals of fixed thickness. The factor e N describes

the fact that even without a perturbation a statistical ensemble of nuclei,

each with a mean life < W111 ‘decay exponentlally QAC accounts for the

N,
finite solid angle which the detectors subtend and the constant CAC -

flects the background of chance coincidences.

~A. Extraction of the Factor A22G22(t)
1t was roalizedl3 some time ago that the coincidence counts of the

combinations NAC(180 ), NBD(18O ), NAD(QO ), and NBC(9O ) could be arranged
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in such a»way that the source_strength NO’ the nuclear 1ifetime TN,

and to a geod apprdximation the coineidence efficiencies EA , etc.
could be made to cancel. This is not true if.one has only two or three
~counters, where unequal coincidence efficiencies and solid angle factors
‘necessitate 1afge corrections. This is accomplished by using detectors

A and B as STARTS and Cand D as STOPS, and by formlng the ratio

= 1
“3
2 (NpcCad) (Ngp~Cyp)

3 ( AD) (BC BC)

T
n

g AGap (1)

i

Byl (0) as)
Here’Q'is en average selid angle factor which can be incorporated
into the theoretical A22 value derived from the spln 1evels and multi-
plicities to yield an "effective' amplitude AZZA |
B. Least Squares Fitting of A22 22(t) '

Having extracted the factor A (t), it 1s necessary to fit the

228 22
perturbation in order to obtain ‘the Larmor and quadrupole radial fre-

quencies - and wgy: For a pure magnetic interaction the spectra were

L
fit to.
AZZ
22 22(t) - {1 + 2 cos wL(t-tO) + 2 cos 2 wL(t-tO)} + back.
' (14)
and for a pure quadrupole interaction withvaxial symmetry (n = 0)
(t) = égzv {1+ lé—cos (t-t,) + 19-eos 2 kt-t )
22 22% 5 7 “Q o 7 “Qt o
5 .‘. b.
+ 3 cos 3 wQ(t—tO)} + Back. | : (15)

The fit parameters were A ’tO’ a zero channel for starting the

22> Y @
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the digital data, and Back, a background generally due to self-absorption
in fhe samples. Occasidnally we»experienced a distribution of fields, and
‘this was aécoﬁnted for by introducing a factor muitiplying the
cos mw(t-t,) coefficients by e |nU)o(t-tO)| or efg(qnct-to))z' for
Lorentzian or Gaussian diétributions.‘ln this case 0,:the full width at
half maiimum,rbecame an additional parameter.
| v‘For a qﬁédrupole interaction with a non-zero asymmetry parameter, the
ratio of the frequencies in Eq. 15 are no longer 1:2:3. A numerical solu-
tion‘qf.the secular équation’then yielded the eigénvectors for the
Hamiltonian. In order‘to guess‘a reasonéble'value.fof the astmetry pa-
rameter n, we would Fourier transform the data in order to extract.the
ratios of tﬁe:frequenciesv wlzwzz@s. These ratios could then be compared
- with the derived'® ratios for various values of n for a spin 5/2. Tt was
gehérally necessary to have an iﬁitial guess for the pafameter Vélues'which
was fairly close to the true values in order for the»fitting.progfam‘to
convergeﬁ This was especiaily true when performing five and six parameter
Cfits. o |
For the general case of combined interactions, the Fourier transform

of the autocorrelation function of the digital data was taken and compared
with a set of computer generated tﬁeoréticél curvesrfor various values of
the magnetic field and electric field gradient parameters. It was neces-
‘sary tovrun‘the spectrum'abové the magnetic transition in order to obtain _
a value for QQ and ﬁ.which would be close to the ones obtained in the
liquid helium spectra. It was also necessary to guess the angle 6 between

the principal axis of the electric field gradient and the internal mag-

netic ficld from symnetry considerations. With those constraints one could
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‘run theoretical Fourier transform spectra as a function of internal
magnetic field only and compare them to the experimental transforms.
This matchup'Would then constitute a set of initial guesses for the

parameters in the least squares fitting routine.
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FIGURE CAPTIONS

111mCd‘and 1111n used in this work.

1. Two photon decay cascades for
2. Electronic schematic of the four-counter system showing the com- .
ponents and their sequencing.

3. Block diagram.forva single NaI(T1) counter in the eight~cbunter

system showing the electronic sequencing of the'fast and slow sig-

" nals.

Fig.

Fig.

Fig.

4. High pressure clamping type pressure cell. The body is con-

sfructed of A286 steel and four "windows' have been machined in the

vicinity of the sample to reduce gamma-ray attenuation.

5. The tempefature fegulator employed in the sublattice magnetiza-

tion experiments shown enclosed in the tailstock of a liQuid helium
dewar. | |

6. Biock‘diagram of the temperature regulator électronics. The
light sénsing diode was linked to a feedback circuit which pulsed
the sample heater and regulated the temperature over Several hoﬁrs

to +0.2°K.
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V. SYSTEMATICS OF HYPERFINE FIELDS OBSERVED BY PAC
IN Cd-DOPED TRANSITION METAL ANTIFERROMAGNETS*

A. INTRODUCTION

The properties of the simple 3d transition mefal sélts with d5
through d'? configurations are generally consistent with localized elec-
tron behavior,1 for which LCAO-MO célcuiations can descfibe the natﬁré of
the chemical bondihg with reasonable success. Within the'framewéfk of fhe
MO model, we have examined the systematic Variatioﬁ of the hyperfine fields

transferred through'the ligands'into a diamagnétic'dopant (111mCd) for the

‘transition metal using y-ray perturbed angular corrélation'(PAC). The
variations of the MO spin density parameters with éhanges in_both the
ligand and the transition metal are correlated With‘the tranﬁferred'hy-'
perfine fields;, | ‘ | |

The PAC data are complementary to thbse preViQusiy derived from
NMR, ESR, ENDOR, neutron diffraction, and Mgssbauer'v‘.cechniquesA , but there
are differences among the methods which deserve some comment. Especially
relevantvfd PACvis a synmetry argument2 based on the assﬁmption that the
hyﬁerfinevfield at the Cd impurity is primarily derived from bverlap and
covalency effects of the Cd ns shells. The symmetry of the s shells 1éads
to PAC being 0,5 bond specific. For d5 ions the impbrtaﬁCe of this dif-
ference is highlighted by fhe measurements of NMR, ENDOR, and ESR;'which
measure fcffn, and for neutron diffraction which mgasures Zf%+f0+fs.-This
has_gfmpered the understanding of the Mn compounds, bécause fo and fTT

are generally of the same order of magnitude. Mossbauer spectroscopy and

> ' '
This section of work was done in conjunction with H.H. Rinneberg and

D. A. Shirley .
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PAC are potentlally competitive, but there has been little overlap due
to the 1nn1tat10ns on available Mossbauer nuc1e1 whlch can be used to
replace'the transition metal’substltutlonally.

There is an édditional problem concerning the comparisen of data
collected in'magnetieally diiute (ENDOR, ESR) and magnetically concentrated
(NMR, neutron diffraction, PAC, Mossbauer) systemé. Our data are consistent
with the view'thet.it,is valid to compare derived.sbih deneity parameters
between dilute:and concentrated systems within the experiﬁehtal errors
ihherent in the data'analysis. | |

Experimentai details.are given in Section B, while Section C outlihes
the MO model and inherent limitations in its appllcatlon to the propertles
of these salts. Section D contains our results and their 1nterpretat10n
relative to the MO model. |

B. EXPERIMENTAI

1. Detector System

Data for this study were accumulated on both four and'eight counter

v-y coincidence spectrometers which have previously been described.>»4

Both systems employ the familiar fast-slow logic, and only;1806 and 90°
correlationevwere observed and combined to Yield the perturbation factor
independent of counter efficiencies and the lifetime of . the intermediate
nuclear state.” | |

‘Standard 1x1%" NaI(Tl) crystals were used as photon detectors for.

the 111mCd céscade, The time-to-amplitude converters for the two spectrom-

eters were calibrated with cables and an Eldorado 610 digital delay gen-

111m

erator. With the 51ng1e channel analyzer windows set on the Cd

22

energies (150,247 keV), the time resolution u51ng Na 511-511 radlatlon
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was 1.8 and 1.1 ns FWHM for the four and eight counterdspectrometers

respectively.
2.'Samp1e Preparation : o | | ti
| The preparation of some of the'compounds (KN1F KCOFS,RanFS,2
MnO, CoO, NiO)4 had been'described‘previously. In general the 111mCd
110 ?

Was‘obtaineduby neutron irradiation of CdO converted to the appro-

priate dihalide by dissolring in acid and evaporatlng to dryness, and

subsequently thermally diffused into the fluorides and chlorides listed : !

in Tables 1A.and 1B. Since the AZMD(4 compounds meltvincongruently, it was : 1 |

' necessary to sinter the activity in at temperatures well below_the

peritectic. The remaining chlorides‘and'fluorides melt congruently.

Single;phase samples were obtained by diffnsing the activity.into’the
1att1ce at temperatures close to the meltlng p01nts The hygroscoplc ?

nature of many of the reactants required us to perform the preparatlve

operatlons under dry nltrogen conditions.

The double fluorldes and chlorldes AMX3 and AZMX4 were prepared

by the correspondlng solid-state reactions:

: . melted 51ntered .
AX + MXZ_—TK__—* AMMS, and 2AX + MX2 —— AZMX4 7 (1

High purity, anhydrous KF RbF, RbCl, CoF and MnF, were commercially -

2’ 2
available. T1F was prepared by dlssolv1ng 99.999% T1 metal in aqueous HF.
The product was dried by melting in a platinum crulelble under vacuum.

) z'over the respective
anhydrous dichlorides at 400°C. Anhydrous FeF2 waspprepared from FeCl

Anhydrous’ CuF,, and NiF2 were obtained by passing F

2
in a stream of dry HF gas at 650°C. The transition metal dichlorides_had

4H.,0, FeCl.,-4H.0

previously been preparcd by the dehydration of MnCl2 205 24y
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by a stream of HCl gas at 200-300 °C.
a-MnS doped with activity was obtained by coprecipitétion under an
oxygen-free atmosphere following the procedure given by'Brauér.6 The

precipitate was dried and then heated to 1000°C in a platinum tube under

HZS.

3. Data Analysis

. For a polycrystalline sample with unique but randomly-oriented axes,

the perturbed angular correlation for a y-y cascade is given by7

" W(e,t) = . ) Akkak(t)Pk(cos 8). - (2)
even ‘ :
For the 111mCd cascade it is sufficient to truncate the series at k = 2

yielding for a normalized correlation

CW(e,t) = 1+ A6, ()P, (coS 0). (3)

Here A22 is the énisotropy of the 150—247,keV cascade, PZ(COS 8) is the
second Legendre polynomial associated‘with the>éng1e 6 between the di-
rection of the two gamma rays, and GZZ(t) is tﬁe polyCrystalliné pertur-
bation factor. This function is obtained from the magneticvand electric

hyperfine interactions of the Cd nucleus in the intermediate 247-keV

state (I = 5/2, ™ T 121 nsec). For a pure magnetic dipole interaction one

- obtains an analytical function for the perturbation factor7

1 | o o
3 Gzz(t) = 3'{ 1+ 2 cos(mLt) + 2 cos(Zth)} n | (4
: EgNun Hint
v h

nuclear moment due to the internal magnetic field Hint'

with . i.e., the Larmor precession'frequency of the

In the more general case of a combined magnetic dipole and electric

quadrupole interaction,'the perturbation factor Gzz(t) can still be
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calculated as a sum of cosine terms7 after obtaining the eigenvalues of

the Hamiltonian
2

eq,,Q
H=-gu H .1 2z

2 2 2 -
n tint * ZTT?TTij.{SIZ - I(I+1) + n(Ix - Iy)} ()

The components of T refer to the principal'axes of the field gradient
tensor (eqxx, eqyy, quZ) a@d n is the asymmetry parameter defined by
q..-9

no= XX W

quZ

In general only for pure magnetic dipole and pure quadrupole inter-
action with axial symmetry (n = 0) will the frequencies contained in
Gzz(t) be integral multiples of each other and a periodic oscillation of
the intensity of the second +y-radiation be observed. For an asymmetric
electric field gradient or a combined magnetic dipole-electfic quadrupole
interaction, the transition frequencies are no longer overtones of a
single frequency due to the shifts of the energy levels of the Hamiltonian, .
and Gzz(t) becomes an aperiodic. function of time.'Thevspectrum of KCuF3
in the paramagnetic state displays (Fig. 1) a non-axial electric field

gradient, while K NiF4 (Fig. 2) at 4.2°K shows a combined interaction in

2
the antiferromagnetic state, for which the hyperfiné field of the impurity
'is parallel to the unique axis of the field gradient. In order to analyze
combined interactions, it is of considerable advantage to calculate8 the
power spectral density P(w) of the perturbation factor rather than Gzzft)
itself..This,is illustrated in Fig. 3 for KZNiF4 where the solid line

represents a least-squares fit of the power spectral density to that ob-

tained from the experimental data (dotted line).
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Tables IA,B contain the results of our measurements in insulating
antiferromagnets.
C. LCAO-MO MODEL

9,10,11,12,13 has gone into under-

Considerable theoretical effort
standing the electronic energy level diagram of the octahedrally coordihated
3d transition metal cluster (ML6)'q, primarily with L = F~ or 0%™. We will
assume the basic correctness of the energy level diagram of Fig. 4 and
focus on the properties of the sigma bonds possible between the metai ion
and the.ligands.

The filled bonding orbitals are primarily of ligand character,

B
o

b = N 0™ Yol * Vo) o ©)
where ng, Xs ére symmetry-allowed linear combinations of ligand s, po
orbitals, and Y,oYg are covalency mixing parémeters which describe the
admixing.of mefal d(j orbitals into the ligand P, S orbitals. The ligand

orbitals are generally restricted to 2p_ and 2s for F™ and 0%

, and
3p_ and 3s for C1~ and 527,
o _ _ :
The partially-filled antibonding orbitals are mainly metal-like,

and contribute to the magnetic properties.

A i .

Vo T N? tdy - Oy Xpo * Axg)d - ' (7
Normalization and orthogonality of bonding and antibonding orbitals

are used to derive relations comnecting the parameters. To first order

one obtains

o o] S S s’ (8)

-



‘Tables I. A,B. Mégnetic and quadrupole interactions of

111mCd in insulating host antiferromagnets

I.A. Host materials with 3 dimensional magnetic structure

N

A

~
[}

'TN Hexp K th (MHZrO 2)' Crystal Magnetic
Host (X) (Kbezl.5) (Keet2.5) G structure structure Remarks
KMxiFS, 95 102.6 0 0] Complex Spin canting
.RanF3 83 113.8 117. 0 ‘ 0 G No distortiohs
-T1MI;F3" ‘7.6 118.7 122. 0 0 G |
. KFéFS : _11_2..5 100.1. “104. 0 0 jPerovskite  Complex Spin canting
- KCoF, 114 74.1 78.  0 0 | KNiF, . Small lattice
RDCOF,  ~101 67.8 71.8 0 0| type distortions
T1CoF 94 67.9 71.6 0 0
KNiF, 253 104.8 113. 0 0 G No distortion
KCuF, ~ 38,20 <4 19. 0.74  KCuF, A 2 Modifications.
MO ~118 202, 208 0 0 MO §u<[[[> |
CO 293 177 187 0 o p NaCl Complex |
NiO -520 19 212 0 0 MRO Sl <|H> |
Fe?lz 23.5 . 4.8 - 5. 0 } i, ic |
CoCl, 25 . 0 5. o J - 8IC
o -MnS 156 244.4 258 0 0 NaCl MnO




Table I.B. Host materials with 2 dimensional magnetic structure

vV

Ty Hexp ‘ Mg 8 Crystal ‘Magnetic
" Host % | (Keeil.S). (KEeiZ.S) (MHZIO.Z) n structure structure Remarks
K MnF ~45 ©71.6 79.4 3.4 0 Heisenberg
24 _ | antiferromagnets
szMnF4 38.5 67.9 - 75.4 4.7 0
Ising systems— no
_K2C0F4 107 ook 52'7 L >:3 ¢ ~zero pt spin deviation
Rb,CoF, 101 '48.9  50.0 - 8.2 0 KNiF,  3ic dipole correction only
KZNiF ~97 54.9 . 69.3 - 3.7 0 |
4 _ Heisenberg
szNiF4 95 51.3 64.7 7.4 0
Rb,MnCl, 57 97.4 106.7 8.1 0 ~ Antiferromagnets

- -8g-
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The overiap integrals S0 and SS come from the normalization pro- 
cedure. They are defined by S5 = <d0|Xp§ and S, = <ds ] Xs> .

The unpaired o spin density at the liegand has'beenvthe object of
numerous'expéfimental endeavors because its precise determinétion'is_
fundamentai fo theoretical efforts to understand the bondiﬁg in these
compounds. Using the framework of the LCAO-MO ﬁodel,.Sawatzky and co- -

14,15,16 pave pointed out the necessity of considering the entire

workers
.extended octahedral complex (see Fig. 5) in order to obtain the correct
normalization constants for the cluster. This is in contrast to tréating.'i
the problem as six separate bonds and mﬁltiplying the final calculated
hyperfine fields by six. |

Following Sawatzky's extended cluster calculaﬁion and‘adapting«his

results to 180°meta;—ligand—Cdvéxchange'paths,‘wé obtain for the super-

transferred hyperfine field at the Cd nucleus

{s . ?
e = -3 e 0 g > N2 A2 (- 1211<n5|p0 N (0) + a55¢(°)} 9)
where <po[ d 2> and
(N,,)‘2 s ) A
(N_)v'2.= 1-6 }3 <ns|po> a + 12 3.5 \Ssl po> <pold >

. _ (10)
In this formulation we have omitted the contribution of the ligand

s orbitals to the ¢ bonding and have neglected ligand three-cehter

overlaps. The parameter a._ allows for a charge transfer into the un-

35S
occupied Cd2+ Ss orbital yielding a total 5s occupation number of
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6(Nf + N%)asi. Direct metal¥Cd.overlaps have also been set to zero. The
unpaired sigma spin density at the ligand is givén by-f0 = xiNEN%.
Tables 2 and 3 tabulate our calculated two-center Cd ns - ligand p
overlaps and the metalfligand overlaps. o

Certain limitations involved in calculating the hyperfine fields
via Eq. 9 deserve comment. Primary amohg these is the propriety of using
free ion wavefunctions in a solid for{the ligands énd 3d metalé. The
overlap integrais with a fixed bond distance are very sensitive to the
choice of Wavéfuhctions, and Table 4 shows a comparison using three dif—
ferent choices for the 02" wavefunction. In this work we have chosen to

17 and Clementi's18 functions

2+, C02+5'and Ni%¥. For 0%°

use the numerical HF Cd functions of Mamn,
" for F7, C17, and the transition metals Mn
functions we use the results of Yamashita and As.emol9 as tabulated in
Table X of their publication. |

One also needs the value of the Cd wavefunctions at the origin,
¢ns(0). These can be obtained empirically starting from Mann's17 non-

relativistic neutral Cd functions. Using the tabulated value for ¢55(0),

we have estimated the hyperfine field for a single 5s electron to be

- %g»ps | ¢SS(O)| 2 = 3.59 MOe, compared to 6.8 MOe obtained from the
20 +.,.10c 1y . : '
ESR™ of Cd (4d”"5s™) in KC1. One expects the non-relativistic wavefunc-

tions to be in error for high Z atoms so the lack of agreement 1s not
surprising. In order to correct for this, the density of all the
¢ns(0) functions was adjusted by the factor 6.8/3.59 in lieu of data for

the individual ns shells.

% - ' '
In a cluster calculation N4~ 0.3, while in the independent-bond model
N is usually taken to be 1.
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Table IT. Cadmium-Ligand Overlap Integijals

~A. Fluorides KNiF,  Ni-F = 2.01 A

KCdFS‘ Cd-F = 2.15 A

<Cd ns| F—2p0>

Cd-F = 2.02 A ' cd--i? =2.15 &

(s 12p0)  0.000752 - 0.000594
s 12p0)  0.004965 0.003933
Bs | 2p0) 0.019474  0.015433
\45 12p0) ©  0.080115 | 0.063960
&s |2p0) 0.191036 ' 0.25478
B. Oxides ~~  Ni0  Ni-O = 2.09 A

€0 Cd-0=2.34 A&

<Cd ns| Oz-ch/>

Cd-0 = 2.09 A Cd-0 = 2.34 A
4::;5 |2po’ . 0.000796 0.000463
2s |2zpo’  0.005262 ‘ 0.003183
3sl2po 0.020661 o 0.012575
| 4s |2po®  0.084613 | 0.053453
5s [2p0  0.209600  0.194483

(continued)
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Table II. (continued)

C. Chlorides RbZCdC14 » Cd-C1 = 2.60 A

<Cd ns|C1-3p0>
Cd-Cl = 2.60 A

as 3p0y 0000667
(25 3po) 0.004420
3s 3po) o 0.017280
‘45 3p0) 0.070140
; |

5s 3po) 0.173920
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Table III. Metal-Ligand Overlaps

2 _

(n®* a_5|F 2po) = - 0.0688 - ()
{in?* dzz|02'2po>= - 0.0712 | (Mn0)
ur®* d_2|C173poy= - 0.06117 M)
{co® a_2|F 2poy = - 0.0638 (KCOF,)
<C02+ dz2|oz‘2po>= - 0.0657 (Co0)
(i d_5|F 2po) = - 0.0602 (KNiF)
(Ni** d_210% 2poy= - 0.0621 (Ni0)
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Table IV.

{cd 4s{0*” 2po )

Cd-0 = 2.34 A

0" wave functions

Yamashita® : Watsonb o | HuzinagaC
0.05345 | 0.06943 | 0.07798

dRef. 19

bRef. 39

CRef . 40
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A limitation inherent in working with'impurity_doped.samples,is
that the exact Cd-ligand bond disténce‘is not knowﬁ.in the compounds.
We have considered the two extremes poésible, i.e. Cd-ligand distances
representative of Cd compouhds which are crystallographically isomorphous
with the magnetic host materials, and the case where the Cd-ligand dis-
tance is taken equal to the metéi—ligénd distance of the magnetic‘host.
A calculation of the hyperfine field for KNiF; for which £ is known
from NMR21 ié shown in Table V. Overlaps were computed.for the bond dis-
tances characteristic of Cd—F-in'KCdF3 and for the Cd-F distance equal
to the Ni-F separation. Anvintermédiate Cd-ligand distance is probably
the most realistic assﬁmption. Even ﬁith the "short" bond distance the
field calculated using all the Cd ns shells is lower than the experimental
value by 20%,vand for the "'long' bond length the calculated field com-
prises ohly 60%vof the measured field. One aléo notes that the calculated
field doés'ﬁot depend strongly14 on the Cd 5s occupation due to the dé—
pendénce of the normalization constants on aSS._This'means that the.Spin
density parameters are relatively insensitive to direct metal 3d-Cd 5s
transfer, which we have neglectéd. The oxide data previously reported4
support this contention, since from Table IA we see that the oxide fields
are all comparable, even though Lau anvaéWman4l haye calculated that in
pure MnC di?éct 3d-4s tfansfer'will dominante the tfansféfred hyperfine
interactions. | - | ‘ -

In view of the'limitations inherent in using Eq. 9 to predict hyper-

' fine fields and thus spin-density parameters, we will normalize our data

to KNiF% (fo ='3.8%21) and make cstimates for other compounds relative

to this reference point.
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Table V. Calculated H

£ for KN1F3 fO = 3.8%

Cd 5s Occupation Experimental
, _ . A 0% 205 40% Field
Cd-F = 2.01 A (Ni-F) 62 KOe 84 KOe 79 KOe 105 KOe
Cd-F = 2.15 A (KCdF,) 40 KOe =~ 66 KOe 66 KOe 105 KOe
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Sawatzky;é MO.formulation provides a basis for the Qay in which
the hyperfine field.is expected to scale with fO ; Figure 6 shows the
results of a Calculafioﬁ (using parameters appropriate to NiO) in which
the Cd pafameters were held fixed and fO allowed to vary. One can see
that the functional felationship connectiﬁg fO‘ to the hyperfine field
is not as simple as a linear apprqximation, but we will show that the
éssumption of a linear scaling will provide a reasonable lower bound to

the estinated f_ values. MR and ENDOR?

results are available for
Niz+ in fluorides and oxides, yielding f0 = 3.8% and 8.5% respectively.
By adopting the figure of 3.8% and scaling the hyperfine fields for NiO
and KNiFSAfound in Table IA we would estimate fo = 7% in NiO. In Fig. 6
the calculated fields for fo = 4% and 8% were 55.3 and 99.7 KOe, and
their ratio is 1.8 rather than the 2.0 (8%/4%) expected from the fO
.Values. Thus we see that the use of a linear épprokimation yields esti-
matés of pfder 10% low because of curvature in the th Vs f0 curve, but
that the estimate of 7% is within about 20% of the ENDOR result and will
be systematicélly low when geherated by a ratio of fiélds. More quanti-
‘tative studiés4 have taken this curvature correction into account in
order to obtain more precise values for the fO parameters in the oxide
series. In this paper however, we are more concerned with elucidating
the systematic trénds in the data and will thus content ourselves with
estimates which represent lower bounds.

The comparison df fluoride; oxide, chloride and sulfide méasure-
ments necessitates dropping the constraint that the Cd-ligand parameters

~be held fixed as they were for the field calculations of Table V. To

estimate the effect of changing the Cd-ligand properties, we have
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;alculated the ratio th(Mn—L)/th(Mn—F) with fo, held constant. The
overlap integrals were those characteristic fof Cd-L bond distanceé in
2CdC14. In ordef to generate relative
Cd 5s occupations for the various ligands, we plotted 1/RCd-L versus the

the compounas KCdFS, CdO, and Rb

empirical covalency parameter (C=1-0.16 |x m-XL]- O.OSS]Xm-XL|2) found

22 and found the approximately linear relation shown

by Hannay and Smyth,
in fig. 7. tThe mefal and ligand electronegativities were taken_ffom_
the paper of Gordy aﬁd Thomés.)23 For KNiFS, we have f0 = (y + S)2
.= 3.8%, and a calculation of the overlap contfibution yields for
'yNi—F ~.0.135. A Cd-F f Vélﬁe was generated by scaling the covalency
barameters for Cd-F/Ni-F. This yields Ycd-F ~.0.106. The ag. parameter
was then adjusted to yield a Cd-F 5s occupancy of 10.6%. The othef ligand

55_occupancies_were scaled by the linear relationship of Fig. 7. The re-

sult of the calculation for fO fixed at 8% is

Mn-L) = -
_Pﬁ_{hi(m‘li)—: 1.0x0.1 L ) 2-
hf :

The total spread in the relative fields with fO held fixed is only

, and C1. (11)

of order 10% and indicates that the magnitude of the éxperimental fields
are not grosély sensitive to a consistent set of Cd—ligand parameters.

By a consistent set of parameters we mean Cd-ligand bond distances

‘which areieither all "long" or all '"short" with their aséociated over-
laps. Thus majof changes in measured hyperfine fields are to be primarily
associated in changes in £ and a simple‘ratio_of measured fields

should provide a reasonable lower bound to the spin density parameters.:
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D. SYSTEMATICS OF THE Cd HYPERFINE FIELDS AND SPIN DENSITY PARAMETERS
Before étarting an analysis of the data in Tables IA and IB, it is

necéssary to digress and explain how thé fields listed in fhe column

L £ were arrived at. The reason that the hyperfine fields differ by

more than a normal dipolar contributioh from the expérhnentai values - is

due to zero point spin deviations in Heisenberg-like'antiferromagnets.25

)

(Eq. 9). The deviation of <Sz> from its full value in these high-spin

The necessity for this correction arises because of the term

complexes depends on the dimensionality of the magnetic lattice. For

that reason we have separated the host materials into two- and three-

2774 4
are Ising-like,z6 and should therefore not display any spin deviations.

dimensional categories. Note that the Co compounds K,CoF, and RbZCoF

We assume that the full theoreticai25 spin deviation is present for both
the magnetically two- and three-dimensional Heisenberg-like compounds.

In this case

<§3> _ 123 here A= 0.197 and b, = 0.078 (12)
S /2,3 s 2 e 3007 ’
Thus the spin deviations for Ni2+(S=1) are much larger than for
Mn2+'(S = 5/2) and vary with the magnetic dimensionality. The hyperfine

field is then related to the experimentally measured value by
Hoe = Hexp/l-A/S * Hdip (a3

where an additional (and usually small) dipolar field correction has also
been made whenever the relative sign of the dipolar and supertransfefred

fields is known.
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We wish to examine the systematic trends of the hyperfine fields
for Cd doped into various host antiferromagnets. We will begin by con-
sidering the effect of moving across the transition metal group for a

fixed ligand. For the fluorides the data allow the following cOmparisons.

KMnF (124.4)  KCoF(78.2)
RanF3(117.4)+ KFeF (104.2)+ RbCOF, (71.5)+KNiF (113.7)> KCuFy(<4)
T1MnF3(1zz;5) | T1COF 4 (71.6)

and

K MnF, (79.4)+ K,

Rb_MnF, (75.4) Rb

C0F4(52.7) K NiF4(69.3)
>

2
2C0F4(50.0) RbZNiF4(64.7)

Several comments are in order concerning some of the field values.
Of particular interest are the consistently low Coz+ values, which we
attfibute to the fact that the‘ofbital angular momentum is not quenched
in these compounds. This is aléo expected to bé_present to_éome degree
in the Fe2+_compound, but the effective reduction of the spin.expecta-
327,28 and KPerzg_

both have lattice distortions and canted spin structures at liquid

tion value is clearly not as large. In addition, KMnF

helium temperatures. The field for KMnF, is a rough estimate based on

3
assuming that
th(KzMnF4)

= miaer) * B (ROMRE,) = 124.4K0e.

H, - (KMnF.)
N hf 3 th(RbZMnF4)

No attempt was made to estimate a field for "uncanted" KFeF.. The hyper-

3
fine fields for these compounds should therefore be considered as

only approximate.
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Thé KCuF, is a special case which refléects the strong Jahn-Teller

3 _
effect and theAA,type magnetic strUcture of the compound. The Jahn-Teller

6
with two short and two long Cu-F bonds in the (001) plane and a medium

'effect_leads to an orthorhombic distortion of the (CuF')4_ octahedron

Cu-F separation for the tWo anions along'the-c-axis30 (see Fig. 8). The
Cu2+‘ground state (xz?yz) and F 2po ,waﬁefunctiohs are arranged such
that in the tOOl) plane unpaired spin is approximately fransferred only
from the two neighboring ﬁagnetic ions along thé c—axié and from the
Cu's with short Cu-F bonds. Spins in adjacent (001) planes are coupled
antiferromagnetically however, so that the transferred spin densities
are antiparéllel and expecfed.to cancel at the‘Cd nuc1éu5. This is con-
sistént with our obsefvation that H o < 4KOe. |

| The general trend'in the fluoridés'with perovskife or perovskite-
1ike sfructures in moving across the 3d metal group is that the fields
are very nearly equal in magnitude, with fhevCo Values systematically

low. The same trends are present for the oxide series with NaCl structure,

MnO(208) + CoO(187)~ Ni0(212).

The»virfual.constancy-of the fields for a fixed ligand and crystal struc-
ture is éxpected-on a chemical basis. The electron affinities for.the 3d
v.transitioﬁ'metals are comparable (an_+ is slightly 1ow) and the bond
distances are.quite similar. Thus one expects that the spin density
parameter fo ,' Which has both covalent and overlap components, Will

not alter dfastically across the transition metal group under the con-

straint of fixed 1igand and crystal structure. In order to estimate spin

density parameters for our data, we will make the assumption outlined in
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e Fluorine positions

 XBL758-3707
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Section I1II that fo scales linearly with th, and will use the value for

W .

KNiF (fO = 3.8%) as a normalization point. The compounds of form A 4

3 2
have only 4vmagnetic-spins contributing to the transferred Cd field, so
that field value for KNiF3 (113.7 KOe) was reduced by 4/6.before making a
spin-density estiméte. The'f0 results for our PAC data are shown in
Table 6, along with results of other techniques..

A few additional pbints concerning the PAC estimated fluoride and
oxide spin deﬁsity parameters are worth noting. First of all,'Mn2+ does
not‘appear to be anomalous in either fluoride or oxide series. Particu-
larly in the fluorides, a value of approximately 4% is consistent with
the basic trend that the expected order of magnitude is 3-5%. Even
though our estimate for NiO is lower by 20% than the ENDOR result, the
near Cdnétancy of the measured fields indicateé that the dxides,'like
the fluorides, have éssentially similar fO Vaiues; We thus feel that a
lower bound of 7% for MnO is quite reasonable and contend that nothing
anomalous happens in passing along the 3d group metals in isomorphous
salts. Based on our nofmalizatidn to NMR fluoride data, the reasbnable
agreement with the ENDOR measurement for Ni2+ (Mg0O) argues for the basic
equivaience of data measured in diluted and concentrated magnetic sys-
tems. The Co data consistently show the effects of ﬁnquenched orbital
angular momentum in'all the various techniques. |

We now turh to the trends expected when the 3d metal is held fixed
and the.ligands varied. Only Mn compounds exist in magnetic structures

2_, C17* and S%°. In order

which can be compared for all the ligands F~, O
to incorporatc all four ligands it is necessary to use data from the

quadratic-layer compounds to obtain a chloride valuc. The equivalence
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Table 6. f_ values derived from PAC

PR

FEnma ot raw Tas T s ae

it Fe2* co?* Ni %t -
PAC (L) PAC (f,) - PAC (I5) PAC (f4)
4.2% (KMAF) 3.5% (KFcFy) 2.6% (KCoFy) 3.8% (KNiFy)
3.9% (RbMnF) 2.4% (RBCoF5) 3.5% (K,NiF,)
4.1% (TIMFy) 2.4% (TICoFy) 3.2% (Rb,NiF,)
4.0% (KMnF,) 2.6% (K,CoF,)
3.8% (RbMF,) 2.5% (Rb,CoF,)
NVMR/ESR (f_ -f ESR (fo* f) NYR/ESR (£ ;
o ) 7 (fg) .
0.2% (KMFy)? 3.8% (KNiF;)©
0.33 (RowmF)> 2.48 (RvgFy)? 3.2% (KMgFS)f
o - 1€ .
0.3% (KMgFB) assume fc ~ f"
estimate fc ~ 2.4% ND (f0 + fs)
25% (KNiFs)g
£~ 0.5% : :
estimate fc~ 2.1%
Oxides
PAC (£,) PAC (fy) PAC (£,)
7.03  (Mn0) 6.2% (Co0) 7.1% (NiO)
h
ND(f, + 2f, + £) ENDOR (f,)
3.6% (MnO) 8.5% (Mg0)’
£y~ £, £ < 0.6
. k
estimate fc ~ 1.5% ND (fo + fs)
3.8% (Ni0)
i
ENDOR (£ - £ ) £ - 0.7%
0.8% (MgO) estimate f°~ 3.1%
Chlorides
: (£,+£,)
PAC (f) R———
2 . -4
5.4% (RbMnC1,) 5%(Co Cl¢)
Sulfides
PAC (f,) R
8.6% (a-MnS) '
ND(E +2€.+f )
7.0% (oM™ )
estimate l'g ~ 3.0
et 2t Mrer st SRef 32 Yrer. 53 SRef. 2t TRer. 32 fRer.s
hpef. 38 fRef. 36 Jrer. 21 Kper. 57 et 12 Mpet. 37
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of fo- values between the perovskites and quadratic-layer compounds

KMnFS/KZMnF4, RanFS/szMnF4, KCOFS/KZCOF4, RbCoFS/RbZCOF4 and

KNiFS/KZNiF4 when adjustments for spih déviations and mumber of magnetic

neighbors are made illustrates that the quadratic-layer cbmpoundé yield
fg estimates consistent with a péfovskite—like magneticvsublattice.
The hyperfine fields in MnO and MnS aiso'derive from a perovskite-1like
magnetic iattice4 so we will consider the series RbZMnF4, MpO,.RbZMnCI4
and MnS. ‘ |

One_eXpects'a weak dependence on the Cd-ligand parameters and a
systematic increase in observed hyperfine-fieldvoh'traversing the series
F, OZ-, 1" and $% in the direction of increasing covalency. Table VII
shows that thé,measured fields for the chalcbgenides MﬁO and MnS and
fheir derived spin density paramefers are not consistent with this trend.
We suggest that the answer is reflected in the graph of Fig. 9, in
which we have separated the halides and the chalcogenides and plotted
the derived fO vélues versus the covaléncy pafametér of Hannay and

22

Smyth.“” For all four compounds the magnetic sublattice contributing to

the observed fields are equivalent, but there is a decided difference

2NiF4 structure and thé NaCl structure of
MnO and MnS. In the firsf case fhe fluoride and chloride ligands are
coordinated to only two magnetic neighbors (pure hést) while in thé
NaCl structure the ligands are attached to six magnétic neighbors. The
spin structufe in MnO and MnS “is such that most 6f these moments cancel
at a Cd impurity by symmetry,4 but the charge pullingbeffect'on the

Ligand 1s still present. We suggest that this is the reason why the
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Table VII

H
. hf f

Magnetic Host (KOe) ?
(%)

'Rb2MnF4 115 3.8%

RbZMnC14 160 5.4%

MnO - 208 7.0%

a-MnS 258 8.6%
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chalcogenides have‘fieids of order 200-250 KOe and the "adjusted"
quadratié-layer halides fields of 120-160 KOe. EVén fhough only two
points exist on each "curve”; we feel that thé plot of Fig. 9 is fairly
indicative of the anticipated‘increase in fo due to increasing anion
covélency,
E. CONCLUSION

Wé‘havevapplied a simple model to the estimation of spin density
parameters derived from PAC daté and find the expected systematic frends
-both along a group and down a column. The data iﬁdicate that spin
density parameters derived from concentrated and dilute samples are
'approximateiy equal, and that increasing ligand covalency is reflected
in increasing values of the spin density parameters. We also_cbnclude
that Mn does not act anomalously in either in>f1uoride or oxide series
'and-we estimate fo values for'Mn2+ in the perovskite-like fluorides

of 4% and values of order 7-8% for the oxides.
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FIGURE CAPTIONS

1. Time modulated perturbation factor for Hineg in KCqurillus_
trating thé>effect of a non-zero asymmetry pérameter on the
periddicity of the oscillations. The time calibration is 1.619
ns/channel. _

2. Time spectrum for 111mCd in K2N1F4 at 4.2°% which displays the
effects of a'combined'magneti; dipole-electric quadrupole inter-
actioh. The time calibration is 1.619 hs/channel.

3. Power spectral density.trahsformvof the combined interaction
time épectrum of 111mCd in K2N1F4 .

4. Molecular orbital diagram for the 3d transition metal salts.

at 4.2°K.

5. Schematic diagram of the extended octahedral complex relative
to Cd-doped host antiferromagnets with perovskite—like.magnetic
structures. .. | | |

6. Plot of calculated hyperfine fields based on the extended
cluster model versus spin deﬁSity. The Cd pafameters havé Béen

" held fiXéd in this calculation. ‘

7. Plot.of 1/RCd-Ligand versus the Cd-Ligand éoValency/bond as
defined by Hannay and Smyth. | '
8. Csttallographic and spin structure of KCuF3 showing the half-
filled Cu orbitals after Ref. 30. Another crystallographic modifi-

cationvexists. | '

9. Plot of our estimated spin density parémetersjversus the Mn-
Ligand covalency. Two separate anticipated trends are shown for
the chalcogenides (NaCl structure) and the halides (perovskite-

like structure).
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: _ .
VI. MEASUREMENTS OF SOLID STATE PHENOMENA

A. Measurement of Spin Deviations, Pressure Induced Hyperfine Field
Shifts; and Sublattice Magnetlzatlons U51ng Perturbed Angular
Correlatlons

1. Introduction

TDPAC studies of metals and alloys have prbliferated in receht years
following the resufgence of theoretical intefest in the electric field
gradients of pure metals. Applications in insulatofs femain minimal how-
ever, and have not tended to emphasize the fundaﬁéntal properties of
solids which are potentially available through measurements of magnetic
and electric hyperfine interactions.

The purpose of this paper is to demonStrate.that in a manner analogous
to resonance methods, PAC techniques can be applied to probe a versatile
rangé of'solid state phenomena. Apropos to this endeévor,'we have measuréd
the deviation of the spin expectétion Value.in maghetically two-dimensional
Heisenberg-like antiferromagnets induced by quaﬁtum mechanical zero-point
energy és we11 as the sﬁblattice magnetizétidn_néxtvto a diamégnetic im-
purity. Finally we report the first PAC measurements in an insulator 6f
the préssurg induced shift of the supeftransfgrred hyperfine field in Cd-
doped o-MnS. Section 2 contains the experiﬁental details, while Sections

3 and 4 treat the results and discussion of these experiments.

*

2. Experimental
a) Sample Preparation
2 o\l

' .3
3 KN1F3, and KZNlF

" The preparation of Cd-doped MnFZ, RbMnF 1

ThlS section of work was done in conJunctlon with H. H. Rinneberg and
D. A. Shirley.



-68-

RbZMnFi, and a-MnS3 has previously been reported. The basic technique
' 111m

involves the thermal diffusion of active Csz into materials prepared
according to the solid state reactions
v _ Ao
AX +,MX2“~*'AMX3’
. A ,
ZAX + MXZ~* AZMX4. : | I (1)

Sincé KF and RbF are both highly hygrdscopic, it was nécessary to
work under dry conditions both in the preparation and doping.pf.compounds
reacted in the solid state.

Active o-MnS was prepared by coprecipitétion dried, and then fired

to 1000°C under a stream of dry H,S. The concentratlon of Cd dopant gen-

2
erally did not exceed 0.1 at .% in any of the compounds
b) Equipment and Data Analysis

The measufements.of PAC spectfa taken on én 8 counter Y-y spectrom-
eter and the subsequent data analysis are described in an earlier paper.3

Spectra taken at liquid helium or liquid nitrogen temperatures were.
obtained by immersing an aiumiﬁum sample holder directly into the‘refrig—'
erant. For intefmediate temperatures a regulator of the type described by
Welber et 31.4 was used. The temperaturé was measured using a Au(Fe)/Fe
thermocuple which had been calibrated against a doped germanium thérmom~
eter. A stability of £ 0.2°K in regulation_was‘achieved,over several hours
for temperatures between 15 and 100 °K.

The pressure cell employed in this work is similar to that described

by S. D. Bader5 excépt that the cell body was made out of A286 steel and

four windows were partially machined through the body for easy y-ray exit.
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3. Results. |

Time - spectra recorded for Cd- doped a- MnS are shown in Fig. 3.
_ Characteristic spectra for perovskites (KNlFS, RanF3) quadratic-layered
fluorides (K NiF RbZMmF4), and difluorides (MnFZ) have previously |
been publlshed. The modulation patterns have been corrected for background
and exponential nuclear decay, and all samples'displayed structure con-
sistent with single‘phase'random_poIYCrystals.'Damping in a-MnS under
pressure was accounted for in the least squares_fitting routine by in-
troducing a Gaueéian distribution of fields.

Table I summarizes the data relevant to the epin expectation value
| experiments while Tables II A,B and IlI list the measured parameters
for the temperature dependent .sublattice magnetization and pressure
_1nduced field shift studies
4. Discussion

a) Zero point spin deviations

The problem of how‘the inclusion of quantum mechanical zero point
- energy affects the antiferromagnetic ground state was treated as early ae
1952 by P. W. Anderson.'6 At that time he derived values for the expected
spin deviation within the framework of spin wave theory'and neglecting
lmagnetic anisotropy. Of fundamental 1mportance was the result that the
expected nagnitude of the spin. deviation depended very strongly on the
magnetic dlmen51ona11ty of the lattice. |

Considerable additional theoretical work’ >S>?

has been done on this
problem, but experimental confirmation was lacking until‘the late 1960's

when it was recognized that KZNiF4 and K_ZMnF4 (and their Rb analogs)
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Table I.

Meas. | =3e2qQ
Ty H(4.2°) '@ 20h
Host (°K) (Koe) (MHzZ)
KNiF . 253 104.8+1.5 0.0
RbMnF 82.9 113.8:1.5 0.0
K NiF, 97 54,9+1.5 3.7%0.2
38.5 4.7+0.2

RbMnfy

67.9%1.5
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Table II.A.
MnF,,
T,= 66.9°K
vy~ 16.5 Miz
n= 0.06
T — - iy
(kx0.2 (KOe * 1.5)
4.2 34.0
16.5 as3
21.0 523
1.4 31.5
32.1 e
37.0 s

40.3 -

' 45.2 25.2
50.3 .
_56,9 8

14.6

61.
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Table II.B.
RbMnF
T, = 82.9°
vQ =7 =‘0
T | Pexp
(°K + 0.2) (KOe *+ 1.5)
4. 113.8
17. 111.8
30. 104.6
40. 97.5
50. 87.3
60. 75.0
66. 65.8
72. 51.0
77. 39.8
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Table III.
a-Mn$ T = 156°K
VQ =n=20
H
Host Pressure ' (KOe)
a-MnS 1 bar o 244.4 + 2.0
a-MnS +2.0

20 kbar * 4 kbar 253.6
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represented to a very good approximation two-dimensional quadratic-layer .

ZNiF4 is made up of

magnetic planes which are the same as those of KNiF

antiferromagnets. Figure 1 shows why this is so. K

3 except that along

the ¢ axis a layer of KF separates the next magnetic plane, whose spins
cancel by symmetry at the central ion site. In performing nuclear Cd-

doped experiments in these compounds and in KNiFS, the field at the Cd is

generated'byvfouf magnetic neighbors of the same sublattice in the two-

dimensional materials and by six in the three dimensional KNiF,. In the

3
central magnetic plane of K )NiF, the bond length (Ni-F) is 2.003 A,lﬂ

NEy
very close to the Ni-F bond in KNiF,, 2.007 .10

sotropic part of the hyperfine structure constant (A ) which measures

Furthermore, the ani-

the unpaired spin density in the F_ (Zpo) orbitals has been determined

from 1gF NMR and found to agree within the experimental limits
(A, (KN3F,) = 8.8x10°} amL, Ref. 11; A_(KNiF,) = 9.15 0.5x10°% em L,
Ref. 12). .

We shall therefore assume that the supertransferred Cd hyperfine
field per nearestimagnetic neighbor, HO, is equal in the two cbmpounds.

Using our data for KN1F3/K2N1F and RanFS/RbZMnF4 we will now estimate

4
the'spin deviation in the two dimensional structures.

Taking n = 2,3 to define the magnetic dimensionality, we describe
the supertransferred hyperfine field at the Cd nucleus by

H;‘l‘eas =7 - <-S§Z_>n - Hy | (&3

where Z is the number of magnetic ions contributing'to the field and
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S

<§;>) b
S n

For Z2 =4 and Z, = 6 it follows that

3
eas
D et [ As}
c 7 |-

(2)
gneas
3

In this expression the measured hyperfine fields for the two-dimensional
antifefromagnets KZNiF4 and RbZMnF4 have to be corrected for dipolar
: fields13 of 1.3 and 2.5 KOe respectively.

Although the zero point spin deviation invé three-dimensional
Heisenberg antiferromagnet has not‘yet been unambiguously reSblved, we
will assumé the value predicted by spin wave theéfy6 (without anisbtropy
correction) which gives A, = 0.078.

Using‘the experiﬁéntal field values of Table I (corrected where

2+

' necessary for‘dipolar fields) and S = 1, 5/2 for Ni and an+ respectively,

we obtain the»following estimates from our PAC data
AZ(K2N1F4) ~ 0.26

8., (Rb MiF,)~ 0.25.

Spin-wave formalism yields a theoretical Value6'for A, of 0.197
(uncorrected for anisotropy). Line38 has calculated the effect of finite
anisotropy which can be combined with the anisotropy fields measured by
susceptibilities and AFMR to give A2(K2N1F4) = 0.18 and Az(RbZMnF4)
= 0.167. These values are in excellent agreement with fecent experimental

ENDORY and NMRY® studies which gave 0.20 (KNiF,) and 0.17 (szMnF4).

\
-\
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Our estimates of 0.25-0.26 are high but hot unreasonable in view of the

~ fact that Eq. 1 is a rather drastic approximation for describing the super-

transferred hyperfine field at the Cd nucleus.
b) Temperatufé'Dépendent Sublatticé Magnetization

The temﬁerature dependence of the Cd fields in RanF3 and Msz is
shoﬁn in Fig. 2. For comparison we include the MFA Brillouin function of
S = 5/2 and the'temperature dependence of the sublattice magnetization in
MhFé as measured by 19F NMR.15 RanF3 has the simpie perovskite structure
of Fig. 1 with six nearest magnetic neighbors which_belong to the same
sﬁblattice. In MnF2 the field at the impurity has:to be corrected for a

dipolar contributionl-5 (5.8 KOe at 4.2°K) to obtain the supertransferred

hyperfineyfield. For MmF‘, the unpaired spin_densitybin the Cd s shells

~is caused by two nearest magnetic neighbors of one sublattice and eight

next nearest Mn2+ bélonging tovthe other sublattiée,‘With the latter
probably dominétihg. Altho@gh‘the relativé_sign of the dipolar and hy-
perfine fields is not'known,'the dipolar field is at moét a 20%,Corréc-
tion and is expécted to have the same temperature dependence as the hy-
perfine field.'For'pure MnF2 the exchange integral of nextfnearest-neighbors

is much larger than the nearest-neighbor exchange constant, and the re-

- placement of a Mn ion by the diamagnetic impurity is expected to demagnetize
- the second nearest neighbors so that the internal‘field would decrease

: faster'with'increasing temperature than the host magnetization. Although ‘

_the error of thé‘experimentally determined field in MmF2 is large due to
the presence of the quadrupole interaction,.thevratio H(T)/H(0) is seen

in Fig. 2 to lie systematically below the corresponding ratio for the

host magnetization.
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In RanF3 the 1mpur1ty demagnet1zes the flrst nearest magnetic sub-

‘1att1ce and the use of a reduced f1e1d/reduced temperature plot shows that

the effect is comparable to that found in MnF, .
LoVesey and Marsh’all16 have performed numerlcal calculatlons of the

moment reductlon at the flrst nelghbors of a dlamagnetlc impurity in the

molecular field approx1mat10n. The calculatlons were done for face-centered

and body-cehtered lattices and their results for S = 5/2 with either lattice

decrease more rapidly with increasing temperaturebthan our experimental

data. . . | _' o ’ -

¢) Pressure Induced Shift of the Supertransferred Field of Cd in a-MnS
}Ih a magnetic insulator the eriginvof the field at the doped dia-

hagnetic Cd site arises through oVerlap and covalency effects with trans-

~fer of unpaired spin density from the magnetic jons through the interVeﬁing

ligands and into the s shells of‘Cd. In an insulator these overlap and
covalehcy.effects are short range, and thus the pressure dependence of
th(Cd)‘relates criticallyvto the bond distances and.thus thevrelative.
size of the two effects. | | |

In order to estimate the expected shift in a-MhS'we willluse a
highiy abbreviated.hodel which scales th(Cd) broportional to |
§j<14CH hs) 2; where fO -is the'unpaired spin density transferred from
the magnetic ion to the iigand and <14Cd ns> represents the overlap
betweeh_the ligand orbitals and the cadmium ns shelis. The ligand orbitals

2-

of primary interest would be the S 3pc wavefunctions, which are un-

fortunetelyrnot available even in free-ion form. Thus we shall make an

estimate which uses oniy the pressure'dependence'of fO , yielding
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15 for

Ath(Cd)/th(Cd) = Afo/fo' We also assume the klnetlc model

superexchange which connects J,, the interlattice exchange constant, to

2’

¥

fo by the relation:

J. o« 2£% 4 £2
m (0]

2
2 .

+ f
S

The subscripts m, o, and s relate to the nature of the metal-ligand bond.

217 and MnOlS
imately equal and that f fz >>f2 We will assume the same for MnS and

Available data for MnF indicate that fﬂv and fO are approx-

replace J2 w1th sz. Our estimate for Ath(Cd)/th(Cd) is nowlapproxi-

mated by (1/2)AJ2/J2. One can now use the molecular field approximation,
19 ' |

~ ~in which J2 is proportional to T and the known pressure dependence -

N
-§ (aTN/ap) = 8x10—6bar'1 to estimate a relative shift in the hy-

perfine field of 8% for Ap = 20 kbar. This represenfs an.upper_limit be-

of T

cause the cempressibility of MnS will decrease between the Néel'point

where'T_é(

The observed increase in field in F1g 3 from 244 4 kOe at 1 bar to

oT. /ap) is measured and 4. 2°K, where the data were taken

253 6 kOe at 20 * 4 kbar corresponds to a relative shift of
Ath(Cd)/th(Cd)<xf+ 3.8 + 0.8%. Most of the error in the field shift is

associated with the pressure calibration, which was accomplished by mea-

111

suring the frequency shift of In in Cd metal and comparing. the shift

of Raghaven et al. 20

We also trled to perform these pressure experlments on RanFS’
3 and NiO for which we have calculated the Cd-1ligand overlap in-
tegrals. We found however, that the damping of the spectra for these
compounds was both severe.and irreversible, and we were unable to ex-

tract meéningful field shifts.
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5. Summary

' The measurements presented in this paper illustrate the application
of PAC methods to the study of solid state phenomeﬁa‘in inéulétors. We
have presented an estimate for the reduction in the spin expectation value
due to quantum mechanical zero-point motion which is in fair agreement
with NMR, susceptibility, and ENDOR resﬁlts. Additionally we have shown
that temperature dependent sublattice magnetizations and pressure induced
supertransferred hyperfine field shifts can be measured using the technique
of perturbed angular correlations. A wide variety of solid state properties

still remain to be explored in the near future.
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FIGURE CAPTIONS .
Fig. 1. Crystéllographic and Magnefic Structure of KNiF3 and KZNiF4.
Fig. 2. Reduced Temperafure/Hyperfine Field Plot for Cd-doped Man and
RanFS'
Fig. 3. Time Spectrum of Cd-doped MnS at 1 bar and 20 kbar. The solid
line is a least squares fit to a pure magnétic interaction in

polycrystalline material. The time calibration is O.888>ns/channe1.

coe
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B. Paramagnetic §§}£ts and Spin-Flop in Supertransferred Hyperfine
Structure-of ~7 7 Cd .in RanFs' ' _

Recently [1] we reported the PAC of 111mCdvdope_d-as a substitutional
impurity into the antiferromagnetic perovskifes RanFs, KCoF3 and KNiFS.
The hyperfine field at the Cd nucleus is caused by unpaired spin density
in outer (4s,5s) Cd s-orbitals, transferred from the six nearest magnetic
neighbors aleng‘linear Mn2+ -F - .Cd2+ bonds. Since:the contact field
produced'by_an,s electron is opposite to its spin, the hyperfine field
et;the Cd nucleus should be pafallel to the‘magnetic momenf of the six
neerest'transition metal ions. In the antiferromagnetic state only the
magnitude of the supertransferred hyperfine interaction is obtained, but
the sign'cén be measured in the paramagnetic state by applyihg an external
ﬁagnetic field. | | o

11Ime3 doped

In this Letter we report the time differential PAC of
into paramégnetic, polycrystalline RanFS' The spectra (Fig. 1) were ob-
served at 300°K and 87°K (close to the Néel peiht T, = 83°K), with an

external field Hex = 31.3 kOe applied perpendicular to the detector axis.

t
In Fig. 1 the perturbation factor [2] , A,)G,,(t) = A,,(0.25 + 0.75
cos(4nth) is shown for 111mCd in RanFS-and for a diamagnetic standard

(CdCl2 solutioh) in the same external field. The higher frequency of

i1im., . ‘ . . s ) L
~Cd in RanFs.corresponds to-a-hlgher.effect1ve field H ;. Hoxt * AH.

This paramagnetic shift arises from a supertransferred contact field at

2+ electron spin S = 5/2.

the Cd nucleus created by polarization of the Mn
Since the‘electronic spin fluctuations are fast Compared to the character-

istic time of the PAC experiment, only the effect of the time average -
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<S > is seen."[‘herefore, AH = H f(4°K)’ <S 5/2.5 where H f(4’°K)'

= 116 kOe is taken as the low temperature limit of the hyperfine field at
the Cd nucleus in the antiferromagnetic state and <S ».= 5/2 has been
used as the local ‘value of < S ) for T = 4°K. (A small zero-pomt spin
.dev1at10n has been neglected in this estlmate) The spin expectatlon.value

<Sz> = (- XmHext) /gBNL) in the paramagnetic state can be estimated usmg

the molar suscept1b111ty X = C/(T+6). In this way we estimate for
1Ny in RBMAF,, at 87°K, AH__, = +2.0 kOe compared to
AH, =+ 3.0%0.5 KOe. The lower susceptibility at room temperature corre-

obs
sponds to »a-‘smeller:paramagnetic shift (Fig. 1). In this way the followmg

relative shifts AH/M, were observed;'Ranp3 + 9.6+1.65 (87°K),

+ 5. 1+1 6% (300 K) KFeF + 5.4%2.2% (120°K); KCoF,: + 4.5:1.6% (120°K)

3 3

and KNlF3 + 1.3+1.6% (265 K). Because of the lower susceptibilities,

' small_er paramagnetic shifts were observed in KFeFS, KCoF3 and KNiF3 com-
paredte RanFS/Cd.‘ For KNi_FS the large velues of g and TN led to a para-

_ magnetic shi'ftt}ﬁat lay within our experimental "er-rvo‘r. The ’experjjhents re-

ported here are enalegoue' to 'paramagnetie shift measurements that have

been made on F nuclei in these lattices, using NMR. Because the Cd field

arises from supertransferred hyperfine structure, these shifts provide a

strlngent test of the proposed mechanlsm [1] for spin transfer through

o 2+ 2+

Mn® . - F v-.'Cd bonds.

RBMnF, is a well knovtn antiferrdmagnet with .an”exceptidnally low
critical field HC'- = 2.45 kOe for the spin-flop tra_nSition. Above ‘this
value the spin axis lies perpendicular. to the" external field. In'poly-

crystalline RbMnF /Cd (4°K) the hyperflne fields at the Cd are randomly

oriented for He ¢ = 0, whereas they are conflned in a plane perpendlcular
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to the external field for Hex > HC. Since PAC is sensitive to the

t

orientation of the hyperfine fields relative to the detector axis, this
method lends itself to the observation of the spin-flop transition, as
shown (Fig.'Z). The time spectra were taken with the detectors at 180°

. parallel tc Hex . In this case the perturbation factor can be written as

t

Azszz(t) = Azz(l-bl—b2 +b cos(Zvat) + bzcos(4nth)). The Fourier co-

1
efficients bl,b2 are equal for the random distribution b1 = b2 = 0.4
= 0) and b1 =0, b2 = 0.75 if the hyperfine fields are in a plane

(Hext

perpendicular to H The spin-flop transition was observed as a-thange

ext’

in the ratio b;/b, of the Fourier coefficients (Fig. 2). Since a poly-

crystalline sample was used, the transitionfis fairly smeared out; for a

precisé'detérmiqation of HC a single crystai should be used. - %
This observation gives.further microscopic support of both the '

proposed spin-transfer mechanism and the accepted model for spin-flop

transitions.
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FIGURE CAPTIONS |

111m

Fig. 1. PAC of Cd in paramagnetic RanFS’ cdmpared to a diamagnetic |

~standard (CdCl, sblution) in the same external field H . = 31.3 kOe.

Fig. 2. Spin-flop transition in RanF3 detected by PAC of 111mCd.
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VII. RARE-EARTH VALENCE STATE STUDIES OF THE SERIES'RInS AND RSnz
DERIVED FROM QUADRUPOLE COUPLING CONSTANTS*

A. Introduction

Discussions of the electronic structure of metals usuélly begin
by partitioning the lattice ihto positively-charged'ion cores plus itin-
erant valence eletttons; For.many metals this sepafation is a computa-
tional shortcut rather than an ekperimentally observable feature, but in
the rare-earth metals and their'compounds the 'valence state' has a |
ﬁore exactvméaning. The -4f electrons are sufficiently localized to be
assigned unambiguously to the ion cores, which then'have_tharges of +3
or'sometimeé +2. Considerable theoretical‘and_experimental attention
has recently been focussed on the question of non-integral rare-earth
~valence and valence state changes induced by pressure and temperature.
Most of the cases studied to date have been rare-earth chalcogenides
which have insulating or semi-metallic propertieé, but potentially’ in-

teresting metallic cases have also been known for some time.
' 1,2,3,4

A study of the_susceptibility1 and lattice constants of the
rare-earth series RIn3 indicated that Yb was in a lower valence state
(présumably'+2) than the other rare-earths. The layac increase'in.susﬂ
ceptibilify1 noted on cooling to 1iquid’helium.températures wés taken as

an indication that the valence of Yb had changed from +2 to +3. In the

RSn

3 series_EuSn3 and YbSn3 both appear with divalent4 rare-earths,

= v
This section of work done in conjunction with D. A. Shirley.



as ZRE-Z

-95-

while CeSn3

become quadrivalent4’

is trivalent at room temperature and originally appeared to
21 at helium temperatures. The original conclusions
concerning the temperature dependence of the rare-earth valencies have

been disputed by later M(‘issbauers_8 studies,'but a consistent picture for

the combined In and Sn series has not been published to date.

_iThe RIn3 and RSn intermetallics Crystallize in the FCC AuCuz struc-

3
ture, which places the In or Sn at a site with tetragonal symmetry. The
non-cubic nature of this site leads to a non-vanishing electric field

gradient q which is highly sensitive to changes in the surrounding rare-

" earth valence state. ACcordingrto a simple point-charge model, q should

'scale. as Z'/rs, where 7' is an effective charge. The functional form of

this dependence leads to a gréat sensitivity édvantage of field gradients

_ _és opposed to lattice constants for determining valence states. A change

from +3 to +2 in rare-earth valence mighf increase the lattice constant
by 1—3%, but woﬁld reduce q in this simple picture by'oné-third. We shall
show iﬁ Seétiéﬁ IV that the sensitivity is even»gféater because q'scales
in,Sn for the AuCu3 structure. |

In this paper we report quadrupole coupling constants eZqQ/h deter-
mined by time-diffefential perturbed angular correlatioﬁ of the 247-keV

state of 11_1Cd following the electron-capture decay of 111

In.  Experimen-
tallpro¢edures_are described in Section B, and fesuits are giVen in Sec-
tion}C. 'Oﬁr-résulté are interpreted in’SectiongD té show that only YbIn3’
contains thé‘rarefearth in the.divalent state in fhe RIn3 series;vwhile-

both YbSnS and EuSn3 contain divalent rare earths atvroom temperature.

Data taken at 4.2°K and in some cases also under 18.5 kbar pressure
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indicate that the divaient state appears to be stable in YbIn3~and YbSn3

and that CeSn3

in the trivalent state.

is non-magneticvat liquid helium temperatures with the Ce

’

B. Experimental

lllln activity, which decays after electron capture via

1

The 2.81-day
the 173-247 kéV cascade of 111Cd, was prodﬁced by the 09Ag(oi,Zn) reac- : ;
tion inducedvby a-particle bombardment of a OfOOS Cm natural Ag foil at
the’Lawrence Berkeley Laboratory 88-Inch CYCiotron, The use of natural -

Ag (515 Agi7, 495 agl

n109 (4.3 hr) to decay away, after which the In and Ag were separated

107 09) necessitated waiting about 36 hours for the

I
using magnesium hydroxide precipitation at a pH of 8-9. Géne}ally a1-.2
mg of In cérrierrwas added, and the activity plated out of a formate-buf-
fered sulfate solution (pH 2) onto an In or Sn foil. | |

The active foil and stoichiometric émounts-of rare-earth metals were
then arc-melted under argon on a water cooled Cu ﬁéarth. Because the com-
reacted vigorously dﬁring melting,

ponents for YbInS, YbSn,, and EuSn

3’ 3
some caution was required_to'produce these compounds without splattering .
‘and loss of material. An additional check we also made these compounds
b& encapsuléting the pure metals in a tantalum cruicible-énd sealing
under argon in a quartz tube prior to oven heating. Samples made by
these two methods yielded identical coupling constants within experimen-
tal error. - _ |

Efforts to prepare Fuln, failed. This is consistent with refer-

3
ences 2 and 9 which indicated that only Euln, EuInz, and EuIn4 form stable
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intefmetallics; The attempt to make Eulng resuited in,é spectrum which
was identical to that of EuIn4 when the latter‘compduhd was made stqichio-
métrically. The heavy RSn3 compounds from Tb to Lu (with the exception
of YbSn3) cannot be made in the FCC phase in an arcjfurnace or oven at
conventional pressures.v Our.samples of GdSnS'also shoWed'evidencevforv
not being single phase, but there was no difficulfy in‘éxtracting the
quadrupole coupling constant to *105.

 The timé spectra were recbrded on’four 3.8X5.1 cm NaI(Tl) s;intilla¥
tion crystals mounted on 56 DVP.photoﬁulfipliers using conventional fést—
slow iogic. The detectors were arranged in a square array, labeled cycli-
cally A,B,C,D. Two 180° (AC and BD) and two 90° (BC and AD) coincidence
spectra were routed to a Scipp 1600 channel pulse-height analyzef and later
dumped ontblmagnetic tape for subsequent analysis. The time resolution
measured with a 22Na source with the energy windows‘set at 173 and 247 keV
was 2.0 ns FWHM. The.time-to-amplitude converter (Ortec 437) was cal-
ibrated using an Eldofado,610 digital delay generator.

| When'fbuf detectors are used in this way, with A and B the “staft"
detectors (recording the 173-keV photons) and with C and D the “stop”
| detectors (247-keV photons), the time-modulatidn fUnctiqn'QézAzszz(t)
can readily:be extracted'’ from the four coincidence counting rates
-t/t

N

WAC(S’t) = N0 e EAC[1+ QZZ(AC)AZZGZZ(t)PZ(cgseAC)],

etc., by forming the ratio
“1h/2

WoLW
AC TBD } . |
Vo A0 A, G (t) = Ay G ().
{W/\l) Wl ) ez T 2z V2t

[ 1 o)
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This eliminates the total counting rate NO the nuclear lifetime ™N? and
to a good approximation the coincidence efficiencies YL etc. Only an
average solid-angle correction factor QZZ = 0.9 remains. For convenience

t
it is absorbed into the '"effective' angular correlation coefficient A22'

C. Results-
~ The In and Sn sites in theée compounds haVe:tetragonal,symmetry.
They can therefore be treated as cases of randomly;oriented,'axially-
symmetric electricvfield gradients. The-perturbation factor.for this case;
with I—-5/2 has the analytlc form11 |

(1) G ) = 1/5 + (13/35)cos W, t-+(2/7)cos Zw t +(1/7)cos$u>t

22(t

Here Wy is a basic frequency given by
(2) u, = 3 e%qQ/20n.

Figures 1 and 2 show the time modulation of typical AéZGZZ(t) func-

tions due to the precession of the quadrupole moment of the 247-keV level .

of 111

Cd in the electric field gradient present at the In and Sn sites.
The solid curve is a least-squares fit to Eq. 1. The fit Yields the basic
radial modulation frequency Wy where q is the electric field gradient for

1led 1evel

Cd at the In site and Q is the quadrupole moment of the 247-keV
In Table I we have listed the- 1att1ce constants as well as the quadrupole

coupllng constant e qQ/h (MHz), derived using Eq. (2)
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Table I.A
Compound ' Lattice constant® IeZqQ/hl‘
0" ()

Laln, o 4.7250  72.5¢1.1

CeIn, | 4.6798  77.9%1.2

Prin, | 4.6622  78.5:1.2

NdIn; o 4.6460 | 80.0+1.2

SnIn, . 4.6166 81.441.2

Gln, | Caser3 . 84.211.3

Tbln, | | 45804 . 86.2:1.3

Dyln; | : 4.5699 | l86.4:1.3v

| HoInS:v’ o 45640 - . 86.7%1.3

Erlng : | 4.5552 87.71.3

TmlIn, 45492 . 87.741.3

YbIng = (RT) ~ 4.6053 '_ 38.7%0.8

4.2°K) o 43.4%0.9

(RT, 18.5 kbar) ---  45.0t1.4

Lulng | 4.5434 s 86.7+1.3
a. Ref. 4.

* KX = 1.002495 A, as cast, RT.
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Table I.B
Compound Lattice constant® = Iequ/hI
| | w0 (Miz)

LaSn (RT) 4.7598 o 33.941.0

4.2°K) - - 35.0:1.1

CeSny . (RT) 47119 39.81.2

(RT, 18.5 kbar) | 43.7:1.3

(4.2°K) | ' 43.841.3

(4.2°K, 18.5 kbar) 47.0+1.4

PrSn, | 4.7064 o 41.5%1.2

Ndsng 4.6965  41.481.2

SmSn., | | . 4.6772 42.61.3

EuSn; - L 4.7349 | 12.7:1.3

Gdsn, | . 4.6681 42-43¢4.3

Ybsn, (RT) | 4.6720 21.9+1.1
(4.2°K) | - | - 25.611.3_

(4.2°K), 18.5 kbar) | 29.7+1.8

a. .Ref. 4,

* KX = 1.002495 A, as cast, RT
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D. Interpretation

Recent theoretical discussions' 10

have highlighted the difficul-
 ties of calculating the valence eléctron contribufion toithe“electric
field gradients (EFG) of metals and alloys'when the exact charge distri-
bution around the atoms is not known. .The essential difficulty arises
because the charge distribution of the itinerant valence electrons is ac-
tually 1argely centered around the ien ebres, where it tends to shield
the ionic core contribution to q, and can result inveither the core or
Valence electrons dominating and determining'the signlef q. Even the
separation of the.EFG into separate independent core and electron contri-
-butiens has been brought into question by a recent study17'of the system-
atics of experimental data on metal and alloy gradienfs which indicates
an epparent scaling of the electron centribution to the total ionic core
" term eqlat(l'Yw)'i __

We will not attempt a quantitative interpretation of the magnitude
of eZqQ/h, which would require a‘father elaborate calculation of dubious
value in light of the present understanding of the contributions'to elec-

 tric field gradients in metals and alloys. Instead we will adopt the

form

eq = eqp,y (1-vJ(1+F) - - - ®)
suggested by Ref. 18 and empirically justified on a systematic basis by
Raghavan et._al.17 'In Eq. 1 edy,¢ is the point charge contribution of
‘the "ionic" cores, y_ theSternheimer factor, andvFe a term which reflects

the valence electron contribution.
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- Using the method of plane-wise summation19 for a lattice of infinite
extent, de Wette and Schacher20 performed the lattice sum calculation for
the FCC structure at the In or Sn site. The result of their calculation

yields

ed;, t(In Sn) = -e(8. 67)(2RE In Sn)/ | )]

where ZRE and Z

constant. The factor 8.67 for the infinite lattice can be compared to the

are the assumed metal valencies and a_ is the lattice
In,Sn o]

number 7.0, which we calculated assuming only interactions out to the third
nearest neighbor. Most of the contribution to the EFG is thus short-range
in nature. The quadrupole coupling constants of Table I are related to Eq.

3 by

EXVINICYS 67) (g ) (L) F/mall. ()

In Sn
The study of the rare earth valence and its possible fluctuations

are contained in the form of Eq. 5. If the rare earths in the series Rin,
or RSn; were all in the +3 valence state and the electronic séreening'was
constant, then a pldt of equ/h Vs Z'/ag would bé roughly constant. Any |
slow variation in screéning throughout the series should be refleéted in.q;
while a difféfent valence state shbuld appear as an'abrupt change; To_faq-
tor out thé.ags effect‘due to the grédual.variatiéh in lattice constants,
we have plotfed (as)(equ/h) vs atomic number. Figures 3 and 4 show the
data for the RIng and RSn3 compounds with A.uCu3 structure as well as the
lattice constants of Ref. 4. The near constancy of (a ) (e qQ/h) through-

- out the series argues strongly for the rare earth ions being in the same

valence state-presumably +3- and for the screening'effect of the valence



(e8]
o
o
B
LA
<
¢
bm
o

. -105-

58 60 62 64 66 68 70

“Atomic number

Fig. VII-3.

~ LaCe PrNd Sm Gd Tb Dy Ho Er Tm Yb Lu
— | 1 R
9 | oo — . e a0 —
=~ . 6—5—5—3 as
:E 8r§*/:§—§—§f—f§’f""§ SRR §_ §“405[_’
s . —
L G
O o 1° %
= 5
0o 4l 18.5KBAR\, RT \h > o
X Aggbovear Preex| B B L
N T | RIng series =
_cg_ 2381 18AR 31 * Lattice const. ! 5
b | 70 o equ/h X 0(3) |
| N R U N Y Y SO I N (O N A A

XBL758-3708



-106-

La Pr Sm Gd Yb
T 1T T T 1T T 1T T 1T T 1T T T1
] o ) ® P -. —>
m’\ ' O o
o<T ‘ o—0—"°
N 4 _/ ' — ~
 |© =<
2 —
N:) o
O 3 — ©
% 2
mDO : o
X 5 o S
-C - ‘e ——d
S - RSny series @
o o » Lattice const. =
v | o e2q Q/hxa -
R S T T T S I N

|
58 60 62 64 66 68 70
| Atomic number |
Fig. VIl-4. . XBL758-3704



- -107-

eleCtrons‘being'essentially.the-éamé‘across the rare earth row in these
compbunds.'»DramatiC drops are seen to occur at YbIn;, EuSng, and YbSnz.
The lattice constant Variatiohé for these three compounds from the +3~.
line are of théforder 1-2%, and_clearly‘cannot account for the magnitude
of the reductions. The percentégefdeviatién in the ‘quadrupole coupiing’
constants is ~ 30-50 times larger than that noted in the lattice constants,
confirming the great sensitivity of this parameter to. the rare-earth va;.
lence state. - o
| Room témperéturé suscepvtibinli‘cies,]"21 léttice constaints,l'4 and
Massbauerbspectras_g'are allHCOnsisteht with the assignment of the diva-
| 1entlState to the rare earth in these three compounAS at room temperature.
Gschneidnerzzihas also.thermodynamically evaluated heat of formation data
fbr a number of Yb and Eu compounds and has estimated that for Yb or Eu to
bé'trivalént in a particular compound requires the heats of forﬁation for
the trivalent lanthanides to be more negative fhan'foughly -9 and -23 kcal/
ng at of rare earth respectiVely.v One'thus-generally.expects Yb and es-
~pecially Eu to be divalent in all but the most ionic or covalent compounds.
We would like to show that the assignment of di- and trivalent staﬁes
is also consistent with the absolute magnitudes of the quadrupole coupling
7c§n$tants;v Equation 5 requires the lattice constants, and we will adopt the
value 2, ='4.65 A for the purpose of estimating the coupling constants. The
- error in using an'average lattice éonstént is less than the uncertainty |
in the quadrupolé moment Q of the I = 5/2 intermediate state, whose liter-
ature values span a factor of three. We will use the value Q= O.44b18 and

the Sterhheimer'factor for Cdz+ calculated by Feiock'and Johnsonzs_yw=,29.27ﬁ
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The choice of the charges at the In and Sn sites is dictated'by:séveral
considerations. In the RIn3 series the_assignment‘bf +3 for In and +3 for
the rare earths (except for Yb) would cause the électric field gradient to
vanish identiéally.' This is not an artifact of performing a fiﬁité_lattice
sum but is.a figorous symmetry argument for an FCC lattice in which all sites
are equivalently charged. From MSssbauer measurements in EuSns, Loewenhaupt
and Hﬁfner8'assign Sn as divalent rather than tetravalent. This pulling of

- change toward In or‘Sn is_consistent with the electronegativities'tabulatgd
'by'Teatum21'gE_§l,, who assign values around 1.2 to the rare earths and
1.4-1.6 for In and‘Sn. Finally one requires that.the order of magnitude Qf
the coupling constants should be predicted reasbnably'regardleés of whether
the rare earthS‘ére di- or trivalent. If one assign§ +3 to the rare earths,
then a +1 valence at In and +2 at Sn is consistent with these cbnsiderations.
We will also»take:|(1+F¢)|~jl which is COnsistent‘with‘the observations of
Ref. 17 that F has values of order -2 té -3. It would be perhaps more
reallstlc to take |Q(1+F )|* 0.5 since the uncertalnty in Q is so large.
The 3351gnment_of fl to In and +2 to Sn deserves an additional comment.
10._2

5s“) rather than Cd2+

These valence assignments would imply neutral Cd(4d
(4d10)'with the associated change in Sternheimer factor. One can estimate
this effect by looking at the configurations for I in +7,(4dlp) and +5

(4d10552) valence states, for which the Sternheimer factors23 are

Yo, (I+7) = -16.84 and Yo (I+5) = -18.24. This effect is of order 10%, yield-
1ng Yo (Cd ) ~ -32, and can be incorporated into |Q(1-v_)(1 + Fe)l _For
Q =~ 0.44 barns, 1 - y_=~-33 and ]1+F |~ 1, we obtain [Q(1-y )(1+F2)|

~ 14.5, with a large uncertainty. Using this cstimate and a = 4.65 A, we

obtain
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2 - L _
le“qQ/h| ~ 44 (Zpg | ZIn,Sn), MHz.
Considering firét.the RIn; compounds With'ZRE = 43 and»ZIn =.+1,vw§‘expe¢t
a coupling constant of order 88 MHz. Most of the experimental values are
between 80 and 90 Miz. The égreement is certéinly fortuitous in view of

the uncertainties in Q, F “and the valence assignment of +1 for In. How-

e’
eVer, a rather consistent pictufe.folldWs from these‘assignments. For

YbIn3 with a»divalent raré-earth, one expects a 50% reduction to 44 MHZ.
The measured value is 38.7 MHz. In addition, one expects that if Sn is
divalent the Sn series with trivalent rare earths should be around 44 MHz, -

ahd the experiméntal values generally fall between 40-45 MHz. For”ZSn:+2
héwevér,,fhe.divalentlrare earths Eusns and YbSn3 should have cqupling
constants equal to zero by symmetry. The EuSn, value haé.dropped'to 12.7
Mz, whil_e"YbSn3 is higher at 21.9 MHz. The faiiuré of these values to
vanish identically points out the deficiency of expecting more than quali-
tative‘égreement with our estimates of thevcoupling constants.

As an additional check we measured BaSn,, in which one expects the

3>
~ stability of the Xe core to insure Ba being divaleﬁt, énd found a coupling
constant of approximately 19 MHz. The purpose of the estimate was not to
justify a point Chargé model or our assignment of the charges to the rérev'
earths,. In, and Sn,:but rather to emphasize thét a rafher simple piéture'
of Fhe fiéld grédient can yield useful insight into:the qualitatiye trends.
in these alioys. o

'We now examine the queétidn of the tempefature and pressure depen- -
21

" dence of valence fluctuations in these alloys. _Susceptibilityl’v data, = .

- thermal expénsion measurements,4 and 1attice_c6nstants 4'had‘indicatedv
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that YbIn:,> and CeSn3

valent respectively on cooling to 4.2°K and that YbS_h3 might exist in a

appeared to become trivalent and partially tetra-

mixed valence state at room temperature. We have measured all of these
compounds at 4.2°K and find shifts of order 10-15%, which are not nearly
large enough to be representative of a complete change in valence state.
We feel that most of‘the shift can be accounted.for'by the thermal con-
traction of the lattice. Figufe 2 also shdwé that CeSn3 is non-magnetic.
~in accord with earlier ME)‘ssbauerS data. It is interesting to note that
YbSn3 probably undergoes a lattice distortion on cooling tolliquid helium
temperatures, because the PAC pattern is clearly distdrted from that ex-
pected for axial symmetfy; We have checked thisvto see if it was an arti--
fact of the sample preparation and have found it to be a reproducible fea-
ture of the iow temperature spectra. Room temperature spectra show no
such distortion;

'_YbInS(RT), YbSn3t4.2 K), and CeSnS(RT and 4.2 K) were also run in a
.clamping type pressure cell to 18.5 kbar in order to see if we could in-
duce a valency fluctuation. Shifts on the order of those,éssOciated with
cooling to helium temperatures were observed, but in no case did we ob-
serve an increase which would put the points on the "trivalent line" of
Figs. 3 and 4. We conclude that the compounds CsSn3, YbSn3, and Y‘bIn3
show no'evidenée,for a bulk valence instability dOwn to liquid helium tem-
peratures and pressures to 18.5 kbar. Previous Mossbauer datq on-_’CeSnS5
and YbSn37_have come to similar conclusions. o

'»In summary.we have systematically studiéd the RIn3 and RSnS_com-

pounds_withAuCu3 structure using TDPAC and have demonstrated the high



-111-

sensitivity of this technique to the rare earth valence state. We have
also conducted experiments to probe the possible temperature and pfe55ure'
dependence of the rare earth valence in CeSnS, YbSnS, and YbIn and find

no evidence for bulk Valence fluctuations in these compounds
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FIGURE CAPTIONS

Figure 1. Experimental and least squares fit (solid line) time
modulation spectrum for 1111n in GdIns. The time calibration is
1.03 ns/channel. S

Figure 2. Experimental and least squares fit (solid line) time
modulation spectra of 11lIn in CeSnz at 290 and 4.2°K. The
time calibration is 1.62 ns/channel. :

Figure 3. Lattice constants and quadrupole coupling data for RIn3
compounds plotted against atomic number.

Figure 4. Lattice constants and quadrupole coupling data for RSns_
compounds plotted against atomic number. _ .
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