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ANALYSIS OF THE ELECTRON PARAMAGNETIC RESONANCE SPECTRUM '

OF DIVALENT Es IN CaF2
N. Edelstein
Lawrence Radiation Laboratory
.University of California
Berkeley, California 9LT720"

July- 1970

Abstract
An analysis of the spin Hamiltonian parameters of dipositive Es (Es III)

in cubic sites in CaF, has shown that for this ion l) the ratio of crystalline

2
field parameters —B6/B < 0.21; the orbltal reductlon factor (1-k) =
0.033 += 0.005; and the value of the nuclear moment of 253Es is

uy = (+) 3.62 + 0.5 mm.
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I. INTRODUCTION
Dipositive lanthanide ions (Xe core, yfn)”staﬁiiized in the alkaline
earth fiuoridés have béen intensively.studied'by optical and magnetic resonéhée
fechniques.lfh:'@emﬁafiéﬁnghvithaatomicfbeam%data 6hithewcofresﬁonding free atom
ground statéé (Xe core, hfn,‘6$2),'ﬁhich haVe éimilar.élecfronié properties but
no crystalliné_field effects; have proved‘fruitfﬁl.'.Fromfthe.lowering of the
Landé g valﬁe,(é&) in thejdipésitivé iOhﬂWith reSpect-to thé free atom, covalency

5-T

and from differences in the hyperfine structure constants,

7,8

has been deﬁefminéd;
core pblarization effecfs have been found. -Dipoéitivé Am°® (Ra core, 5f7) has
until.recentlylo beenvthe only dipositivé acfinide ibn_stabilized in alkaline
earth fluorides. Thé ana;yseé of the hyperfine struéture of this ion and of

Pu IV (spectroééopic notation)vhave shown much larger core polarization effects
L Ee sl i Lo 11 . 11
for the 5f series than for the Uf series. Dipositive Es (Ra core, 5f )

has been stabilized in CeF,

.and identified by'its electron paramagnetic resonance
spectrum.lO Aithough.étomic_beam data are not yet aVailablé for Es I (Ra core,
Sfll, Tse) a reaéonable estimaté of gJ from extrapolated parsmeters can be

made. An analysis of the spin—Hamiltoniah péraméters-of‘dipositive Es is .described
in this paper; a limit is placed on the ratio of the crystalliné field parameters,
the importance of covalent bonding is eétimated by use of the orbital reduction

factor, and a value for the nuclear moment of 253

Es (I = 7/2)2 is obtained.
The electron paramagnetic‘resonance spectrum at 4,2°K consisted of

eight isotropic lines which were fitted to the spin Hamiltonian

H=gBF -5 +aT-5 : . | (1)
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-w:Lth st = 1/2 and I= 7/2 _ The va,lues of the para.meters are llsted 1n Table I
: The agreement between the measured g value with that" ca.lculated for a I'6 Stat o i
of a pure -hIIB/é multiplet (g alc. = -6 O) in cubic symmetry was close enough to e
~énable thls spectrum ‘bo be ass1gned to dlpos:Ltive 25‘-3E.s"'.‘:l-_o' ‘ v
' ‘ : ' ot
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IT. THEORY AND RESULTS

A, BgtiQ of Crystalline Field Paramete:s

The elégtrénic configuration of Es IIT outside closed shells is Sri.

The ground térm is mainly hI_which, ihcludiﬁg the effects of spin orbit cpupling,
will have a J = 15/2 multiblet lowest. ‘The spin orbit inferaction mixes states
with-different_L and S but is diagonal in J so this gquantum ﬁumber may be used

to label intermédiate coupled states in the absence of J mixing by the crystalline

field. The crystalline field Hamiltonian for cubic symmetry is written as

1/2 - ,‘
) /2, () (n))]‘

kg

= (%) , (5
H = BhLCO + (IE (C_) '+ ch
(2)
(6) _ (14172 (L (6) _ (6)
*Bgleg T ~ @ e T,
where
o) o f ail ]1/2 Y
“q 2k + 1)° kg
and the -Y .2 ére‘nofmalized épherical harmonics.lS,IThi?*potential will split- the

sixteen fold dégenerate J = 15/2 state into two doublefs, F6 and T7, and 3 éuartet
F8 étaﬁeé.k.The felative energies.of these five crystalline field stétes depehd
only on the fatiénof the crystalline field parameterég Bh_and B6.  By determining -
which cryétalliﬁe field state has the lowest enérgy,we may setva limit on the
ratio 36/Bh, . Graphs of the crystalline field energyilevels_vs avparameter related
to the ratid df'B6/Bh have been given for cubic symﬁetry by Lea,‘Leask? and Wolflh

for all J states between 2 and 8 in half integral steps. .A similar graph has been
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given specifieally for the fllusyétehﬁln{eiéhtfeldvceofdina%loa by Weakliem‘and
Kies;e (Fig{ T in their paper) anavsinee.our convention for the érystalline field'
Hamiltoﬁian'ielfhexsame‘as these’authors, we havevuseaxtﬁeir'graph to determiaer
,—B6/Bh < O.2llfof the P6 state to be lowest.'l5 If the»ratio'«B6/Bh > 0.21, the
FT state wouldeﬁe;lowest'which is;contrary to ﬁhe exﬁerimental result. This
result-fof EeVIII in CaF vis_the same gs that foand'for Ho IIT in the alkaline

2
earth fluorides,l’2

B.. Covalent Effects
In the absence of crystalline field mixing of J levels the measured g

value for the T; state of Es IIT should equel

where ‘iélthe Lande .g _value for the free ion EvaII.= In'order to determine

&
gj for Es III in intermediate coupllng we “have used extrapolated values for the

Slater radlal parameter F and the spln orblt coupllng constant S and assumed

2
hydrogenic ratlos for Fh/F and F6/F to determlne these’ other Siater radlal para-

: 13
meters. > The electrostatic'and spin orbit matrix Wa$£§1389nalized~andg-ff-
the resultant ground state eigenvector was used to calculate an intermediate

' ' . 16 o ..
and & were reasonably varied” and . it was

coupled"gj value. The parameters F,

found that'{gj was not sensitive to these-parametere.ft The results.are sum-
marized in Teble II. Experimentally (Eq:.(3)) we find g = 1;162 * 0.002.

: _In‘ofder to determine theneffect'of crysfalline field mixing on the
measured g avalue; the electrOstatic, spin-orbit and crystalline field'matrix
elements for the fll configuratiOn“were;calculatedfand*thernesulting-ma#rt&'

diagonalized. A truncated basis set was used which is shown in Table III.

[N
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The L-S basis‘sef and the J states needed were chosen from the most imporﬁant

terms determiﬁed-in the first calculation. Oﬁly theiJ_= 9/2 ﬁhrdugh\15/2 states
were included in the dlagonallzatlon. This maﬁriX"was checked‘by COmparing*our,
elgenvalues.for Ho III w1th those given by Weakllem and Klss.2 There was excellent
agreement for this lanthanide ion.v A value of F2 and E -were taken from the
previous calculatlon of electrostatlc and spin orbit matrlx elements, and the
crystalllne f;eldiparameters obtained for Pu IV were‘used.lT

lationstd sho'w'(’r”)P v ><r”>E . and {0  pu v > (r6)E -

Dirac Slater calcu—
so the Pu IV

. crystalline f1eld parameters are a reasonable approx1matlon for d1p031t1ve Es.

The results of these calculatlons are shown in Table IV. The value of 83 found

from this calcﬁlation is 1.185. The mechanism of erystalline field mixing of

J levels therefore might account for'approximately.lO%IOf the reducfion of gy

5

Tt has been shown from fluorine ENDOR experiments on rare earth ions

and Pu IV19

thet covalent bondihg is present ih.rafe earth and actinide ions
doped in elkaline earth fluorides..~We now assume covalent bending;is the most
impoftant mechenism causing the redueed 83 value although we can ﬁot rulé,dut
the orbit-lattice interaction described by Tnoue. 20

The effect of covaient bonding willbbe to reduce the orbital angular

momentum. This,effect,is parameterized by the introduction of the orbital

reduction factor. Fdllowing Bl_eaneyT

e ~g; =0 =-(2-g)1-x) oW

Es III  Jexp &7

where (1-k). is,the reduction in the orbital k-factor. For Es III'_(l-k) =
0. 033 0. OOS, the uncertalnty 1nc1udes the p0531billty of the J mixing con-

tributing to the reduction. Table V lists'values of (1-k) for various

&g

ions in CaFé.
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C. Hyperfine Structure

v The h6n—re1ativi§tic hyperfine Hamiltonian is.

288 p N} . : - - o
N . 8 -
H= —1— jz: 3 EE: Szdg X B

i T

where B and. B are the Bohr and nuclear magneton réspectively; QN is the_
nuclear moment I the nuclear spln,lz the radlus vector for the ith electron,
and G(Ei) is the Dlrac delta function whlch 1s non-zero only for s.electrons.
The operator givls written in tensor operator notation as -

N, 5’&41* (10)/2 (s ¢ )il) , _{ ", “ | i(6)‘.

(2)

where &i and . Ei are the orbital and spin angular momentum vectors and ¢

o 2 : : ' . N , .
~is a second rank tensor. 1 .We :have .used-this.Hamiltonian-and-typical wavefunctions

obtained from the parameters discussed previously and calculated the matrix

elements needed to derive a nuclear moment from the measured hyperfine constant.

In these calculations we have assumed that no J mixihg by the crystalline field

occurs. The two largest uncertainties in this calculation are the value of

(l/r3>ES IIiﬁand theamagnmtudefofnthe-termbﬁhiCh‘transfcrmswathhe op‘ei'a,tor"ﬁ:.L

which_includes both f electron relativiétié effgcts and core polarization
_effects.22’g3-AIf We'noW”makeotheﬂstUmptiéﬁ:tha@nthétmagneﬁicafield-per-unit
spin.at theiﬁuCleus:is cbnstantathrbughouflthe“actihide:§eriés;7*wé‘ﬁéy0caléﬁ;~
late cqre\pgiarization énd relativistic f--electron;éffécté~in Es IIIfffém our

previous result on Pu IV,ll

. 7 uy : | . o o
a = -:(556 + h2)(gJ - l)jr-Mc/sec . : (1)
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This assumption was made by Bleaney for the lanthanide‘Series,T but experimental

2L ’ . 25

evidence on Tm.III and_theoretigal calculations by Freeman and Watson have

questioned the vaiidity of it. Although,this'assumption‘is probably incorrect

..we have used it in order to estimate the magnitude of core polarization for Es III.

Tablé'VI‘iists the values of the matrix eleménts,neededl We have con-
verted our measuted hyperfiné'coupiingvconstant for the F6 state to its free ion

value.by _
ol =80 - (8

where a is the'hyperfine coupling constant for the free ion. The hyperfine

coupling conétant may be broken up into two terms
a =a_ +a . a, = LB B <l/I'3> <¢i Iw) s (9)

where “a. comes from the first part. of Eq. (5) and ac;'the core polarization

term (including'relatiVistic effects) comes from the second part of Eq. (5). In

order to evaluate- a, we need values of (l/r3} for E52 . Recent relativistic

calculations of Lewis gﬁ_gl,lB have tabulated values of (l/r3) and these are

" reproduced in Table VII for Es I and Es III. ‘Since these calculations are rela-
- tivistic (l/r3>£,# (1/r3)sC2 4s is true in the non relativistic Hamiltonian and
"(l/rg?s gives.thé relativistic correctioh_for f electrons but doés not include

‘coré polarizations effects. In previous work it was found that (l/r3)£ given- -

: » . ‘ S, ‘ 7.3 . .
by Dirac Slater calculations was~low-by approximately 9%ubutg§1/r )é~agreed:w1th

experimental measurements for free atoms'.ll In Table VIII we tabulaté‘values'of the
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253

nuclear moment of “”~Es calculated using various approximations 1) <l/r3)2 as

given by Dirac Slater calculations -and a, -as given by .Eq. (7)), 2) (l/r3)i’given

» by Dirac Slater calculations and ac_,including,pnly fgl&&ivistig.effects as given"
by the Dirac Slaier'calhulationé;,3)"(1ir; Xz’increased by 9$;asﬁfoﬁndeﬁéviously,
a, given bvaq.:(7)§ L) <l/r3)2-increased by 9%, a, including only relativistic
effects as given by the Dirac.Slaxer:0a1Culationé.-HIn;theséxCalculations we have
assumed { 1/r 2y = 1/r sC2 because as shown previously ~ when the angular fac-
tors are considered this approximétion will affect the results by less than 1%.

Also uN2,' ‘and therefore aexp' have been assumed to be positive since nuc-

538 - _ _
lear sys,temat'ics2 and Schmidt diagramsvapredict this sign.

IIi. DISCUSSION
if werassume the ioﬁering‘of.the g value-is dﬁé‘to covalent bonding
then we canvcoﬁﬁare the value.found fof Es IIT with,tﬁé lénthanide series. Table‘V
-gives this cc@ﬁarison_wﬁich.sﬁdwé.mQré éovalancyvforvthe actinide ion than'fbr
the lanthanide iﬁns; This effeét is not surprising éincé_the mére exténded 5f
orbitals reSuitvin gfeéter overlsp with ligand orbitais than do the hf 6rbitals.
The ratio of'the crystalline field parameters is again as found in Ho.Iii, the cor-
résponding lgnthanide. This result égfees with our‘prQVious conclusion that actinide
jons.with'Z > 94 in alkéline earth;fluoride 1&t£ices wili;havenprbperties similar
_ . v 17 .

to those feund in the lanthanide:series. 'ﬁItﬂﬁill;be of:interest'tovCOmpare the

hyperfine’coupling-conetantssof Es%Iband}Esilli:(this,work) when atomic beam data on

the free atam become available. The quantities <l/r3> for Bs I and Es III (from -

Table VII) differ by less than 1%. The dipole part a, depends almost entirely

f

on the matirx element containing the operator &i which acCording to the g
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value analysis'ié reduced by'abqut_3% for Es'III-as'compared with Es I. Again

vaccordiné to}Tabie VII, fhevrelativistic effeéts,for 5f electrons are approxi-

mately the Saqe*fbf Es I and Es III. Previous workll’18 has“§thn that core polari-
zation effects in the hyperfine structuré of freé atoms of the actinide series

are small‘or.ﬁegligible sovany difference in the hyperfine_sﬁructure constant

of ap 1 - aEs”iII greétef than v +4% mayvbéuassigned‘to core polarizatioh of

the ion. . | o

- In oufvcélculation of the ﬁﬁcleaf.moment.of 253Es the main'error is the

value of (l/r3)§.- Ouf previdué.wbrk on Pu IV showed the Dir;¢rslatéf calculation
td be low. 'We ;§timated the magnitude of core_polarization‘to be -3.5%. We

now arbitrarily'éorrect theivalue of (l/r3>2by +S%-énd'give as the value of -

UN(253ES) =.(4) 3,62 i O;S.nm. Our value of the_nuélear;moment is considerably

lower than the oOne derived from the analysls of the -emisslon spectra of Es II;l
(IUNI = 5.1 % 25% nm) but somewhat larger than the value obtained from nuclear

orientation expefimentse6 (]uNI = 2.7 £ 1.3 om). .
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Table . I. Spin Hamiltonian Parameters for 22

3

'UCRL-19936

Es IIT (Ref. 10)

]

legl = 5.809 + 0.005

s
I

(0.1216 * 0.002)cm

-1
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Table II. Parameters used to -calcul‘a_ﬁe-free lon g values

F2 . E : ‘ ‘ g-J

308 - - 3226 S jj 1.191
308 o3k '»;_';_ 1.189
308 R 3913 : { 1.188
326» - 3226 o 1.190
00 3649 - 1.188
3éd' : S 3913 : 1.187
358 4 3226 o : 1.8
| 358 | 3649 L 1.188
8 3013 L 1.187
8. 4220 o 1' 1.188

Mean 1.189 % 0.002
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Table ITI. Basis.set used'for.thélcalcuiation'bf'elécﬁfdstafic, spin-
orbit, and crystalline field matrix elements. (thation‘from C. W. Nielson and

G. F. Koster, "Spectroscopic Coefficients for the p", d°, f" Configuration,"

Technology Press, Cambridge, Massachusetts, 1963)
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Table IV. Efféét of crystaliine field mixing on the 'g value of the F6 state

&

Ion F2 Bh ..B6 gr6
(cm™) (em™) (cem™) ';g(cmFl)’ |
o+ ) ' R L :
Ho 11980 395 2360 -465 5.97h
Es - k220 358 - 6200 -12ko 5.924
2+ 4220 358 0 0 ' 1.188

Es
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Table V. Orbital reduction factors for various ions in CaF

"UCRL-19936

2

Ton Configurationv (1—3)_ Reference
Hoo hett 0.016 * 0.001 7
™=t b3 0.009 % 0.001 T

3+ bet3 0.016 + 0,001 .5
Es2 selt 0.033 +0.005 (this work)

o
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Table VI. =
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Numerical values for the hyperfine.matrix elements
.. with varying parameters - :
Parameters . Operators ( }
R ' 2a1/2, . 25(1 - . e

Fp g »&i_ -107" (€M N; 8, 2(%, + 23,)
(n™™) (™) |
337 © 3226 . 0.8098 -0.035k 0.774k  0.1902 1.190
358 220 0.8127 -0.0378 0.7750 ~ 0.1873 1.187
308 3913 . 0.8139 0.1861 1.186

-0.0386

- 0.7753
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Tgble VII. Results of Dirac-Slater céi:'cg’iati'éns"for
S Es I and Es III (from Ref. 18) .- '

i

. A1/r )'Q‘i B (1/r )(_s_cg)i_ '(}/r )'s

BsI .10.19 12T o -l

TEs IIT . -10.27 1255 . -1.05

>

N
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Table VIII._5balculated values for the magnetic dipolé_moment Hy of
(See text for the explanation of diffefencés between the calculations)

' .  ._  "jL R I - .
| Calculation | af(uN?Mc/sec ac(pN)Mc/sec_ uN(nm)
1 o (+) 77209 -104.0 C(+) 3.8
2 . )T . =790 . (+) 3.68 -
3 (+) 8k2.2 - -10k.0 (+) 3.46
! o (+) B2 -0 () 33k
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