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The peculiarities of electron—nuclear and
pseudo-Zeeman interactions of *F nuclei in KZnF;: Er**

M L Falin, M V Eremin, M M Zaripov, I R Ibragimov, A M Leushin,
R Yu Abdulsabirov and S L Korableva
Physico-Technical Institute of the Academy of Sciences of the USSR, Kazan, USSR

Received 16 August 1988

Abstract. The investigation of Er*” (4f!!) ions in a KZnF; crystal is carried out by means of
electron-nuclear double resonance. The parameters of the interaction of Er** with F~ ions
of the nearest environment are determined. The microscopic calculation of these parameters
is carried out. Also, the microscopic calculation of the pseudo-Zeeman interaction par-
ameters is carried out for the first time.

1. Introduction

The paramagnetic atoms having a I'y quartet ground state are very informative in the
investigation of electron—nuclear interactions in crystal. This paper contains a report of
the continuation of work presented by Falin et al (1987) and is concerned with the
experimental and theoretical investigation of the interaction of Er** (4f'!*I;5,,) ions with
fluorine nuclei of the nearest environment in a KZnF; crystal. The choice of KZnF;
crystal is determined by the fact that for the KZnF;: Er** system the Stark structure of
levels and the wavefunctions of the ground state are determined experimentally (Antipin
et al 1976).

The spin Hamiltonian has five independent parameters differing from that for Kra-
mers ions in a cubic crystal field which have two parameters. Thus it is possible to control
the developing theory more rigidly. It is known that the interaction of rare-earth ions
with fluorine nuclei differs considerably from a purely dipole-dipole interaction.

We hope to clarify the reasons for such a difference by a more thorough investigation
of the KZnF;:Er®* crystal. In particular, in this paper, we study the effects of spin
polarisation of the outer 5s and 5p shells in more detail than was done previously in the
papers by Anikeenok eral (1982, 1984, 1986). Previously the effects of spin polarisation
have been used only for the analysis of rare-earth ions in the S state (Watson and
Freeman 1961, Casas-Gonzales et al 1986). Clarification of their influence on ions with
a non-zero orbital moment presents an additional stimulus to develop the theory.

2. Experiment

The present investigation has shown that Er** in KZnF; substitutes Zn>* isomorphically
and the charge compensation occurs non-locally (figure 1). In the octahedral crystal field
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Figure 1. Structure of the admix-
ture centre (ErFg)*~.
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Figure 2. The splitting of the *I;5, term of the
Er** ion in the cubic field of KZnF; (Antipin et
al 1976).

the ground term “I;5, splits into two doublets I's, I'; and three quartets T{), I'?, T,

one of which is the lowest (figure 2).

The experimental study was carried out by means of ENDOR. The experimental
conditions are analogous to those used by Falin et a/ (1987).

The local symmetry of each of the six F; ions (i = 1, . . ., 6) corresponds to the Dy,
group; the Hamiltonian describing the interaction of the central ion and F; in the

X, y, z coordinate system has the form

% =gBH S + g'B[4H, 0% — 3(H,0} + H,Q}) + 5(H,0} — H,Q3)]

+af? X SiH} +bp?

(SkS; + 8,8 )H  H,

k=x,y,2 k,l=x,ly,z

—gEBH- I+ X2 [ASIL+A (S I, +S,I,)
i=3,6

+ A, 08 + A, (O3 + QIL) + A, (O3 — Q3L
= BullgmH I + gu(H. I + H,I})]03

+8uH (0L, + QL) + gui(O3H, + QiH,)I;

+ 8us(HL I, = H, 1) O3 + gu6(H, I, + H,I;)Q3]]

+ D IAS L+ A (S L +S,10) +HA, (503 - 301

i=1,y

+ A,[(593 - QY +2(50% - O]
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= As[(Q3 +3Q)I; — 2(303 + OIL]}

= Bul—3gmH L. + gn(H, 1, + H.I1))(0F - 303)

+ 3 g,H, Q0L + Q31) + 3 8,4(2O5H, + Q3H )L

= 3gus(H, I}, — H.1:)(03 + O3) + 2gn6(H, I: + H.1})Q1}]
+ 'EZS[A”SyQ +A (S I+ 8.1

= H{A (593 +3Q)I + A,[2(505 + O

+ (503 + ONLL] + A;[2(303 = OYIL — (03 - 301 L]}

- ﬁn{_%[ganyI; + gHZ(Hin + HxI;)(Og + 30%)

+ %gnBHy (Q%I; + 29%12) + %gnét(Q%Hx + ZQ%HZ)I;

+igns(H, I, — H I.)(0F = O3) + 28u6(H. I} + H,I})0}}] 6y
where O}, and Q, are spin operators (Altshuler and Kozyrev 1972); A|, A, A}, A and
As are the components of transferred hyperfine interaction (THFI); g1, - - ., €6 are the
parameters characterising the nuclear pseudo-Zeeman interaction. The Hamiltonians
of the interaction of Er** with F~ situated in x, y axes have been obtained by means of
transformation of the corresponding local axes to the general coordinate system.

The total Hamiltonian of the complex (the central ion and the atoms of the nearest
environment) were averaged on the electron states with accuracy up to second order of
the perturbation theory in the usual THFI and up to first order in the other terms in (1)
using the approximation of the usual strong electron Zeeman interaction. Then the

expressions for the frequencies of ENDOR transition for all F_¢ ions were obtained from
the operator containing nuclear variables.

vi¢=(P— Cy)?cos’ ¢+ (Q — C,)?sin* § + C} )
where
P=MA) — u(M)A% — v,
Q=MA, —uMAA, — v,
C, =HA;(3—5cos* DO + B,[—gu(1 — 3cos? B) + g, sin? $|OH}
C, = H{[A,(1 — 5cos? §) — A; cos 4¢ sin? $]OY + B,[—gm(l — 3 cos? &)
+ gn3 €082 &+ (g5 c0s22¢ + g sin’ 2¢) sin? F|OJH}
Cs = ~HA30% + 14805 — £15)OYH] sin 49 sin’ .
v}, =(P— Ci)?cos® gsin®? &+ (Q — C;)?sin? @ sin? ¢
+(Q — C5 — C4)? cos? B (3)
where
Ci =#HA,(3 — 5cos? g sin? HOY — 4B,[gm(3 cos? & — 3 cos 2¢ sin® # — 1)
— 2g.4(1 — cos? @ sin? §)|OIH}
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Table 1. Spin Hamiltonian parameters. The following values were taken from the work
of Korableva (1978): g = 3.990(5); g’ = —0.035(5); a = —0.081cm™!; b, g.3, &ns» &ns = 0.

Fluorine A, A, A, A, A,

shell (MHz) (MHz) (MHz) (MHz) (MHz) & & 86
1 25.16(5) —22.56(5) 0.58(5) —0.42(5)  —0.11(5)  0.03(1) 0.02(1) 0.03(1)
2 3.28(3) -1.63(3)

3 1.35(2) -0.65(2)

C; =HA,(1 — 5cos? ¢ sin® 9) + A3[3 — (4 — cos?g) sin? 9]}0)
— 3B.lgn(3 cos? & — 3 cos 2¢ sin?d — 1) — 2g,; cos? ¢ sin? &
— gus(1 — cos 2 sin? ¥ — 3 cos? §) — g, cos? Y|OSH
Ci=—H5A,cos2@sin? $+ A;[8 — (19 — 14cos? @) sin? $#]}0Y
+ 3B, [gus(cos 2¢ sin? ¢ + 3 cos® & — 1) — 2g,4(cos 28
+ cos? ¢ sin® §)]OIH.
v}s=(P— C{)?sin? g sin?d + (Q — C3)? cos? ¢sin® &

+(Q - C5 — C%)* cos® ¢ (4)
where
Ci=3A,(3—5sin? gsin®>$)0Y — 4B, [gn (3cos2¢sin? ¢

+3cos? ¥ — 1) — 2g.4(1 —sin? gsin? )]|OIH
C5 =HA,(1 —Ssin? gsin? §) + A;[3 — (4 —sin? @) sin? IJ}O}

— 1B.[gn2(3 cos? ¥ + 3 cos 2¢ sin? ¢ — 1)

— 2g.5sin? @ sin? ¢ — g,s(1 + cos 2¢ sin? & — 3 cos® 9)

— guecos® F|OIH
C§=—H-5A,cos2@sin’? 3+ A;[8 — (19 — 14sin? ¢)sin? 9]}O}

+ 3B, [gns(— cos 2¢ sin® & + 3cos? ¢ — 1)

— 2g.6(cos 28 + sin? ¢ sin? §)]OIH.
M is the projection of the electron spin on the direction of the constant magnetic field
H, u(M) = [S(S + 1) = M?]/2gBH and v = g£B.H.

In the experiments, H changed in the x—y plane and made an angle ¢ with the x axis

(¢ = 90° (figure 1)). The investigation and analysis of ENDOR spectra are similar to those
given by Falin et al (1987). The experimental values of the parameters of the spin

Hamiltonian and the data on the interaction of Er** with °F nuclei forming the second
and third coordination spheres of the environment are given in table 1.
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Figure 3. A schematic diagram of the appearance of the local field on the ligand nucleus
due to the polarisation of the filled [ shell of the rare-earth ion.

3. Theory

According to Anikeenok ez al (1986) the A, components of the THFI tensor are obtained
by averaging the Hamiltonian of electron-nuclear interactions of the general form

%, = 2bUK[(RD[D)Y® CW)] (%)

where RU) are irreducible tensor operators, IV the spherical components of the nuclear
spin /, bUV* the combinations of the transfer integrals and C® the spherical tensors of
the angles #and . In our case, C¥) = 1. The reduced matrix elements of the operators
WU and V) for the ground state |4f'! *I;5,)Er’* have been given by Anikeenok et al
(1984). The effects of the spin polarisation of the outer filled 5s and Sp shells of the rare-
earth ions are accounted for by means of the configurational interaction method. A
diagram of the virtual electron transferis givenin figure 3. The line labelled 1 corresponds
to the Coulomb interaction of the electrons. [, [, and [; denote the orbital quantum
numbers of the filled, non-filled (4f) and empty shells, respectively. /. is the quantum
number of the ligand shells. The broken circle in figure 3 corresponds to the hyperfine
interaction of ligand electrons from shell /. with nuclear spin /. Lines 2 and 4 correspond
to the electron jumps.
The matrix elements of the irreducible tensor operators RV are determined by

R sty = -1y ) ©
-M m M/

Here I are spherical components of the ligand nuclear spin. The quantities b/V% are
determined by the expression

bV = — \/ZITHJ OO (] || WO | 7)g®

U+l (k1
15 ]_2{1]

1y - -
TN WAk qp Y g kD) J (2K 1)k
2 2 2 k}(w | [ yJ)g* v

3 - N S
+5 \g (I VD [[pT)g T )
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l; k ll/
J(Ok)k=(—1)’a'(0 )Elmass s’ ®
2 k
jek= 3 (—1)2+k1+qm< ! k>(_1)z/a—mr
ol ~q q 0
Lok L e 2L
X V2K, + 1 ( 1 >(—1)’"m ( >
-m' q m" —m g m
X A,l(;m/apljgm” (9)

1
jHk= 2 (—1)”*#%/@( . l;)(—l)’?"”’
-9 4

qmllm!

il kD L1
X V2, + 1( ' )(—1)%—*"( )
-m' q m" —-m' q m"
X l,;m/apllgmv (10)

g =2 kZ (=1 R+ (1 || CR2 | 1,)(1, || CF2 | 1)
2

L, I j yR®(,, 10,1,
x{ } ( ) (11)
I, 1, k Al
2 <2®(” . Lol 7Y«
5() = 2 /+k2+1{ }@( z))_ 1
& A \Zi+1 (= S (12

The quantities ©}) and ©%? are well known in the theory of crystal-field shielding of 4f
electrons (Rajnak and Wybourne 1964).

The pseudo-nuclear Zeeman interaction is calculated easily based on operator (5).
The effective operator of the interaction of F~ nuclei with a magnetic field has the form

Herr = [(yo| 2OTARDIVYO CO) )}, g BHI |90+ CC(E, = Eo)™! (13)

where g; is the Lande factor.
The values of the transfer integrals obtained may be used to estimate the intrinsic
parameters of the crystal field. The crystal-field operator may be written in the form

o = B (R)(-DICHICE (B, 01) = T BIC 14

where C%, (%, @y) are spherical tensors of the angles ¥, ¢, fixing the direction of the
axis of the metal-ligand pair relative to the chosen coordinate system, Cj k are spherical
tensors operating within the states of the 4f shell and e (R, are the intrinsic potentials
of the crystal field (Newman 1971). According to Eremin (1988), a are determined by
the following expressions:

a® = =Z((r)/RY)(1 = 03) + (5/4m)(R%CF V)
+ % (T5Sut + T Sups + 3T S 4tr)
$(ess— €, — &, + € /R+ a)(Sk, + Sips +35%)
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~ $[£2p (%o +3%) + €287 ] + $[Aopes (Vieo + 3¥3re)
+ A Vi) + [$FO(£,d) - BGW(E,d)
+ GO, d) — ¥ GO, D))(viao + Viax) (15)

a® = =Z e ((r)/RY) + (9/4m)(R%CEIV.) + # (ToSuto

+ TsSums +3T 1 Sutz) — 3 (64— €, — €, +€*/R+ @)

X (8%0 + Sips + 35%) — $le5p(Skeo + 35%,)

+ €2 8%0s] + $[A2pu (Vo + $v32) + AnearVis]

+ [#FO(f,d) — #GO(f, d) - #:GO(L, d)

= sGO(f, A)](vao — $73ar) (16)
a® = =Z{eX(rS)/R] + (13/47)(R%CE|V.) + # (ToS4to

+ TSupps + 8T 1 Sun) — % (64—, — 6. +€* /R + )

X (8% + Sins — $8%) — ¥ [2p(Sho — 8S%x) + £2:5%0]

+ 3 [Aspus (Vi = 373tx) + Aosar¥Viss): (17)

Here Z/ is the charge of the ligand ion and o, the shielding constant (Gupta and Sen
1973); the second terms in (15)—(17) are due to electron overlap of the density—density
type. These terms have been studied recently in detail (Garcia and Faucher 1984). T,
T, and T, denote the kinetic energy integrals and Sz, Sit, and Sy, the overlap integrals
via s, o and 7 bonds in the metal-ligand pair. It is assumed that the z axes are parallel
and directed along the pair axis. &4 is the Hartree-Fock energy for 4f electrons; ¢, and
€. are the lattice energies of electrons in the @ and ¢ positions (the Madelung energies);
« is the approximation factor for exchange two-centre integrals of Coulomb repulsion
via overlap integrals, i.e. (4fo, 2po|e?/ry,|2po, 4f0) = aS? and so on. According to the
estimates of Newman and Curtis (1969) this factorisequal to 0.43 for rare-earth fluorides.
&, and &, denote Hartree~Fock energies of ligand electrons. F*(4f, 5d) and G¥(f, d) are
direct and exchange integrals of the Coulomb interaction of 4f and 5d rare-earth ion
electrons.

4. Discussion of results

The wavefunctions of the Er’* ground state have the form given by Antipin ef al
(1976):
Y1, =0.0444 | F 13 )+ 0.4896 |+ )
—0.4584 |= ) +0.7404 | = §
Y34 =0.0511|F% )+ 0.1772| %3
—0.2095 | =3) + 0.9603 | = ).

1
ry

The wavefunctions of the nearest excited states necessary for the calculation of the
pseudo-Zeeman interaction are the following (Antipin et al 1976):
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Table 2. The overlap integrals for the 4f, 5s, 5p, 5d, 6s and 6p shells.

Overlap Value of the overlap integral Overlap Value of the overlap integral
integral integral

designation R =4.063au R=4278au designation R =4.063 au R=4278au
Satis 0.0007 0.0009 Ssars 0.022 0.0189
Sapzs 0.0123 0.0134 Ssazs 0.1973 0.1913

Suto —0.0171 —-0.018 Ssd0 -0.1772 —0.1814

Sitx 0.0109 0.0117 Ssax 0.1235 0.12

Saas 0.0005 0.0004 Sests 0.0224 0.0193
S5 0.0335 0.0294 Sesas 0.2099 0.1986
S50 —-0.1159 -0.1069 Seso -0.1511 -~0.1489
Sspts 0.0024 0.0021- Sepis 0.0436 0.0374
Sspas 0.0665 0.0599 Sepas 0.2628 0.2446
Sspo —-0.1329 —0.1269 Sepo —0.084 -0.082

Ssp 0.0417 0.0381 Sepx 0.1511 0.1427

Y56 =0.6332[x 1) +0.5819 = 3)
7{ —0.4507 | ¥3) — 0.2393|F &)
Yrg = —0.0845[F % ) —0.7309 |7
+0.2363 | £4) + 0.6347 |+ 9)

ro
Yo 10 = 0.7712 | £ 4 ) — 0.4556 |=3)
+0.4235 |9 + 0.1354 |73 ).

The calculation of the components of A; and g, parameters was carried out
accounting for all the mechanisms proposed by Anikeenok et al (1984) and in the
present paper. The values of the overlap integrals are given in table 2. They have
been calculated with the Hartree-Fock wavefunctions of Er** (Eremin er al 1977) and
the fluorine functions (Clementi and Roetti 1974). The distance from Er** to F~ was
taken to be equal to 2.15 A (4.063 au) (the expansion of the crystal lattice due to the
difference between the ionic radii of Zn?* (0.75 A) and Er** (0.881 A) (Shannon and
Prewitt 1969) was taken into account. The radial 5s and 5p functions were taken from
Van Piggelen et al (1980) and the 5d, 6s and 6p functions from Rajnak (1963) for
Tm3*. The mixing of 1s and 2s shells of F~ was taken into account. The transfer
integrals were taken from Anikeenok et al (1984). They had the following values:
Yags = 0.013; yye0 = —0.04; yyer = 0.05; ysge = 0.02; ys45 = —0.13;5 Y542 = 0.09; ysps =
0.04; yspo = —0.15; vs5, = 0.09.

The covalency parameters for 6s and 6p shells which are very uncertain in the
crystal are considered to be equal to ysq.

The energies of electron transfer were estimated by the same method used by
Anikeenok et al (1984): Agyy=8.5X10*cm™; Ajye=26.5 X 10*cm™; Agypsq =
1.5x10°em™;  Apsg=3.3X10%cm™;  Assa=32%x10em™;  Agy=3.5 X
105 em™; Agpep = 1.9 X 10°cm ™.

The radial integrals are as follows: R®)(Ss, 4f; 6s, 4f) = —0.0303 au; R®)(5s, 4f; 5d,
4f) = 0.0571 au; R(5p, 4f; 6p, 4f) = —0.0291 au; RW(5p, 4f; 6p, 4f) = —0.0249 au.

The f-5d interaction parameters G,, G, Gs were taken from Starostin et a/ (1975)
for Er** and f-6s interaction parameter G was taken to be equal to 2205 cm™! from
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Table 3. Calculated and experimental values of A4, and g, for KZnF;: Er’*,

Hy gy Hy Hy, Hy, H, Hs.sa  Hse.gs Hs,q, Total  Experimental

A (MHz) 2992 200 —-2.8 -0.40 034 0.01 1.65 —4.92 2574 25.16

A, (MHz) —-0.06 039 —0.01 0 011 —001 0 0.02 0.45  0.58
A, (MHz) -1491 -529 093 —0.61 —-239 004 125 —-139 -22.36 —22.56
A, (MHz) -001 -0.14 004 0 -0.08 0 0 0 -0.19 -0.42
A; (MHz) 0.04 —0.09 00l 0 —004 O -0.01 0 -0.09 -0.11
gn 005 0 0 0 0 0 0 -0.01 0.04  0.03
&2 0.01 0 0 0 0 0 0 0 0.01  0.02
26 001 001 0 0 0 0 0 0 0.02  0.03

Table 4. Calculated and experimental values of A, and A4, for CsCaF;: Gd**. The exper-
imental values of A;= —3.86 MHz and A, =58MHz were taken from the work of
Casas-Gonzales et al (1986) and the experimental values of A, = —3.869 MHz and A4, =
5.729 MHz from the work of Allsopp et al (1987).

Hyg Hy Hgy Hy, H, Hsg g Hsyp Total Experimental
A, (MHz) O 2.48 -313 -1.85 051 3.12 -5.02 —3.89 —3.86
-~3.869
A, (MHz) 6.40 0.08 -070 -0.22 0.09 0.59 -0.44 5.80 5.8
5.729

Goldschmidt (1978). The results of the theoretical calculations are compared with the
experimental results in table 3. The values of the separate calculations are given in
the second to ninth columns, respectively: the dipole—dipole contribution Hy_4 account-
ing for multipole corrections; the contribution H,; due to the effect of overlap and
covalency of 4f shells; the contribution H sy ¢ due to the electron transfer to the empty
5d and 6s shells; the contribution H, due to the mixing of 4f and 5d states by the field
of virtual hole in F~; the contributions Hs,_,¢, Hs.sq and Hs,_,¢, due to the spin
polarisation of 5s and 5p shells. The summary and experimental values of THFI are
given in the last two columns.

On the basis of the theory developed, it is interesting to calculate the parameters
for Gd** in CsCaF; (Casas-Gonzales et al 1986, Allsopp et al 1987). Casas-Gonzales
et al (1986) gave an analysis of THFI based only on the spin polarisation. The distance
Gd**-F~ was taken to be equal to 4.278 (Casas-Gonzales et al 1986). In table 4 the
results of the theoretical calculation, together with the experimental results and
calculated values of Casas-Gonzales et al (1986), are presented. The columns in table
4 are analogous to those of table 3. The values of the overlap integrals are given in
table 2. The radial integrals and y parameters were similar to those for Er**. The
energies of the electron transfer were as follows: Ay = 10°em™!; A,y =2.8 %
10°em™; Agpsa=1.9 X 10°cm™; Aypsq=3.7x10°cm™; Asyg, =1.9 X 10°cm™;
ASSéS =3 X 105 Cm_l.

It is obvious from a comparison of the results presented in table 4 that our
calculations are in better agreement with the experiment that those of Casas-Gonzales
et al (1986) and have more apparent physical sense.
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In conclusion, let us calculate the crystal-field parameters B} and BY which in
octahedral environment are connected with parameters a® and a® by the following
relations: BY = %a¥;BY = &4a® using equations (16) and (17). The following cal-
culated values were used in the calculation: T, = —0.0094; T, = —0.0002; T,, = 0.002;
g,=0.8243 au; .= —0.43 au; g4(Er’**) = —1.97378 au (Van Piggelen et al 1980);
&x(F7) = —0.1808 au (Fuchikami 1970); &,(F~) = —1.0744 au (Fuchikami 1970). As
a result the contributions calculated according to equations (16) and (17) are as
follows: By =319cm™!; BY = 13cm™!. According to Antipin et al (1977) the cor-
responding values are B =302cm™! and B = 13cm™,

As can be seen from tables 3 and 4 and the values of the calculated parameters
BY and B, the theory developed for the mechanisms of the rare-earth ion-ligand
bonding explains without contradiction the THFI parameters including the pseudo-
Zeeman interaction of rare-earth ions in the various parameters as well as in the
crystal-field parameters.
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