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Electron-spin-resonance measurements of gadolinium-hydride and gadolinium-deuteride ion
pairs of tetragonal symmetry in crystals of calcium fluoride are reported. The parameters
of the spin Hamiltonian for the ground state of the Gd* ion are determined. It is shown that
the main parts of the 35y, and P, /2 State splittings can be correlated and are due to the second-
degree term in the crystal-field potential. The second-degree term is calculated using an
“jonic” model including dipole moments of ions, and it is found to be in a reasonable accord
with the experimentally derived value. Contributions to the isotope shift between the zero-
field splittings of GAd* paired with hydride and with deuteride ions are calculated. The total
value of the isotope shift estimated by using the ionic model appears to be one-quarter the
magnitude of the observed shift and of opposite sign.

INTRODUCTION

An extensive study of rare-earth ions in hydro-
genated calcium fluoride was performed recently
by optical and infrared spectroscopy.! Trivalent
rare-earth ions substituted into the lattice sites of
divalent calcium ions may be charge compensated
by hydride ions in interstitial lattice sites. It was
found that some of these hydrogen ions are coupled
with the trivalent rare-earth ions, producing pairs
of tetragonal symmetry. It was shown that in such
pairs the rare-earth ion is accompanied by the
hydride ion in the nearest interstitial site of the
lattice.

Both absorption and fluorescence spectra caused
by transitions between the S, ,, ground state and
P, 5 excited states of the Gd**-H" pair have been
reported. Likewise, the infrared spectrum caused
by local modes of the H- ion in this pair has been
identified.! Recently, electrostatic parameters
for the 4f" configuration of the Gd** ion in a CaF,
lattice were determined from the absorption spec-
trum down to 1350 A.2 In the light of this informa-
tion, a measurement of the Gd** ground state by

electron spin resonance (ESR) should be of interest,

Moreover, the isotope shift of the zero-field split-
ting for GA3**-H" and Gd**-D~ pairs could throw
some new light on the origin of the electron-phonon

interaction between localized electronic states and
vibrational states of the lattice. In fact, the very
light H™ ions have strongly localized vibrational
modes with frequencies higher than the vibrational
bands of the host crystal. They may be represented
by the simple model of acharged particle moving in
the constant electrostatic field of the lattice with a
very reasonable accuracy.

In this paper parameters of the spin Hamiltonian
for the ground state of the Gd**-H~ pair and of the
Gd**-D- pair are reported. We shall endeavor to
explain the zero-field splitting and its isotope shift
in the limits of the so-called “ionic” model.

EXPERIMENTAL TECHNIQUES AND RESULTS

Crystals of CaF, containing 0.05% (molar con-
centration) of GdF; were obtained from the Hebrew
University of Jerusalem. Hydrogen and deuterium
were introduced into the crystals by the Hall and
Schumacher method, as described by Jones et al.!
After the hydrogenation period at 800 °C, the crys-
tals were rapidly quenched to room temperature
in order to prevent formation of complex Gd®**-H~
clusters which confuse the spectrum.

The ESR measurements were made at room tem-
perature using a @-band spectrometer equipped
with a rectangular cavity. The crystals were
mounted on the cylindrical sample holder with the
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[liO] direction parallel to its axis. This is con-
venient because the spectra in both the [100] and
[110] directions can be obtained by rotating the
sample holder through 90°. Analysis of the spec-
trum of the hydrogenated and deuterated crystals
was simplified by also examining the spectrum of
a crystal treated in a mixed hydrogen-deuterium
atmosphere and the spectrum of a completely un-
treated crystal.

In the untreated crystal we observed the spectra
of Gd®* ions in cubic sites,® the tetragonal spectra
of Gd*-F~ pairs,* and the trigonal spectra of Gd**-
O?- pairs.® The intensities of the first two types
are approximately the same, whereas the trigonal
spectra are about ten times weaker. In hydrogen-
ated crystals there was, in addition, a new tetrag-
onal spectrum about 20 times less intense than
that of the Gd**-F~ pairs and with linewidths of about
10 G. All lines of this new spectrum were doubled
in the crystal treated with both hydrogen and deu-
terium. These spectra are evidently due to the
tetragonal Gd**-H- and Gd**-D~ pairs identified by
Jones ef al.' The spin Hamiltonian describing the
two new spectra is assumed to be of the same form
as previously used! for tetragonal Gd**-F~ pairs:

H=gugH - S+ BIOY+ B20Y + BLOY + B0 + BLOY , (1)

which operates on the magnetic substates of spin
S=Z. The O are the usual spin-Hamiltonian op-
erator equivalents.® Determination of the param-
eters B} is aided by the knowledge that the first
two terms in (1) are dominant, and that the first
three O;”s have only diagonal elements and the last
two only nondiagonal elements. Hence for H paral-
lel to the tetragonal axis z, the energy levels, cor-
rect to first-order perturbation theory, are simple
linear combinations of g, BY, B}, and BJ, and these
parameters may be readily determined by solving
the appropriate simultaneous equations. Bé and

B! only appear in second order for gl z, and their
contribution to the energy levels is comparable
with the experimental uncertainty. It is therefore
impossible to accurately evaluate them in this
orientation, so that the H Il x orientation was also
studied. Under the transformation of axes xyz
~z'x'y’, the spin Hamiltonian (1) becomes, with
respect to the new axes,”

H=guy -5~ B)(303+3 0%+ B3 03+50% +%0%)
- B Of + 4 0F +§ 0F + B 0
4+ Bi( 03~ 1 03+50%)
- Byli5 05 +35 05 - 1§05 +3307) . @
For Hilz' (i.e. s Al x) the energy levels contain
B} and B} in first order as desired. Unfortunately,

there are now large off-diagonal elements due to
the Bgog term. The procedure adopted to overcome
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this difficulty was as follows: The values of g,

B}, B}, and Bj determined previously for H Il z were
substituted into Eq. (2), and that part of the spin
Hamiltonian involving them was diagonalized by the
computer and the eigenvectors found. The operators
involving B} and By in (2) were then transformed

to the same eigenvector basis and considered as

a perturbation to first order. The energy levels
can thus be written as linear combinations of B}

and B; and the values of these parameters can be
obtained. Equations (1) and (2) implicitly assume
&i=8&.. Inorder to verify this a correction term
AgugH,.S, was included as a small perturbation in
(2) and Ag evaluated in the same manner as B} and
B;. It was found for both Gd**-H- and Gd**-D- that
Ag was zero to within the experimental uncertainty,
and hence g,=g, =1. 992+ 0. 001.

The calculated values of the BT coefficients for
Ga3*-D- and Gd**-H~ are presented in Table I. We
also calculated the B coefficients for Gd**-F~ pairs
by the same method of analysis and it can be seen
that these are in close agreement with the previous
results of Vinokurov ef al.* The only notable dif-
ference is in the value of Bi. For H Il x we observed
four ESR lines and thus obtained four simultaneous
equations in two unknowns (Bj and Bj). These were
self-consistent and so our value of B} should be
reliable. As a further test, the spin Hamiltonians,
using the parameters quoted in Table I for Gd3*-H-
and Gd**-D-, were used to predict the magnetic field
strengths at which transitions occur for H 1l «.
Agreement with experimental field strengths was
better than +2 G,

The procedure outlined in this section correctly
gives the signs of all the quantities BT relative to
BY, but does not give the actual sign of B). This
has been determined for Gd**-F- by measuring the
relative intensities of the ESR lines at liquid-
helium temperatures.® The values of B for Gd**-
H- and Gd**-D~ have been assumed to be of the same
sign as Gd**-F~ because of the very close resem-

TABLE I. Spin Hamiltonian parameters of the 35y,
state of the Gd* ion paired with different anions in the
CaF, lattice given in units of 10" cm=!. These are re-
lated to the parameters of Eq. (1) by 5}=3B}, v}=60B],
and 7'=1260B7.

Ion pair: Gd*-H"~ Gd*-H- Gd*-F~ Ga*-F-
Vinokurov
et al.
Source: Thispaper Thispaper Thispaper (Ref. 8)
b3 —1841+2 —1861+2 -1485+1  —1483x3
5} —23.8+0.2 —23.7+0.2-23,120.1 —23,0£0,7
b -114+2 -113+2 -147z1 ~146£2
b ~0.7+£0.1 —0.7+0.1 -0.7+0.1 —0.7£0.3
bh +4,4£0.7 +4.0£0.7 +5.3:0.5 0.0
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blance between the physical situations of all these
ion pairs.

COMPARISON WITH OPTICAL SPECTRA

The optical spectra corresponding to the transi-
tions between the °S;,, ground state and the P, ,
excited state have been measured.! Since the crys-
tal-field splitting of the 8P, , state is much smaller
than separations between the J multiplets of the
4f" configuration, the former can be treated by the
effective Hamiltonian (1) just as for the ground
state %S, s2- The splitting patterns of the p, ,, state
for different tetragonal sites can be approximately
related by a simple scale factor,! showing that the
effect of the BJOJ term in (1) dominates over the
others. Thus the splitting has been calculated by
perturbation theory in the first order, and the pa-
rameters BY(P), B}(P), and B{(P) are tabulated in
Table II. The symbol (P) is added to distinguish
the parameters for the excited ®P, /, state from
those for the ground %S, ,, state.

The theory of the crystal-field splitting of the
ground °S; /, state of the Gd** ion has been presented
by Wybourne.® If we assume that the entire crys-
tal-field splitting is caused by the interactions
within the 4f7 configuration, the crystal-field Ham-
iltonian for C,, symmetry can be written in tensor
operators of the type C*’ to give'®

V,=ALCE) + ASCEY + AY(CY + C) + ASCE®?
+AY(CY+ ), ®

with the same A! crystal-field parameters for both
the 6P, ,, and ®S; ,, states. The B) parameter can
be calculated in first order to give

BY=A§ (%S, M| C | Sy o MO[BME = (J+ )], (@)

where it is understood that |3S,,, M) stands for the
ground-state eigenfunction of the total free-ion
Hamiltonian, explicitly including spin-orbit inter-
action. The parameter BJ(P) is given by the for-
mula analogous to (4) for the ®P,,, state.

Recently the electrostatic parameters for the
4f" configuration of the Gd®* ions in the CaF, lattice
were determined from the absorption spectrum
down to 1350 A, 2 so the eigenvectors of the 50X 50
matrix of J =1 intermediate states have been found.!!
Using these results the matrix elements of the

TABLE II. Spin Hamiltonian parameters of the ®Py,
state of the Gd* ion paired with the H~ ion in the CaF,
lattice given in units of cm™!, These are related to the
parameters of Eq. (1) by 5J=3BJ, b}=60BJ, and bJ
=1260B%.

bY(P)
- 17,56

bJ(P)
0.06

b3(P)
-0.432

Gd**-H"

‘metry in first order.
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C# operator are
(*S0/2 5|CE? %S5 2) = - 0.482 X107,
<6P7/2 %lcaz) |6P7/z 3)=-0.450 .

Substituting (5) into (4) and using the tabulated
values of B} parameters for both states, the value
of A% parameters has been found to be + 1910 and
+1950 cm™ for the S, ,, and ®P, /, states, respec-
tively. Both values are very similar. This sug-
gests that the value of the B} parameter (which re-
flects the dominant part of the crystal-field split-
ting) can be explained by the crystal-field Hamil-
tonian (2) operating only within the 4f" configura-
tion.

(5)

“IONIC” MODEL

There are several contributions to the effective
crystal field (3). Besides the crystal field caused
by charges outside the Gd®* ion there are covalency
and overlap contributions which cannot be over-
looked. However, the correlation of the A% param-
eters for the ground and the excited states, which .
are separated in energy by about 30000 cm™, en-
courages us to assume that these contributions to
the parameter A} are small or at least not dom-
inant. In what follows we shall calculate the crys-
tal field by the so-called ionic model. We shall
consider the contribution of point monopoles as well
as dipoles induced by internal electric field com-
ponents. Contributions to the potential (3) due to
impurity-induced distortions of the lattice will also
be incorporated.

To estimate these effects the following simplifi-
cations are made. All ions of the undistorted lattice
contribute to the potential of cubic symmetry which
has no contribution to the A% parameter. The
polarization of cations is neglected. The polariz-
ability of F~ ions is small so that the potential
caused by induced dipole moments of F- ions is cal-
culated in first order, neglecting mutual F- dipole
interactions. The local distortions of the lattice
caused by impurity ions are small and their effect
is incorporated by introducing effective dipole
moments at shifted lattice sites. Dipole moments
are then induced only by the extra charge of the
Gd** ion and by the charge and dipole moment of the
H-ion. The dipole moments induced by the Gd®*
ion’s extra charge produce a potential of cubic sym-
The main contribution of
dipoles induced by the charge and dipole moment of
the H- ion is that of the four F- ions which are
common neighbors of both the Gd** and H- ions.
Thus, in calculating the parameter AJ we must con-
sider contributions from the single charge and the
induced dipole moment of the H- ion, the induced
dipole moments of the four F- ions, and the effect
of shifts of the Gd**, H-, and F- ions from their
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FIG. 1. The arrangement of ions of the gadolinium-
hydride ion pair in calcium fluoride. R,S, and D are the
distances between ion centers; u,v, and w are the dis-
tances between ion centers and the point P, the center
of the square formed by the four F~ ions.

regular lattice positions. All these induced dipole
moments and ion shifts have to correspond to the

C,, symmetry of the Gd**-H- pair in the CaF, lattice.

Using the general formula for the expansion of the
dipole moment potential given in the Appendix, the
following expression for the parameter A?Z can be
derived:

Ai=er? [ﬁ ~3b . By P3<R> s % P3( )

o) u qr0s u
T P§(5>- 3 24 Pg(ﬁ)] ) (6)
where

el 47(5)
el $4(3)

The meaning of the parameters R, S, D, u, and v,
is indicated in Fig. 1. Here e is the electron
charge; 7 is the 4f electron radius; g and p are the
effective charge and the dipole moment of the H-
ion, respectively; p, and p, are the radial and axial
components, respectively, of the induced dipole
moments of the four F~ ions; ay is the polariz-
ability of an F~ ion. &, and 5, in (6) are radial
and axial shifts, respectively, of the four F~ ions,
and the P"(£) are Legendre polynomials defined

in the Appendix.

There are five independent parameters (for ex-
ample, R, S, D, 5,, and §,) which define the geom-
etry of the complex. As they are not known, we
cannot make any precise calculations. However,
the values of these parameters are limited by the
elastic forces of the lattice, so that the limits of
different contributions to the value of the AJ pa-
rameter can be estimated.
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Inclusion of the dipole moment p of the H- ion is
important because of the very large polarizability
of this ion.'® The value of the H- ion polarizability
for a small electric field has been both measured
and calculated, and it gives for our case the value
p="."ea,, where g, is the Bohr radius. This value
of p is unreasonably large for the hydrogen ion
having its nuclear charge equal to |e|. However,
the dipole moment p causes a shift in the frequency
of the H- local vibrational mode which is discussed
elsewhere.!® The value p=1.lea, has been calcu-
lated so as to fit both the measured local-mode
frequency of the H- ion paired with the Gd* ion and
the frequency of the local mode of the H- ion in the
cubic interstitial site. Here, the reduced effective
charge of the H- ion was taken as ¢=0.85e.

The lattice constant of CaF, is equal to 5. 46 A
and the polarizability of the F~ ions is taken as
ap=1,04 A3, If there are no movements of ions
off their regular lattice positions, the calculated
value is A%= (1060+ 800~ 190) cm™!, where the con-
tributions are, respectively, those of the point
charge of the H- ion, the dipole moment of the H-
ion, and the induced dipole moments of F- ions.
Thus, we see that the contribution of the F- ion’s
polarization is small and that the point charge and
dipole moment of the H" ion give the decisive con~
tributions.

To estimate the effect of F- ion shifts we pre-
sume that they move radially away from the H™ ion
due to their electrostatic repulsion.!* In that case
contributions of the radial and axial shifts to A}
have the same sign, so we obtain the maximum pos-
sible value of it. If the value 0.1 A is accepted for
the F- ion shifts off their regular lattice positions,
their contribution to the AJ value is equal to
- 270 cm™!. Even this is a value which is much
smaller than the contribution of the H™ -ion itself.

Because of the electrostatic attraction between
Gd** and H- ions, we can assume that the dlstance
between them is diminished. A change of 0.1 A
in this distance gives a contribution to A equal to
+230 cm™. This contribution is much smaller than
the contribution of the H™ ion in the regular lattice
position and it is of the same sign. It should be
pointed out that this contribution is nearly canceled
by the contribution of the F~ ion shifts.

Notwithstanding the crudeness of the model we
can conclude that the calculated value of AJ is of
the right sign and of the right order of magnitude.
The model can also qualitatively explain the differ-
ence between the B) values for Gd**-H- and Gd**-F~
pairs (Table I). Since the effective charge of the
H- and F- ions should be almost the same, only a
different induced dipole moment can explain the
larger value of B} for Ga**-H~. This view is sup-
ported by the large polarizability of the H™ ion com-
pared with the F- ion. 12
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ISOTOPE SHIFT OF ZERO-FIELD SPLITTING

Deuterated calcium fluoride crystals containing
gadolinium show ESR lines at magnetic fields
slightly different from those in hydrogenated crys-
tals, Crystals heated in amixed hydrogen-deuterium
atmosphere display both sets of lines. Such dis-
placements constitute the ESR-line isotope shift
between hydrogen and deuterium.

The interaction between the 4f electrons of the
Gd** ion and lattice phonons causes a shift in each
electronic level and all lattice modes contribute to
this shift. The isotope shift between hydrogen and
deuterium is the difference in this shift when deu-
terium is substituted for hydrogen. It can be as-
sumed that the lattice modes are the same whether
hydrogen or deuterium is present since these have
local-mode frequencies well above the highest
optical frequency of the crystal. Their contribution
to an isotope shift is therefore zero. The ESR-line
isotope shift can, however, arise through the cou-
pling of the localized-mode vibrations to the elec-
tronic states of the gadolinium ion. The widely dif-
ferent zero-point amplitude of vibration for hydro-
gen and deuterium results in different perturbations
of gadolinium electronic states.

The over-all zero-field splitting of the gadolinium
ground state is equal to the difference between the
energies of the M;=% and M, = § states. Let us
define the isotope shift of the zero-field splitting
(later referred to as the isotope shift) as the dif-
ference between the zero-field splitting of the
ground state of the Gd** ion paired with the H- ion
and that of the Gd** ion paired with the D~ ion. The
measured value of the isotope shift is equal to
~-0.024+0.001 cm™. Hence the Gd** ions coupled
with D~ ions have a greater ground-state splitting
than those coupled with H- ions.

The electron-phonon interaction between a 4f
electron of the Gd®* ion and the phonon of the lattice,
in the adiabatic approximation, can be written in
the general form

V=22 ff‘Q:"@ &R+, Q)
i ¥

where f* and g3® are functions of the electron co-
ordinates, and @;* are the phonon normal coordinates
which transform according to the ath irreducible
representation of the point group of the gadolinium-
ion site. As V,, spans the totally syinmetric rep-
resentation of this point group, the electronic co-
ordinate functions, f and g{¥, form bases for the
complex-conjugate representations to those of the
Q7 and QfQ%, respectively.

For the electron-phonon interaction involving the
localized mode of hydrogen or deuterium ions
alone, the phonon normal coordinates are simply
X, Y, and Z, the displacements of the light ion
from equilibrium. This follows from the small
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mass of hydrogen and deuterium compared to other
ions of the crystal.

The electron local-mode phonon interaction up
to terms quadratic in the phonon coordinates has
the form (for C,, symmetry)

Vevzf:Z'*'fo"'fy Y+guZz
+ (gxx+gyy)é—(Xz+ Ya) +gx:XZ

+8ye YZ+ (8= 8y) 3 (X2=YPH 4 g XY,  (8)

where the electronic coordinate functions, f; and
&, depend on the particular model used for the
electron-phonon interaction.

The hydrogen or deuterium ion itself moves in a
potential well which can be expanded in a power
series of the displacement coordinates XYZ. The
potential appropriate to C,, symmetry up to terms
of the third degree has the form

V=a(X2+Y®)+bZ%+cZ%+dZ(X?+Y?) . 9)

Since the anharmonic cubic terms in (9) are
much smaller than the harmonic ones, the vibra-
tional function of the hydrogen or deuterium local
mode can be written in the first order as a product
of three one-dimensional harmonic-oscillator wave
functions of the X, ¥, and Z coordinates.

If the interaction between the gadolinium elec-
tronic levels and the hydrogen or deuterium local
mode and the anharmonic terms in (9) is neglected,
the wave functions for the combined system (vi-
bronic wave functions) take the product form

Vin= Py » (10)

where ¢; and ¥, are electronic wave functions and
vibrational wave functions, respectively. Then the
small electron-phonon interaction terms (8) and
anharmonic terms in (9) can be taken as perturba-
tions on the vibronic functions (10). Takihg the

8s., /2 electronic wave functions, combined with all
the vibrational wave functions, as the basis 'set, the
energy corrections calculated up to second order
are as follows:

2 i E -1
spu=-f ol )t - 2 B (1 B )

x[ @] 7|7y |2+ || 7, | M7y )2)

68; 263
e o M| 12|30~ P aqua |7, )

+BEM || M)+ 8% (M |g o vgy| MY,  (11)
where B%=7Z/2mw,~, m is the hydrogen or deuterium
mass, w, and w, are the frequencies of the longi-
tudinal and the transverse hydrogen or deuterium
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vibrations, respectively, and the matrix elements
are understood to be calculated between the ground-
state wave functions which diagonalize the total
Hamiltonian of Gd®* in the crystal field of CaF,.

The isotope shift is given by the difference in the
energy corrections (11) when going from hydrogen
to deuterium. (i) The first term in (11) does not
contribute to the isotope shift since the term p2/7w,
(the force constant) is the same for hydrogen and
deuterium. The second term contributes to the
isotope shift but it is reduced by the factor E/fiw,
where E is the zero-field splitting of the Gd**
ground state. This factor is about 2X1073, so that
the contribution of the second term to the isotope
shift is negligible when compared with contributions
of the other terms in (11). (ii) The third and fourth
terms in (11) caused by the second-order perturba-
tion contribute to the isotope shift and they depend
on the cubic anharmonic constants ¢ and d of the
local-mode vibration. Their contributions will be
referred to as the anharmonic contributions to the
isotope shift. (iii) The fifth and sixth terms in (11)
are caused by the second-degree terms of the elec-
tron-phonon interaction in first-order perturbation.
To distinguish them from (ii) we shall refer to them
as the harmonic contributions to the isotope shift.

The electronic function f, can be expanded as a
series of tensor operators C® to give

fom L al’Cf+a(CP +C)
n=dy %,
+af® (€ +CY), (12)

and expressions of the same form can be written
for the functions g,, and g, +£,,, Wwith the constants
B and y{™, respectively, in place of the constants
a,‘,:” in (12). Values of these constants depend on
the particular model chosen for the calculation of
the electron local-mode phonon interaction. If the
interaction between the Gd** ion and the H™ or D"
ion only is taken into account, the lattice ions be-
ing omitted, the constants a{® and o{® in (12) (and
the corresponding 8 and v constants) are equal to
Zero.

The cubic anharmonic constants ¢ and d have
been estimated from the infrared local-mode spec-
tra of the Ce3*-H" pair and from the ionic model of
the local mode described elsewhere.!® The values
so obtained are c=+6x10* erg/cm® and d=+6.5
x 10! erg/cm3.

The values of the af”, B, and y§” coefficients
canbe calculated using the ionic model introduced in
Sec. III. It is expected that the direct interactions
between the 4f electrons of the Gd* ion and the
point charge and the dipole moment of the H™ ion
will give the principal contributions to the isotope
shift. The values of the coefficients a§”, ¥, and
y& for these interactions are given in the Appen-
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dix, and they have been used, together with ¢ and

d given above, to calculate both the anharmonic and
harmonic contributions to the isotope shift of the
zero-field splitting (Table III). The harmonic con-
tribution due to the point charge alone of the H™ ion
is the only one giving the same sign as the experi-
ment. »* However, this contribution is very small.
In fact, in this case the two functions g,, and g,,
+g&,, have the same value but opposite sign, so their
contributions nearly cancel. Complete cancellation
does not occur because of the difference in the ra-
dial and axial frequencies of the H™ local mode.

Due to the small anisotropy of these frequencies,
the resulting contribution to the isotope shift is
also very small.

The harmonic contribution to the isotope shift
caused by the dipole moment of the H™ ion is bigger
than that caused by its point charge. This is be-
cause the dipole moment, being pointed to the cen-
ter of the Gd®* ion, provided a partial rotation
simultaneously with the radial vibration of the H"
ion. This partial rotation disturbs the equality of
the g,, and g, +g,, functions which holds otherwise.
However, as can be seen from Table III, the sign
of this contribution is not in accordance with ex-
periment.

The anharmonic contribution to the isotope shift
caused by both the point charge and dipole moment
of the H™ ion are of the greatest absolute value but
of the wrong sign. Nevertheless, even the absolute
value of all contributions added together is about
4 times smaller than the experimental value.

A further attempt has been made to explain the
isotope shift within the ionic model. Besides the
direct interaction between the H™ ion and the 4f
electrons, the dynamic polarization of the four flu-
orine ions which are mutual neighbors of the Gd**
ion and the H™ ion has been taken into account. The
coefficients a2, B{?, and v{? in (12) caused by
this polarization are given in the Appendix. Their
contributions to the isotope shift are given in the
Table III for the case where all ions are in the reg-
ular sites of the lattice. (It has been shown that

TABLE III. The calculated contributions to the isotope
shift of the zero-field splitting (energy units in 10'29m'1).
Anharmonic (AS) and harmonic (HS) shift contributions
discussed in the text are tabulated for the direct inter-
actions with the point charge and the dipole moment of
the H™ ion and for the interaction caused by the dynamic
polarization of four F~ ions. The net calculated value is
+0.600 x10"2 cm™t, compared with the experimental value
of 2.4x10"2 cm™t,

Contribution due to: AS HS
Charge of H™ +0.360 -0.038
Dipole of H" +0.306 +0.080

Polarization of 4F~ -0.031 —0.077
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0.1-A shifts of these ions give no substantial change
for the calculated values.) The common feature

of these contributions is that they are all of the
right sign. The value of the harmonic contribution
is larger than the value of the anharmonic contri-
bution. However, the absolute values of both these
contributions are even smaller than the absolute
values of contributions caused by the direct inter-
actions between 4f electrons and the H- ion.

CONCLUSION

An attempt has been made to interpret the mea-
sured tetragonal crystal-field splittings of the
%4,z and °Py,, states of the Gd** ion paired with the
H" ion, using the ionic model and interactions be-
tween levels of the 4f7 configuration. It was shown
that both the order of magnitude and the sign of the
crystal-field splitting can be explained satisfactori-
ly. No undue optimism about the quantitative ac-
curacy of these results is implied but they are an
improvement on the result achieved from an ionic
treatment of a Gd®* ion impurity in ethyl sulphate,
where a wrong sign was obtained. It is believed
that the reason for this difference lies in the rela-
tive importance of covalency effects in the two
cases. The crystal-field potential in the case of
Gd* in CaF, is mainly caused by the H" ion in the
next-nearest-neighbor interstitial site, whereas
in ethyl sulphate it is due to nearest-neighbor lig-
and ions. Overlap between the Gd* and H™ or-
bitals is, therefore, less important than overlap
between the Gd®* and the ligand ion orbitals in ethyl
sulphate.

The isotope shift between the zero-field splitting
of the Gd**-H" pair and the Gd*-D" pair is assumed
to be caused by the electron-phonon interaction be-
tween the 4f electrons of the Gd* ion and the local
mode of the H™ or D" ion. It was pointed out that
there are two types of isotope-shift contribution,
called the harmonic and the anharmonic contribu-
tion, both being of comparable importance. How-
ever, the ionic model gives a result which is too
small in its absolute value and of the wrong sign if
compared with the experimental result. Consider-
ing the relatively good result achieved for the zero-
field splitting, two possible additional contributions
to the isotope shift can be suggested. First, the
inclusion of the overlap of the H™ ion orbitals with
those of the Gd* ion may be more important for the
isotope shift than for the zero-field splitting. In
fact the isotope shift would depend on the derivative
of this overlap and not on its value, as is the case
for the zero-field splitting. Second, the electron-
phonon interaction between the hydrogen-ion elec-
trons and its local mode can slightly change the
polarization of the ground-state wave function, so
that the effective dipole moments of hydrogen and
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deuterium are slightly different and give different
terms in the electron-phonon interaction for the
two cases. Analysis of the isotope shift of a 5d
electron level of the Ce*-H" pair'® gives very simi-
lar results to the ones achieved here. Since there
is a large difference in the ionic radii of the 5d and
4f shells, we would suggest that the second point

is more likely than the first to explain the discrep-
ancies.

ACKNOWLEDGMENTS

The authors are especially indebted to Dr. G. D.
Jones for many useful discussions and much help
on the topic of this paper. They are also grateful
to Professor B. G. Wybourne for his sincere in-
terest and for providing us with the wave functions
of W. T. Carnal, and to P. T. McMahon for evalua-
tion of some matrix elements using these wave
functions. They likewise wish to thank M. R.
Presland for preparing suitable hydrogenated and
deuterated crystals, and Dr. T. J. Seed for making
available an ESR spectrometer for the measure-
ments.

APPENDIX

For the calculation of the crystal field of point
charges, an expansion in terms of spherical har-
monics of two systems of coordinates is commonly
used. If the crystal field caused by dipole moments,
or the coefficients of the electron-phonon interac-
tion are to be calculated, derivatives of the potential
function are needed. If Cartesian systems of coor-
dinates are used, simple relations between de-
rivatives with respect to coordinates of the first
or the second coordinate system hold. It is then
convenient to expand the potential function in terms
of three-dimensional functions, the so-called solid
harmonics of degree » and order m,

Ty, =7"P}(cosb) cosmo,
(A1)

Tpy =7"Py(cosb) sinme ,
forn,m=0,1,2,3, - and m<n, where 7, 6, and

¢ are spherical coordinates and P}'(¢) are Legendre
polynomials

(1 - gZ)m/Z qamm

Pr(g)= ("' l)n 21 dgmm

(82-1)m (A2)

The solid harmonics (Al) can be easily differentiated
with respect to the Cartesian coordinates x=7
Xsinfcos@, y =7 sinfsing, and 2z =7 cosé by using the
following recurrence formulas.

For differentiation with respect to x and y for
m>0:

9

2 Py Tn=—~m+m) (n+m - 1) T} 4 T2

n=l,x »
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258 Thy= - (rom) (oo = 1) T T, FoE DM e AT - TR ATRE),
(a4)
Zay Tre=@m+m)@m+m—-1)Tht + T, where
-m)!
M?:Z%I%)T' for m#0
2—-37 7 == @m+m)m+m—-1)Tot — TR | and
and for m=0: M2=1 for m=0.

(A3)

T" "' 1% n-1,y>

9
@ T =T!
and for differentiation with respect to z, for m = 0:

—~T"'

nyx

=+ m)Tn-l,x ’ T,’:',y

=m+m)Thy,,y -
HerenOlZ .., m=0, 1, 2, ,n, and

Tny=0 for m>n. Moreover the quantlty = TM
has been introduced, and it should be understood
that 70 ,=0, as implied by (A1).

The Coulomb potential at T of a unit point charge
at R can be expanded in terms of the solid harmonics
(A1), for IRI> IFI,

This relation (A4) can be used for the derivation
of the dipole moment potential. The dipole moment

‘potential is equal to the scalar product of the dipole

moment vector p and the gradient of the potential
function (A4). Using the relations (A3) applied to
(A4), the expansion of the dipole moment potential
in terms of solid harmonics can be derived as
follows:

P rad~=s——1 = i 1 i—-s—l
grad TR F P oy R-F1 P oy IR-T
8 1
+p‘az IR-F]°

where for s=x, v,

[Trd R T @)+ o3, RTT ()]

(A5)

|
—% I—R—i —2 R-(Zn-&ﬂ )Tnol,s(R)To(') Z; R-(ZH‘S)T #I(R)TﬂySC)
+? mz>>0 R-(st) {(n+ 2)(m+ 3) Mé.).!_
et By Ry, @+ T, BT, 01
and
% IR]; Zn) '+ l)R-(Zn&S)T"ﬂ(R)Tr?G.)
—22 2>0 (ﬁ(;l—:%%u R-(ZMS)[ n#l,x(R)Tn,x()+ T;nﬂ.y(ﬁ) "l"d'y('f-)] .

The electronic functions f; and g;; in the expres-
sicn for the electron-phonon interaction (8) can be
obtained by differentiations of the interaction energy
between the 4f electron of Gd** and the hydride ion.
For the ionic model they can be expanded in terms
of the solid harmonics using relations (A3). Since
the tensor operators C{ are related to the solid
harmonics (1) as follows:

_ 1/2
=y (Lm—“) (T0 £, (a6)

(n+m)!

expansions of f; and g;, in the C{¥’ can be easily
found. In this way the constants a$™ in (12) (and
the corresponding 8 and ¥ constants) have been cal-

culated for the interaction between the point charge
g of the H- ion and the 4f electron as follows:

a == (eq/D"™)m+1)r",
Bé"’— = (eq/D™) 3+ 1)+ 2)7r" .

-

For the interaction between the dipole moment
p of the H™ ion and the 4f electron they are given
as follows:

M= (ep/D") n+1) o+ 2)7",
B(()")z -
=~ (ep/D") 3+ 1) e+ 1) e+ 2) + 2™

For the indirect interaction calculated as the po-

(A7)

(ep/D™*) s+ 1)+ 2)(m+ 3)r™ (A8)
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tential energy of the 4f electron in the field of di-
poles of four fluorines dynamically polarized by the
moving point charge of the H- ion the second-degree
terms are as follows:

a 4 u u p u
0= 21::?3 ,,2{8;’[4 3‘(§)+3v g(sﬂ 24 g(R)}’
2areq ((50° w oW
B = = = ;; 7'2{<——2 -1) [4wP13< ~—)+321P3 (QR)]
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()]
- 5 ) ()
+3v(10£§—— ) Pg(%)] .

The meaning of the parameters R, S, D, u, v, and
w is indicated in Fig. 1.

(A9)
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The electron-paramagnetic-resonance spectrum of Gd* in YPO, shows a superhyperfine
structure from two nearest-neighbor phosphorus nuclei when observed with O parallel to the
crystal ¢ axis. The spectrum for & perpendicular to the ¢ axis is unusual because of quad--
rupole interactions in Gd!*® and Gd!®" which are larger than the hyperfine interaction in these
ions. The measured Gd**-P interaction parameter | T, | =1.02 G fits well a dipole-dipole in-
teraction model. The hyperfine parameters are A =-4.7 Gand A®"=-6.1G. The quadrupole-
interaction parameters are 1Q'*°|=18.1 G and |Q'7|=19.3 G. From these the ratio of the
nuclear quadrupole moments of Gd!®® and Gd'" is obtained as 0.94 +0.01. This result is dis-
cussed in the light of quadrupole moments previously measured by optical and nuclear methods.

I. INTRODUCTION

Paramagnetic resonance of Gd®* in YPO, has been
recently observed by several authors.'~® Variable-

frequency zero-field EPR"Z and conventional EPR®
were used to determine the magnitude and sign® of
the crystal-field parameters . These param-
eters* describe the splitting of the S, ,, ground



