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The hyperfine interaction in the 'Fo and 'Do states in oxygen-compensated Eu'+ centers of C3„
symmetry in CaF2 and CdF2 is reported. Optically detected nuclear-magnetic-resonance measure-
ments determine (i) the hyperfine structure in the two states and (ii) their nuclear Zeeman splittings.
In addition, optical hole burning is used to measure (iii) the quadratic electronic Zeeman effect on
the Fo~'Do transition. These three measurements associated with both "'Eu and "Eu isotopes
are employed to determine the magnitudes and signs of the pseudoquadrupole interactions, of the
quadrupole interactions, and of the effective nuclear magnetic moments. The quadrupole interac-
tion parameters are found to be negative in the excited state but positive in the ground state. This
has been confirmed using a double-radio-frequency experimental technique. In the Do excited state
the quadrupole interaction energy is dominated by the lattice contribution and is equal to —22.8
( —58.4) MHz in CaFq and —13.2 (33.7) MHz in CdF2 for ' 'Eu ('~ Eu). In the Fo state there is ad-
ditional contribution due to the polarization of the 4f shell equal to + 30.6 (78.2) MHz in CaFi
and + 20.7 (+ 53.8) MHz in CdF2 for "'Eu ('"Eu). The largest pseudoquadrupole contribution is
for the 'Fo state and equals 0.45 (0.33 MHz) for the case of '"Eu in CaF~ (CdF2). The ground-state
nuclear magnetic moments are only slightly affected by the 4f screening effects for the magnetic
field direction parallel to the c axis of the centers. However, there is significant quenching of the
nuclear magnetic moment for fields transverse to the axis: a„=1.85 for CaF2 and 1.44 for CdF2.
This is the first time that a quenching greater than unity has been established. Matrix elements of
Ã and Z+2S between the ground state and the first excited states are also determined and found to
deviate as much as 60% from the value they take in the free ion.

I. INTRODUCTION

The introduction of optical hole burning and associated
optical-rf double-resonance techniques has opened the
possibility of detailed studies of the nuclear magnetic res-
onances in the Eu +, system and in recent years there
have been several publications in which the structure of
the hyperfine levels in a magnetic field as well as in zero
field have been reported. The basic theoretical back-
ground for the analysis of the data was outlined in an ear-
ly work by Elliott. ' He obtained expressions for the nu-
clear quadrupole and nuclear Zeeman interactions in the
ground state in terms of crystal-field parameters and elec-
tronic energy-level separations. He predicted that the
quadrupole interaction energy should be dominated by the
second-order quadrupole polarization effect of the 4f
electronic shell, whereas both the first-order lattice and
the pseudoquadrupolar contributions should be small.
These estimations were modified when it was realized
that the core electrons could strongly amplify the effect of
the lattice, resulting in the first-order interaction of the
nuclear quadrupole moment, with the crystal field also
becoming significant. Expressions for the various contri-
butions to the hyperfine-interaction Hamiltonian were
then given by Blok and Shirley.

These predictions have been verified in a number of re-
cent hole-burning and optically detected nuclear-
magnetic-resonance (ODNMR) measurements. There
are two naturally abundant isotopes of europium, ' 'Eu

and ' Eu, with different nuclear magnetic and quadru-
pole moments. In the Fo electronic ground state the ob-
served ratio of the quadrupole splittings associated with
the two isotopes is always close to, but not equal to, the
ratio of their electric quadrupole moments. This observa-
tion confirms that the magnetic pseudoquadrupole contri-
bution is measurable but small compared with the electric
quadrupole energy. Moreover, one of the electronic quad-
rupole contributions, namely the direct lattice term, is in-
dependent of the 4f electronic state, and yet there is usu-
ally a substantial difference between the total quadrupole
interaction in the electronic ground and excited states, in-
dicating that the remaining 4f polarization effect is of
comparable magnitude. Although the relative importance
of the different contributions has been well established, so
far there have been few systems for which their values
have been determined accurately.

In this paper the magnitudes of various contributions to
the quadrupole interaction are determined for Eu+
centers in CaF2 and CdF2. The two electric quadrupole
contributions have been discussed in an earlier paper con-
cerned with the CaFz center, and in this paper the
equivalent contributions for the CdF2 center are present-
ed. However, the major emphasis of the present work is
to treat the nuclear magnetic effects as mell as the pseudo-
quadrupole interactions. A brief account of the CaF2 re-
sults has been given earlier.

A complete determination of the several hyperfine in-
teractions present in an axial Eu + system has been at-
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tempted before for centers in LiYF4:Eu +. The ap-
proach, however, necessitated substituting free-ion values

for various matrix elements. For the Eu + centers studied
here such approximations are not valid as some of these
matrix elements depart markedly from their free-ion
values. In the present work we show that there is no need
to make this approximation, as Elliott's formula for pseu-
doquadrupole interaction can be reexpressed in terms of
known constants and four experimentally determined pa-
rameters that involve the quenching of the nuclear Zee-
man splitting and the magnitude of the quadratic Zeeman
shift of the FD level. The earlier calculations of the pseu-
doquadrupole interaction also utilized information about
the quenching; it is the additional incorporation of the
quadratic Zeeman data that obviates the need to use an
approximate value for the matrix elements. Optical hole
burning provides a highly accurate means of obtaining
these quadratic Zeeman shifts.

The axial Eu + centers studied were the first Eu + sys-
tems to exhibit enhanced hole burning when rf is applied
at Da excited-state resonant frequencies. This enables the
excited-state frequencies to be determined with much
greater accuracy than can be achieved with hole-burning
spectra. In addition, the quadrupole interaction in the
Da state is easier to analyze than in the ground state, as

the crystal-field-induced J mixing within the DJ multi-
plet is much smaller. Moreover, the pseudoquadrupole in-
teraction is negligible there and the ratio of the corre-
sponding quadrupole splittings associated with the "'Eu
and ' Eu isotopes is equal to the ratio of their nuclear
electric quadrupole moments. These considerations have
been used in a recent work to make an accurate deter-
mination of the quadrupole moment ratio for the two Eu
isotopes. ' Thus both the electric quadrupole moment
and the nuclear magnetic moment ratios are known to a
high degree of accuracy. For an axial center it is straight-
forward to determine the size of the electric quadrupole
and the pseudoquadrupole contributions separately once
the total interaction energy is known for the two isotopes.
In the present case, we have used this information to pro-
vide a second avenue for determining the pseudoquadru-
pole contributions in the ground electronic F0 states in
both centers.

II. THE CENTERS

The two closely related sites are trigonal centers in
CaF2 and CdF2. The centers, denoted G 1," are
comprised of a Eu + in a Ca + or Cd + site, charge com-
pensated by a substitutional 0 in a nearest-neighbor F
position in the (111) direction. Eu-doped CaF2 and
CdF2 crystals were grown by the Czochralski method and
the oxygen centers were formed by subsequent heat treat-
ment of these crystals. In the case of CaF2, heating at
800 C in an atmosphere of moist air for 8 h produced a
sufficient concentration of centers and the optical quality
of the crystal was not affected. Identical treatment of
CdF2 caused the crystals to turn powdery and it was
found that annealing at a lower temperature of 600'C was
required.

The F0~ D& transitions of Eu + systems are normal-
ly magnetic dipole in origin and are not changed much in

oscillator strength from site to site. Therefore, these tran-
sitions can be used to obtain a measure of the relative con-
centration of the various Eu + sites. In the present crys-
tals, absorption in the appropriate wavelength region indi-

cated that most of the Eu + ions were in the Gl centers.
The europium concentration in both materials was 0.1

at. Vo, but there may be an appreciable proportion of this
in the divalent state. In addition, the concentration of the
Gl centers is not likely to be constant throughout the
sample but higher near the surfaces. Nevertheless, the
ODNMR frequencies and linewidths were not affected by
the position of the laser beam on the crystals.

III. THEORETICAL BACKGROUND

In the absence of an external magnetic field the spin
Hamiltonian describing the hyperfine coupling in the DD

and FD states of an axial center is'

H =(P+P')(&,'—,'I') . —

The quantity P represents the electric quadrupole cou-
phng between the nuclear quadrupole moment Q and the
electric field gradient at the nucleus. This contribution is
discussed in a later section.

The pseudoquadrupole coupling parameter P' is given

by

2PPNPN

I

(2)

where 2PN(r )N is an operator defined by Elliott and
Stevens' which describes the magnetic field at the nu-
cleus set up by the 4f electrons. N produces coupling be-
tween the J=O states and nearby J=1 states. (r ) is
the average inverse cube of the distance between the 4f
electrons and the nucleus. 50„ is the energy separation be-
tween the J=O state

~

00) and the doubly degenerate
J=1 state

~
1x) (degenerate with ~ly)), and 60, is the

separation between the J=O and singularly degenerate
J=1 state

~

iz).
Expression (2) is that obtained by a perturbation treat-

ment using free-ion wave functions and actual energy lev-
els. It allows for the shifts of the different hyperfine lev-
els caused by nuclear magnetic field mixing of the ground
electronic ( J=O) and the first-excited states (J= 1).

In a more general treatment for an A i (
~
00)) ground

state, the expression for the effect of mixing with the first
A2 (~lz)) and first E (~lx),~ly)) excited states is un-
changed, except the wave functions in (2) are eigenstates
of the crystal field. For a consistent approach, however,
mixing with higher A2 and E levels should also be con-
sidered. The second A2 level lies —1500 cm ' above the
ground state associated with the F3 state of the free ion,
but as the magnetic dipole operator only couples states
with dd &1, the only component of that wave function
that will give field mixing will be that associated with Fi.
In view of the large energy denominator the resultant con-
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8'= (1 —a)8,I (3)

which includes the first-order nuclear Zeeman term and a
second-order quenching effect caused by the interaction
with nearby J= 1 levels. Elliott gave the expressions for

tributions will be small. A similar situation arises in the
case of the E states, with the F2 J=2 states not being in-

volved. The contribution from these higher-energy states
can therefore be neglected and expression (2) should give a
good approximation for the pseudoquadrupole interaction.

The Hamiltonian in Eq. (1) yields three doubly degen-
erate hyperfine levels in an I = —,'system which are eigep-

states of I and I,. Under the influence of a weak perturb-
ing magnetic field, the degeneracy can be lifted. The
splitting is described by an effective Zeeman Hamiltonian

bE = —P 8 (M„sin 8+M,cos 8),
where

f
(00

f
L, +2S,

/

li ) /

'

Ao;

(8)

(9)

(10)

and 9 is the angle between the trigonal axis of the center
and the magnetic field direction. The shift of the excited
'Do state is much smaller than that of the ground Fo
state and can be calculated. Hence the shift of the Fo
state and the values of M, and M„can be determined ex-

perimentally with reasonable accuracy.
By substituting in Eq. (5), a further expression for the

pseudoquadrupole interaction can be obtained:

2 ( r ) (00
i
N; i

1 i ) ( ls
i
L; +2S;

i
00)

a; =4p l =Z,X
bo;

In some systems, including these 61 centers' and
another axial system LiYF4.Eu +, it has not been possi-
ble to determine both b,o, and ho„ for the FJ states. The
quenching of the nuclear magnetic moment can then be
used to obtain an alternative expression to Eq. (2) for the
pseudoquadrupole interaction which does not contain
these energy denominators:

P~pz (r )(00
~
N„~ lx )a„

I (00
~
L„+2S„~lx )

(r )(00~ Nz
~
lz)a,

(OO~L, +2S„~ lz)

This is the expression given by Elliott and used by Shar-
ma and Erickson, but without substitution of the free-ion
values of the matrix elements:

(00
~

N~
~

li )

(0~0;L+2 S~li ) 2 6
(6)

If both matrix elements were to retain their free-ion
values, then from Eq. (4) it can be seen that

a;bo; ——4P (r ) =4P'(1 Rg)(r )„— (7)

where R~ is an atomic shielding factor. R~ is small and
not expected to vary much between systems. Using
(r )„=49.19X10 cm, a;b,o; is expected to be
within 20% of 285. For YA103 the value of 286 was mea-
sured. ' However, the value for LiYF4.Eu + is 402. It
will be shown that the value for CaF2 is 401 and for CdF2
it is 370. Clearly, for the latter three systems, there is an
indication that at least one of the matrix elements for N;
and L; +2S; no longer retains its free-ion value.

A further magnetic effect has been analyzed in this
work. This is the quadratic Zeeman shift of the
Fo~ Do transition energy. Both ground and excited

J=O levels are shifted to lower energy, away from the
nearest J= 1 states. The shifts to the levels are given by

All the constants within the first pair of large parentheses
are known and all four quantities in the second pair of
large parentheses are measured experimentally. Thus the
pseudoquadrupole interaction can be determined without
any assumptions about the values of the matrix elements
of N; and L;+2S;.

IV. EXPERIMENTAL RESULTS FOR CaF2 G1

A. Zero-field ODNMR

In the ODNMR measurements a high-resolution laser
(100 mW) with a bandwidth of —1 MHz was tuned in
frequency to the center of the Fo~ Do zero-phonon line
at 573.6 nm. When rf was applied to a four-turn coil
around the sample at a frequency corresponding to one of
the ground state resonances, the emission increased due to
induced hole-filling transitions. ' The hole-burning time
is slow (-2 s) and when the spectra covering a large rf
frequency range from 0 to 100 MHz were taken in a
period of 100 s, the ground-state resonances gave lines
with a sharp rise but slow decay. The sharp rise indicates
the resonant frequency and the slow decay is due to the
hole bring reburned to its original depth. Differentiation
of the signal using an amplifier with a cutoff frequency at
0.3 Hz gave a sharp line at the resonance position. The
reburning gave a broad negative signal which should be
disregarded. This general spectrum is shown in Fig. 1.

The system is axial and for each isotope there are two
resonances, one at twice the frequency of the other [Eq.
(1)]. Also, the positions of the resonances are approxi-
mately proportional to the nuclear quadrupole moment
and hence the features associated with ' Eu are about
two-and-a-half times higher in frequency than the corre-
sponding features for ' 'Eu. The positive signals are then
all readily identified. In CaF2, ' 'Eu has ground-state res-
onances at 16.52 and 33.08 MHz and ' Eu resonances are
at 39.85 and 79.76 MHz (Fig. 1). These precise values
were determined by slow scans over a small radio-
frequency range and are included in Table I with all ex-
perimentally determined parameters. The errors in the
last significant figure are included in parentheses in all
tables and excluded from the text.
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FIG. 1. ODNMR spectra in the region 0—100 MHz. {a)
CaFq and {b)CdF2.

The occurrence of hole burning implies that there is
some redistribution in the population arising from the op-
tical pumping. Thus there must be some probability for
the nuclear magnetic moment projection to be changed
during the laser excitation or the subsequent decay. This
is not expected for a truly axial system, as the nuclear
quantization should be the same in the ground and excited
state and there is no component in the electric dipole
operator which can directly change the nuclear coordi-
nate. Hole burning must therefore be associated with
centers experiencing a small amount of nonaxial strain
~here M, =l transitions are weakly allowed. In this
respect it is interesting to note that when a field is applied
along the z axis of a Gl center, no hole burning occurs.
Since the I, quantum number is now completely defined
by the field and center axis, LI, = 1 optical transitions are
strictly forbidden.

The above hole burning is of a "forbidden" nature and
therefore applying a rf field at an excited-state resonance
frequency to induce transitions between different I, states
can enhance the hole-burning rate. The hole becomes

deeper and, therefore, this process results in negative sig-
nals in the ODNMR spectrum. In Capq, excited-state res-
onances are observed at, 44.47 and 88.97 MHz correspond-
ing to ' 'Eu, and at 113.7 and 227.3 MHz, corresponding
to ' Eu. this is the first system or which excited-state
Eu + ODNMR resonances have been detected. The
dynamical hole burning in the excited state has a different
response time than the ground state and the features ex-
hibit marginally different linewidths from those associat-
ed with the ground state.

The ratios between the ' 'Eu and ' Eu resonances are
different for the different electronic states, indicating that
the pseudoquadrupole contribution must be significant in
at least one of these states. Using the lower frequencies in
each case the ratios are

39.85/16. 52=2.412+0.005 for Fo,
113.7/44. 47=2.556+0.005 for Do .

(1 la)

(1 lb)

The size of the pseudoquadrupole contribution in the
Do state has been estimated in Ref. 10 using expression

(2). The free-ion values are used for the matrix elements:

(00~ %„~ Ix) =(00 X,
~

lz) =1.36. Other parameters
are b,o„——1690 cm and 60, =1828 cm ', '~ and (r )
has been given earlier. The nuclear magnetic moments of
'~'Eu and '5 Eu are 3.4717(6)P~ and 1.5330(8)P~. '

These yield a P' value of 3 X 10 MHz for ' 'Eu and
6&(10 MHz for ' Eu. Accepting some uncertainties of
these values, it is still clear that the pseudoquadrupole
contribution is less than the experimental error in deter-
mining the excited-state frequencies and hence it is negli-
gible in that state. Thus, as presented in Ref. 10, the ratio
(1 lb) of the resonances in the Do state corresponds to the
ratio of the ' Eu and ' 'Eu quadrupole moments. It is
noted that this value is different from the value of 2.67
deduced by Tanaka et al. ' from muonic atom data, but
is in good agreement with a recent atomic-beam measure-
ment by Brand et al. ,

' who attained a value of 2.562.
The reason for the discrepancy is not understood. The
present determination, however, simply depends on the
pseudoquadrupole contribution being negligible and the

TABLE I. Experimentally measured values.

ODMR

Crystal Isotope

Electronic

state

Transition resonance
1 3 3 5+——++——2 —2 2 2

{MHz) (MHz)

Zeeman splitting factor

I
&-&- y I

Excitation and emission

hp„
(cm-') (cm ')

151Eu

153E

16.52(2)
44.47{2)

39.85(2)
113.7(1)

33.08(2)
88.97(2)

79.76(2)
227.3(l)

0.85(2)
0.90{2)

0.92(2)
0.95(2)

217{1)
1690(1) 1828(1)

CdF2

153E

15.7(1)
25.8(1)

38.4(1)

31.3(1)
51.5(1)

76.6(1)
e

0.44(2)
0.90(5)

0.76(2)
0.90(5)

257(1)
1732(1) 1796(1)

"F~ ( A2) level not observed.
Determined with low accuracy owing to small p~ (' 'Eu), consistent with values deduced from ' 'Eu data.' Dp ODNMR signals not observed for CdF2 61.
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8 (deg):

TABLE II. Quadratic Zeeman data.

Observed ~man shift (MHz/kG )

B~
~

& I lo& 8/
f
(100)

90 36 S4

CaF2
CdF2

'Not observed.

2.00(5)
1.47(5)

0.72(S)
0.66{S)

1.36(5)
1.07(S)

1.85{5)
1.28(S)

fields along the major crystal axes. Note that there are no
data with the field parallel to the major axis of the center,
as no hole burning occurred in that case.

The energy shift in the Do state is given by Eq. (8) and
it is calculated assuming free-ion matrix elements. Shifts
of the Do level appropriate to the orientation of various
centers with respect to the magnetic field are added to the
observed values to obtain the Fc shifts. The resultant
value of the quadratic Zeeman parameters defined in Eq.
(8) are M„=3.2X10 and M, =2.2X 10 in units ap-
propriate for b,o, and ho„cm ' The relative magnitudes
are as anticipated; a large effect is observed when the
relevant mixing is with the low-lying E state ~1x ) at 217
cm ', and a much smaller effect when the mixing is with
the more distant Ai state

~
lz) (at ~600 cm ').

D. Pseudoquadrupole calculation

The pseudoquadrupole interaction parameter P' can be
determined by substituting the measured values of a; and
M; in Eq. (10). The quenching parameters are more accu-
rate for the ' 'Eu isotope and, consequently, calculations
are made for ' 'Eu and the value of P'(' Eu) determined
from

correspond to large and small interaction with the ~iz)
state, respectively. A third result associated with the case
of little quenching in either transverse or axial directions
suggests that the size of the pseudoquadrupole interaction
is negligible. This situation has already been established
to be incorrect. Hence there is only one likely value of the
pseudoquadrupole interaction, denoted by an asterisk in
Table III, and further considerations below confirm this
assertion.

The procedure to establish the correct set of parameters
is for each set to subtract the pseudoquadrupole term
from the total and establish the size of the electric quad-
rupole contribution. When this is done for both isotopes
the correct set of parameters is identified as that giving a
quadrupole ratio closest to 2.SS6.

Only the absolute values of P+P' have been deduced
from our ODNMR experiments. There are therefore
eight possibilities to consider (Table III). The errors are
substantial, but only the set marked with the asterisk gives
a value of 2.54+0.02 consistent with the previously deter-
mined ratio of 2.556. This set corresponds to the values
of a„and a, and identified above with a positive sign of
P+P'. The parameters established are summarized in
Table IV.

153
P'(' Eu) = P'(' 'Eu)

151

=0.195P'(' 'Eu) . (12)

The four possible combinations of a, and a„give four
values for P' for each of the isotopes (the third and fourth
columns of Table III). Two give unacceptably large
values of the pseudoquadrupole interactions. These corre-
spond to cases where a large quenching factor a, is com-
bined with small quadratic Zeeman parameters. These are
unlikely to be associated with one another as they would

V. EXPERIMENTAL RESULTS FOR CdF2 61

The same analysis has been made for the Eu +-0
complex in CdFz. The zero-field ODNMR resonances
show very similar ground-state structure at 15.7 and 31.3
MHz for ' 'Eu and 38.4 and 76.6 MHz for ' Eu, all be-
ing within 5% of the corresponding resonances in CaFi
(Table I). On the other hand, the excited-state ' 'Eu reso-
nances are reduced to 60% of their values in CaFz. The
significance of this reduction is discussed later in Sec. VII.
The excited-state resonances associated with ' Eu have

P (153Eu )

P (151Eu)

TABLE III. Calculation of P (
' Eu)/P (

' 'Eu) for all combinations of parameters.

P'(' 'Eu) P'('5 Eu) Sign of P('"Eu) P('5 Fu)
a„(MHz) (MHz) P +P' (MHz) (MHz)

1.92(2) 1.85(2)

0.08*(2) 1.85*(2)

1.92(2) 0.15(2)

0.08(2) 0.15(2)

—6.72

0.45*(2)

—7.18

—1.31

0.088 (4)

1.40

—0.002

14.98
—1.54

7.81*(1)
—8.71

15.44
1.08

8.27
—8.25

21.24
—18.62

19.84 (1)
—20.02

21.33
—18.53

19.93
—19.92

1.42
12.1

2.54 (2)
2.30

1.38
—17.2

2.41
2.41



A. J. SILVERSMITH, A. P. RADLINSKI, AND N. B. MANSON 34

TABLE IV. Parameter values.

151Eu

153E

7F
5D

Fo
SD

1.85(2)
0.10(5)

1.85(2)
0.10(5)

0.08(2)
0.10(5)

0.08(2)
0.10(5)

M„
(10 cm)

3.2(l)
0.12(1)

3.2{1)
0.12(1)

M,
(10 cm)

0.22(5}
0.11(l)

0.22(5)
0.11{1}

P+P'
(MHz}

8.26(1)
—22.23(1)

19.93(1)
—56.85(5)

pr

(MHz)

0.45{2)
(0.01

0.088(4)
(0.01

P4f(2)

(MHz)

30.6(2)
0.6(2)'

78.2(5)
1.6(5)'

(MHz)

—22.8(2)
—22.8(2)

—58.4(5}
—58.4(5)

151E

153Eu

7F
5D

7F
'Do

1.44(2)
0.10(5)

1.44(2)
a

0.24(2)
0.10(5)

0.24{2)
a

2.41(1)
0.12{1)

2.47(l )

0.12(l)

0.50{5)
0.11(1)

0.50(5)
0.11(1)

7.85(5)
—12.90(5)

19.20{5)

0.33(2)
& 0.01

20.7(1)
0.3{1)'

53.8(3)

—13.2(1)
—13.2(1)

—33.7(3}
a

'No data.
Calculated using quadrupole moment ratio of 2.556.

'Estimated to be 0,03 of P~„as in Ref. 8.

not been observed and the reasons for this are not well un-

derstood, although even in CaF2 the Do signals from
Eu are considerably weaker than those from the ' 'Eu

isotope. This transition from a weak signal to no signal at
all could be due to marginal changes in the nuclear-spin-
relaxation rates.

The trigonal crystal field in CdF2 is smaller than in

CaF2 and the crystal-field splittings of the FJ alid DJ
states are therefore reduced. The F. state of Fi is not as
low in energy, at 257 cm ' compared with 217 cm ' in
CaF2. Again, the A2 state of Fi has not been identified,
but with the smaller crystal field it must lie at lower ener-

gy than in CaF2. The smaller splitting of the Fi levels
results in less difference between the x and z parameters
(Table IV). The a„quenching parameter is reduced from
1.85 in CaF2 to 1.44 CdF2, and a, increased from 0.08 to
0.24. Similarly, the quadratic Zeeman shift parameter for
the field along the transverse direction x is reduced from
3.2&(10 to 2.37&10 and that along the z axis is in-
creased from 2.2X 10 ' to 5)& 10

The above set of parameters leads to a slightly smaller
pseudoquadrupole interaction P' in the ground state: 0.33
MHz (for ' 'Eu) compared with 0.45 MHz in the CaFz
lattice. The ' Eu pseudoquadrupole parameter is smaller
by a factor of 0.19. Following the same procedure as for
CaF2..Eu +, the electric quadrupole Hamiltonian parame-
ter P was determined. Again, it has a positive sign in the
Fo ground state. The parameters and calculated quadru-

pole contributions are summarized in Table IV.

VI. DEVIATION OF MATRIX ELEMENTS
OF X AND L+2S FROM FREE-ION VALUES

The values of the matrix elements for N~ and L;+2S;
can be determined for the transverse field direction be-
cause the position of the Fi(E) state is known. In CaF2,
substitution of b,o„=217cm ' and M„=3.2X 10 in (9)
yields a value for the (00

~
L„+2$,

~

lx ) matrix element
of 2.6, compared with a free-ion value of 2. In CdF2,
Ao„——257 cm ' and M =2.37&10,and the calculated
value of (OO~L„+2S„~ lx) is 2.5. Thus the deviation
from the free-ion value is slightly smaller in the latter
case.

Equation (4) can be used to determine the X; matrix

TABLE V. Matrix elements of E and L+2S between 'Fo
and I'l states.

Free-ion
value

Determined from experiment
CaFp CdFq

(00
~
X„~ lx)

(00~ N,
)
lz) 5/3

1.8(l )'
0.62{10 }'

1.7(l )'
1.6(1)'b

(00 iL„+2S„
i
lx )

(00iL, +2S,
i
1z)

2.6(l)
1.3(2)

2.5(l)
1.6(2)"

'Calculated with (r ') =49.19K 10 ' cm
Assuming 5o, ——800+200 cm

elements, but it is first necessary to estimate the value of
( r ) T.his term should be rewritten as
(1—R(2) ( r )„, where ( r )„ is the average inverse
cube of the distance between the electron and the nucleus
for the free ion and Rti is an atomic shielding factor. It
has been determined for the CaF2 Gl center that 1 —R~
is very close to unity. ( r )„has been given as
49.19&& 10 cm, and using this value,
(00

~
N„~ lx ) =1.8 is obtained. In view of the uncertain-

ty in (r ), this does not indicate a significant departure
from the free ion value of 1.66. Similarly, for CdFz, a
value of (00

~
N„~ lx ) =1.7 is obtained close to the free-

ion value.
Estimating the sizes of the z component of the above

matrix elements is not as straightforward because the po-
sition of the

~
lz) state has not been determined accurate-

ly. Judging from the 'D, splitting and introducing a con-
traction factor' for the I', splittings, it must lie approxi-
mately 800+200 cm ' above the ground level. The ma-
trix element for (00 L, +2S,

~

lz) for CaF2 is then es-
timated to be 1.3, a considerable decrease from the free-
ion value of 2. The N, matrix element (00~ N,

~
1z) is

also indicated to be substantially below its free-ion value
(0.6 compared to 1.7). The values are summarized in
Table V.

The effect of J mixing on the value of the calculated
matrix elements has been considered, but the sizes of the
changes are totally inadequate to explain the present
discrepancies with the free-ion values. In atteinpting to
explain the anomalously large transition intensities in
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these centers, other workers were similarly unable to use J
mixing to account for the observed behavior and suggest-
ed that charge-transfer effects were important. It is pos-
sible that the change-transfer states also affect the present
matrix elements, but no quantitative analyses have been
attefnpted.

Such an approach which is based on unusually large
crystal-field effects is possibly not warranted here because
simple substitutional centers such as Eu + in LiYF4, or
isoelectronic Sm + in BaC1F, also indicate departures of
their matrix elements from free-ion values. ' The quadra-
tic shifts of the Fo~ Do transitions in Sm + in BaClF
are a few percent different from those calculated with
free-ion matrix elements. In LiYF4:Eu + the product of
the ItI; and L;+2S; matrix elements is 40% above that
expected on the basis of free-ion computations. The
reasons for the large departure from free-ion values
remain unexplained, and it is highly desirable to obtain
data for a system for which all the Fi levels are identi-
fied and a complete crystal-field calculation can be made.

VII. ELECTRIC QUADRUPOLE TERMS
FOR CaF2 AND CdFg

Consideration of the electric quadrupole coupling
represented by the quantity P in Eq. (1) has been dis-
cussed in a recent paper and is summarized here. P can
be expressed as the sum of two terms, Pi„(CdFz) /Pi„(CaFz) =0.58, (18)

independent of the electronic level. As the electronic
quadrupole parameter P has been determined for both Fo
and Do, the two contributions P~„and P4f' in the ground
state can be derived. These are

Pi„———22. 8 MHz, P4f' +——30.6 MHz for CaFz .

(16)

The equivalent values derived for CdFz are

Pi„——1—3.2 MHz, P4f'=+20. 7 Mhz for CdFz .

(17)

Thus it is seen that although the quadrupole parameters
P in the ground states of the CaFz and CdFz systems are
remarkably similar (7.81 and 7.52 MHz, respectively, for
' 'Eu)„ the individual terms giving rise to these are consid-
erably different.

Crystal-field calculations have not been undertaken and
thus the A2o values are now known, but we can make a
semiquantitative self-consistency check on the validity of
these values using the fact that the D, crystal-field split-
tings 5 are approximately proportional to 320. ' The
crystal-field splittings of the Di state are given in Ref. 13
and it can be seen that the following ratios are of similar
size:

(2)P =Pht+P4f, (13) b(CdFz)/b, (CaFz) =(64 cm ')/(133 cm ') =0.48 .

where Pi„ is proportional to the electric field gradient
(EFG) set up by the lattice, multiplied by the Sternheimer
antishielding factor, and Pzj' is due to an EFG set up by
the 4f electrons. In general, there is also a first-order
term P4f' which equals zero for a (spherical) J=O state.
P4f' is a second-order contribution due to mixing of the
J=O states with higher J states. Expressions for these
two contributions have been given by Blok and Shirley:

3
Piai =

I(2I —1)
I )' '4z

6e Q zo
&" )""-"'

(15)

(19)

In a similar way, the ratio of P4f (proportional to
Azo/(hz) is compared with the ratio of b, /b, z for the two
centers:

P4f ( CdFz ) /P 4f (CaFz ) =0.67

[b,(CdFz)/5(CaFz)][6 z(CaFz)/b z(CdFz)]
—1

=0.48
i

——0.61 . (21)
952 cm

In both cases the corresponding quantities are reasonably
close and the differences can be explained by inaccuracies
in our assumption that c42p is exactly proportional to 6,
as well as small differences in the shielding factors and
contraction factors of the two centers.

where Azo is the crystal-field parameter, y„ the lattice
Sternheimer antishielding factor, ( r ')„=—(4f

l
r z

l 4f ),
1 —oz represents the change in (r ) in the host crystal as
compared to the free ion, and the product (r )(1—R~)
has been defined earlier. Az is the energy distance be-
tween the ground A i state ( J=O) and the A, ( J=2) state.
In CaF2, hp ——1219 cm ' and in CdF2, 5=952 cm
(2llallO) =2/Sv 3 is a reduced matrix element of the
crystal-field potential between the J=O and 2 states.

It is shown in Ref. 8 that for the Do excited state P&f'
can be calculated and is only a few percent of the total
quadrupole coupling. Recalling that P' is also negligible
in this state, this implies that P~„can be obtained by sub-
tracting the calculated P~f' value. It is clear from Eq. (14)
that this also gives the value in the ground state as P'],t' is

VIII. SIGN OF THE QUADRUPOLE INTERACTION

There is no doubt that P~„dominates the Do excited-
state quadrupole interaction and that it has a negative
sign in the excited state is not disputed. The positive sign
of Aqo in this center determines that P~,«0. However,
we have presented calculations which predict a positive P
in the Fo state. It is possible to investigate whether the
sign of P in the ground state is the same or reversed com-
pared to that of the excited state by using a double-rf
technique. The technique is illustrated in Fig. 4(a). Trace
1 shows the ODNMR spectrum for Bl)(100). The Fo
and Do signals due to the + —,~+ —, transitions are
marked by arrows. Traces 2 and 3 demonstrate that the
application of rf radiation at the frequency of the higher-
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FIG. 4. (a) Double-rf measurements of CaFi Gl for B~
~
[100]. 1, ODNMR spectrum with no additional rf; 2, ODNMR spectrum

recorded while rf was simultaneously applied to the sample at the frequency of the 'Do+ —,~+ —,
' transition, 3, ODNMR spectrum

recorded while rf was simultaneously applied to the sample at the frequency of the 'Do ——,
' ~——,

' transition. (b) Schematic hyperfine

energy-level diagrams for (i) P( Fo) & 0 and (ii) P( Fo) & 0. Only the ordering of levels in (ii) corresponding to P ( Fo) & 0 is consistent
with the experimental results presented in (a).

energy Zeeman component of Do affects the lower-energy
Zeeman component of Fo. Thus, the second rf radiation
applied at excited-state resonances simply helps to burn a
deeper hole, thus increasing the effect of the first rf radia-
tion at ground-state frequencies. Given that P( Do) g0,
the Do resonance at higher energy corresponds to the
+ —,~+ —, transition [Fig. 4(b)]. The nuclear-spin pro-
jection, in general, is not changed during the decay to the
electronic ground state, and hence application of rf at this
frequency will affect the hole burning associated with the
+ —, and + —'

, levels in the Fo state. Therefore only the
right-hand energy-level scheme in Fig. 4(b), where there is
a reversal of the orders of the quadrupole levels, is con-
sistent with the experimental results. This confirms that
the quadrupole structure in the CaF2 center is reversed be-
tween the ground and excited states and therefore the
quadrupole interaction parameter in the ground state is
positive, with

~
P4f'

~
~

~
P&„~.

Previous investigations of quadrupole interactions in

Eu + systems have established a negative P term ' and

~
P4f'

~
~

~
Pi„~. Thus the relative value of Pi„and P4f'

must vary considerably from system to system, partly due
to a variation in the shieiding parameters 1 —o.

2 and
1 —R~. In the present systems the product of these two
values is close to unity. Their values have not been estab-
lished for any other Eu + system analyzed with the
ODNMR technique.

IX. CONCLUDING DISCUSSION

In the excited Do state both the P' and P4f' contribu-
tions to the quadrupole splitting arising from interactions
within the Dq configuration are small. The splitting of
the hyperfine levels is then dominated by the direct quad-
rupole term P~„„which has a negative value. The

excited-state resonances observed in the ODNMR spec-
trum lead (with minor corrections of a few percent for the
P4f' contribution) to values of Pi„of —22.8 ( —58.4)
MHz in CaFi and —13.2 ( —33.7) MHz in CdF2 for ' 'Eu
( 153Eu)

In the Fo ground state, P' and P4f' are larger, because
the Fq levels are much closer in energy and P~„remains
the same as in the excited state. The total electronic
quadrupole contribution Pht+P4f can be separated from
the pseudoquadrupole contribution by using the measured
hyperfine splittings and knowledge of the ratios of the
electric quadrupole moments and of the nuclear magnetic
moments of the isotopes. P4f' is positive in sign and is
found to be slightly larger than Pi«. P4f is + 30.6 (78.2)
MHz in CaF2 and 20.7 (53.8) MHz in CdFq for ' 'Eu
(' Eu). The result is a positive quadrupole interaction
parameter, P =P~„+P4f, smaller than either P~„or P4f'.
The reversal of sign between P in the ground and excited
states is confirmed independently by using a double-rf
ODNMR technique.

The pseudoquadrupole term P' is smaller than both of
the electric quadrupole interactions and at most is still
only 6% of the resultant electric quadrupole contribution.
The values of P' in the ground state are 0.45 (0.088) MHz
in CaFi and 0.33 (0.064) MHz in CdFi for the ' 'Eu
(

' Eu} isotopes.
The approach previously given by Elliott is used to es-

tablish the origin of this pseudoquadrupole interaction
and obtain a further check on the above value of P'.
However, when Elliott's expression for the pseudoquadru-
pole contribution is used directly by substitution of the
observed quenching of the nuclear magnetic moment, an
inconsistent value of P' is obtained. This is attributed to
the approximation that the ground and first-excited states
of the FJ multiplet are free-ion wave functions. It is con-
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sidered that the free-ion wave functions do not adequately
describe the actual electronic wave functions in the Gl
center and this is supported by noting that the free-ion ex-

pressions for the quadratic Zeeman shift likewise do not
predict the observed shifts. In the present work the wave

functions are no longer assumed to be those of the free ion
and, in particular, the matrix elements of ItI; and L;+2S;
are allowed to vary from their free-ion values. Measure-
ments of the quenching of the nuclear magnetic moment
and of the quadratic Zeeman shift are then shown to sup-

ply enough information to yield a value of I" entirely con-
sistent with the experimental observations.

The calculated values of the matrix elements of X; and

L;+2S; are found to depart substantially from the values

they have in a free ion. The reasons for this large depar-
ture are not well understood but assumed to be associated
with the other anomalous characteristics of the Gl center.

The new approach is essential for overall consistency.
There are also several additional attractive features about
it. For example, the signs of the nuclear g values are es-
tablished and it is shown that the quenching of the nu-

clear m.agnetic moment can be greater than unity. Furth-
ermore, the treatment conclusively shows that the nuclear
quadrupole contribution P in the ground state is positive.
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