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Iron-doped KMgF3 single crystals have been studied by Mossbauer spectroscopy of Fe57.
Single lines due to Fe ' and Fe ' are observed at room temperature. For T &12 K, the Fe '
line splits into a quadrupole doublet with a splitting ~+=0.44+0.02 mm/sec. Comparison
with a random-strain model due to Ham yields a value of 120 cm for the position of the
first excited spin-orbit split level. Magnetic hyperfine structure in external magnetic fields
at low temperature is observed and analysis yields a value of -495+30 kOe for the core-
polarization hyperfine field in Fe and a value of 4. 1 a.u. for (1jy ).

I. INTRODUCTION

We have used Mossbauer spectroscopy with Fe
to study the electronic properties of the ground
state of Fe ' in the cubic crystal KMgF . It is in-
teresting to compare this system with Fe ' in
eubie MgQ, which has been well studied. Jahn-
Teller effects manifest themselves in MgG pri-
marily as a reduction of the effective spin-orbit
splitting and as a reduction of the orbital contri-
bution to the magnetic moment. As covalency can
produce similar reductions, comparison of the
two systems may provide some insight into the
relative importance of covaleney and Jahn- Teller
eoupbng~

Another interesting comparison of MgQ: Fe ' and

KMgFG .. Fee' concerns the hyperfine-interaction
parameters. The magnetic hyperfine structure
can be observed by applying an external magnetic
field and the external field also induces electric-
quadrupole hyperfine structure. Also, as shown

below, random-strain splitting of the ground state
of Fe ' results in a quadrupole splitting at low
temperature. Taken together, analysis of these
measurements yields the relative magnitudes of
(1/x ) and the core-polarization hyperfine field
0, in the two systems.

In Sec. II A below, we present the experimental
results; in Secs. II B-II0 we review the theory of
random-strain splitting due to Ham which is rele-
vant to this work; in See. III we evaluate and dis-
cuss the results.

II. EXPERIMENTAL RESULTS AND EVALUATION

A. Experiments

Single crystals of 0. 05-at. '//, , -Fe'7-doped KMgF,
were grown by the Czochralski method. Moss-
bauer measurements were made from 4. 2 K to
room temperature and in external magnetic fields
up to 80 kQe, with absorbers which were 0. 8-mm
slices in a t100] direction. The room-temperature
spectrum is shown in Fig. 1. There are two
single lines with isomeric shifts (relative to so-
dium ferrocyanide) of 0. 7'7 and 1.42 mm/sec which
we assign to Fe' and Fe ', respectively. At low
temperature, the Fe ' line is split into a symmetric
doublet~ with separation of 0. 44 mm/sec, as is
shown in the 7 = 4. 2 K spectrum in Fig. 1. On

raising the temperature the splitting suddenly col-
lapses to a single line at 12 K. At 4. 2 K small
values of applied magnetic field (Ho& 1 kOe) in-
duce a hyperfine field of —110 kOe at the nucleus
(Fig. 2) which also collapses at 12 K. Measure-
ments in fields up to 80 kQe at 4. 2 K show that
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and is given by

bE, = 3[c3+—', (16c,—9c,)(a b + b c + c a )]'
(2)

where c3 and c, are coefficients of the electric-
quadrupole-interaction operator. Using a point-
charge crystal-field model, c3 and c, are shown

by Ham to be related,

—Sc, = 4c, = + (3/35) (1/v ) (1 —It)e Q/I(2I —1),
(3)

where (1/r ) refers to the expectation value using
one-electron d orbitals, 1-R represents Stern-
heimer shielding, and I is the Fe' 14.4-keV ex-
cited-state nuclear spin. Inserting this into Eq.
(2), we get

b,E&- (1/35)(1/r )(1 —R)e~Q

for I= —,'. Since Eq. (4) is independent of the co-
efficients a, b, c, the magnitude of &E is the same
for the three I g) states, i. e. , the bEz is indepen-
dent of the magnitude of the strain splitting. There-
for a unique quadrupole splitting will be observed
at'temperatures sufficiently low that the relaxation
time 7 for transitions among the three electronic
states Ig) is long compared to g/dEo.

The disappearance of the Fe ' quadrupole doublet
above' 12 K is due to motional narrowing resulting
from rapid transitions among the three strain-
split electron states of each Fe ' ion. Ruling out
a direct process for phonon-induced transitions
[because of the small strain splitting (-10 ~ cm ')]
Ham proposed that in MgO: Fe ' relaxation occurs
by an Orbach mechanism involving the next Fe '
spin-orbit level. In the case of Fe ' in MgO the
motional narrowing occurs at 14 K, and Ham cal-
culated that the energy separation between the
spin-orbit-split levels was reduced from the free-

ion value of 2X = 200 to 95 cm ' and pointed out
that covalent bonding or Jahn- Teller coupling could
be responsible for such a reduction. This calcu-
lation of the energy separation in Fe ' in MgO was
later confirmed by far-infrared spectroscopy and

spin resonance, and the Orbaeh mechanism was
confirmed by measurements of the exact tempera-
ture dependence of the collapse of the quadrupole
splitting.

Using the same theory, we can obtain an estimate
of the energy separation of the first spin-orbit-
split level in Fe ' in KMgF3. At 12 K, where the
motional narrowing occurs, 7.„ the electronic re-
laxation time, is equal to g/ATE& with &E+= 0. 44
mm/sec, i. e. , r, = 3. 0X 10 ' sec. For an Orbach-
type relaxation process, the temperature depen-
dence of v, is givenby~

6G44 ~' 2 ~r ' -~(nr
g4V5 +

3 V

where &= 2!XI, p (= S. 15 g/cm') is the density of

KMgF3, V~ and VJ. are the velocities of propaga-
tion of transverse and longitudinal sound waves,
and G44 is the strain-coupling coefficient for Fe~'
in KMgF3. Taking V~ = 6. 47&&10' cm/sec, Vr
= S. 94&& 10' cm/sec, ' and G44 = 1000 cm ', ' we find
4= 120 em '. This value is somewhat higher than
the value calculated by Ham and observed by Wong6
for Mgo:Fe (105 cm '), but still is significantly
reduced from the free-ion value of 200 cm ~. As
the strain-coupling coefficients G» and G44 are
nearly twice as large in KMgF3:Fes' as in MgO:Fe '
and since the Jahn- Teller energy is proportional
to the square of the coupling coefficients, larger
Jahn-Teller effects are expected in KMgF3:Fe~'
than in MgO:Fem' which would manifest themselves
as a larger reduction of the spin-orbit coupling
in KMgF3.
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2+
C. Fe Magnetic Hyperfine Interaction.

We shall now discuss the Fe ' magnetic hyper-
fine interaction induced at the iron nucleus by an
external magnetic field. For paramagnets we
may write the observed field at the nucleus H„as

H„= Hp+ Hhg ) (6)

H| +HoRs+Horp

where H~, HORp) and HDyp are the core-polariza-
tion, orbital, and dipolar contributions. In terms
of the electronic state,

Hht = 2[Ho/2&S. ) ]&S.)+»B&hf &1/r') «.)

where Hp is the external applied field and H„& is
the field at the nucleus due to the hyperfine inter-
action. The observed hyperfine spectrum will
depend on whether the relaxation rate among the
three electron states J'=+1, 0, —1 is fast or slow
compared with the Larmor precession time of the
nucleus. In the former case, fast relaxation, the

hyperfine field seen by the nucleus is the thermal
average of the contributions of the three levels,

Hhf Hhf +7'(gl BH0/&T),

where H„', is the saturation hyperfine field, 8&. is
a Brillouin function for an effective spin J', and

g is the electron g factor. The spectrum should
then consist of four lines (r rays observed along
the field direction) with a splitting corresponding
to IHp —Hhf I. On the other hand, if the relaxation
rate is slow there is no average over the three
states and each contribution is seen separately.
The states J'=+1 give rise to hyperfine fields of
equal magnitude but with opposite signs, and the
state J' =+ 0 gives only a central quadrupole-split
doublet. Therefore we expect the spectrum to be
the superposition of the three patterns, the outer-
most lines of the J'=+1 and J'= —1 states being
now separated by H„', +Hp and Hhg Hp, respectively.
As Hp increases, the splitting between the elec-
tronic levels becomes greater and the relative
line intensities vary due to changes in the Boltz-
mann dis tribution.

As in MgO:Fe ', we find the latter case, slow
relaxation, to be appropriate for Fe ' in KMgF3.
Thus the full hyperfine splitting of —110kOe is
observed in magnetic fields such that the mag-
netic field splitting is large with respect to the
random-strain splitting; this occurs for Hp- 1 kOe,
which gives us a rough upper limit of the random-
strain splitting of 1.5& 10 cm ', using the known

g factor in KMgF3, g= 3. 37. Above 12 K, the
spectrum motionally narrows as in the zero-field
case to the fast relaxation regime.

The hyperfine field at the nucleus may be written
as a sum of terms

+ -,'-p k„,(1/r') [3(L', ) L—(L+1)(S„)], (9)

where Hc/2(S ) is the core-polarization field per
spin and k„, is an orbital hyperfine reduction
factor. For Z' =+ 1, (L ) and (S ) are +-,' and + —', ,
respectively, and for J'=0, both are zero.

Values for (1/r ) have been calculated by Watson
and Freeman' and it is possible to use the mea-

sured EPR reduction factor k„ to obtain the hyper-
fine reduction factor 0„,, allowing the calculation
of the dipolar and orbital terms. This procedure,
however, only yields an estimate of H~ because
as discussed in Ref. 3 there are uncertainties in

kh, and calculated values of (1/r ) A.nother approach
is to take the value of (1/r') from the calculation
of the electric field gradient, Eq. (4), because as
shown by Freeman and Watson" the (1/r') ap-
propriate to magnetic interactions only differs by
at most 10/, from that appropriate to electric in-
teractions. Such a procedure also allows a more
self-consistent comparison of the hyperfine param-
eters for Fe ' in MgO and in KMgF3.

D. Magnetic-Field-Induced Quadrupole Interaction

The origin of the magnetic-field-induced quadru-
pole interaction is completely independent of the
strain-induced coupling mentioned above. The
theory has been explicated by Ham in his dis-
cussion of Fe2' in MgO. 2 In large applied fields
(- 50kOe) at 4. 2 K, the Zeeman splitting (- 9 cm ')
is much larger than the strain splitting (- 1.5 x 10 '
cm '), and the ground-state wave functions are the

eigenstates of J' with n in the direction of Bp.
Using crystal-field theory, Ham showed that for
Ho along [100] or [111], EEo is proportional to
+3C3 or +4C„respectively, i. e. , ~E will have
the same magnitude but opposite signs in the two
cases. This was observed in Fe2' in MgO. ' In
Fe ' in KMgF3 at 50 kOe and 4. 2 K only the J' = —1
state is populated and for Ho parallel to [100], we
observed r Eo= 0. 44 mm/sec, and the interaction
is negative, in agreement with Ham's theory and
confirming the value of the electric-quadrupole
splitting obtained from the random-strain split
regime.

III. DISCUSSION

From Eq. (4) we see that the difference in AEo
for Fe ' in KMgF3 and in MgO is due to a change
in (1/r ). Both Ingalls" and Hazony' have pro-
posed correlations between &Eo and (1/r3) for
ferrous compounds. Ingalls' uses susceptibility
data and hyperfine-interaction measurements in
FeSiFh ~ 6HhO to obtain rhEh= 4. 1 mm/sec and

(1/r ) = 3. 5 a. u. , where rhEO is a "bare" electric-
quadrupole-coupling constant which is obtained
from the measured low-temperature quadrupole
splitting (3. 6 mm/sec at 4. 2 K) by calculating
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the effect of the mixing of the ground state with
higher-lying states by the crystal field and by the
spin-orbit coupling. Johnson and Ingalls then ob-
tain (I/r )= 3. 0+0. 3 a. u. for FeFz, ' from ARo
= 3. 5 mm/sec, and use this value of (1/r') to cal-
culate HDyp and Ho» for FeF2 and are then able to

obtain Hc= —518+25 kOe. In MgO: Fe ', Ham
estimates' that the observed quadrupole splitting

at low temperature is about 9% of the bare quadru-

pole splitting yielding AZo= 3. 5 mm/sec from
which (I/r )= 3.0 a.u. If we take the effects of

dynamic quenching and covalency to be roughly the

same for Fe ' in MgO and for Fe ' in KMgF„we
obtain for the latter case bZO= 4. 8 mm/sec and

(I/r ),« = 4. 1 a. u. Using these values we now cal-
culate the Hz&gp and Hose terms in Eq. (9) (Table
I) and obtain Hc= —344 kOe and Hc = —372 for Fe '
in MgO and Fe ' in KMgF3, respectively. These
values refer to (S,) = —,'. The values of the core-
polarization field in various compounds generally
quoted in the literature refer to (S ) = 2 and these
values for the two systems at hand are

IIc = —460 kOe for Fe ' in MgO,

II&= —495 kOe for Fe 'in KMgF3

It is difficult to assign errors for these values,
but roughly 5% is probably appropriate. The largest
error concerns the normalization for (I/r ). This
was calculated by Ingalls from hyperfine param-
eters obtained by Johnson' which were extrapola-
tions from incomplete magnetization and could
involve some error, especially if the hyperfine field

is not strictly proportional to the magnetization
(in the case of relaxation effects, for example).

Hazony' has recently noted the correlations be-
tween Hc, (1/r ), and the isomer shift for various
ferrous compounds. His schema differ from that

of Ingalls in that he uses the low-tempera, ture
quadrupole splittings instead of the "bare" values
defined by Ingalls. " Still, he fortuitously obtains
the same value of (I/r3) for FeF2 as Johnson and

Ingalls' (see above), . but he estimates (I/t' ) = 3.8

a.u. for FeSiF6 6H~O. This is a point that clearly
needs further study. In any case, Hazony notes
that Irc- —500 kOe for ferrous compounds with

large quadrupole splittings (= large values of (I/~'))
and large isomer shifts (IS) (relative to iron metal).
Covalency effects manifest themselves as a re-
duction in IS, &Fz, and II~. Our results are in

qualitative agreement with this trend. Chappert
et al. ' have recently reconsidered the IS scale
for Fe based on the isomer shifts of Fe ' and

Fe ' in KMgF3 and concluded that Fe ' in KMgF3
is almost purely ionic. The isomeric shift in Fe '

TABLE I. Hyperfine parameters for MgO: Fe~' and

KMgF3. Fe

(1/~'&
DEg
H, ($) =2)
HDIP

HoRB
H~
IS

MgO: Fe~'

3.428
3. 0 a.u.
0. 32 mm/sec

-460 kOe
+6 kOe
+218 kOe
—120 kOe
—1.06 mm/sec

KMgF Fe '

3.37"
4. 1 a. u.
0. 44 mm/sec

-495 kOe
+7 kOe
+255 kOe
—110 kOe
—1.46 mm/sec

Reference 3. [The values quoted here differ from
those in Table III of Ref. 3 because here we have taken
a different value of (1/~ ) (see text). ]

J. T. Vallin and W. W. Piper, quoted in Ref. 1.

in MgO indicates some covalency, and this reflects
itself in the smaller quadrupole splitting and IIc.

In conclusion, we have found using Mossbauer
spectroscopy that Fe ' in KMgF, behaves very
similarly to Fe ' in MgO, in that the threefold de-
generate ground state expected from simple crys-
tal-field theory is split by random strains into

three close-lying singlet states and that a quadru-

pole splitting is observed at low T because, as in

MgO, relaxation processes between the strain-
split levels are very slow. From a comparison of

the hyperfine parameters, we find that covalency
effects play a role in reducing the value of (1/x')
and II~ in MgO: Fe ', whereas these parameters
approach the free-ion values for KMgF3:Fe2'. As

in MgO:Fe ', we find that in KMgF3:Fe ' the spin-
orbit-coupling constant is considerably reduced
from the free-ion value. In fact, the values of the

spin-orbit-coupling constants in the two systems
are remarkably similar. Ham et al. ' estimated
that in MgO:Fe ' covalency effects could account
for at most 10% of the reduction in the spin-orbit-
coupling constant. Above we found that covalency
in MgO:Fe ' reduced the hyperfine-coupling param-
eters relative to KMgF3:Fe ', which suggests that
the difference in the values of L in the two systems
(120 cm ~ in KMgF&.'Fe~, 105 cm ~ in MgO:Fem')

is due to covalency. If the remaining reduction is
due to Jahn- Teller effects, then we find that these
effects are roughly the same in the two systems,
even though the value of G44 in KMgF3 is twice as
large as in XgO. However, this may be simply
coincidental and perhaps ascribable to different
details of the phonon spectrum in the two systems.
As Ham et al. have noted~ the g factors in the two

systems differ and suggest larger Jahn- Teller ef-
fects in KMgF3:Fe3'.
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Temperature Dependence of the Spin-Lattice Interaction for 613+ in Th02 and Ce02~
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The second- and fourth-order spin-lattice coefficients of Gd ' in cubic positions of ThO~ and

CeO& crystals have been measured as a function of temperature between 4 and "60oK by elec-
tron-paramagnetic-resonance experiments in uniaxially stressed crystals. The second-order
coefficients are considerably different for the two crystals, and these coefficients show a large
variation with temperature. A detailed theoretical calculation of these coefficients has not
been carried out; however, it is possible to qualitatively interpret the observed temperature
variation in terms of effects due to the modulation of the orbit-lattice interaction by the lattice
vibrations. The temperature-variation curves are explained using an Einstein model for the
vibrations of the oxygen ligands of the paramagnetic ions. The fourth-order coefficients are
similar for the two crystals and are temperature independent in the range studied. The effect
of a hydrostatic strain on the energy levels of the ion is used to explain the observed temper-
ature variation of the cubic field parameter in terms of the thermal expansion of the crystal.

I. INTRODUCTION

The interpretation of the crystal-field splittings
of ions with a half-filled shell of electrons, Cr',
Mn ', and res'of the 3d group and Eu ', Gd ', and
Tb ' of the rare-earth group, has involved serious
difficulties. The crystalline electric field acting
alone cannot remove the degeneracy of the ground
level of these S-state ions and it is necessary to
consider high-order processes involving spin-
dependent interactions together with the crystal-
line field. A great deal of experimental informa-
tion obtained by electron-paramagnetic-resonance
(EPH) techniques exists for these ions and many
theoretical papers dealing with this problem are
found in the literature. The reader is referred
to Refs. 1 and 2, where an important part of the
theoretical work done on this problem until 1966
is quoted.

Important progress has been made in the under-
standing of the S-state iron-group ions and, even

though a good fit between theory and experiment
does not yet exist, an order of magnitude agree-
ment has been found. 2 However, less progress
has been made in the explanation of the splittings
of the ground state of the rare-earth S-state ions,
even though experimental data exist for several
cubic crystals and for many lattices of lower sym-
metry.

An attempt to estimate the ionic contributions to
the ground-state splitting of trivalent gadolinium
in lanthanum ethyl. sulphate has been made by
Wybourne. Wybourne considers the contributions
coming from several mechanisms involving the
crystal field with other interactions in different
orders of perturbation and also relativistic effects,
configuration mixing, and nonlinear electrostatical-
ly correlated crystal-field interactions. The re-
sult of the calculation does not agree with the ex-
perimental values and Wybourne suggests that the
correct explanation should involve the details of
the interaction of the gadolinium ion with the lig-


