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The appearance of a quadrupole doublet in the Mossbauer spectrum of Fe'+ in Mgo at T(14'K, as ob-
served originally by Pipkorn and Leider, is explained on the basis of crystal-field theory. The doublet is
the result of the electric Geld gradient produced at the nucleus by the valence electrons of Fe'+, combined
with long electronic relaxation times and the effect of random strains in lifting the electronic degeneracy of
the ground-state triplet by ~10 ' cm '. Although the Jahn-Teller efI'ect plays no essential role in the ap-
pearance of the doublet, it may change its splitting slightly and cause broadening. An Orbach-type process
is proposed for the electronic relaxation that is responsible for motional narrowing of the doublet
for T&14'K. The form predicted for the Mossbauer spectrum is also given for zero strain and for an applied
magnetic Geld; in the latter case, in addition to a hyperfine splitting, there is a quadrupole splitting which
changes sign as H rotates from L100j to L111j.

I. DTTRODUCTION

T lHE Mossbauer spectrum of Fe'+ in single crystals..of MgO has been reported by Pipkorn and Leider'
and by Frankel and Slum. ' In these experiments, a
single line was observed at temperatures above 14'K,
but below 14'K a resolved quadrupole doublet was
found with a peak separation of 0.27 mm/sec. Since Fe
was in dilute concentration in the crystals used ( 0.03
atomic % in the work of Ref. 1), and since the Fes+

ions should have been at sites of undistorted cubic sym-
metry, Pipkorn and Leider' suggested that the quad-
rupole splitting might be due to a Jahn-Teller distortion
which reoriented sufficiently rapidly above 14'K to
produce a motional narrowing of the spectrum. The
purpose of this paper is to show that a quadrupole
doublet of approximately this splitting is to be expected
at sufficiently low temperatures simply on the basis of
crystal-field theory, as the result of the electric field

gradient produced at the nucleus by the valence elec-
trons of Fe'+, combined with the eBect of random
strains in the MgO crystals and suitably long electronic
relaxation times. No distortion from cubic symmetry
arising from a Jahn-Teller effect is therefore required to
account for these data. In fact, as will be discussed,
paramagnetic resonance studies" of Fe'+ in MgO
rule out the possibility of any static Jahn-Teller dis-
tortion for this ion. A dynamic Jahn-Teller effect con-
sistent with the KPR data will be shown to lead to only
minor changes in the predicted quadrupole doublet
obtained from the static crystal field model, the prin-
cipal qualitative change being a possible broadening of
the doublet when the strains are random.

The paper will also consider the possible origin of the
electronic relaxation mechanism that is evideii tly
responsible for motional narrowing of the doublet at

' D. N. Pipkorn and H. R. Leider, Bull. Am. Phys. Soc. 11, 49
(1966).' R. B. Frankel and N. A. Slum, Bull. Am. Phys. Soc. 12, 24
(1967).' W. Low and M. Weger, Phys. Rev. 118, 1119, 1130 (1960);
120, 2277 (1960).

4 D. H. McMahon, Phys. Rev. 134, A128 (1964).
160

14'K. We give also the form expected for the Mossbauer
spectrum in the absence of strain, and in the presence of
an external magnetic held.

In this paper we shall be content to present the
principal features of the model which seems to be in at
least semiquaotitative agreement with the experimental
data now available. A more detailed quantitative
analysis of the various parameters affecting the Moss-
bauer and EPR spectra of Fe'+ in MgO will be deferred
until another time.

II. CRYSTAL FIELD MODEL WITH RANDOM
STRAIN

The ground electronic state of Fe'+ in cubic sym-
metry (octahedral coordination) is a spin-orbit triplet
F5, from the term 'T2, .' Within this triplet, the inter-
action'

between the electric field gradient produced at the
nucleus by the valence electrons of Fe'+ and the nuclear
quadrupole moment Q of Fe'r may be represented by
the operator

Xo' —(c,/4) I [3J,' I(1+1)][3I,s I(I+1)]
+3LJ'—J'][I'—I.s] I

+cs( (J„J,+J,J„)(I„I,+I,I„)
+ (J,J.+J.J.) (I,I +I,I.)
+ (J,J„+J„J,) (I,I„+I„I,) I. (2)

Here I is the nuclear spin operator (I=—,'), and J is the
effective spin operator (J= 1) for the triplet. The
vector components in Eq. (2) are referred to the cubic
axes x, y, s of the octahedron. While the general form of
BCo' in Eq. (2) is dictated by the cubic symmetry, we

M. H. Cohen and F. Reif in Solid State Physics, edited by
F. Seitz and D. Turnbull (Academic Press Inc. , New York,
1957), Vol. 5, p. 321.
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find, by evaluating the matrix elements of X@ in Eq.
(1) using the 3d' wave functions' for the lowest I's,
spin-orbit level, that c3 and c& are given by crystal Geld
theory to have the value

—3e =+4e =+( ' ) (r ')(1—~) 'Q/[I(2I —1)].
(3)

Here (t-'& is the one-electron expectation value of r-',
and we have included in Eq. (3) the Sternheimer factor
(1—E) for the valence electrons of Fe'+.'

In the presence of an arbitrary static strain (strain
splitting small compared to spin-orbit splitting) each
electronic eigenstate derived from F~, takes the form

14 &=~
I k&+b I n&+e I 1 &, (4)

where
I $), I ri&, I 1 &

are the three I's, states trans-
forming respectively as ys, sx, xy, and a, b, c are real
coeKcients [(as+bs+es) = 1]. The diagonal matrix
element of the operator (2) with respect to such a state
is given by

Q, I
Xo'

I f)= (c,/4) t [3c'—1][3I,' I(I+1)]
+3[a'—b'][I~'—I„']I 2esI bc(I—„I.+I,I„)
+ac(I,I,+I,I,) +ab(I,I„+I„I,) I, (5)

which thus gives the nuclear Hamiltonian corresponding
to the electronic state (4).r For I= '„we can fin-d the
eigenvalues of Eq. (5) exactly: there are two doublets
with energies given by E=+ (s) AE, where

A+=3[ex+(rs) (16es —9es) (c~b +bses+c as)]i~s (6)

Moreover, if es and es are related as in Eq. (3), we obtain
from Eq. (6) a quadrupole splitting

which is independent of the choice of the (real) coefli-
cients u, b, c in Eq. (4) .

Therefore, if random strains at the site of an Fe'+ ion
sufBce to completely lift the threefold degeneracy of
rsg by energy differences larger than the energy of inter-
action between the valence electrons and the nuclear
spin (due to quadrupole and hyperfine interactions),
three nondegenerate electronic states of the form (4)
result, and according to crystal-Geld theory each of
these produces an identical quadrupole splitting AE
for Fes7™given by Eq. (7). We may expect, then, to
observe a quadrupole doublet in the Mossbauer spec-
trum (in the absence of an external magnetic field) at
temperatures sufficiently low that the relaxation time v.

for electronic transitions among the three states is long
compared to fi/b. E, if such strains are present at the
site of a typical Fe'+ ion.

6 R. Ingalls, Phys. Rev. 133, A787 {1964).
7 The diagonal matrix element of the hyperGne interaction with

respect to the state (4) is zero because the coeQicients e, b, c
in Eq. (4) are real.

We have obtained estimates of the internal strains in
typical single crystals of MgO from two studies of
paramagnetic resonance line shapes, that of McMahon4
for Fe'+, and that of Feher' for Mn'+ and Fe'+. From
both sources we Gnd values of the order of at least
2)&10 ' in the various samples. Since the strain co-
efBcients for the splitting of F5, of Fe'+ in MgO are
Gii= +800, G44= +540 cm '/unit strain, such internal
strains are of quite sufhcient magnitude to cause a
splitting of I'5, large compared to the hyperfine and
quadrupole interactions. '

The quadrupole splitting AE= 0.27 mm/sec found by
Pipkorn and Leider is only about —,'0 of that found' for
Fe'+ in such crystals as FeSO4 in which the Fe'+ experi-
ences a strong noncubic crystal Geld. However, this is
exactly the result predicted by Eq. (7), which gives for
hE a value ~'~ that obtained' if the ground state is an
orbital singlet produced by a crystal-Geld splitting of
5T2 which is stronger than the spin-orbit splitting. "

III. JAHN-TELLER EFFECTS

Paramagnetic resonance studies'4 of Fe'+ in MgO
show conclusively that Jahn-Teller effects in the I's,
ground state are weak. The observed g factor is iso-
tropic and has the value 3.428. The difference between
this and the value ~3.5 given by crystal-field theory
can plausibly be attributed to the eKects of covalent
bonding. ' If a static Jahn-Teller distortion occurred,
the low-temperature resonance spectrum should be the
superposition of several anisotropic spectra with g
factors near 2. One can therefore rule out the possibility
of a static Jahn-Teller distortion for Fe'+ in MgO. A
moderately strong dynamic Jahn-Teller effect, " while
preserving an isotropic g factor, would reduce its value
towards g~3.0 by dynamic quenching of the orbital
part of the Zeeman interaction. However, the orbital-
reduction factor associated with the orbital contribution
to the g factor is approximately 0.8.' Thus, an upper
bound of ~20'Po can be placed on the combined effects
of covalent bonding and dynamic quenching in re-
ducing this parameter, and as we have noted, this
reduction may be largely due to covalent bonding.
Even if this reduction is in part due to dynamic quench-
ing, as the author has suggested previously, "the eGects
of Jahn-Teller coupling on the I's, ground state are at
most of very modest size.

The small effect of Jahn-Teller coupling on octa-

s E. R. Feher, Phys. Rev. 136, A143 (1964).' G. D. Watkins and E. Feher, Bull. Am. Phys. Soc. 7, 29
(1962).

"The magnitude of the effective Geld at the nucleus due to
the hyperfine interaction is 128 kOe for Fe'+ in MgO (Ref. 2).

"This factor of ~30 is the same factor noted by Van Vleck in
Ref. 13 in explaining the evident absence of a Jahn-Teller eBect
in the ground state of Fe~+ in MgO.» F. S. Ham, Phys. Rev. 138, A1727 (1965); see in particular
the discussion in connection with Eq. (2.39) and with Table II.
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hedral Fe'+ was explained by Van Vleck" and Liehr '
who pointed out that the matrix elements of the Jahn-
Teller interactiori within the F» ground-state triplet
are reduced by a factor of —,', compared to matrix
elements between the orbital triplet states of 'T2, .
This explanation assumes that the Jahn-Teller inter-
action is weaker than the spin-orbit interaction. There
is, however, reason" to question this assumption; if the
two interactions are of comparable strength, significant
Jahn-Teller corrections to the parameters of the I's,
level are then definitely to be expected, but the theory
of this complicated case has not been worked out.

A dynamic Jahn-Teller effect will aRect the quad-
rupole splitting of the Mossbauer spectrum by changing
the values of the parameters cs and cs in Eq. (2) which
determine the effect of the quadrupole interaction
within the ground-state F» triplet. Apart from this
change, the calculation of the quadrupole splitting
in the presence of a dynamic Jahn-Teller effect is
identical with that given in Sec. II for simple crystal-
field theory. However, the fractional changes in c3 and
cs will usually be different, so that the ratio (cs/cs) may
now depart from the value —~ given by Eq. (3).
Since it was this value for this ratio that led the quad-
rupole splitting hE as given by Eq. (6) to be inde-
pendent of the choice of the coeKcients a, b, c in Eq.
(4), we see that a dynamic Jahn-Teller effect may lead
to a quadrupole splitting which, unlike Eq. (7), does
depend on the strain. Accordingly, if the local strains
are randomly oriented, the quadrupole doublet expected
in the low-temperature Mossbauer spectrum on the
basis of Eq. (6) will now be broadened.

The change in cs and cs caused by the Jahn-Teller
coupling is an example of the general phenomenon
which shows up in other cases as the dynamic quenching
of orbital operators by a dynamic Jahn-Teller effect.""
However, the case of Fe'+ in MgO is complicated, as we
have already noted, because the Jahn-Teller energy is
evidently of the same order of magnitude as the separa-
tion of the spin-orbit levels, and these levels are coupled
by, the Jahn-Teller interaction. Accordingly, cs or cs

may in this case actually be increased by the Jahn-
Teller coupling. A perturbation calculation suggests,
however, that the changes in c3 and cs from their crystal-
field value of Eq. (3) (as modified by covalent bonding
through a change of (r ')) are less than some 10% so
long as the Jahn-Teller energy" Egr is less than the
spin-orbit parameter A, .

Thus, a dynamic Jahn-Teller eRect will change cs
and c5 from their values given by crystal field theory,
but for Fe'+ in MgO we do not expect such changes to
be large.
". J.H. Van Vleck, Physica 26, 544 (1960); Disc. Faraday Soc.

26, 98 (1958).
'4 A. D. Liehr, Bell System Tech. J. 39, 1617 (1960).
» W. C. Scott and M. D. Stnrge, Phys. Rev. 146, 262 (1966).

, "For the precise defInition of Eqf in the various cases, see
Ref. (12).

It should be remarked that a dynamic Jahn-Teller
effect does not lift the degeneracy of the F5, ground
state of the Fe'+ ion (this state must now be viewed as
an eigenstate of the Hamiltonian of overall cubic sym-
metry describing the coupled system of electrons and
phonons). Therefore, a dynamic Jahn-Teller effect
can in no sense substitute for the random strains (due
to other impurity ions or crystal defects) which repre-
sent true departures from cubic symmetry for a given
Fe'+ ion and are required to lift the degeneracy of F»
as described in Sec. II so that the quadrupole doublet
described by Eqs. (6) or (7) may be observed.

IV. RELAXATION MECHANISMS

On the basis of our proposed model, the disappearance
of the quadrupole doublet above 14'K must be attrib-
uted to motional narrowing resulting from rapid
electronic transitions among the three strain-split states
of each Fe'+ ion (r«A/AE for T) 14'K) . If the strain
splitting is much less than kT, the average of Eq. (5)
over the three states is zero, and the quadrupole doublet
will be replaced by a single line above 14'K, as observed.
Even though the quadrupole splitting AE given by
Eq. (7) is the same for each of the three states, the
orientation of the electric Beld gradient at the nucleus
depends on the state. %hen reorientation occurs
rapidly with respect to the quadrupole precession time,
as a result of rapid electronic transitions among the
states, the nucleus sees an effectively isotropic field if
the three states are equally probable, and the quad-
rupole splitting vanishes. If this explanation is correct,
the electronic relaxation time r in I's, must be fi/hE=
5X10 'sec at T=14'K.

So far as we are aware, the relaxation time of Pe'+
in MgO has not been measured at temperatures 14'K,
so that we have no experimental value for v with which
to compare this estimate from the Mossbauer data. On
theoretical grounds, however, we believe this value is
reasonable. To demonstrate this, we have calculated
the transition probability P per unit time for phonon-
induced transitions between two of the F» states, say

+P Since d-irec. t processes'r are very much too slow to
account for the observed relaxation, because of the
small separation (~10 ' cm ') of the strain-split
levels, we must consider Raman processes, and Orbach
processes'~ involving the higher spin-orbit levels of
Fe +.

It appears that Raman processes are unable to
account for this value of 7-, unless the long-wave
approximation used to calculate P can possibly lead to
an underestimation of P by a factor of ~10'. There are
several Raman processes because of the various inter-
mediate states available, but a representative value is
given by the process in which the intermediate state is

n R. Orbach, Proc. Roy. Soc. (London) A264, 458 (1961).
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2G4tsLV 2 t't'r»'
P " 1+—

I

—
I exp( —6/k T),

z-peters 3 5pr, l
(9)

where we have again used the long-wave approximation
to relate the phonon matrix elements to the known
strain parameters for I's,. Evaluating Eq. (9) using the
free ion value

~
X

~

= 100 cm ', we obtain r~(1/3P) ~
3&&10 4 sec at T=14'K, a value also much too long to
account for the motional narrowing. However, whereas
P calculated for the Raman processes varies only
moderately' with 6, the value of P obtained from Eq.
(9) depends very strongly on 6 at low temperatures
because of the factor exp( —b/kT) . If we use Eq. (9)
to determine the value of 6 that would give (1/3P)
5)&10 ' sec at 14'K, we obtain 6=95 cm '. Such a
reduced energy separation from I'« to I's, and/or I'4o

is not unreasonable: Covalent bonding can be expected
to reduce X by up to perhaps 30% relative to free ion
values; moreover, the coupling of the F3, and F4, levels
to strains is predicted by theory to be five times stronger
than that of I's„and an estimate of the Jahn-Teller
displacement of the F3„ I'4„and I"5, levels shows that
the first two may very well be depressed by 50—100 cm '
relative to F50.

V. MOSSBAUER SPECTRUM IN ZERO STRAIN

If strains were negligible, there would still be a
splitting of the Mossbauer spectrum in the low-tem-
perature region where the relaxation time is long, even
in the absence of a magnetic field. This case may be of
no experimental interest, since to study it we should

»A. L. Schawlow, A. H. Piksis, and S. Sugano, Phys. Rev.
122, 1469 (1961).

"The value of P obtained from Eq. {8) of course does not
depend at all on the energy of the excited spin-orbit levels, but
contributions from other Raman processes in which the inter-
mediate state is an excited level vary approximately as the in-
verse square of the energy difference.

also a state of F5,. We obtain for this process the value

6(kT) sG44'(4G44'+9Gtts) 2 ur ' '
P~ 1+——,(8)

25m'p'fi'~p" 3 vg

where p(= 3.58 g/cm') is the density of MgO, and tlat

and vz, are the velocities of propagation of transverse
and longitudinal acoustic waves, respectively. From
values' of the strain coeKcients, using vz ——6.5&10'
cm/sec and nz, ——9.1&&10' cm/sec obtained from the
elastic constants's of MgO, we obtain from Eq. (8) the
result r (1/3P) 1&&10 e sec at 2'= 14'K. This value
is much too long to account for the motional narrowing.

A more likely process is the Orbach process through
the next higher spin-orbit level of Fe'+ (the I'so and
F4, states which are given by crystal-field theory to lie
an energy 6 2

~
X

~

above I's„where X is the spin-orbit
parameter). We calculate for this process that at low
temperatures P is given approximately by

need MgO crystals of much greater perfection than
those used in the work to date. However, we give the
results for this case in order to give emphasis to the
vital role played by the strains in the model offered in
Sec. II to account for the quadrupole doublet found
experimentally.

The nuclear state of Fest (I=a) belongs to the
irreducible representation' F8 of the rotation group of
the cube. Since I's&(i'a=1'e+I'7+21"s, we obtain in
perfect cubic symmetry four energy levels of the
coupled electron-nuclear system corresponding to the
excited Mossbauer state. To evaluate these energy
levels we must now add the hyperfine interaction
BtI J to K@' in Eq. (2) . The exact eigenvalues of the
resulting Hamiltonian are the following:

I': E=—(-,') c +3cs+ (-', ) Bt,

I'7. &=+(s)cs+3cs—(s) Bt,

r, : Z= —(-;) +(-,')B +I(—.')L '+ 27+(—'.:)B'
+3B L +(l) 7I'" (1o)

The nuclear ground state (I=z) is I'e, and since
rsXre= r7+ls there are two levels of this state, in
which the only interaction is the hyperfine interaction
BpJ I:

F7.'E= —Bp,

&=+(-') Bp.

Since magnetic-dipole selection rules allow all transi-
tions between the levels of Eq. (10) and those of Eq.
(11) except I'e—+I'7, the Mossbauer spectrum for the
perfect cubic symmetry may therefore show seven
distinct lines at low temperatures if all the lines can be
resolved.

VI. MOSSBAUER SPECTRUM IN A MAGNETIC
FIELD

Frankel and Slum' have found that by applying an
external magnetic field, a hyperfine pattern in the
Mossbauer spectrum may be developed. At 4.2'K this
hyperfine structure began to appear for fields 250 Oe
and was fully developed at ~750 Oe. These results are
consistent with the model of Sec. II, as we will now
show.

When a magnetic field H is applied to the model of
Sec. II, with H large enough so that the Zeeman split-
ting of F5, is larger than the strain splitting, the elec-
tronic eigenstates are then the eigenstates of J~ with
Jt ——0, &1 (where t' is in the direction of H) instead
of being determined by the strain. The nuclear Hamil-
tonian for Fe'~ corresponding to each electronic state

20 Our notation for the irreducible representations of the group
0 agrees with that of G. F.Koster, J.O. Dimmock, R. G. Wheeler,
and H. Statz, Properties of the Thtrty Ttoo Point Groups {The-
M.I.T. Press, Cambridge, Massachusetts, 1963), p. 88.
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is then given by the part of Eq. (2) which is diagonal
with respect to Jt-', to which must be added the hyper-
fine and nuclear Zeeman terms. Thus, instead of
(P ~

Xo'
~ f) from Eq. (5), we now have

&Ir'
I

~'
I
Ir') =I3.IrIr' g~~-IrII

+L(-,') (Jr')' —1)II(~3/4) I 53l',' 1—)PI,'—I(I+1)]
+3D" f,']LI—.' I,'] I +—2~5 IM.(I,I.+I.I,)

+f'g, (I,I,+I,I,) +lg„(I,I„+I„I,) IP, (12)

while in the Mossbauer ground state we have

(Ir'
I

~'
I
Ir') = ~oIr Ir' go&—~IrII

Here g~, go are the nuclear g factors for the excited and
ground states, respectively, P~ is the nuclear magneton,
and f„t„, t, denote the direction cosines of H with
respect to the cubic axes. From Eqs. (12) and (13) it
is clear that the Mossbauer spectrum should now show
both hyperfine and quadrupole splittings.

To evaluate the dependence of the quadrupole
splittings on the orientation of I, for the Mossbauer
spectra corresponding to the electronic states J~= &1,
we make the approximation that the Zeeman splitting
of the nuclear levels (including that due to the internal
fieldm arising from the hyperfine interaction), is large
compared to the quadrupole splitting. Keeping there-
fore only those parts of the quadrupole terms in Eq.
(12) which are diagonal with respect to Ir, we then
obtain for the quadrupole splitting Ihere we de6ne
~Ii= (k) L&—(Ir =+8)+&( 2) &—(+—2) &( k—)]I—
~&= (!)L +(4 3) (l-.'—t-,'+f,'r.'+~.'l-.')] (14).
For H along L100] or $111],Eq. (14) is exact, so that
d,E is given for these two directions by +(2)c3 and
+2c&, respectively; according to Eq. (3) these values
have the same magnitude )one-half that given by Eq.
(7)] for the crystal-Geld model, but opposite signs.

For the state with Jt' ——0 there is no hyperfine field
at the nucleus. Therefore, as long as H is small enough
so that gg~IH is smaller than the linewidth, this
spectrum appears for arbitrary orientation of I as a
quadrupole doublet with a splitting identical to that
obtained by substituting t, t „, l', for a, b, c in Eq. (6) .

VII. DISCUSSION

We have shown that a quadrupole doublet is to be
expected on the basis of simple crystal-field theory, at
suitably low temperatures, in the Mossbauer spectrum
of octahedral Fe'+ if random strains in the crystal are of
sufhcient magnitude, even though the Fe'+ site sym-
metry is completely cubic. We propose therefore that
this model explains at least semiquantitatively the
quadrupole doublet observed by Pipkorn and Leider'
and by Frankel and Blum' for Fe'+ in MgO at tem-
peratures below 14'K. Jahn-Teller effects play no

essential role in the appearance of this doublet, although
a dyna, mic Iahn-Teller effect may cause small changes
in the parameters c3 and c5, which determine the
splitting of the doublet, and may contribute to its
broadening.

There is however a quantitative discrepancy between
the observed doublet splitting' of 0.27 mm/sec
(1.0X10 ' cm ') and that calculated on the basis of
crystal-6eld theory from Eq. (7) using the currently
accepted value for the Fe~r quadrupole moment Q.
Taking the value Q~+0.29 b obtained by Ingalls, '
and reducing Freeman and Watson's estimate' ' of
(r ')(1—R) =3.3 atomic units (a.u.) for the Fe'+
free ion by ~20% to take into approximate account the
combined effect of covalent bonding and dynamical
quenching, we obtain from Eq. (7) the value hE 0.44
mm/sec (1.7X10 4crn '). To eliminatethisdiscrepancy
by revising our estimate of the effect on AE of covalent
bonding and dynamic quenching would require a
larger change than seems plausible. Accordingly, if the
proposed model is the correct one to give a quantitative
description of the present experimental results, this
discrepancy may be evidence that Ingalls' value for Q
is somewhat too high.

To account for the motional narrowing of the Moss-
bauer line which occurs at 14'K, we suggest that the
Orbach process described in Sec. IV is responsible for
the electronic relaxation that produces this narrowing.
The fact that this narrowing occurs over a narrow
temperature range" is at least qualitatively consistent
with the strong dependence of Eq. (9) on temperature
through the exponential factor. However, for the
Orbach process to account for the relaxation, it is
evidently essential that one or more excited spin-orbit
levels of Fe'+ be substantially lower than predicted by
crystal-field theory, quite possibly as a result of the
jahn-Teller coupling. It should be possible to establish
whether or not this is true from the far infrared absorp-
tion of Fe'+ in MgO, since the transitions F5,—+F4, and
I'5,—+I'3, are both magnetic-dipole allowed.

We have estimated from resonance data that typical
strains &2)&10 ' occur in the MgO crystals, so that the
strain splittings of the ground-state triplet are &10 '
cm '. Since the magnitudes of the hyperfine and quad-
rupole interactions are at least an order of magnitude
smaller L3 ) ca (

= 1.0X10 ' cm—', 3 ( I3~ )
1.0X10-'

cm ' for Fe'+ in MgO from the data of Refs. (1) and
(2) ], this value of the strain splitting is amply suKcient
to prevent observation of the zero-strain Mossbauer
spectrum described in Sec. V. We may also obtain the
order of magnitude of the strain splitting from the value
of the applied magnetic field II& at which the hyperfine
structure begins to appear in the Mossbauer spectrum.
Using H~~250 Oe from the work of Frankel and Blum2

2'A. J. Freeman and R. E, Watson, Phys. Rev. 131, 2566
l1963),
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we obtain gBH1 4&10 2 cm ', so that these two
estimates of the strain splitting agree.

A more exacting test of our proposed model would be
provided by a precise determination of the quadrupole
splitting in the presence of an applied magnetic field.
As we found in Sec. VI, when H is along L100$ the
splitting of the Jr=+1 spectrum equals + (z) cs, while
for H along L111$ it equals +2cs, so that these param-
eters, including their signs, may be determined in-
dependently. Since c3 is given by the crystal-field model
to be negative and cs positive (for Q positive"), the

"A. Abragam and F. Bouton, Compt. Rend. 252, 2404 (1961);
G. Burns, Phys. Rev. 124, 524 (1961).

sign of the splitting should change as H is rotated from

t 100$ to [111$.Any departure in the ratio cs/cs from
that given by Eq. (3) would give a measure of the
importance of departures from the crystal-field model,
such as those that may arise from Jahn-Teller effects.
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Nuclear spin-lattice relaxation times T& and relaxation times along the rf Geld (T~,) have been measured
for H and F~ in (NH4)qBeF4. Below 250'I the relaxation is due to reorientation of NH4+ ions; proton
T& versus T has two minima due to two inequivalent NH4+ ions in the unit cell. Above the transition tern-
perature T, (176'K) and below 130'K, the logarithm of the correlation time 7., is a linear function of T
with normal values of pre-exponential factors. Immediately below T„ the time r, is anomalously short, as
found previously in (NH4)2SO4. Above 250'K, both proton and F" relaxation become nonexponential
and may be characterized by the same pair of relaxation times T&' and T&". The shorter component (T&')
is ascribed to H-F dipolar interactions, and the longer component (T1") to H-F, H-H, and Be-F dipolar
interactions. On deuteration, only the longer component remains; also, T1' and T1"depend only on the rate of
reorientation of BeF4 tetrahedra. Deuteron-resonance results indicate that the dipole moment per NH4+
ion in (NH~) sBeF4 is about half that in (NH4) sSO4, in agreement with spontaneous-polarization measure-
ments. The phase transition in (NH4) 2BeF4 is not as abrupt as in (NHq)sSO4, and may be described by a
weaker dependence of the interaction parameter on the spontaneous polarization.

I. INTRODUCTION

t 4HZ crystal structures of ammonium Ruoroberyllate..and ammonium sulfate are very similar, and both
are known to be ferroelectric; but many differences
between those two crystals have also been found. ''
By precise x-ray studies, it was found that the crystal
syinmetries are different in both their room- and low-
temperature phases. The axes of polarization in the
ferroelectric phases are not in the same crystallo-
graphic direction. The phase transition in (NH4)sSO4
is first-order and very abrupt, while the transition in
(NH4) sBeF4 is more gradual.

In view of the similarities and also the differences
of these two crystals, both the deuteron magnetic
resonance and nuclear magnetic relaxation of H' and

*Based on work performed under the auspices of the U. S.
Atomic Energy Commission.

' S. Hoshino, K. Vedam, Y. Okaya, and R. Pepinsky, Phys.
Rev. 112, 405 (1958).' Y. Okaya, K. Vedam, and R. Pepinsky, Acta Cryst. 11, 307
(1958).

F" in (NH4)sBeF4 have been studied in some detail.
The natures of the ferroelectricity and molecular
motions will be compared with previous results' on
(NH4)sS04 deduced from magnetic resonance studies.
In addition, molecular motions of BeF4 ions can. be
deduced from F" nuclear resonance studies; whereas,
similar studies on sulfate ions would be very dificult.
By measuring both spin-lattice relaxation time T1 and
the relaxation time T~, in the rotating coordinate
system, it is possible to observe the molecular motions
over wide ranges of correlation times.

In the present work. , it was also found experimentally
that the nuclear spin-lattice relaxation becomes mark-
edly nonexponential over certain temperature ranges;
the relaxation processes have been studied and inter-
preted in some detail in Sec. IIIB. Although deviations
from exponential behavior have been observed and
predicted4 for certain systems, the deviations are very

' D. E. O'Reilly and T. Tsang, J. Chem. Phys. 46, 1291 (1967)
4 I. Solomon, Phys. Rev. 99, 559 (1955);P. S. Hubbard, ~bid.

1O9, 1153 (1958).


