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Acoustic Behavior of the Jahn-Teller Ion Nis+ in Alsos

M. D. STURGE) J.T. KRAUSE) E. M. GYORGY, R. C. LECRAW, AND F. R. MERRITT

Bel/ Telephone Laboratories, Murray HN, Rem' Jersey
(Received 26 September 1966}

We have measured the attenuation of 100- and 260-Mc/sec longitudinal acoustic waves in o.-Ai~o~ lcor-
undum) containing a few ppm of Ni3+, and have compared our data with previous measurements at 2 Mc/sec.
The attenuation as a function of temperature shows a relaxation-type behavior with a peak at 12'K for
100-Mc/sec waves and 14'K for 260-Mc/sec waves. From our data we can deduce a temperature-dependent
relaxation time r which is in reasonably good agreement with the relaxation time for the dynamic Jahn-
Teller eft'ect as observed in spin resonance. Above 12'I, we 6nd r = 5)&10 4e '~/~ sec, the form expected for
a thermal-activation process. At low temperatures, r varies approximately linearly with temperature, as ex-
pected for phonon-assisted tunneling. Unexplained deviations from theory are observed below about 6'K
at 2 Mc/sec, but we find no evidence for resonant absorption of acoustic phonons.

I. INTRODUCTION

Y studying the resonant acoustic modes of n alumi-
num oxide (corundum) spheres, we have previously

shown that the acoustic loss at low temperatures
increases rapidly with Ni'+ content. ' We have inter-
preted these results in terms of the Jahn-Teller distor-
tion of the octahedral sites occupied by Ni'+. ' In this
earlier work the frequency was about 2 Mc/sec. At this
frequency the acoustic loss rises rapidly with decreasing
temperature but never passes over a peak. In the
absence of a peak the relaxation time 7. can only be
obtained if we assume the measured loss and frequency
shift arise from the same relaxation process.

We have now extended this work by studying the
acoustic loss at 260 and 100 Mc/sec. At these fre-
quencies loss peaks are observed at 14 and 12'K,
respectively. With these new experimental results we
have obtained more reliable values for the relaxation
time as a function of temperature which make a more
detailed comparison between theory and experiment
possible.

The new relaxation times indicate that the assump-
tions used previously to obtain r from the 2-Mc/sec
data are not completely justified. Furthermore, at the
higher frequencies the relation between the acoustic
propagation direction and the crystal symmetry can be
investigated and thereby yield information concerning
the symmetry of the crystal defect involved.

II. EXPEMMEN'TAL PROCEDURE

The single crystal of A1203.'Ni'+ was prepared by the
Verneuil or liame-fusion process and contained 30 ppm
Ni of which optical absorption and spin resonance
indicated about 1/10 was Nis+. The sample, approxi-
mately a 1-cm cube, was polished on six sides to an
accuracy of ~ wavelength of sodium light with opposite

~ K. M. Gyorgy, M. D. Sturge, D. B.Fraser, and R. C. LeCraw,
Phys. Rev. Letters 15, 19 (1965); E. M. Gyorgy, R. C. LeCraw,
and M. D. Sturge, J. Appl. Phys. 37, 1303 (1966).' Similar sects have been observed in other crystals containing
the Jahn-Teller ions Ni'+ and Mn3+; see Ref. 1 and D. B. Fraser,
K. M. Gyorgy, R. C. LeCraw, J. P. Remeika, F. J. Schnettler,
and L. G. Van Uitert, J. Appl. Phys. 36, 1016 (1965).

faces parallel to within 5 sec of arc. Crystallographic
directions normal to the faces were (1120), (0001),
and (1010).

Measurement of the acoustic attenuation at 260
Mc/sec was done using the pulse-echo technique' in
which one transducer functions as both transmitter and
detector of pulses. The experimental procedure for
evaluating the change in loss versus temperature was
to measure the difference in loss level between the 1st
and 100th rejections by means of a calibrated attenu-
ator as the temperature was slowly varied over the range
1.4 to 77'K. The transducer, a 20-Mc/sec longitudinal
tourmaline plate, was bonded to the crystal with Dow-
Corning 200 silicone oil, viscosity 12 500 centistokes.

Absolute loss values are diS.cult to obtain for low-loss

materials such as corundum since relatively large errors
are introduced by beam spreading, diffraction effects,
and bonding losses. Combined these can equal or exceed
the intrinsic loss of the sample. Diffraction effects are
exhibited as undulations in the otherwise exponential
decay of the echo train. Such effects were evident for all
three crystallographic directions of the alumina crystal
and particularly bad for propagation parallel to the
[1010]direction. Thus, as is seen in Fig. 1, the over-all
loss level for this direction is greater than for the other
two.

To determine the background loss we extrapolate the
high-temperature part of the curve using the same

temperature dependence observed for propagation
parallel to the t," axis. Since, as will be shown later,
propagation parallel to the c axis (L00011) has no Jahn-
Teller loss, this correction for the background allows us
to obtain the loss attributable only to the Jahn-Teller
ions.

III. THEORY

A. Semiyhenomenological Theory

Ke consider a model consisting of the Ni'+ ion and
the octahedron of nearest-neighbor oxygen ions; we

neglect the trigonal distortion of the octahedron, which

' H. J. McSkimin and P. Andreatch, Jr., J. Acoust. Soc. Am.
34, 609 (1962).
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terms of collective coordinates, which would be normal
coordinates in the case of an octahedral XV6 molecule.
The only coordinates we need worry about are the E,
pair4 Q2,Q3', these transform as (x'—y') and (32'—r'),
respectively. Only an E, distortion can split the 'E
state in first order, and thus produce a Jahn-Teller
effect. The potential surface on which the nuclei move
in (Q2Q~) space is the well-known "Mexican hat"
illustrated in Fig. 2.' ' There are weak potential minima
along the three directions indicated, which correspond
to tetragonal distortion (usually extension) along the
x, y, or s axes of the octahedron. The nature of this
distortion is illustrated in Fig. 3. The minima are
separated by rather low potential barriers, which in
fact vanish if nonlinear eRects are neglected. ' While
the height of these barriers, typically of the order 10 '
eV, is small on the scale of Fig. 2, it is large compared
to kT at the temperature of interest in the present work
(i.e., T&20'K). To a 6rst approximation, therefore, the
system can be considered to be localized in one of the
potential wells (the "static Jahn-Teller eRect" ). If we

consider an ensemble of such systems, each well will on
the average be equally occupied.

If a strain is applied to the crystal, it will in general
make the three wells inequivalent. For instance, com-
pression parallel to a cube axis, or shear parallel to a
(111)plane, will lower (or raise) the energy of one well
relative to the other two. On the other hand compressive
strain parallel to (111) will not make the wells in-

equivalent. All these crystallographic directions are
referred to the axes of the octahedron. If these axes are
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FIG, 1. Temperature dependence of attenuation of longitudinal
acoustic waves for diferent frequencies and directions of
propagation.

does not split the 'E ground state of Ni'+. It is important
to remember that, whereas those properties of our
model which depend on the point symmetry will carry
over the real system, those which depend on specific
assumptions about it will not. For instance, our model
has discrete vibrational energy levels, while we know
that those of the real system are continuous.

Distortions of the octahedron can be described in

FIG. 2. Potential surface in (Q2Q3) space for a doubly degenerate
electronic state (after Ref. 6). If we write Qg=p sin&, Qg=p cos&,
the three directions marked "min" have 8=2m/3, kr/3, 0, and
correspond to tetragonal distortion along x, y, and 2 axes,
respectively.

4 J. H. Van Vleck, J. Chem. Phys. ?, 72 {1939).' U. Opik and M. H. L. Pryce, Proc. Roy. Soc. (London) A238,
425 (1957); W. MofFitt and %. Thorson, Phys. Rev. 108, 1251
(1957); A. D. Liehr and C. J. Ballhausen, Ann. Phys. (N. Y.) 3,
304 (1958).

W. Mo%tt and %. Thorson, in Catcgl des fonctions d'onde
Molendaire, edited by R. Daudel (Rec. Mem. Centre Nat. Rech.
Sci., Paris, 1958), p. 141.
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where s is the velocity of sound and p the density of
the crystal.

Fxo. 3. Distortion of a perfect octahe-
dron corresponding to Qg&0, Qg=0.

B. Origin of the Re1axation Time

At temperatures such that kT approaches Vo, the
height of the potential barrier, the relaxation mechanism
is simply thermal activation across the barrier, leading
to the equation9

2P 8
—VplkT (4)

AC Mr—1

s 1+GPr

= —2rkM.

(2a)

(2b)

Here Aro is the (negative) shift of resonant frequency
from its value in the pure crystal. The acoustic loss can
be equivalently expressed as an attenuation coeKcient
for a running wave'.

A =4.343&s/sQ dB/cm

2BOO'. GPr
=4.343)& (3)

pgs7sg 1+rssrs

7 The numerical coeKcient was erroneously given as 12 in Ref. 1.
M. Pomerantz, Proc. IREE 53, 1438 (1965); %. P. Mason

and T. B.Bateman, J. Acoust. Soc. Am. 36, 644 (1964).

canted relative to the crystal axes, we have to make an
appropriate angular transformation. For instance, in
AlsOs, the crystallographic L0001$ axis (c axis) is the
$111jaxis of the octahedron. The fact that compressive
strain parallel to the c axis does not aRect the Jahn-
Teller ion (except to displace all levels equally) is an
important result which we will use later.

When strain has made the wells inequivalent, the en-
semble will tend to relax and to populate preferentially
the lowest well. If this relaxation is instantaneous, there
is an eGect on the elastic constants but not on the loss.
This effect has been calculated' by considering the
contribution of a single Jahn-Teller ion to the strain
derivative of the free energy. We 6nd'

Ac = —2sssa'/kT,

where Ac is the change in the appropriate elastic con-
stant (c=c»—c» in the case of a cubic crystal whose
axes coincide with those of the octahedron); Ns the
number of Jahn-Teller ions and 3a the splitting between
the potential minima produced by unit strain.

If we use an alternating strain (acoustic wave) and
relaxation is not instantaneous, there will be acoustic
loss and dispersion. We will assume the existence of a
single relaxation time r (methods of calculating r will

be discussed later). The response to an acoustic wave
can then be calculated; a simple physical way of doing
this by analogy with a lossy resonant circuit is given
in Ref. 1. We find for the loss factor Q

' of a crystal,
acoustically resonant at a frequency ~,

When kT«UD, on the other hand, this mechanism no
longer contributes, and in order to explain the observa-
tion of a 6nite r we have to consider other mechanisms.
The only mechanisms that can contribute in this region
are those involving quantum-mechanical tunneling.

Several different ways of treating the acoustic loss
due to tunneling have appeared in the literature. One
approach" treats the acoustic loss as a resonant process
involving transitions between the lowest vibronic levels
of the Jahn-Teller distorted complex. The splitting
between these levels is due to tunneling.

The attenuation is given by

~ = (C~'/&T)a(~),

where C is a constant (containing Ns, ri, etc.) and g(ts)
is the shape function for the resonance. If the upper
level (3I' above the ground state) is lifetime broadened
by an amount A/r, we have

a(~) =
1+(rs —31'/P)srs

where I' is the tunneling matrix element. Note that if
I'r/k«1, Eqs. (5) and (6) become

C ~'r
A=

kT 1+tssrs

which is formally equivalent to (3)."Bersuker estimates
r and finds I'r/k»1; however, his calculation does not
agree with other estimates (see below). This is appar-
ently because he does not take the inevitable random
strain in the crystal into account. Such strain tends to
localize the system in one or other potential well,
broadening the resonance, and drastically reducing the
probability of a resonant transition. Since we apparently
observe a relaxation rather than a resonant process we
will not consider the resonant process further.

Another approach, conceptually very simple, was
used by the present authors in discussing earlier work. '
We implicitly assumed the system to be initially
localized in one of the potential wells and considered

9 J. L. Snoek, Physica 8, 711 (1941).
'P I. B. Bersuker, Zh. Kksperim. i Teor. Fiz. 44, 1577 (1963)

/English trsnsl. : Soviet Phys. —JETP 17, 1060 (1963)j.
'1 For a more rigorous justi6cation in an analogous situation

see P. Kwok, Phys. Rev. 149, 666 (1966).
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the rate of transition between wells. We assumed that
there are two mechanisms acting in series; tunneling
through the barrier (in itself a lossless process which

cannot lead to relaxation) followed by relatively rapid
relaxation within the potential well. " The tunneling

process was assumed to be rate limiting. Our treatment,
which we may call a "fast-relaxation" theory, was

logically incomplete, in that we made no attempt to
justify theoretically our assumption that the second
process really is fast. However, this assumption is con-
sistent with the fact that one does not normally see
acoustic loss associated with point defects having only
a single potential well; this implies that relaxation
within the well is either very fast or very slow. Our
theory gave a temperature-independent relaxation
time at low temperatures. In the one-dimensional WEB
approximation"

2po exp —h Lg(v(x) —',a„)]'i'ux) . (tp
)~hsp

"This implies that the vibronic level widths are large compared
with their separations.

"C. H. Townes and A. L. Schawlow, Microwave Spectroscopy
(McGraw-Hill Book Company, Inc. , New York, 1955), p. 302.

'4 J.A. Sussman, Physik Kondensierten Materie 2, 146 (1964)."J.A. Sussman (private communication).

Here I' is the tunneling matrix element, V(x) is the
potential along the lowest path between the potential
minima, vo is the vibrational frequency in the well, and
ii is the effective mass (the oxygen mass in the case of
the octahedral molecule). To fit (8) to the limiting
value of ~ at low temperatures (knowing the maximum
value of V, Vo from the activation energy at higher
temperatures) we had to assume either a rather wide
barrier (corresponding to at least 30% Jahn-Teller
distortion) or a value of y of several oxygen masses.
The latter assumption did not seem unreasonable, since
more than the nearest neighbor octahedron is involved
in the Jahn-Teller distortion.

Having 6tted the limiting value of r at O'K by
Eq. (8), and the high-temperature data by Eq. (4), we
could 6t the data in the intermediate range of tempera-
tures by taking thermal average of (8) over the con-
tinuous vibrational energy levels of our complex. To do
this we arbitrarily assumed an analytic form for V(x)
and replaced hvo by the energy of the vibrational level.
There was, of course, some doubt as to the exact
density of states function to use; we assumed it (by
analogy with a two-dimensional harmonic oscillator)
to be proportional to energy.

A logically more complete treatment of the problem
of relaxation by tunneling has been given by Sussman. "
He was primarily interested in the reorientation rate of
the 02 center in alkali halides, but his calculation is
also applicable to the Jahn-Teller case." Sussman

considers the relaxation mechanism to be tunneling
accompanied by the simultaneous emission or absorp-
tion of a phonon. Apart from the tunneling aspect, the
process is analogous to the "direct process" in spin-
lattice relaxation. " Sussman's calculation predicts a
large dependence of relaxation rate on local strain, i.e.,
the random strain which is always present in any real
crystal. If this strain produces a splitting between
potential minima of No, Sussman gives

Np' coth(pip/2kT)
r—1 ~2

8mpk's'
(9)

where y is the ratio of the oft-diagonal matrix element
to the strain (y nl'/kvp), p is the density and s the
(appropriately averaged) velocity of sound. We can
put an upper limit of 2 cm ' on No, since no "freeze-out"
effects are seen down to 3'K, such as would be expected
when Np kT.'~ "

Sussman's treatment is only valid when I'/hi p& 10 ',
i.e., y&10 'n. We will see that o.~104 cm ', so the
largest reasonable value of y is 100 cm '. Substituting
in Eq. (9) we find ~ '&10' sec ' at 4'K. This is too
slow by more than three orders of magnitude.

Sussman's calculation has been repeated by Pire,
Zeks, and Gosar. " These authors take into account
terms in the coupling neglected in Ref. 14.'0 While these
terms only operate in second order, they turn out to
be dominant for small ND. Like Sussman's, these calcula-
tions are only valid when there are strains sufficiently
large to localize the system in one or other potential
well; i.e., No&I'. However, for I &uo&kT, these authors
di6'er from Sussman in finding a relaxation time in-
dependent of strain. They find, for kT))A~, No,

where
r '=BT,

JR=18 'In' k~/p 45s',

(10)

r '(0) =28gp/3k. (12)

R. de L. Kronig, Physica 6, 33 (1939); J. H. Van Vleck,
Phys. Rev. 57, 426 (1940).

"This is consistent with optical linewidths in Al&03 crystals
grown by similar techniques. These indicate strains of order 10 4

or less (see Ref. 18), implying up&1 cm ', since 0.~104 cm '
(see below).

"A. L. Schawlow, in Quantum Electronics II, edited by J. R.
Singer (Columbia University Press, New York, 1961),p. 50."R. Pire, B. Zeks, and P. Gosar, J. Phys. Chem. Solids 27,
1219 (1966).' J. A. Sussman (private communication) has independently
pointed out the importance of these terms.

which is larger by a factor of order (hip/Np)' than
Sussman's result. When kT is not large compared to No,

we must replace Eq. (10)by the more general expression

r i=BTf(gp/kT), (11)
where

f(x) =x(2+e *)/3(1—e ').
At O'K Eq. (11) becomes
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Besides the "direct" process, there is a "Raman"
process"" in which a phonon is scattered by the im-
purity, taking up or losing a small amount of energy.
Using a Debye model, Pire, Zeks, and Gosar find for
the sum of the direct and Raman processes"

r t =BT[1+(T/Ts) s7
where

kTs= (2h'ps )' s/n. (13)

In Altos, Ts is 100'K (within a factor of 2) so the
Raman process can be neglected in our case.

ip 7

&0-—

C. Application to Experiment

The first and most general prediction of any of the
above theories is that a longitudinal wave propagating
parallel to the c axis of A1203 cannot couple to the
Jahn-Teller ions. As we see from Fig. 1, this prediction
is well borne out in practice. The next prediction is that
the change in elastic constants should vary as 1/T. It
was not possible to measure this at 260 Mc/sec, but at
2 Mc/sec this relation is well obeyed. Substituting the
observed change in Eq. (1) we find cr=15 000+6000
cm ', where the uncertainty is primarily due to the
uncertainty in mo. This value of n is in good agreement
with other measurements of the splitting of e orbitals
by tetragonal strain. "

At 260 Mc/sec we hand a peak in the attenuation at
14'K. At 100 Mc/sec the peak is at 12'K. If we assume
a relaxation process, so that Eq. (3) holds, the peak
occurs at the temperature T at which co7-=1. Remem-
bering that Ac varies as T ', we may write (3) as

2T A(T )(ur
A(T)= (14a)

T(1+to'r')

Here A(T) is the attenuation at temperature T,
corrected for the background loss of the crystal and
apparatus, and

A(T„)=4.343(ttsrr'(c/ps'kT ). (14b)

We determine the background loss by extrapolating
the high-temperature curve, using the same temperature
dependence as is observed for propagation parallel to
the c axis (for which there is no Jahn-Teller loss). The
measured maximum loss A(T ) is less by a factor of
about 30 than that calculated from Eq. (14b), using
parameters deduced from hc/c observed at 2 Mc/sec.
This discrepancy arises in part from differences in
concentration and polarization but most of it must be
due to the fact that only a small fraction (about 10%)
of the Ni'+ ions contribute to the loss. This view is
supported by the observation of more than one type
of Ni'+ ion in spin resonance. "

~' A. L. Schawlow, A. H. Piksis, and S. Sugano, Phys. Rev. 122,
1469 (1961); M. D. Sturge, ibid. 131, 1456 (1963); 140, A880
(1965).

'2 F. R. Merritt and M. D. Sturge, Bull. Am. Phys. Soc. 11,
202 (1966).
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FIG. 4. Relaxation time 7- deduced from the attenuation of
longitudinal waves using Kq. (14a). Filled circles: 260 Mc/sec,
(1120) propagation; open circles: 260 Mc/sec, (1010) propaga-
tion; squares: 100 Mc/sec, (1120l propagation. Crosses represent
approximate values of relaxation time deduced from spin-
resonance measurements (Ref. 22). The full line is the theoretical
curve arrived at by combining Eqs. (4) and (10), using the
parameters given in the text.

"H. S. Gutowsky, D. %. McCall, and C. P. Slichter, J. Chem.
Phys. 21, 279 (1953}; C. P. Slichter, Principles of Magnetic
Resonance (Harper 8t Row, Inc., New York, 1963), p. 154.

In Ref. 1 we substituted our 2-Mc/sec data on the
loss and frequency shift of resonant spheres of A1203 into
Eq. (2b) to find r as a function of temperature. This
procedure assumes that all the ions which contribute to
the frequency shift also contribute to the loss. We now
know that this is probably not correct and gives relaxa-
tion times probably a factor of 10 too low. If this
correction (which only affects the absolute value of r,
not its temperature dependence) is made, the relaxation
times of Ref. 1 at all but the lowest temperature are in
reasonable agreement with the present data, which are
more reliable.

The relaxation time r, deduced from Eq. (14), is
plotted as a function of temperature in Figs. 4 and 5.
Also in Fig. 4 are some relaxation times" deduced from
the temperature dependence of spin resonance in the
same crystals of A1203.Ni'+. These were deduced by
fitting the spin-resonance data to motional narrowing
theory"; the fit was not very good and the values of ~
are correspondingly uncertain. Within this uncertainty
they agree with the present data. Having found r at a
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given temperature from the 260-Mc/sec data, we can
calculate the attenuation at all frequencies from
Eq. (14).The results for three temperatures, 14, 8, and
4.2'K, are given by the full curves in Fig. 6. The points
in Fig. 6 are experimental results for longitudinal waves
propagating parallel to (1120). In the case of the
2-Mc/sec data, the Q values of Ref. 1 were converted
to dB/cm using Eq. (3), and corrected for the different
polarization through Bersuker's'0 Kq. (8). These
2-Mc/sec data were obtained on different crystals from
those used in the present experiments, and the con-
centrations of Ni'+ are doubtful (relative to the present
data) within a factor of 2 or 3. Allowing for this un-
certainty, agreement with Kq. (14) is good over the
entire frequency range above 8'K; but below, this
temperature agreement is not so good. In particular
there is excess loss at 2 Mc/sec. We are unable to
account for this discrepancy, which is in the wrong
direction for a resonant process [Eq. (6)j.

Figure 5 shows that at low temperatures ~ ' varies
approximately as T. This supports the "direct process"
theory" rather than the "fast-relaxation" theory' of
tunneling. However, there is some evidence that below
O'K the relaxation time is leveling oG, since the loss
rises roughly as T in this region (see Fig. 1). This
leveling oB is probably due to breakdown of the condi-
tion No((k T, so that Kq. (10)no lopger holds. We cannot
fit Eq. (11) to the data because uo is a random variable,
but if we simply substitute the minimum value of z '
(2)&10~ sec ') in Eq. (12) we find No=. 2 cm ', in accord
with previous estimates. '~

X 'l07
l4

10

10- I

10 2 5
~ (Mc)

FIG. 6. Frequency dependence of acoustic attenuation at dif-
ferent temperatures I'propagation parallel to (1120}}.The 2-
Mc/sec points are deduced from the data of Ref. 1. They haye
been corrected for polarization but not for concentration.

I
Q
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10—

At higher temperatures (above 12'K) we can get a
good fit with Eq. (4). The full curve in Fig. 4 is the
combination of Eqs. (4) and (10), with the following
parameters' 8—11+10 scc ' deg ' v =10" sec—'
P'p=0.011 CV. The values of vp and Vp are in accord
with previous experimentaV'4 and theoretical' esti-
mates. The value of 8 implies I'= 0.2 cm '.

If we substitute I and po ln Kq. (8) we find

L2p (V——',h v p) $' "dx=6.

Taking p to bc onc oxygen mass wc find an cQcctlve
width of the barrier of about O.S A, which implies a
Jahn-Teller distortion of about 15%. This is a reason-
able figure.

0
0 4 6

T ('K)
10

IV. CONCLUSIONS

Ke have shown that the low temperature acoustic
loss which arises when Ni'+ is introduced into A1203 is

FIG. 5. Inverse relaxation time r ' at lour temperatures, plotted to
illustrate the linear dependence on T predicted by Kq. (10}.

"S. Qeschvrind and J. P. Remeika, J. Appl. Phys. 33, 370
(1962).
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due to the Jahn-Teller effect. The frequency dependence
of the loss shows that it is a relaxation rather than a
resonant process. While there is some deviation from
the theoretical dependence at the lowest frequencies it
is not in the direction expected for a resonant process.
This result is consistent with the presence of small
random strains in the crystal, which broaden the
resonance and localize the wave functions sufficiently
that a relaxation calculation is valid.

From our data we have deduced a temperature de-
pendent relaxation time which is in good agreement with
the relaxation time deduced from the transition from
the static to dynamic Jahn-Teller effect observed in

spin resonance. At relatively high temperatures the
relaxation time shows the usual thermal activation
type of behavior, but at low temperatures e8ects of
tunneling are seen. We conclude from the temperature
dependence below 6'K. that tunneling accompanied by
one-phonon emission is the primary relaxation process.
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Magnetic Relaxation in Nickel above the Curie Temperature*
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Magnetic relaxation in nickel above the Curie temperature (354'C) has been studied up to a temperature
of 450 C. The spin-relaxation rate 1/r„which is equal to the magnetic resonance half-width Ace =7AH, is
determined from the field dependence of the microwave Kerr rotation. We fit the relaxation to an expres-
sion: 1/r„=3(C/T) (H/M)co~'v„where C is the Curie constant, T the absolute temperature, 3/I/H the
transverse static susceptibility, or& the pseudodipolar coupling frequency, and r, the spin correlation time.
At high temperatures, r, is constant and is set equal to 1/ur„ the reciprocal exchange frequency, by a suitable
choice of cog. As the temperature is dropped below 420'C, r, begins to increase as (T—T.) '/'. This increase
in ~, is compatible with critical-neutron-scattering studies of nickel and with measurements of the static
susceptibility. Below 385'K, r remains constant at a value 1.8 times the high-temperature value. It is
believed that the development of spin-wave excitations in this temperature range prevents a further increase
in the spin correlation time. A shift in the spectroscopic splitting factor from g =2.22 below T, to g=2.29
above T, is observed. Well above T„a small amount of Kerr rotation, which is associated with the Hall
egect, is observed. The magnitude of this rotation is consistent with the results of dc studies.

I. INTRODUCTION

ECENTLY, the magnetic critical point has been

the subject of considerable theoretical and experi-

mental investigation. Approximate solutions for the

Ising and Heisenberg models have given accurate
expressions for the transition temperature' and the
initial susceptibility in the critical region. For a face-

centered cubic lattice and spin ~ the initial suscepti-

bility is found for both models to be of the form

Xs~ (T T,)—(1)

The exponent y is 5/4 for the Ising model' and 4/3
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for the Heisenberg modep for all three-dimensional
lattices. The deviation from the Curie-Weiss value
p=1 is the result of short-range correlations which are
neglected in a molecular-field calculation but which
have been examined in more recent work.

Kouvel and Fisher' have re-examined the magnetiza-
tion data of Weiss and Forrer' for nickel and find that,
near T.,

pN; = 1.35+0.02. (2)
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Recent measurements by Arajs' confirm this result.
Similarly, the value of y for iron'7 has been found to be
1.33+0.04. These results indicate that correlation
effects play an important role in these metals and that
the Heisenberg model appears to give an adequate de-
scription of their behavior.


