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The magnetic excitation spectra of Gd were measured out to the zone boundaries in the (400)
and (00/) directions over the temperature range from 9 to 320 K. The (#00) data were not
analyzed because of technical complications, but the {00/ ) data are described remarkably well over
the entire g and T range of the experiments by a damped-harmonic-oscillator form for the spectral
weight function. The (00! ) data were parametrized and placed on an absolute basis by an internal

calibration using the energy-integrated intensities of the low-temperature spin waves.

This

parametrization and calibration of the data provide a description of both the static and dynamic
spin correlations over this temperature range. Spin-wave peaks are not observed above T, in the
{00! ) direction. We attribute this result to the low spin-excitation energies relative to k3T, in this

direction.

I. INTRODUCTION

There is considerable current interest in the spin fluc-
tuations of ferromagnets at finite temperatures, particu-
larly for T> T,. Much of this interest centers around the
itinerant magnets Fe and Ni, where controversy has
developed regarding the presence of propagating spin-
wave modes above 7, and the implications these may
have regarding the degree of magnetic short-range order
in the paramagnetic region.! Shirane et al.>* contend
that the spin fluctuations of Fe and Ni above T, can be
explained by spin-diffusion theory while Mook and
Lynn*> maintain that there is a crossover from diffusive
to damped spin-wave behavior at energies #iw greater than
kpT,.. Quite generally, the spin fluctuations at small
wave vectors g reflect the macroscopic magnetic behavior
while the large-g fluctuations depend on the nearest-
neighbor interactions. The situation is fairly well under-
stood for the Heisenberg paramagnet where most of the
theoretical effort has been directed.®—!! Here, there is a
crossover from spin diffusion at small g to damped spin-
wave behavior at large ¢g. Similar behavior is calculated!?
for Fe by use of the Heisenberg model with the effective
exchange constants taken from band calculations. How-
ever, the calculated peaks in constant-g scans occur at
larger ¢ and w values than those reported by Mook and
Lynn.> The spin fluctuations of a system define the mag-
netic behavior which has different characteristics for dif-
ferent classes of magnetic materials. For a better under-
standing of the different classes of magnetic materials, it
is important to study the spin fluctuations over as broad a
q, T, and w range as possible for a wide variety of materi-
als. It should be realized that these are very difficult mea-
surements for the itinerant magnets, which have very
steep dispersion curves, and measurements above 7, have
been made for g values only about one-quarter of the way
to the zone boundary. The neutron measurements are
much easier for the Heisenberg ferromagnets which have
relatively low spin-wave energies, and data have been ob-
tained out to the zone boundaries for EuO,"® EuS,* and
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Gd."”  Spin-wave-like excitations are reported in
constant-q scans for temperatures up to 27, for EuO and
EuS and to about 1.27, for Gd.

In this paper we describe measurements of the spin
fluctuations in metallic Gd carried out by inelastic-
neutron-scattering methods. In many ways, Gd is an ideal
candidate for such studies. The Gd behaves as a triposi-
tive, S-state ion so that anisotropy is small and the ener-
getics are dominated by the exchange interactions. The 4f
electrons are well localized so that the Heisenberg model
should apply. Furthermore, it is a simple ferromagnet
with a convenient Curie temperature of 292.7 K. Howev-
er, isotopic samples must be used to avoid the high ab-
sorption cross section of natural Gd. More serious com-
plications are the features that make theoretical compar-
isons with the data difficult. These include a uniaxjal hcp
crystal structure (ag=3.634 A and c(y=5.781 A) and
long-ranged exchange interactions. However, the effective
interatomic exchange interactions have been extracted!®
from the low-temperature spin-wave dispersion data!’ so
that Heisenberg-model calculations are feasible.

II. THEORY

The partial differential cross section for magnetic
scattering from a Heisenberg ferromagnet is given by!®

2
Do _ | | ok
d0dE mc2}f(Q)k“’("“’+”

X3 (1-Q2)s%Qw) , 1

where the energy transfer is #iw=E —E’, k and k' are the
incident and scattered neutron wave vectors, and the
scattering vector Q is defined by Q=k—k’. The Bose
factor is given by n,=[exp(#iwB)—1]"!, where
B=(kpT)~1, f(Q) is the magnetic form factor, and Qa is
the a-direction cosine of Q. The dynamic structure factor
can be written as
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54Q,0)=(g%u?) " XHQ)F*Q,0) , (2)

where X(Q) describes the static spin correlations and
F(Q,w) is the spectral weight function that describes the
spin dynamics.

The functional forms of X(Q) and F(Q,®) are reason-
ably well understood for certain regions of Q and T. At
low temperatures, the only type of spin fluctuations that
occur are the transverse spin waves which have energies of
#iw, with Q=G=xq, where G is a reciprocal-lattice vec-
tor. Here, X(q) is proportional to (S*)/w, and F(q,0)
assumes the form of 8 functions in (w*w,). With in-
creasing temperature, the spin-wave energies renormalize
downward in energy and begin to be damped out in time
due to spin-wave—spin-wave interactions. X(q) retains
the same form while F(q,w) is usually assumed to take
the form of a double Lorentzian peaking at w=*w, and
with a half-width T" that describes the spin-wave lifetime.
As the temperature approaches T,, the interactions be-
come increasingly important and the proper description of
F(q,®) is not known. Above T, the long-wavelength
spin waves no longer exist; the spin fluctuations at small ¢
are well described by diffusion theory and F(q,w) be-
comes a single Lorentzian centered at w=0. In this
T > T, region, several approximate forms have been sug-
gested for F(q,w) that are also applicable at large q. One
of the more interesting of these was obtained recently by
Lindgard'®!! using a Green’s-function approach to
describe the spin motion combined with a mode-
mode—coupling approximation for the damping. To

lowest order, he obtains a two-pole solution which corre-

sponds to a damped-harmonic-oscillator form:
B
(0> —{w)))+4B0”

Here, () ) is the second moment of the frequency distri-
bution and B, is the damping parameter related to the re-
laxation time of the random forces. The two poles of the
Green’s function occur at *ta,+if, with (a)z ) =a§ + ﬁZ.
Equation (3) reduces to the correct limits at low and high
temperatures and includes correlations via the damping so
that it can be expected to have a wide range of applicabili-
ty. At low temperatures, S, —0 and there are poles only
at o=*1w,, where fiw, is the spin-wave energy. For
T > T,, the line shape at small g becomes approximately
Lorentzian centered on @ =0, while peaks appear at larger
g with peak positions given by

wlzaeak= (603 ) _233 . @)

The damped-harmonic-oscillator function given in Eq. (3)
has been successfully used by Lindgard!®!! to describe the
spin-fluctuation data of EuO and EuS for T>7,. We
also find this function useful in describing the present
data.

(3)

—2(p?
Flg,0)="—(wg)

III. EXPERIMENTAL RESULTS

The measurements were made at the HB-2 triple-axis
spectrometer at the High Flux Isotope Reactor at the Oak
Ridge National Laboratory. The constant-Q mode of
operation was used with a fixed final energy of either 1 or

3.6 THz. The scattered beam was filtered to remove
higher-order wavelengths either by polycrystalline berylli-
um at 1 THz or pyrolytic graphite at 3.6 THz. Both the
monochromator and analyzer were pyrolytic graphite
with mosaic spreads of about 25’. The 3.6-THz data were
taken with horizontal collimation of 40’ before and after
the sample, while measurements were made with both
40'—sample—40’ and 20'—sample—20’ collimation at 1
THz.

The single-crystal sample of '°Gd with a volume of ap-
proximately 3 cm® and a mosaic spread of about 25’ was
mounted on the spectrometer with a (110) crystal-axis
vertical. Measurements were made out to the zone
boundaries in the (00/) and {(400) directions. Sample
temperatures were maintained by a Displex refrigerator
and measured with a silicon-diode thermometer. Data
were obtained at fixed temperatures of 9, 100, 200, 250,
273, 282, 287, 292, 297, and 320 K.

The contrasting behavior of the magnetic excitation
spectra at small and large g is illustrated in Figs. 1 and 2.
the small ¢ [Q=(0,0,1.9), q=Q—(0,0,2)] behavior is
shown in Fig. 1 for four temperatures near 7,. The 250-
K spectrum shows the creation and annihilation spin-
wave peaks and a clearly resolved elastic peak. The spec-
tra at lower temperatures are similar to this except that
the spin-wave peaks are separated more in energy and the
elastic peak increases in intensity with decreasing tem-
perature, becoming an order of magnitude more intense at
the lowest temperature. This temperature-dependent elas-
tic scattering is not understood but may arise from
domain-wall scattering. In the data analysis it is simply
fitted to a Gaussian form and excluded from all energy in-
tegrations. With increasing temperature the spin-wave
peaks remain clearly resolved up to 287 K, while the
lower-intensity elastic peak becomes unresolved. At 292
K (T'~T,), the spin-wave peaks become unresolved and
appear as a single peak centered at zero energy. Qualita-
tively, this is the expected behavior for long-wavelength
spin waves for which the energies should follow the mac-
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FIG. 1. Magnetic excitation spectrum of Gd for a few select-
ed temperatures at small ¢ [Q=(0,0,1.9)]. The solid curves are
least-squares-fitted to Eq. (5) with a damped-harmonic-
oscillator spectral weight function. - :
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FIG. 2. Magnetic excitation spectrum of Gd for a few tem-
peratures at large ¢ [Q=(0,0,3.0)]. The solid curves were fitted
in the same way as for Fig. 1.

roscopic magnetization and vanish at 7.

The different behavior at large g is illustrated by Fig. 2,
which shows excitation spectra at Q=(0,0,3.0) (¢g=1.0)
for several temperatures near T,. The 250-K spectrum
shows a well-defined spin-wave peak of nearly Lorentzian
shape at 2.9 Thz. The data at lower temperatures are
similar, except that the spin-wave peaks occur at slightly
higher energies and the background becomes an order of
magnitude smaller at the lowest temperature. In contrast
to the small-g data, for which line broadening was barely
detectable, the line broadening here is appreciable and
strongly temperature dependent. As the temperature is
increased, the spin-wave peak decreases slowly in energy
and becomes considerably broader and asymmetrical with
-extra intensity shifted into the low-energy region. A peak
at finite energy remains even at 320 K (T/T,=1.09).
However, it should be noted that the data shown in Figs.
1 and 2 are raw intensity data which include the back-
ground, the detailed balance factor, the instrumental reso-
lution, etc. These may distort the intensity distribution so
that a peak appears in I(q,w) even in the absence of a
peak in F(q,»). The solid curves shown in these figures
were least-squares-fitted to a constant background plus a
Gaussian central peak (where required) plus a magnetic
intensity given by

’

I(q,0)=I, qu wad(Aq)d(Aw)R(Aq,Aw)%

Xo(n,+1)F(q,w)g(E) . (5)
Here, 1, is the amplitude of the intensity distribution and

the double integral represents a convolution with the in-
strumental resolution R(Aq,Aw). g(E) is that fraction of
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the total monitor count given by neutrons with the in-
cident energy E. With an unfiltered beam incident on the
monochromator, g (E) is a significant correction, especial-
ly at low incident energies. It must be carefully deter-
mined for each monochromator from the integrated inten-
sities of the higher-order-wavelength Bragg reflections
from a well-characterized powder sample. For the present
experimental arrangement, g(E) was obtained from mea-
surements on polycrystalline silicon and diamond. The
data were fitted to Eq. (5) using both the damped-
harmonic-oscillator and the double-Lorentzian forms for
F(q,0). Equally good fits were obtained when the damp-
ing was small, i.e.,, at low temperature or at small gq.
However, when the damping becomes large, especially as
T approaches T,, the damped-harmonic-oscillator form
provides a significantly better fit, as is shown in Fig. 3.
Here, the solid curve labeled DHO represents the
damped-harmonic-oscillator fit and the dashed curve la-
beled DL is the double-Lorentzian fit. The corresponding
X? values are 1.3 and 2.4. Clearly, the double-Lorentzian
fit fails to reproduce the observed skewing of the spec-
trum that shifts extra intensity into the low-energy re-
gions. As a result the fitted peak position shifts to lower
energy than is actually observed. By contrast, the
damped-harmonic-oscillator fit describes the data remark-
ably well. The solid curves shown in Figs. 1 and 2 also
represent the damped-harmonic-oscillator fitting.

The data taken into the (A00) direction present certain
difficulties. The acoustic and optic spin-wave branches
are observed separately only at small q. Further out in
the zone, peaks from both branches appear in a constant-q
scan and as the temperature increases the peaks merge and
become unresolved. This behavior is illustrated by Fig. 4, .
which shows spectra taken at Q=(0.3,0,3) for a few
selected temperatures. At 9 K the acoustic and optic
spin-wave peaks appear at about 2.8 and 4.7 THz, respec-
tively. These broaden and merge together at elevated tem-
peratures, so that fits to the data do not give sensible re-
sults above about 250 K. Because of this problem the
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FIG. 3. Comparison of the damped-harmonic-oscillator

(solid line) and double-Lorentzian (dashed line) fitting to the Gd
data at large ¢ and high 7. The X? values are 1.3 and 2.4,
respectively.
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{(h00) data have not been analyzed. However, these data
show behavior similar to that observed at large g in the
(00!') direction. At elevated temperatures, there is pro-
nounced peak broadening, skewing of the intensity distri-
bution toward low energies, and the persistence of a peak
at finite energy above T, at 320 K.

The {(00!) data for the entire ¢ and T regions of mea-
surement were fitted with the damped-oscillator spectral
weight function and the fitted parameters are given in
Tables I-III. Here we take o, =({wj))'/%

The temperature dependences of the parameters o, and
B, are shown in Fig. 5, which again reveals the contrast-
ing behavior of the small-g and large-g excitation spectra.
The small-q behavior is shown in Fig. 5(a) for
Q=(0,0,1.85). Here, w, decreases rapidly with increasing
temperature, while 3, remains very small and temperature
independent almost to 7., where it increases rapidly. At
large g [Fig. 5(b)], w, decreases more slowly and S, in-
creases more rapidly with increasing temperature.

The g dependences of w, and B, are shown in Fig. 6 for
a few selected temperatures. At the lower temperatures,
B, is small at all g and w, then corresponds to the spin-
wave frequency. However, for T >250 K, B, becomes an
appreciable fraction of w, over a large part of the zone.
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TABLE 1. Magnetic parameters for Gd [E’=3.6 THz, 40'—sample—40’, Q=(0,0,2 + ¢), C=50.8 counts b™'].

T q Iy o B, T q Iy o B,
(K) (27 /c) (THz™Y) (THz) (THz) | (K) (2w /c) (THz™!) (THz) (THz)
9 0.2 163 0.38 0.07 0.6 13.8 1.63 0.51
0.3 51.5 0.89 0.03 0.7 11.6 1.85 0.52
0.4 30.9 1.64 0.08 0.8 9.8 2.11 0.59
0.5 23.3 2.14 0.03 0.9 9.4 2.53 0.85
0.6 19.0 2.28 0.02 1.0 7.6 2.68 0.75
0.7 17.1 227 0.01
0.8 15.5 2.49 0.06 282 0.3 42.2 0.37 0.11
0.9 12.3 313 0.04 0.4 23.9 0.76 0.29
1.0 7.9 3.45 0.01 0.5 17.6 122 0.52
0.6 13.8 1.51 0.61
100 0.2 101 0.37 0.02 0.7 1.7 177 0.68
0.3 36.3 0.87 0.03 0.8 10.3 2.05 0.81
0.4 21.7 1.56 0.09 0.9 9.3 2.40 0.95
0.5 18.1 2.10 0.08 1.0 8.2 2.53 0.97
0.6 15.1 2.28 0.08
0.7 13.3 2.35 0.09 287 0.3 63.9 0.37 0.20
0.8 10.4 2.53 0.08 04 24.9 0.70 0.34
0.9 ‘ 8.7 3.15 0.08 0.5 17.7 1.16 0.62
1.0 70 3.40 0.04 0.6 13.7 1.46 0.68
0.7 11.9 1.70 0.77
200 0.2 65.5 0.30 0.01 0.8 104 1.96 0.90
0.3 31.0 0.72 0.07 0.9 9.0 2.27 1.03
0.4 " 16.6 - 1.33 0.16 1.0 8.4 2.56 1.24
0.5 14.6 1.89 0.25
0.6 11.8 2.15 0.26 292 0.3 45.1 0.34 0.29
0.7 9.9 2.30 0.24 0.4 26.2 0.70 0.54
0.8 8.4 2.54 0.30 0.5 19.2 1.17 0.91
0.9 5.6 3.00 0.19 0.6 15.5 1.58 1.24
1.0 39 3.22 0.09 0.7 12.2 1.68 1.03
0.8 10.7 1.87 1.06
250 0.3 42.1 0.52 0.06 0.9 9.3 2.18 1.21
0.4 21.4 1.03 0.18 1.0 8.3 2.39 1.29
0.5 16.4 1.52 0.27
0.6 14.2 1.83 0.34 320 0.3 36.6 0.39 0.64
0.7 12.1 2.07 0.36 0.4 339 0.99 1.56
0.8 10.0 2.29 0.41 05 175 119 134
0.9 8.1 2.71 0.45 0.6 14.7 1.56 1.61
1.0 59 2.93 0.32 0.7 11.2 1.54 1.16
273 0.3 44.7 0.42 0.09 0.8 11.0 2.06 1.78
0.4 23.0 0.84 0.23 0.9 9.5 221 1.75
0.5 17.5 1.31 0.42 1.0 7.6 2.17 1.54

Under these conditions, w, is no longer the peak position,
which is given by Eq. (4) as wpea=({@2 ) —282)1/2. The
spin-wave frequency then corresponds t0 @peax rather than
@,. Thus, the w,-versus-g data shown in the lower part
of Fig. 6 do not represent the spin-wave dispersion rela-
tions of Gd at elevated temperatures. The actual disper-
sion relations appear in Fig. 7, which shows the g depen-
dence of wp., for a few representative temperatures. At
292 K, peaks appear at finite frequencies only for
q >0.7(2m /c); the dashed line here represents the collapse
of the spectral distribution into a single peak at zero fre-
quency for the smaller g values.

In the long-wavelength limit, the spin-wave energy can

be expanded in even powers of g¢, i.e.,
fiopea=A+Dg’+ - - -, ©)

where A is an energy gap due to anisotropy and D is the
spin-wave-stiffness constant. For' Gd, this relation is
valid for T <250 K, as shown in Fig. 8 where the solid
lines are fitted to Eq. (6) with the parameters given in the
inset. At temperatures higher than 250 K, the spin-wave
interactions become increasingly important and the ¢
dependence becomes more nearly ¢°/2. At T, @pea=0 at
small g, but both w, and B, follow a g°/? dependence, in
agreement with dynamic scaling predictions.
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TABLE II. Magnetic parameters for Gd [E’'=1 THz,
40’ —sample—40’, Q=(0,0,2— g), C=1.8 countsb™'].

T q I, o B,

(K) (2m/c) (THz™Y) (THz) (THz)

9 0.10 18.0 0.126 0.006

0.15 6.8 0.255 0.004

0.20 5.1 0.424 0.005

200 0.10 7.2 0.111 0.007

0.15 42 0.189 0.007

0.20 2.3 0.331 0.013

0.25 2.0 0.517 0.031

250 0.10 7.5 0.058 0.003

0.15 5.5 0.130 0.008

0.20 2.3 0.221 0.015

0.25 2.6 0.376 0.041

TABLE III. Magnetic parameters for Gd. [E’'=1 THz,
20’—sample—20’, Q=(0,0,2—¢q), C=1.0 counts b—ll.

T q I, Wq B,
(K) (27 /c) (THz™ ) (THz) (THz)
250 0.10 4.8 0.53 0.004

0.15 2.9 0.117 0.008
0.20 2.0 0.212 0.015
0.25 1.5 0.353 0.040
273 0.10 5.0 0.039 0.004
0.15 2.6 0.083 0.010
0.20 1.8 0.156 0.018
0.25 1.3 0.272 0.042
282 0.10 5.2 0.032 0.006
0.15 2.6 0.067 0.011
0.20 1.5 0.129 0.026
0.25 1.2 0.245 0.071
287 0.10 4.8 0.027 0.005
0.15 2.7 0.059 0.017
0.20 1.6 0.119 0.037
0.25 1.1 0.223 0.081
0.30 0.8 0.36 0.15
0.35 0.5 0.52 0.19
292 0.10 4.5 0.023 0.017
0.15 2.6 0.053 0.038
0.20 1.6 0.126 0.092
0.25 o 11 0.224 0.15
0.30 - 09 0.37 0.26
0.35 0.8 0.57 0.43
297 0.10 3.7 0.026 0.05
0.15 2.6 0.076 0.17
0.20 1.4 0.21 0.43
0.25 1.2 0.52 1.1
0.30 1.5 0.85 1.5
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FIG. 7. gq dependence of the spin-wave frequency
[@peax = (wz ) —ZBZ)‘/ %] at a few fixed temperatures. The
dashed line at 292 K represents a collapse of @wpeax to zero below
q=0.72w /c).

As the temperature goes above T, the spin motion be-
comes diffusive and the spectral weight function at small
q becomes a Lorentzian centered at zero frequency, i.e.,

1 T

—_, (7)
7T 04T

F(q,0)=

where 'y is the inverse relaxation time. In this regime,
the damped-harmonic-oscillator function of Eq. (3) as-
sumes approximately this form with T'j= <“’3 ) /2B,.
This approximation was tested by fitting the small-g data
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FIG. 8. Small-q behavior of wpei for T <250 K. The inset

shows the temperature dependence of the parameters obtained
by fitting t0 Wpeax=A4 +Dg>.



1716 . J. W. CABLE, R. M. NICKLOW, AND N. WAKABAYASHI 32

B, (THz)

o | | 1

o 002 0.04 0.06 0.08
2
< (8z)3

FIG. 9. Small-g behavior of B, at elevated temperatures.
The inset shows the temperature dependence of the parameters
obtained by fitting to B, =4 + Bg>. '

at 297 and 320 K using both spectral weight functions.
The I, values agreed within 10% for all of the observed g
values at 297 K and to ¢=0.5Q27/¢) for the 320-K data.
The parameter of Tables I and III can therefore be used to
obtain the Lorentzian widths of the spectral distribution
-above T,. Even though I', exhibits a g°/*> dependence at
T., the g dependence becomes more pronounced above
T,, where it is best described by I'; =Ag*+Bg*. This is
qualitatively in accord with the approximation'®

#l, =Ag’ri(ki+q%), (8

where ril=(T—T,)/T and ri=+(S+1)DB. It is
known that this temperature dependence is much too
strong as T—T,, but the results at 320 K are consistent
with Eq. (8) with A=4.3 THz— (27 /c)™2.

The small-g dependence of the damping parameter is
shown in Fig. 9, where the solid lines are fitted to
B,=4 +Bg® with the parameters shown in the inset.
Over this temperature range, B(T)=1.55T*"%32 where
T*=(T,—T)/T,.

IV. CALIBRATION OF THE DATA

The data were placed on an absolute basis by use of an
internal calibration based on the integrated spin-wave in-
tensities at 9 and 100 K. The integrated cross section for
spin-wave creation is given by!®

da
dQ

2 A
L QU+ D(1+QDES )
mc

SwW

where n, is defined by [exp(fiw,B)— 11-.. The calibra-
tion constant C is obtained by comparing this with the fit-
ted expression for I(q,) given in Eq. (5). Cis defined by

do _re I(q,0)
C a0 SW—— o do 2 (E) , (10)

where the integral is taken from O to oo because only
spin-wave creation is included in (do/dQ)sw. Equation
(10) combined with Eq. (5) is readily integrable because
both F(q,w) and R(Aq,Aw) are normalized functions and
F(q,w) is finite only for o=2*w, at these low tempera-
tures. We obtain

O”dmi%“;—)=§lowq(nq+1). (an

To evaluate Eq. (9) we need only the magnitude and orien-
tation of the spin and the magnetic form factor. Magneti-
zation datal® for Gd yield a saturation moment of
7.55up/atom, i.e., 0.55up larger than the 7up expected
from the half-filled 4f shell. However, form-factor mea-
surements?® show that the moment density can be logical-
ly separated into diffuse and localized components which
are identified as the conduction-electron and 4f-electron
contributions, respectively. The data are consistent with a
localized moment of 7up/atom. The relative magnetiza-
tions at 9 and 100 K then correspond to ordered spin
magnitudes of 3.5 and 3.2, respectively. The temperature
dependence of the moment orientation has been deter-
mined from Bragg scattering measurements.?>>> Between
T, and the spontaneous-spin-reorientation temperature,
Tr =235 K, the moment is parallel to the ¢ axis. Below
Tr the moment direction moves away from the ¢ axis and
lies on the surface of a cone with semiapex angle ¢. At
T =9, 100, and 200 K, ¥=40°, 59°, and 71°, respectively.
[For spin waves propagating along  (00!),
(I+Q§)= 1+cos?p.] The calibration constants obtained
using these results and the form-factor data of Moon
et al.”® are included in Tables I and II. Low-temperature
data were not taken for the experimental conditions of
Table III; these data were calibrated by intercomparison
of overlapping data at T=250 K. The average calibra-
tion constants obtained for the data of Tables I, II, and III
are 50.8, 1.8, and 1.0 counts monitor~ b~ 1, respectively.

V. MAGNETIC SUSCEPTIBILITY

At elevated temperatures, the cross section given by Eq.
(1) can be integrated over energy directly by using the ap-
proximation #wpB(n,+1)=1. Even though this is true
only for small #wf3, it remains a reasonable approximation
for the integration because F(q,w) is symmetric in o, so
that the intensity lost on the energy-gain side is recovered
on the energy-loss side. One obtains, for the integrated
cross section,

_dl__ e2 . 2 kBT A 2\va
o= ,—lmcz fQ s S0-Q@. (2

With the same approximation, the energy integration of
Eq. (5) yields
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For T <T,, X*(q) is defined relative to the direction of
the ordered moment, which is taken as the z axis. Assum-
ing that the transverse fluctuations are equal in this uni-
axial system, the @ sum becomes

(1+Q2x(q)+(1— 02X q) ,

where the superscripts refer to the transverse and longitu-
dinal susceptibilities. At low temperatures, the longitudi-
nal susceptibility is negligible and, for T > T =235 K,
the moment is parallel to the ¢ axis and X/(q) isA not ob-
served for Q along (00!). We therefore use (1+Q 2)X*(q)
at all T <T,. The susceptibility can then be expressed in
terms of the fitted parameters by
kgT I

T X(q)= > — . (14)
gy CHp(e*y /me?)fAQ)1+Q2)

In molecular-field theory, the transverse susceptibility
below T is given by'®

ksT (s?)

X(q)=->", (15)
g VT #o,

where @, is the spin-wave energy. A comparison between
the observed and calculated inverse susceptibilities is
shown in Fig. 10. Here, the data points are calculated
from Eq. (14) and the solid lines correspond to Eq. (15)
with (S?) taken from the magnetization data. Fortui-
tously, a single line represents both temperatures in both

Figs. 10(a) and 10(b). The agreement at 9 and 100 K is to

0.2 T T //, ry
(o) // .
¢ P
e -
// // fBw
7 - ¢s®
o1 ' - —
-~
o’ ”
7 s
-~
o 0 200K
R ® 250K
T @ o=
—_ L
T o 1 !
=

kT _
2
.

(b)

(
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.

© 9K (+10)
® 100K

00,

o I 1 !
o 0.5 1.0 1.5
Wpgak (THZ)

- FIG. 10. Comparison of the observed transverse susceptibili-
ty (data points) with that calculated from molecular-field theory
(solid lines). The dashed lines in (a) serve only as a guide to the
eye; however, they correspond to Lorentzian X(gq)’s with finite-
inverse-range parameters.
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be expected since the calibration was obtained using spin-
wave theory, which yields the same result as Eq. (15). At
200 K the data lie slightly above the calculated line, but
the agreement is such as to provide confidence in the cali-
bration procedure. At 250 K, agreement is not obtained
and we assume that Eq. (15) no longer applies. Since
spin-wave theory indicates that 7w, =Dg? at small g,
Fig. 10 can be considered as an inverse-susceptibil-
ity—versus—g? plot. The 250-K data would then corre-
spond to a Lorentzian shape for X(q) with a finite-
inverse-range parameter. In molecular-field theory, the
susceptibility at T'> T, can be written in a Lorentzian
form,ls

kyT :
B X(@=—2— (16)
gu ki+gq

where R=S/DB and «}=3RT*/S(S+1) with

T*=(T—T,)/T. The inverse-range parameter k; then
approaches zero with a T*!/? dependence and remains
zero below T,. The behavior of the 250-K data shown in
Fig. 10 indicates that this divergence of the correlation
length does not occur in Gd. Instead, «; remains finite
below T,. This same result was obtained by Child?® using
the quasielastic scattering method. The observed suscepti-
bilities at elevated temperatures were fitted to Eq. (16) in
the small-g region and the fitted parameters are given in
Table IV. For T > T,, we use Eq. (14) with the ¢ axis de-
fined as the z direction; X’(q) then corresponds to the
correlation of spin components perpendicular to the c
axis. If we assume the low-temperature values of D =(9.5
THz)27/c)~2 and S=+, then the calculated suscep-
tibility parameters are R=0.0077TQw/c)* and «,
=0.038(T—T,)'/2. The observed and calculated k; pa-
rameters are in good agreement for T > T,, but the ob-
served R parameters are approximately a factor of 2 too
small at all T except for T=320 K. This discrepancy is
not understood.

VI. SPIN WAVES ABOVE T,?

We now address the question that actually provided the
motivation for this study: do propagating spin-wave
modes persist above 7T, for Gd? We recognize that this
question is not easily answered. Inherent to the neutron
technique is the problem of instrumental resolution,
which dictates some assumption for the scattering law in
order to extract the parameters that describe the spin fluc-
tuations. In the case of Gd, we find that a damped-

TABLE IV. Magnetic susceptibility parameters of Gd.
[(kpT/g°u*X(q)=R /(K] +4¢*)]

T (K) R (2m/c) K, (2m/c)
250 1.24 0.10
273 1.09 0.08
282 1.06 0.08
287 1.02 0.07
292 1.01 0.07
297 1.14 0.10
320 1.75 0.18
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FIG. 11. Three-dimensional projections of the scattering law for Gd along {00/ ) at three temperatures near T,. The vertical scale

is in absolute units as given by Eq. (17).

harmonic-oscillator type of scattering law describes the
data remarkably well over a large range of ¢ and T, and
have parametrized the data accordingly. In order to de-
cide between diffusive or propagating spin-wave behavior,
it is desirable to examine F(q,) rather than the observed
I(q,») which contains other distorting features. We have
therefore calculated F(q,0) from the fitted parameters
and present the scattering law at three temperatures near
T, in Fig. 11. The plots are in absolute units of bTHz 2
and represent the expression

I F(q,0) T)(( VF( i /754 (17)
= , @ .
2CF%Q) gu? v

Actually, the scattering-law behavior shown here is only
slightly different from the I(q,w) behavior described ear-

ey | ks
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()

FIG. 12. g dependence of the ratio 8, /w, for three tempera-

tures near T,. The horizontal line is the boundary between

peaks at finite frequency (B,/w, <V2/2) and a single peak at
zero frequency (B, /wq > V2/2).

lier and shown in Figs. 1 and 2. At 287 K there are spin-
wave peaks at finite energies at all g. At 292 K (~T,)
the spectrum below g =0.7(27/c) peaks at @ =0; peaks at
finite @ occur only at the larger g values. Finally, at 320
K there are no peaks at finite  for any g, although the
zone-boundary spectrum is distinctly non-Lorentzian. We
conclude that there are no spin waves propagating along
(00I) at 320 K (T /T, =1.09).

The same conclusion can be drawn from the fitted pa-
rameters if Eq. (4) is taken as the criterion for propaga-
ting spin-wave behavior. According to Eq. (4) peaks ap-
pear in the spectrum at finite energies only for v, > \/5/34.
Figure 12 shows the ratio of B, /w, versus g for the same
three temperatures near T,. The horizontal line across
the figure at w, =\/§Bq represents the boundary between
propagating spin waves (below) and diffusive, or at least
nonpropagating, behavior (above). All of the 287-K data
lie in the spin-wave region, while all of the 320-K data lie
above the boundary and peak at zero frequency. The
292-K data lie close to the boundary over most of the
zone and dip into the spin-wave region only for ¢ >0.7
(27 /c).

VII. DISCUSSION

We have measured the magnetic excitation spectra of
Gd over the entire Brillouin zone in the (400) and 00/)
directions in the temperature range from 9 to 320 K.
Over this entire region of g and T, the (00! ) data are well
described by the damped-harmonic-oscillator form of the
spectral weight function. This is not a surprising result
because this function reduces to the correct limits at both
low and high temperature and was expected to have a
wide range of applicability. It is a very convenient func-
tion for data analysis and allows the reliable parametriza-
tion of a large body of data with parameters correspond-
ing to an intensity Iy, a damping term B,, and the second
moment of the frequency distribution ng ). The spin-
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wave frequency is given by ({w} ) —2B2)172. We observe
spin-wave peaks at finite frequency over the entire zone at
287 K (~0.98T,), but only for ¢ >0.727/c) at 292 K
(~T,.). There are no spin-wave peaks at any g at 320 K
(~1.09T,).

This last observation is perhaps surprising since spin-
wave peaks apparently occur at T=2T, for the similar
Heisenberg systems EuO and EuS. However, the ex-
istence of spin waves above T, depends on the energetics
of the spin system relative to the thermal fluctuations pro-
vided by kpT,. If the characteristic energy of the spin
system is taken as the zone-boundary spin-wave energy,
then for both EuO and EusS that energy is nearly the same
as kpT,, while for Gd in the (00!) direction it is only
about 0.6kpT,. This difference probably accounts for the
presence of spin waves above T, for EuO and EuS and
their absence in Gd along (00/). If this is the case, then
spin waves above T, should also occur in Gd in the
(h00) and (hhO) directions where the zone-boundary
spin-wave energy is equal to kpT,. This persistence of
(h00) spin waves can actually be seen in Fig. 4, which
clearly shows a peak at finite energy at 7=320 K. Addi-

tional measurements along these directions with higher
spin-wave energies will be made in the near future.

The data were internally calibrated using the integrated
intensities of the low-temperature spin waves. This allows
the determination of the g-dependent magnetic suscepti-
bilities in absolute units by energy integration of the spec-
tral distributions. The observed magnetic susceptibilities
agree reasonably well with molecular-field theory for
T <200 K and for T>T,. However, disagreement is
found in the region from 250 to 292 K where a small but
finite inverse range parameter is observed.
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