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Paramagnetic neutron scattering from the insulating Heisenberg ferromagnet EuO has been stud-
ied through the entire Brillouin zone. The measured linewidth I' of the quasielastie scatterin~ at T,
follows the predictions of dynamic scaling I =Aq~' up to momentum transfers q =0.4 A . The
new results disagree with an early work by Passell et al. , where a smaller exponent and smaller
linewidths have been reported, but agree perfectly with recent spin-echo measurements performed by
Mezei at very small q. The q2 5 dependence of I is now established over nearly four decades in en-

ergy. At large momentum transfers the energy distribution evolves into a three-peaked structure
with much more spectral weight near E =0, in disagreement with the two-peaked structure reported

by Mook. The cross sections near the zone boundary are in quantitative agreement with recent cal-
culations by Young and Shastry. %'e conjecture that peaks at finite energy occur in EuO and EuS
because of the short-ranged exchange interactions.

I. INTRODUCTION

The magnetic properties of the isotropic Heisenberg fer-
romagnets EuO and EuS have been studied extensively in
the past by several' experimental and theoretical
methods. '3 The reason is that these systems are believed
to be some of the most ideal realizations of the isotropic
Heisenberg model. The theory of these systems is in a rel-
atively advanced state (as compared to itinerant systems)
and many predictions have been confirmed by experiment
as demonstrated for example in a series of papers' by
Passell, Dietrich, and Als-Nielsen.

Recently, more attention has been given to these sys-
tems for several reasons. During the last few years
paramagnetic scattering from the itinerant systems Fe and
Ni has been investigated in detail " by using polarized
neutrons. The interpretation of the experimental results is
controversial and no consensus has been reached until
now as to whether the paramagnetic scattering at large
momentum transfer q is purely diffusive or not. EuO and
EuS, on the other hand, are the only known isotropic cu-
bic ferromagnets where peaks at finite energy have been
reported' ' unambiguously near the zone boundary indi-
cating propagating modes. The measured energy distribu-
tions are at least in qualitative agreement with recent
theories developed by Young and Shastry and I.indgard.
It is therefore important to perform more detailed mea-
surements at large q in the paramagnetic phase of EuO to
test these theories in a more quantitative way and to
answer some questions regarding the conditions under
which propagating modes exist above T, .

The q dependence of the linewidth I in EuO at the Cu-
rie temperature T, is still contradictory. Recent spin-
echo measurements performed by Mezei on EuO at small
momentum transfer' verify the dynamical scaling predic-
tion at T,

I =Af(xi /q)q

where f(~, /q) =1 and 5=2.5. The measured constant A
and the exponent 5 are, however, in disagreement with the
early neutron scattering studies of Passell et al. 4 and new
experiments are needed to resolve the discrepancies.

%e present in this paper, new inelastic neutron scatter-
ing experiments performed on a powder sample of

EuO. Powder averaging should be no problem because
of the very high isotropy's of EuO. The new data cover
the entire Brillouin zone and show how the scattering
evolves from a single peak at E=0 into a more compli-
cated structure than that reported originally by Mook'~
and how the energy width of the scattering saturates near
the zone boundary. The overall behavior of the scattering
at small q is well described by a double-l. orentzian
scattering function as in Ni and Fe. Finally we will dis-
cuss the implications of our new results for other cubic
ferromagnets.

II. EXPERIMENTAL

The measurements were performed on the same poly-
crystalline sample of 's3EuO used in the previous studies
by Passell et al. and Mezei. ' The sample weighed 0.745
g, was 24. 1 mm high, 11.5 mm wide, and 0.50 mm thick.
EuO crystallizes in the NaCl structure with a lattice con-
stant a =5.12 A ' and a nearest inverse plane distance
&iii ——2. 12 A '. The sample was mounted in a He-flow
Dewar positioned on different triple axis spectrometers at
the Brookhaven High Flux Beam Reactor. The tempera-
ture was measured by means of a platinum resistor with
an accuracy of +0.02 K. We have determined the Curie
temperature by measuring the temperature dependence of
the critical scattering and obtained T, =69.25+0.05 K in
good agreement with values reported in the literature.

All the data were collected in the forward direction
keeping fixed the final neutron energy Ef. Pyrolytic
graphite crystals set for the (002) refiection were used as
monochromator and analyzer for most of the experiments.
The cold source with a double monochromator system
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III. SPECTRAL WEIGHT FUNCTIONS

Before presenting our new data we would like to intro-
duce some spectral weight functions F(q, rp}, which ap-
pear frequently in magnetic cross sections for T & T,

0 2kf ]
dQdco k; 2

hen/ks T
X e 2k' TX(q)F(q, pi)

ho)lk~ T (3)

where yp
——0.291 barns/sr, kf and k; are the wave vectors

of the final and incident neutrons, and g is the gyromag-
netic ratio. The wavelength-dependent susceptibility X(q)
is usually expanded to the second order in q as

K)
X(q) =X(0) (4)

K) +q
where «i ——«p[(T T, )/T, ]" is the inver—se correlation
length and X(0) is the bulk (dc) susceptibility.

The diffusive scattering is usually well approximated by
a simple Lorentzian (e= 1)

r

1 I
Fr (q, co)=—

I +6)

To parametrize the expected and measured ' deviations
of the spectrum from a pure Lorentzian we have intro-

provided the neutrons for the measurements at small
momentum transfer q(0.2 A '. The final energy Ef
was kept fixed at 2.5 or 4 meV. Higher-order neutrons
were removed by a cooled Be filter placed before the sam-

ple. The measurements for q &0.3 A ' were conducted
on thermal neutron sources with Ef 14——meV (Ge mono-
chromator, no filter} or Ef=14.7 meV with a pyrolytic
graphite filter mounted after the sample to remove
higher-order contamination. The collimations are defined
in the figure headings. All data measured with Ef 14.—7—

meV have been corrected because higher-order neutrons
are also refiected by the pyrolytic graphite monochroma-
tor and are therefore detected by the monitor counter.
The correction factor decreases monotonically from 1 at
E, =14.7 meV to 0.79 at E;= 19.7 meV (corresponding to
5-meV energy transfer) and has been measured accurate-
ly

17

We have put the energy-integrated paramagnetic
scattering S(q) onto an absolute scale by comparing the
integrated intensity of magnons below T, (counts/min)
with the calculated cross section (barns/sr) following the
procedure of Wicksted et al. The data can then be con-
verted into units of the Bohr magneton squared (p, ii) us-

ing

S(q )(in barns/sr)
(2)

0.0485f (Q)e

where f(Q) is the form factor and e is the Debye-
Waller factor. This conversion is valid only if the energy
scale of the scattering is smaller than ke T. For EuO the
conversion is valid.

l ~5,52
Fs(q, co) =—

2 2 2 2~ co r (p) —5i —52) +(co —5i)
(7)

with r= (m52 /2) '~ and the frequency moments
5i=(Pi }e and 52=((Pi —(co )e} )q. Fs(q, Pi) exhibits
one peak if 52& 25i and three peaks if 52 (25i. To under-
stand the structure of Fs(q, co) better we rewrite it in the
more transparent form

Fg(q, a) }=—1
7r

2
/COO

(~2 ~2)2+ y2~2

2 2 ~ 2—~o— y2

2r'

(8)

with y = (252/m )'~ and cop ——5i. Equation (8) resembles a
damped harmonic oscillator; for co =cop they are identical.
The half-width at half maximum (HWHM) I' of Fs(q, co)
can be obtained by solving a linear equation in I of de-
gree three with coefficients depending on 5~ and 52. I is
uniquely defined as long as one real root exists only. An
alternative possibility to characterize the width of the en-

ergy distribution is the half-area width coi&2. It is defined
by the relation2P

'"
Fqm &=21 FqN m

coi&2 is uniquely defined for each pair (5i,52) and is equal
to I, if F(q, ro) is a Lorentzian. Below T„vvi&2 is defined
too and equal to the spin-wave energy.

IV. PARAMAGNETIC SCATTERING ABOVE T,

Most of the measurements were performed in the
constant-q mode of operation. %'e have determined back-
ground contributions and the absolute cross-section scale
by conducting constant-q scans below T, where the sam-
ple is in its ferromagnetic phase. Typical scans are shown
in the upper parts of Figs. 1 and 2 for q =0.12 A ' (cold
source) and for q=0.30 A '. The solid lines through the
data points have been obtained by a least-squares fitting
procedure assuming a cross section for the scattering (con-
voluted with the resolution function), which includes a

duced an additional parameter e(co) defined by e= 1 for
I
~

I
( I and e =1+a(

I
~

I
I )/I for

I
~

I
& I, where

a is a constant. This modification of a Lorentzian by the
additional a is, of course, an empirical approach to
parametrize the scattering function. A recent theoretical
paper by Folk and Iro' gives some justification for this as
we shall discuss in a future publication.

The damped harmonic oscillator function

QCtPp
2

F(q, )=— (6)
(co —cop) +y co

is useful to parametrize heavily damped excitations and
has been used by Mook' to analyze the EuO data.
Fz(q, co} is equivalent to Lorentzian peaks at +cop with
I =y/2 if y ((cop. Another useful form is the three-pole
approximation '
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FIG. 1.. Constant-q scans performed at the cold source. The
solid lines are fits to the data as explained in the text
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convoluted) cross section consists of a 5 function for the elastic
peak and a Lorentzian for the spin wave at 4.5 meV. The
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FIG. 4. Similar data as in Fig. 3, obtained at T=1.68T, .
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Shoulders develop above q=0.6 A '. The symbols have the
same meaning as in Fig. 3.

a has been used to take properly the clearly visible devia-
tions of the data from a pure Lorentzian into account.
The fits yielded a=1.6+0.4 at T, and a=0.22+0.08 at
1.35T, . EquaHy good fits have been obtained when we

used the three-pole approximation, yielding the saiiie
linewidths, i.e., 0.46+0.04 meV at T= T„wher easpure
Lorentzians (broken line in Fig. 2) never fitted the data
well and yielded significantly smaller linewidths, i.e.,
0.29+0.02 meV at T=T, . The strong temperature
dependence of the peak profile is clearly visible in Fig. 2.
At higher temperature it resembles more a Lorentzian
than at T„as expected. ' i' The narrowing of the pestis
is in quintitative agreinnent with the predictions of
Resibois and Piette and the previous study by Passell et
al.

The measurements depicted in Figs. 3 and 4 demon-

strate how the peak profile changes dramatically with in-
creasing q. The filled circles represent the data obtained
after subtracting a nonmagnetic elastic peak at E=0. Its
magnitude has booxn determined from constant-q scans at
50 K. One typical scan conducted near the zone boundary
is given in Fig. 5 and the solid line is a fit to the data as
described above. The broken lines in Figs. 3 and 4 indi-
cate the small constant room background. The solid lines
are actually model calculations, discussed in Sec. V, and
are in good agreement with the observations. We have
determined the HWHM and the half-area width roi~i
from 5i and 5z by fitting the data in Figs. 3 and 4 to Eq.
(3), assuming again a Lorentzian behavior for P(q) [see
Eq. (4)] and a three pole approximation for F(q, r0). The
fitted parameters 5i and 52 are given in Table I, together
with the corresponding linewidths and cubi~. It is evident
from Table I that coiq2 at 1.68T, is about 60%%uo of coils& ob-
tained at T, for fixed q. This decrease agrees astonishing-

ly well (even near the zone boundary) with the predictions

TABLE I. Comparison of predicted (Refs. 2 and 28) and fitted parameters 5i and Si [see Eq. {7)]in

meV . Also given are the linewidth (H%HM) and the half-area width (colq2) in meV as calculated from

5i and 52.

Units of
T {T,) q(A )

Experiment
52 H%HM

1

1

1

1

1

1

1.68
1.68
1.68
1.68

0.4
0.5
0.6
0.7
0.8
1.0
0.4
0.6
0.8
1.0

0.559
1.19
2.09
3.16
4.23
5.65
0.394
1.10
1.99
2.56

2.76
3.66
4.84
6.18
7.50
9.19
2.81
3.47
4.21
4.70

0.42+0.02
0.96+0.04
1.70+0.05
2.65+0.07
3.81+0.10
5.70+0.07
0.34+0.03
1.09+0.04
1.89+0.08
2.50+0.15

1.1+0.1

2.6+0.2
4.0+0.2
5.3+0.3
7.1+0.4
8.9+0.4
2.0+0.4
3.8+0.3
5.3+0.5
4.7+0.6

0.84
1.22
1.85
2.45
2.98
3.70
0.34
0.92
1.63
2.41

0.45
0.67
0.95
1.26
1.55
2.01
0.29
0.65
0.93
1.25
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of Resibois and Piette, who derived the dynamical scal-

ing function f(a., lq) in the limit q=0 and T=T, . Note,
that the modified Lorentzian, Eq. (5), is capable of
describing the data Up to 0.5 A only.

In Fig. 6 we have plotted the 8%8M versus q on a
log-log scale as obtained in this study and as measured by
Mezei. ' The linewidth follows the dynamical scaling
prediction I aq ~ over nearly 4 decades in energy. Above

q ~0.4 A ' the linewidth starts to saturate. The solid
line is a fit with 2=8.3+0.7 meVA ' and 5=2.50
+0.07. The expected deviations from dynamical scaling
at higher q are more clearly visible in a linear I versus q
representation (Fig. 7), where we compare the HWHM
(triangles) with rot~2 (circles). Up to q 0.2 A ' both
measures agree with each other, indicating that the spec-
tral weight function closelg resembles a Lorentzian where
rot&2=I . Above q=0. 3 A the two measures deviate
from each other more and more with increasing q, in
agreement with the experimental observation that the
shape of Ii(q, co) changes with q (see Figs. 2—4). We con-
clude that a pure Lorentzian is not the appropriate form
to fit the data at q &0.2 A '. This may be one of the
reasons why a smaller exponent (5=2.29) and smaller
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FIG. 7. The linewidth (HWHM) and the half-area width cu~q2

plotted versus q. In the small-q region the data follow the
dynamical scaling predictions. The measurements near the zone
boundary are in good agreement with the theoretical predictions
from Ref. 2.
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linewidths have been obtained in a previous study of EuO
(see Fig. 6).

Finally we would like to present some energy-integrated
data Mz(Q), which has been put into an absolute scale as
described in Sec. II. The Debye-Wailer factor is always
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data from Ref. 14 and our data follow perfectly the dynamical
scaling prediction I aq2' over 4 decades in energy.
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FIG. 8. Integrated intensity M (Q) vs q. Near the zone
boundary (ZB) the measured intensity is higher than predicted
by a I.orentzian (solid lines). The dashed line indicates

petr =63@a.
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TABLE D. Cubic ferromagnets. A and «p are expressed in units of reduced wave number g of the

inverse plane distance d . Note a narrower range of xo, in contrast to a very large variation of A . d
corresponds to (110) for Fe and (111) for other ferromagnets. n is the number of important exchange
constants J„. {I'=Aq at. T„A =A{d ) ', «, =Kg [{T—T, )/T, ] . )'

T, {K)
A (meVA )

A (meV)
A /T, (meVK}
«p {A. )

Kp {units of g)
lattice constant a {A}
d {k )

Ni

627
350
5900
9.4
0.62
0.20
3.5
3.1

1043
140

2400
2.3
1.05
0.34
2.9
3.1

190
60

230
1.2
0.37
0.22
6.4
1.7
)6

EuO

69.2
8.3
53
0.77
0.64
0.30
5.1

2.1

larger than 0.98 during our experiments and has been set
equat to 1 for convenience. The solid lines through the
data points in Fig. 8 represent Lorentzians

K]
M (Q) =M (0) (9)

K)+g

where irI has been taken from Ref. 4 (see Table II) and
M (0) has been fixed so that M (Q) reproduces the data
at q=0.4 A '. For T=116K we obtain M (0)=170)utI
in close agreement with 180ptI as obtained from static
susceptibility measurements by Menyuk et al. The
scatter of the small-q data at 116 K is large because of the
small scattering intensity at this high temperature as com-
pared to the T, data (see inset). The q2 expansion (Eq. 9)
for Mz(Q) is not expected to be valid at larger q and our
measurements indeed demonstrate that the measured in-
tensity near the zone boundary is larger than expected for
pure Lorentzian behavior. A similar behavior has been
observed in the Heisenberg system2" PdzMnSn, in contrast
to that in the itinerant systems Ni (Ref. 5) and Fe (Refs. 5,
7, and 8), where the measured intensity M (Q) is smaller
at large q. The larger intensity for Heisenberg systems is
expected because the moment M (Q), integrated over the
whole Brillouin zone, must be conserved. Therefore the
zone-boundary intensity at 1.68T, is larger than at T, (see
Fig. 8) to compensate for the smaller moment M2(Q) at
small q. If we only integrate the areas below the
Lorentzians in Fig. 8, we obtain 56y,a for T=T, and
51@,a for 1.68T„whereas an integration of the measured
intensity yields 69@~ and 63@~, respectively, in good
agreement with the high-temperature limit p,ff——63@~.

V. DISCUSSION

The qualitative behavior of our EuO data confirms pre-
vious measurements by Mook performed on a single crys-
tal. There is, however, one very important difference be-
tween the two studies. Our constant-q profiles, measured
near the zone boundary, reveal much more intensity
around E=0 and cannot be adequately analyzed in terms
of a daTnped harmonic oscillator function as demonstrated
in Fig. 9. The dashed line has been calculated using Eq. 6
(with the parameters pIp ——2.98 meV and y=1.74 meV
from Ref. 12) convoluted with our resolution function.

I4.7 Ef 20-40-40-40 EuO T=T(- q= IA200 I I I I I

YOUNG AND SHASTRY--—- DAMPED HARMONIC OSCILLATOR
C
E l50-
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z
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~ ~- &

0 I

-I
I I I I I

0 I 2 3 4 5
ENERGY TRANSFER (meV)

FIG. 9. The data from Ref. 12 (dashed line) measured at the
o ][111]zone boundary is compared with our data at q = 1.0 A

Our data is AH characterized by the three pole approximation
from Ref. 2.

The additional intensity around E=0 cannot be explained
by an improper subtraction of the elastic peak: it would
produce either a peak or a dip in the data at E=0 with a
resolution width (HWHM) of 0.4 meV. This is not ob-
served. Scattering by magnetic disorder may occur
around E=0 if part of the magnetic Eu2+ ions had been
converted into nonmagnetic Eu3+ by aging. Again, the
(elastic) peak would be resolution limited and should be
seen. In addition, if there was no additional intensity at
E=O the moment M (Q), integrated over the Brillouin
zone, would be significantly smaller than )u,tt=63pa and
be in disagreement with the underlying assumptions for a
Heisenberg model. We conclude that the broad peak at
E=0 is real and persists up to the zone boundary.

At first glance one might interpret the central peak as a
diffusive peak, corresponding to a quasielastic longitudi-
nal component below T„as predicted by Mazenko, and
the peak at finite energy as a not fully renormalized spin
wave (transverse component). This interpretation, howev-
er, is not unique. At this stage we cannot rule out the
possibility that the longitudinal component already exhib-
its three s just below T„as predicted by Vaks et al.2s

Villain, on the other hand, suggested two inelastic peaks
at the spin-wave frequencies. This prediction would ex-
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plain why no central component has been observed below

T, at small q but would not explain our observed peak at
E=0 near the zone boundary. The above-mentioned
theories have been deduced for small q only and are
not necessarily valid in the q range investigated in thi. s
study. Further experiments just below T, are planned in
the near future to elucidate the predicted scenarios further
and to check their universality.

There exist two microscopic approaches which predict
the lineshapes in the paramagnetic phase of EuO and
EuS. Lindgard has used a correlation theory for one
dynamical variable and obtained to lowest order a damped
harmonic oscillator function, which represented the data
from Ref. 12 well. At the same time Young and Shastry
have succeeded in calculating the frequency moments of
the spectral weight function in terms of static correlation
functions using a three pole approximation. Although
both theories predict the occurrence of a "spin-wave"
peak at large q correctly, only the three pole approxima-
tion Fs(q, co) [Eq. (7)] predicts a central peak and has
therefore been utilized by us to analyze our data.

Before comparing our data with theory it is important
to discuss possible complications introduced by powder
averaging of our sample in an experiment. In Fig. 10 we
have plotted the predicted peak shapes Fs(q, co) for
q=1.06 A ' (the zone boundary distance in the [111]
direction} for the [111],[110],and [100] directions. The
scattering is very isotropic, in fact, the peak positions do
not deviate by more than half the resolution width (0.4
meV) from each other. In particular the profile of the
central peak is not affected by powder averaging.

To facilitate the comparison with experiment we there-
fore neglected the powder broadening of the data and
have calculated peak profiles for the [111]direction only.
The solid lines in Figs. 3, 4, and 9 have been obtained by
convoluting the cross section with the resolution function,
using values for 5i and 5z provided by Shastry and Chau-
dhury. The normalization constant, say X, has been
fixed for each scan in such a way that X was minimized.
X was constant at small q and independent of tempera-
ture, but increased by nearly a factor of 2 between q =0.5

Eu0 &=TC q= I.Q6A
o-I

O. I5—

E O. IG—

3
U'

0.05—

I 2 3 4
ENERGY TRANSFER(meV}

FIG. 10. Predicted line shapes at q = 1.06 A for three prin-
cipal directions, demonstrating the high isotropy of the scatter-
ing at the nearest zone boundary.

and q =1 A ' because of the deviations of M (g) from a
pure Lorentzian (see Fig. 8). The agreement between ex-
periment and theory is excellent (see also Table I) and
confirms that the scattering mechanism is well under-
stood, at least at large momentum transfers. At small q,
however, the predicted linewidths are too small (Fig. 7)
and the dynamic scaling prediction 5=2.5 is violated.
Sinular discrepancies have also been observed in Fe (Ref.
7) and they occur because the higher-frequency moments,
which are important at small q, are neglected in the three
pole approximation. In the small-q region it is more ap-
propriate to compare the linewidth measurements with
the dynamic scaling approach performed by Riedel or
Hubbard ' who predict A =6.4 meV A and
A =7 meVA, respectively. These values are in good
agreement with the experimental value A =8.3+0.7 meV
A . Our experiments confirm the conclusion, reached in
a previous study, ' that no crossover to dipolar dynamics
near q~

——0. 147 A ' occurs. It is fair to say that the
dynamical properties of EuO above T, are well under-
stood.

The paramagnetic scattering from EuO behaves simi-
larly to that reported for other isotronic cubic ferromag-
nets like the localized metallic system PdiMnSn and the
itinerant systems ' Fe and Ni. The scattering follows
the predictions of a modified double-Lorentzian scattering
function up to about halfway to the zone boundary. At
larger q the width of the energy distribution saturates in a
similar way as in the above systems. There are at least
two obvious reasons for this. (1) The energies involved are
not small compared with T, hence the system is no longer
in the critical region, where dynamical scaling is valid. (2}
The energy scale in a Heisenberg system is limited and of
the order of AT, .

Finally we would like to address the question of why
peaks at finite energy definitely occur at large q in EuO
and EuS, but not in Pd2MnSn, Fe, and Ni. In Table II we
have listed some relevant parameters for these systems.
The inverse correlation lengths, characterized by ~0 and
Ko, are obviously very similar for all systems and are
therefore not related to the appearance of peaks at finite
energy even if q ~~~i. The constant A, or in reduced g
units A, and T, are very different, however, if A' is
properly scaled by T, we find that A'/T, =1 for the
Heisenberg systems whereas A /T, ~~1 for Fe and Ni.
Note that the ratio A'/T, may be used as a measure for
the itinerancy of the electrons. ~ Although the ratio is
very similar in PdzMnSn and EuO, no peak at finite ener-

gy has been observed in PdiMnSn. Therefore, A and T,
are also no signature for the appearance of peaks at finite
energy, as hinted in a recent report by Lynn. There is,
however, one important difference between the two local-
ized systems: To reproduce adequately the spin-wave
dispersion curves below T„more than six exchange pa-
rameters have to be included for Pd2MnSn, ' whereas two
are sufficient for EuO or EuS. In other words the ex-
change interactions are longer ranged in PdzMnSn. The
peaks at finite energy in EuO or EuS may be a remainder
of a heavily damped zone-boundary spin wave mediated
by the exchange between nearest and next-nearest neigh-
bors. The spins in Pd2MnSn, on the other hand, are ex-



33 PARAMAGNETIC NEUTRON SCATTERING FROM THE. . . 3019

posed to a inore complicated and longer-ranged field gen-
erated by the thermal motion of the spina, which smear
out or dampen possible excitations at finite energy, yield-

ing a single-peaked structure even at the zone boundary.
If the above explanation for the appearance of peaks is
correct, we do not expect to find any excitations in Ni and
Fe above T, because of the itinerant nature of the elec-
trons, in agreement with all our recent experiments on Fe
and Ni 6—10
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