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Low-energy paramagnetic excitations in the weak itinerant ferromagnet (WIF) MnSi
have been studied by neutron scattering. The observed spectrum has a Lorentzian form
(T'/T24w?) and is clearly separated from excitations in the Stoner continuum. The gen-
eralized susceptibility, X(g), has been obtained by integrating the scattering intensity over
energy. It is found that X(q) depends upon the wave vector q as X(g)~'=«*(T)+q? for
g <0.125(27/a) with kX T)=k}T —T.). After extrapolating these results to g =0, it is
found that X(g =0) follows the Curie-Weiss law, suggesting that the observed spin fluc-
tuations correspond to the Moriya-Kawabata (MK) spin fluctuations responsible for the
Curie-Weiss dependence of the static susceptibility of a WIF. The linewidth I' is found
to be proportional to g /X(q) as predicted by the MK theory, in contrast with the g2/X(q)
relation expected in a Heisenberg system. These results provide the first direct experi-

1 JANUARY 1982

mental evidence for the existence of MK spin fluctuations in a WIF above T..

I. INTRODUCTION

The cubic intermetallic compound MnSi is a typ-
ical itinerant helimagnet with a long period of 180
Al Itis magnetically saturated in a relatively
weak field of 6 kOe and exhibits the typical
characteristics of a weak itinerant ferromagnet.?
Neutron scattering has detected the well-defined
spin-wave excitations below 2.5 meV and the broad
excitations in the Stoner continuum above 2.5 meV
as described in a previous paper® (referred to as I
hereafter). The spin-wave dispersions renormalize
with increasing temperature, but the excitations in
the Stoner continuum remain unchanged even at
temperatures ten times higher than the Néel tem-
perature Ty =29.5 K. The general features of the
spin dynamics are qualitatively in good agreement
with what is expected for a weak itinerant fer-
romagnet based on the random-phase approxima-
tion (RPA)-type band theory.

The simple band theory is, however, found inap-
propriate for describing the magnetic properties
above the Néel temperature. The static susceptibil-
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ity X(0) obeys the Curie-Weiss law with the effec-
tive moment of 1.4up, which is much higher than
the saturation moment of 0.4up at the lowest tem-
perature.* The nuclear-spin relaxation time T'; in
the paramagnetic region is independent of tempera-
ture as is the case with a localized spin system, but
has a value 2 orders of magnitude smaller than the
case where the localized spin 1.4up exists.” Recent
polarized neutron scattering also suggests the ex-
istence of fairly large magnetic moments of order
of 2up in MnSi in the paramagnetic region, which
seemingly increase with increasing temperature.®
In order to reconcile these inconsistent thermo-
dynamical properties, Moriya and his collaborators
have developed the spin-fluctuation theory for
itinerant magnetic materials where the spin fluc-
tuations are taken into account in the self-
consistent ways [the self-consistent renormalization
(SCR) theory].”~® In the weak itinerant ferromag-
net, the SCR theory, often referred to as the
Moriya-Kawabata (MK) theory, predicts low-
energy spin fluctuations (the MK fluctuations) in
the small g regions which contribute to produce
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the7 Curie-Weiss behavior of the static susceptibili-
ty.

Although the theory also explained successfully
other properties including the muon relaxation
time above Ty for MnSi,'° no direct observation
has ever been made of the MK fluctuations by
neutron scattering. The study of the energy spec-
tra of the fluctuations is quite important for a cru-
cial examination of the theory because the theory
predicts dynamical properties which are somewhat:
different from those for the localized spin system
as discussed in Sec. II.

It is also noted that the spin fluctuations in the
paramagnetic phase of MnSi detected by the uSR
(muon spin relaxation) experiment!® resemble those
of ferromagnetic materials even down to the close
vicinity of the Néel temperature T where the heli-
magnetic order is established. The spin correla-
tions in MnSi were anticipated to vary with tem-
perature in a complicated way near Ty; another
broad peak is observed one degree above T in the
specific-heat,!! thermal expansion coefficient!? as
well as the attenuation coefficient of the longitudi-
nal ultrasonic wave.!> Therefore, the temperature
evolution of the spin correlations around Ty is an
interesting problem for study by neutron scattering.

This paper is concerned with the observation of
the MK fluctuations above Ty. In the next sec-
tion, we will discuss the SCR theory to show how
the fluctuations predicted by the theory can be
detected by neutron scattering.!* After giving a
brief description of the experimental procedure in-
cluding the method for correction of the experi-
mental data, the experimental results are described
in Sec. IV. A preliminary experimental result con-
cerning the variation of the spin correlations with
temperature from the helimagnetic phase to the
paramagnetic phase is presented in Sec. IV A to
show that the paramagnetic phase can effectively
be treated as that of a ferromagnetic material. The
results are discussed in Sec. V.

o

X0(0,0)C

ImX(Q,0w)=

II. THE SCR THEORY AND
NEUTRON SCATTERING

The neutron magnetic scattering cross section is
proportional to the imaginary part of the dynami-
cal susceptibility X(Q,w) (Ref. 15);

d’o a el
8 Aliky) | (Q) 22850
xSQ,0) , ()
sH(Q0) =2 ‘ ImY*%(Q,0)

7 1— exp(—#iw/kT)

with the conventional notations. S%%(Q,w) is the
scattering function. According to the SCR theory,
the dynamical susceptibility X(Q,w) can be ex-
pressed as’

X()(Q,w)
1—IXy(Q,0)+AMQ,0) ’

where Xo(Q,w) is the susceptibility of the nonin-
teracting system, I, the intra-atomic interaction,
and A(Q,w) is an additional term resulting from
the mode-mode coupling of the spin fluctuations.
AMQ,w) is absent in the RPA theory. Since M(Q,w)
contains X(Q,w), it is almost impossible to solve
for X(Q,w) rigorously from Eq. (2). In the case of
a weak itinerant ferromagnet where only the long-
wave and low-energy fluctuations become impor-
tant, Xo(Q,w) can be expanded as a series in w and
q (the deviation of Q from the reciprocal-lattice
point 7) as

X(Q,0)=

(2)

[14A(0,0)—IX(0,0)0(1—Ag?+ - - - )>+I1?C?

Since the static susceptibility given by

X0(0,0)
X(0,0)= 14-A(0,0)—1IX,(0,0) ©

obeys the Curie-Weiss law, 1+ A(0,0)—1X(0,0)

2
(3)
and A(Q,w) can be approximated by
MQ,0)=A(0,0) . 4)
Therefore, ImX(Q,w) is reduced to
7 - (5)
o
[
should be written as
14+A(0,0)—1X(0,0)=«XT)
=kT —T,) . @)



256 Y. ISHIKAWA, Y. NODA, C. FINCHER, AND G. SHIRANE 25

The scattering function S(Q,w) of the MK fluc-

tuations is then reduced to

# 1

71— exp( —fiw /kT)

% C"wq
qZ[K(T)2+A:q2]2C'2w2

S(Q,w)=

(8)

with A’, C’, and C" the appropriate constants. On
the other hand, the scattering function of the criti-
cal scattering from the Heisenberg system is given
by]5

1 fico S
S )= T b /KT) (T4 42
[(q)
_ I(g) 9
[(g)+o’ .
with

CqZ C(K2+q2)q2

T'(g)= —
D=2 X,

(10)

which is reduced to

# 1
S0 = T (— fiw/kT)

9 C"a)q2
C/[K(T)2+q2]2q4+w2 .

(11)

If we compare (11) with (8), the scattering function
of the MK fluctuations can also be expressed by
I'(gq), but with I'(g) given by

[(q)=C[k(TP+q%1g/X, . (12)

Therefore, the MK fluctuations resemble the spin
fluctuations of the Heisenberg system in the criti-
cal regions, but the energy spectrum has a different
g dependence from that in the Heisenberg system,
and this may be distinguished by neutron scatter-
ing.

III. EXPERIMENTAL PROCEDURE

The crystal used in this experiment is the same
that was employed in two previous neutron scatter-
ing experiments.>!® It was grown by the Czochral-
ski method and is a cylinder 20 mm in diameter
and 40 mm long with [011] nearly parallel to the
cylindrical axis.

The experiment was carried out on a triple-axis
neutron spectrometer at the Brookhaven High Flux
Beam Reactor. A pyrolytic graphite (002) mono-

chromator and analyzer were used. Most of the
data were taken with the scattered neutron energy
(Ey) fixed at 14.8 meV and with four horizontal
collimators set either at 40’-20"-20'-40" (low resolu-
tion) or at 20'-20’-20"-20" (high resolution). Some
additional data were taken with the incoming ener-
gy (E;) fixed at 13.7 meV. A graphite filter was
inserted in an appropriate beam path position to
remove higher-order contamination.

The crystal was mounted with [011] vertical in a
variable-temperature cryostat and most of the data
were taken with constant Q mode of operation
along [011] in the vicinity of the 011 reciprocal
lattice point. This was the direction where the
scattering was least contaminated by the Bragg
tail. The measured intensity I (Q,w) is given by
the convolution of the cross section given in Eq.
(1) with a resolution function of the spectrometer
R (AQ,Aw) given originally by Cooper and
Nathans'”

d’c
dodQ

1Qw)= [ Q")

XR(Q —-Q',o—w')Yo'dQ’ . (13)

Good agreement between the observed spectra and
the calculated spectra is obtained for the phonon
scattering as shown in I. The instrumental resolu-
tion is approximately 0.45 meV full width at half
maximum (FWHM) for high-resolution measure-
ments and is 0.65 meV for low-resolution measure-
ments as later seen in Fig. 5.

In order to combine X(g) obtained by low-resolu-
tion measurements with that by high-resolution
ones, the scattering intensity was normalized at a
wave vector of £=0.1 by overlapping the data of
both resolutions at this point.

IV. EXPERIMENTAL RESULTS
A. Spin correlations near Ty

In order to see how the satellite Bragg reflection
develops into the critical scattering, two-
dimensional mapping of the magnetic scattering
was carried out in the (011) reciprocal-lattice plane
using cold neutrons with E; =5 meV and with the
energy transfer #iw=0. The results at three dif-
ferent temperatures are displayed in Fig. 1, where
solid lines in the figure are the contour lines of
equal intensity of scattering. At 28.5 K, just below
the Néel temperature of 29 K, a Bragg reflection
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FIG. 1. Contour maps of equal intensity of critical
scattering around a satellite point measured with E;=5
meV with #iw=0 at three different temperatures.

was detected at Q=(¢,&,£)2m/a with
£=0.016+0.001 (Q =0.038+0.002 A~'), which is
nearly in agreement with the previous measure-
ment of Q =0.035 A~! at 4.2 K by the small-
angle scattering machine of the Institut Laue
Langevin (ILL) (D11). When the temperature in-
creases by 0.5°, the satellite peak starts to elongate
in the direction perpendicular to the Q vector as
shown in Fig. 1(b) and the critical scattering final-
ly develops around the (0,0,0) center as a circular
ring with Q =0.038 A-'in sharp contrast with
the conventional case where the critical scattering
develops around the satellites. With a further in-
crease of temperature by one degree, the ring prac-
tically disappears and the intensity of scattering
simply tends to increase with decreasing wave vec-
tor; the spin correlations resemble those of simple
ferromagnets. Therefore, the spin fluctuations
above 30 K can be treated as those of a simple fer-
romagnet, especially for wave vectors greater than
£=0.03.

Temperature variations of the peak intensities of
the elastic scattering (#io =0) measured at two dif-
ferent points in reciprocal lattice space
Q,=(0.01,0.01,0.01)27/a and

—

Q,=(0,0.95,0.95)2m /a are shown in Fig. 2. Fig-
ure 2(a) is the result of the high-resolution mea-
surement (E; =5 meV), and it represents the tem-
perature evolution of the spin correlations corre-
sponding to the helical spin order, while the results
shown in Fig. 2(b) were obtained by low-resolution
measurements (E; =14.7 meV). The result of the
high-resolution measurement is also plotted in (b)
by a broken line for comparison. Note that there
is almost no anomaly in the spin correlations at the
Q, position at Ty. The results in Figs. 1 and 2
suggest that the spin correlations corresponding to
the helical spin order become significant only in
the close vicinity of the Néel temperature and they
are condensed into the narrow wave-vector region
around the Q vector of the helical spin order. The
overall behavior of the spin correlations would be
that of the ferromagnetic order and it seems to be
divergent at a temperature slightly different from
Ty. The critical scattering from MnSi was mea-
sured first with D11 (ILL) and similar results had
been obtained.!®
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FIG. 2. Temperature variation of peak intensities at
two different Q positions (a) 61=(O.01,O.01,0.01)21r/a
and (b) 6;:(0,0.95,0.95)277/0. The former was mea-
sured with E;=5 meV, while the latter with E;=14.7
meV.
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B. Measurements of MK fluctuations

Since the MK fluctuations appear around #iw =0
as the low-energy excitations above Ty, the most
important task was to accurately subtract the back-
ground due to the nuclear incoherent scattering.
We could not estimate it from the high-
temperature scattering, because an appreciable
amount of the magnetic scattering was still detect-
ed even at room temperature. Since the intensity
of the incoherent scattering, in principle, varied
with temperature and with wave vector, we could
not estimate the background from the scattering
with high momentum transfers measured at high
temperatures. Fortunately we found that the
scattering at Q=(0,0.6,0.6)27/a ({=0.4) was
practically free of any contribution from magnetic
scattering as shown in Fig. 3(a). The intensity as
well as the width of the scattering did not depend
on temperature over a wide range of temperature
through Ty within the experimental errors. The
profile of scattering also agreed reasonably with
that calculated by Eq. (13) as indicated by a broken
line in the figure. The wave-vector dependence of
the background was also found to be small as seen
in Fig. 3(b) where the scattering profiles measured
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FIG. 3. (a) Energy spectra of incoherent scattering
(background) measured at 61=(0,0.6,O.6)2v/a at various
temperatures. (b) Energy spectra of the background
measured at two different wave vectors at 5 K.

at 10 K for two different wave vectors of {=0.4
and 0.1 are displayed. Except for a small peak at
#iw=0.7 meV for {=0.1 probably due to the spin-
wave excitations, the background scattering does
not depend appreciably on the wave vector. The
same conclusion was obtained by the profile calcu-
lation. Therefore, we subtracted from the observed
scattering the intensity of the scattering at {=0.4
at each temperature as the background.

In order to demonstrate the contribution of the
background in the observed scattering, the profiles
of the measured spectra (open circles) are com-
pared with those of the magnetic scattering
corrected for the background (closed circles) in Fig.
4. The figure indicates that the correction is only
a small fraction of the observed spectra for tem-
peratures near Ty and at small § values, but it be-
comes significant at high temperatures and the
main origin of the error. The profiles of the mag-
netic scattering thus determined agree satisfactorily
with that calculated by Eq. (13) using the cross
section given by (9), which are plotted by solid
lines in the figure. The parameters I' determined
are also shown in the figure.

Some examples of the paramagnetic scattering
determined in this way are demonstrated in Fig. 5.
The left-hand side is the variation of scattering
with wave vector, while the temperature variation
of the scattering at a constant Q is shown in the
right-hand side. The solid lines are calculated by
Egs. (9) and (13) with the values of T" attached to
each profile. The agreement between the observa-
tion and the calculated was satisfactory and we
could determine I'" with good accuracy. Note that
the intensity of the scattering practically falls
down to the background when the energy transfers
exceed 2 meV. This means that the resolution of

MnSi
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FIG. 4. Comparison of observed spectra (open cir-
cles) and that corrected for background (closed circles)
measured with two different conditions.
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FIG. 5. Examples of variation of energy spectra of
paramagnetic scattering with temperature T (right-hand
side) and with wave vector § (left-hand side). Correction
was made for background. Solid lines are calculated by
Eqgs. (9) and (13) with T attached to each profile. Bro-
ken lines correspond to the cases for I'=0.

the spectrometer was good enough to separate the
MK fluctuations from the excitations in the Stoner
continuum. Therefore, the integration of the spec-
tra to get the generalized susceptibility could also
be performed with good accuracy. If measured

with a poor resolution spectrometer, the magnetic
scattering at a given wave vector could be observed
up to 20 meV as reported in L.

In the actual calculation of the profile by Egs.
(13) and (9) to get T, the inverse correlation length
k(T) should be known. This quantity can, in prin-
ciple, be determined experimentally with a two-axis
spectrometer as is usually done in most of the mea-
surements of critical scattering. Unfortunately,
this method could not be adopted in the present
case because of the presence of the high-energy ex-
citations even at high temperatures. Therefore, we
determined «(T') by iteration; at first, a proper
value was assumed for k(T) to evaluate I'. Then
the generalized susceptibility X(q) was calculated
by integrating the observed spectra and x(T)? was
estimated by extrapolating X(q) to g =0. The new
value of k(T) was then employed to recalculate the
energy spectra and X(q) was determined. This pro-
cess was repeated until «(7") and X(q) converged to
the final values. One example of iteration is
demonstrated in Table I. The starting value of
k=0.270 differs by 20% from the value k=0.216
obtained by extrapolating the calculated 1/X(q) to
g =0; [1/X(0)=Ak*(T)]. If we use, however, the
obtained value to recalculate X, k obtained by ex-
trapolation agrees satisfactorily with the assumed
value. In Fig. 6 is shown the temperature and
wave-vector dependences of the generalized suscep-
tibility X(g) thus determined, where the reciprocal
of X(q), 1/X(q) is plotted as a function of T or of
g>. Except for X(g) at temperatures close to Ty
where the analyzed data are scattered to some ex-
tent, a linear relation between 1/X(g) and T or ¢*
nearly holds between 34 and 70 K and for § up to
0.125. Therefore, X(q) can be expressed as

TABLE 1. Results of iteration of analysis of spectra at 70 K.

k=0.270 (starting value)

k=0.216 (starting value)

¢ ' (meV) 1/x(Q) r 1/7x(Q)  A(1/X) (%)

0.03 0.15 2.071 0.15 2.038 ~1.6
0.05 0.318 2.956

0.319 2.921 —1.2
0.075 0.5 3.372 0.5 338

X .387 0.5
0.1 1.0 4.188 1.0 4.193 0.1
0.125 1.106 4710 1.14 4.690 —04
£0 — 2212 L5108

)((0)1 X(0) :
1 _,. from ——=0.216

x from 0 0.216 k from 20
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FIG. 6. (a) Temperature dependence of inverse of
susceptibility, 1/X, at different wave vectors £, (b)
wave-vector dependence of 1/X, at different tempera-
tures plotted against £2

X(q) S (14)
= k(T +q*’
with k(T)?=k3(T —T,) in these temperature and
momentum ranges.
In order to estimate X(0,T) from X(q,T), two
procedures were tried. One was to determine C, in

MnSi
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FIG. 7. Temperature variation of static susceptibility
X(0) estimated by extrapolation of Fig. 6(b) to £=0.
Open circles correspond to the results obtained with an
assumption that all X(g) obey the Curie-Weiss law with
the same Curie constant.

Eq. (14) by the least-mean-squares fitting to data at
each temperature and another was to assume C,
constant for all the data studies. The values of
1/X(0) obtained by these two procedures are plot-
ted as a function of T in Fig. 7. The values deter-
mined by the latter procedure are denoted s “Gra-
dient Const.” The difference between the results
obtained in these two procedures is rather small.
The error bars in the figure were estimated from
the difference of the results obtained by measure-
ments with different experimental conditions (reso-
lutions). The figure shows clearly the Curie-Weiss
relation

Co
T T-T,

X(0) (15)

nearly holds over the studied temperature range
with T, =28+1 K, suggesting that the observed
fluctuations are really responsible for the Curie-
Weiss relation of the static susceptibility and there-
fore they correspond to the MK fluctuations. A
slight deviation of 1/X(0) from the Curie-Weiss re-
lation below 34 K would partly be due to the com-
plicated situation that, below this temperature, the
magnetic fluctuations start to condense around the
satellite points, resulting in suppressing the fluctua-
tions in the regions far from the satellite points
where the present measurements were carried out.

The linewidth I' determined by this analysis is
plotted against both g%(k*+¢?) and g (k*+4¢?) in
Fig. 8, where we find that the linewidths at dif-
ferent temperatures and wave vectors fall on a sin-
gle curve in both cases. The accuracy of deter-
mined T values are shown by error bars attached
to some data points, which were estimated from
the data obtained by the measurements with dif-
ferent resolution. For I' less than 0.5, the error for
fitting a single spectrum is about +0.03 meV. The
results provide us with an experimental evidence
that I is inversely proportional to X(q) as is antici-
pated theoretically. Furthermore, a linear relation
is achieved for the (k*+¢?)q plot in the low-g
range. Therefore, the MK fluctuation model was
found to be more appropriate than the Heisenberg
model.

V. DISCUSSION
A. Spin correlation near Ty
Temperature evolution of spin correlations in the

close vicinity of Ty is quite unique. We found
that the critical scattering developed not around



25 LOW-ENERGY PARAMAGNETIC SPIN FLUCTUATIONS IN THE. . .. 261

(a) Heisenberg Model

r{meV)
+

-
o
T
—a—

05} }u/
o /%
¢
1 2 3 4 ¢ 78
(K(TP+q%)q? (103‘A ) 031K
* 32 K
(b) MK Model AgégK
10+ * + 40K
o 50 K
* 70K

A
05 v

(K(qu )q(1o2 A%)

FIG. 8. Linewidth I of spin fluctuations plotted
against ¢*[k(T)*+¢?] (a) and q[k(T)*+q?] (b). Insets
to the figure are plots in enlarged scales around zero
point. Solid lines are only a guide for the eyes.

the satellite points but around (0,0,0) as a ring with
a radius g corresponding to the wave vector of the
helical order. With a slight increase of tempera-
ture by one degree, the ring apparently disappeared
and diffuse scattering centered at (0,0,0) developed
just as is the case with the critical scattering of the
ferromagnet. Note that a similar temperature vari-
ation of the critical scattering has been observed in
Cr," a typical itinerant antiferromagnet, where the
diffuse scattering develops not around (0,0,1+38),
but around (0,0,1) above T /Ty =1.1. Although
the peculiar temperature variation of the critical
scattering in MnSi can be anticipated in general for
the helical spin system with small energy differ-
ence from the ferromagnetic structure, a similarity
between MnSi and Cr evokes a conjecture that the
behaviors would be related with an important
characteristic of the itinerant electron system
where the spin fluctuations are condensed in a nar-
row wave-vector region in reciprocal space®’ a;
will be discussed in more detail below.

The spin fluctuations in MnSi near Ty have
been discussed by Makoshi based on the SCR
theory,” and detailed studies of the critical scatter-

ing using the small-angle scattering machine at
KENS (KENS-SAN) are also in progress. There-
fore, a crucial comparison between the theory and
experimental results will be made separately.

B. MK fluctuations

The magnetic excitations detected by neutron
scattering in MnSi above Ty have the characteris-
tics of the weak itinerant ferromagnet predicted by
the MK SCR theory. In addition to the broad
magnetic excitations in the Stoner continuum
which were observed above 4 meV up to 300 K
without significant temperature change, the low-
energy excitations could be detected below 2 meV.
The excitations have a linewidth I" which varies
with temperature and wave vector as the MK
theory predicted for the weak itinerant ferromag-
net. Furthermore, the temperature and wave-
vector dependences of X(g) could be determined
and we found that X(0) obtained by extrapolating
X(q) to ¢ =0 obeys the Curie-Weiss law. There-
fore, we may conclude that the observed excita-
tions correspond to the MK fluctuations in the
weak itinerant ferromagnet.

Another important characteristic of X(g) in the
weak itinerant ferromagnet predicted by the SCR
theory is that X(q) should vary strongly with wave
vector; the generalized susceptibility should obey
the Curie-Weiss law only in a limited range of g, in
contrast with the Heisenberg model where the
Curie-Weiss law holds for all the g values with the
same Curie constant. In the unified SCR theory,’
Moriya and co-workers developed the method to
calculate the dynamical susceptibility for the sys-
tem with a local moment S? on the atom,

X (q,w,SZ). Since S? is related with the dynamical
susceptibility by the fluctuation-dissipation
theorem as

3kTEf q9,0, L do (16)

S7 can be determined from Eq. (16) in a'self-
consistent way. By this process, they have found
that Zq)( (g) is almost temperature independent in
the weak itinerant ferromagnet and have concluded
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that the amplitude of the local moment S7 in this
system increases, rather than decreases, with tem-
perature [see Eq. (16)]. The Curie-Weiss relation is
the result of the increase of this amplitude. Actu-
ally we have found that the magnetic part of the
thermal expansion coefficient becomes positive just
above Ty,'? suggesting the increase of S with
temperature above Ty as predicted by the theory.
Therefore, the direct observation of the g depen-
dence of X(q) would provide the crucial examina-
tion to the SCR theory.

We have shown in Fig. 6 that X(g) obeys Eq.
(14) with C, constant over the wide range of tem-
perature and for £ <0.125. These behaviors closely
resemble those found in the Heisenberg system.
However, if we compare carefully the T depen-
dence [Fig. 6(a)] and the ¢* dependence [Fig. 6(b)]
of 1/X(q), we find that the q dependence is unusu-
ally strong in MnSi. . In the molecular-field ap-
proximation, the generalized susceptibility X(g) of
the Heisenberg system is given by

X.
(T/T.—D+[1-J(g)/T(0)] ’

X(q)= a7

where X, =Ng’u%S(S +1)/3kT, and J(q) is the
Fourier transform of the exchange parameter J,.
Equation (14) follows by expanding J(q) in a series
of q.

In the simplest case of a simple cubic ferromag-
net with only the nearest-neighbor interaction J,
[J(0)—J(q)]1/J(0) at (0,£,&) being

[J(0)—J(@)]/J(0)=(5)sin’r¢ , (18)

. . 4
it takes the maximum value of < even at the zone
boundary of £=0.5. Therefore, a relation

1/X,(£=0, 2T,)=0.75 1/X,((=0.5, T,)
(19)

holds in this material. In Fig. 9, the 1/X(0) vs T
and 1/X,(T,) vs g? plots are compared in a nor-
malized abscissa scale of (T'—T,)/T, and
[J(0)—J(q)]1/J(0). In the Heisenberg system,
both plots fall on a single solid line. In the figure
is also plotted 1/X,(£,T,) of MnSi against £ which
was calculated from [J(0)—J(q)]/J(0) by Eq.
(18). The figure shows clearly that the decrease of
X(q) with increasing ¢q is quite significant for MnSi
compared with the Heisenberg system. The result
means that the effective magnetic interactions be-
tween the local moments in MnSi are much larger
than the values expected from T,. This fact is

4
2
3T &vs @Mnsi)
/ 1 A
2t / X vsT(MnSi) 1
1+ / 1
/ : 0:5 1 J%'J(OJI(—;)(QI
0 0125 0195 0276 ¢

FIG. 9. 1/X(0) vs T and 1/X,(T,) vs q* relations
plotted against (T —T,)/T, and [J(0)—J(¢)]/J(0),
respectively. In the Heisenberg system both relations
fall on a single solid line. In MnSi, the 1/X, vs g plot
was made against § calculated using Eq. (18) in the text
from [J(0)—J(q)]/J(0) in the abscissa.

consistent with our finding that the observed spin-
wave excitations explain only a fraction of the de-
crease of the magnetization for MnSi'>?!; the Cu-
rie temperature of the material is determined not
by the magnetic interactions, but by other mechan-
isms, such as those giving rise to the Stoner excita-
tions. Therefore, the spin correlations can remain
significant even at very high temperatures of order
T /Ty =2.5, just as is the case with the low-dimen-
sional materials.

In order to continue discussions of the ¢ depen-
dence of X(q), it is important to extend the mea-
surement to the zone boundary. However, we
found it quite difficult to perform because of the
steep decrease of X(g) with g and steep increase of
I" with ¢g. If we extrapolate, for example, X(q) and
I" to {=0.4 by assuming that the relations found
for lower g values also hold up to {=0.4, the peak
value of the energy spectra of the magnetic scatter-
ing becomes very small, of order 2% of the nuclear
incoherent scattering even at 34 K, which is really
within the experimental errors.

Finally, it is remarked that the atomic moment
on Mn atoms in MnSi should be determined fol-
lowing Eq. (16); X(g) can be determined by in-
tegrating the intensity of the magnetic inelastic
scattering at g over the wide energy range exceed-
ing 20 meV, while S% can be obtained by integrat-
ing X(q) over the whole Brillouin zone. The con-
ventional method of determining the moment by
means of paramagnetic scattering from the powder
sample as was done by Ziebeck and Brown® give a
meaningless result because it neglects a priori the q
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dependence of X(g), which is not correct for the
material.

In conclusion, we could successfully separate the
low-energy magnetic fluctuations from the excita-
tions in the Stoner continuum in MnSi above Ty
and the generalized susceptibility X(g) correspond-
ing to the fluctuations could be determined by in-
tegrating the energy spectra over the energy, which
was found to vary with temperature and g follow-
ing Eq. (14) with a constant C,. X(0) obeys the
Curie-Weiss law, but the ¢ dependence of X(q) is
quite significant compared with the conventional
Heisenberg system. Furthermore the linewidth '
varies with temperature and g following the rela-
tion I" g /X(g,T) in contrast with T <q?/X(q,T)
predicted for the Heisenberg system. All these
features are consistent with what the SCR theory
predicted and thus we provide the first direct ex-
perimental evidence of the presence of the MK
fluctuations in the weak itinerant ferromagnet. We

hope that our experimental results stimulate fur-
ther theoretical study of this material as the calcu-
lation of X(q) based on the realistic band model, so
as to make possible a quantitative comparison of
the experimental results with the theory.
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