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Magnetic excitations in the itinerant antiferromagnets Mn3Si and Fe-doped Mn3Si have been mea-

sured at low temperatures by inelastic scattering of neutrons. Mn3Si is an incommensurate antiferro-
magnetic with magnetic Bragg points of the form (h, k, l)+(6,6, 6) with 5=0.425. Fe-doped Mn3Si is

a commensurate antiferrornagnet with 5= —,
'. Its low-energy magnetic excitations have a linear

0

dispersion relation with a slope of approximately 30 meV A, but above 6 meV, the slope increases so
that the "cone" of the dispersion relation becomes a "chimney. " Well-defined excitations have been

observed at energies up to 7.5k~ T~ (15 meV). In pure Mn3Si, a similar dispersion cone exists around
0

each satellite magnetic Bragg point with a slope of approximately 37 meVA. The two dispersion
cones from a pair of satellite points intersect at about 5 meV. Above this energy the intensity of the
inelastic peaks changes drastically, indicating a strong interaction between the cones. For both
phases, the damping is very large and increases almost linearly with energy.

I. INTRODUCTION

Itinerant-electron antiferromagnets are a most attractive
class of systems for the investigation of the spin-wave ex-
citations by means of neutron inelastic scattering, because
the cross section of the excitations contains much infor-
mation about their magnetic and electronic properties.
The dispersion relation of spin waves in antiferromagnets
is known to have a soundlike dispersion linear in q. ' The
most characteristic properties of the excitations in
itinerant antiferromagnets which distinguish them from
those in localized antiferromagnets are a steeply sloping
dispersion relation persisting to very high energy, and
large damping of the excitations. ' The spin-wave veloc-
ity, i.e., the slope of the dispersion curve, has a large
value, proportional to the electron velocity at the Fermi
surface, as shown by Fedders and Martin for a nesting-
type antiferromagnet. ' The damping of the spin waves,
which decay into electron-hole pairs, is expected to pro-
vide useful information about the band structure. It
has also been suggested that a resonancelike strong
scattering may occur at the band-gap energy.

The experiments done so far have been confined mainly
to chromium, ' ' chromium alloys, "' and many kinds
of y-Mn alloys. ' ' In chromium the magnetic excita-
tions were found to emanate from incommensurate mag-
netic Bragg points with a very steep slope dispersion rela-
tion persisting to very high energies. A pair of inelastic
peaks coalesce into a single peak centered at a Brillouin-
zone boundary as the energy increases, and in addition to
these another low-lying excitation was found between
each pair of satellites. Because of the steep slope of the

dispersion relation and the large damping, the cone-
shaped dispersion has not been resolved at any of the
measured energies. In spite of many experiments, a com-
plete picture of the magnetic excitations in chromium has
not yet been established at present, because of the experi-
mental difficulties of measuring at the high energies with
enough resolution. Studies on y-Mn alloys also met simi-
lar experimental difficulties, though the situation is some-
what easier than that in chromium. A good way to make
further advances in understanding the magnetic excita-
tions in itinerant antiferromagnets is to investigate experi-
mentally easier samples, for which a low Neel tempera-
ture is essential since it represents the energy scale of the
magnetic excitations involved. Mn3Si is a very good can-
didate satisfying such a condition, since its Neel tempera-
ture is only 25.8 K, ' an order of magnitude lower than
that of chromium, and the spin structure is incommensu-
rate.

Mn3Si has the cubic crystal structure of DOq type (or-
dered Fe3Al type) with the lattice constant a =5.722 A. '

The spin structure proposed is either a proper screw or a
transversal sinusoidal structure. Which structure is
correct has not been determined yet. ' The magnetic sa-
tellite peaks with a propagation vector Q =0.425a

~ ~ ~,

where a f~~ is a (111) reciprocal-lattice vector, appear near
a Brillouin-zone boundary in pairs along a [111]direction.
Figure 1(a) shows the crystal structure and Fig. 1(b)
shows a (011) plane of the reciprocal lattice. There are
two kinds of magnetic atoms in this structure. A Mnq
atom surrounded by eight nearest-neighbor Mniq atoms
has a magnetic moment of 1.7@~. Each Mnii atom has
four Mni and four Si atoms as its nearest neighbors and
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III. ANALYSIS METHODS

The cross section for neutronn inelastic scattering in a

magnetic system is given by'
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tion describing the dynamics.
For the spectral weight function, a Lorentzian or a

damped harmonic oscillator are most commonly used. In
the present analysis we use a Lorentzian:

F(q, co)=(1/2vr)[I /[(co —co ) +I
(4)

where the first and second terms correspond to creation
and annihilation of a spin wave, respectively, coq is the
resonant frequency representing the dispersion relation,
and I q is a damping factor, whose inverse is proportional
to the lifetime of the spin wave. As many theories pre-
dict, we assume that dispersion is of the form

scans mainly through ( —,', —,', —,') along the [ill] direction
[longitudinal scan (g, g, g)] and perpendicular to the [111]
direction [transverse scan (g, 0.75 —g/2, 0.75 —g/2)].
Figures 2 and 3 show typical longitudinal and transverse
scans through ( —,', —,', —,'), except the data at 15 meV, which
were measured through ( —,', —,', —,'). All the excitation spec-
tra are doublets corresponding to a single cone of a
dispersion relation linear in q. Even at 1.5 meV the spec-
trum shows split peaks. As the energy increases, the
width of the doublet increases gradually, and the excita-
tions spread over a wider area of the Brillouin zone,
though at high energies there is little change in the posi-
tions of the peak centers. There is no abrupt change in
the character of the peaks. The solid lines are the result

co~ =c q +D (5)

F =P&F(q~, co)+P2F(qq, cu), (7)

where P~ and P2 represent the intensities of the respective
spin-wave excitations, which are proportional to the
geometrical structure factors; q] and q2 are the wave vec-
tors of spin waves measured from their respective magnet-
ic satellite points. We assume that the spectral weight
functions F] and F2 have identical slope of dispersion c
and damping factor I .

The observed intensity is the convolution of the cross
section and the resolution function R (Q, co) which is
represented by a four-dimensional ellipsoid. The param-
eters included in the spectral weight functions are ob-
tained by fitting the resolution-convoluted cross section
with the observed intensity using a least-squares program.

where c is the slope of the dispersion relation and D is its
gap. If D is zero, this reduces to a linear dispersion rela-
tion. The damping is assumed to be linear in q,

q I o+ I

For the incommensurate phase we must consider two
spectral weight functions corresponding to a pair of satel-
lites,

c
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IV. EXPERIMENTAL RESULTS

A. Fe-doped Mn3Si
2 Ox4

~ S ~

The magnetic phase diagram of the manganese-rich
Mn3Si and Fe3Si system has not been well established, but
it is known that the addition of a small amount of iron
makes the incommensurate phase become commensurate
and that accompanying this phase transformation the
Neel-temperature variation is very smooth. ' 'The crystal
we used in the present experiments had the nominal for-
mula Mn2 8Feo zSi and was a magnetically single phase of
the commensurate structure, whose unit cell is double
that of the cubic chemical unit cell. Each pair of magnet-
ic satellite points shown in Fig. 1(b) has coalesced into a
single point at the Brillouin-zone boundary. The Neel
temperature was determined from the temperature depen-
dence of the ( —,', —,', —,') magnetic re(lection to be 23+0.5 K,
which is a little lower than that of pure Mn3Si.

We measured ' magnetic excitations with constant-E

0.2 0.4
I I

0.6 Q. S

FICr. 2. Constant-energy scans along the [111] direction
through ( —,', —,', —,

'
) (longitudinal scans) in the Fe-doped sample of

Mn3Si. Lines are the results of a least-squares fit.
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of the least-squares-fitting procedure described in Sec. III.
The expression using a Lorentzian spectral function gives
very good agreement with the experimental points at all
energies. In this calculation we used the single Lorentzi-
an form, Eq. (4), for the spectral function, with no gap in
the dispersion relation, i.e. , D =0.

Figure 4 shows the dispersion relations determined by
the least-squares fitting for both the longitudinal and
transverse scans. The slope of the dispersion is almost
isotropic, which was confirmed below 5 meV by the mea-
surements of both the longitudinal and transverse scans.
The solid lines in the figure show a dispersion relation
linear in q with a slope of 30 rneV A. At energy transfers
below 8 meV, the data points follow these lines fairly
well.

The most prominent feature of the dispersion curves is
the increase of slope above 8 meV. The deviation of the
observed points from the straight line is evident in the
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FIG. 4. Dispersion relation for the Fe-doped, commensurate,
0

specimen. The straight lines correspond to a slope of 30 meV A.

figure. This is the first experimental observation that a
dispersion "cone" transforms into a "chimney. " This
"chimneylike" excitation persists up to the highest energy
we measured, which was 15 me V, corresponding to
7.5k' T~.

Figure 5 shows the total half-width, I q, given by Eq.
(6), as a function of energy. It is almost linear in energy
and hence, at low energies, linear in q, as many theories
have suggested. A linear dependence on energy would
imply that above 8 meV the width increases rapidly with
wave vector.
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FIG. 3. Transverse constant-energy scans in the Fe-doped
sample. (a) and (b) pass through the point ( ~, ~, —,

'
), and (c) goes

through ( —,', —', , —,') ~

ENERGY ( meV )

FIG. 5. Half-width I of the Lorentzian spectral function, in
the commensurate specimen, as a function of energy. The line is
a guide to the eye.
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B. Mn3Si
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The inelastic scattering spectra measured through
( —,', —,', —,') along the [111]direction at low-energy transfers

at 5.5 K are shown in Fig. 6. The spin-wave excitation
peaks are single lines at 1 meV with fairly narrow
linewidth whose widths are, however, somewhat wider
than those of the elastic peaks inserted in Fig. 6(a). At 2
meV the width becomes wider and at 3 rneV each single
peak splits into a doublet. In the commensurate phase the
peak was already split at 1.5 meV. This suggests that the
slope of dispersion curve is slightly greater in the incom-
mensurate phase. In our previous experiment' we could
not observe well-split peaks above 2 rneV, probably due to
poor resolution and poor counting statistics. The cone
was also confirmed by measuring along
the [1 1 1] direction through the satellite point

(0.575, 0.575, 0.575). The peak is a doublet, in agreement
with the longitudinal scan in Fig. 6(c). The solid lines in
the figures are calculated values assuming that the cross
section can be written in terms of two Lorentzian spectral
weight functions and that the dispersion relation is linear
in q, as mentioned in Sec. III (i.e., D =0). The good
agreement between observed and calculated values shows
that the cross section assumed is satisfactory in the
present case up to an energy transfer of 3 meV.

The cones associated with a pair of magnetic satellite
points overlap at 5 meV, as shown in Fig. 7. Above that
the central peak loses its intensity. It is still observable
above 10 meV, but its intensity is very weak. Above 6
meV we measured along the [11 1] direction through the
satellites around ( —', , —,', —,'). Figure 8(b) shows such a scan.
It should be noted that, since the structure factors

~

P
~

for satellites belonging to 111, 000, and 200 indices are
proportional to pt, (pt —2ptt), and (pt+2ptt), respec-
tively, where pq and p~~ are the magnetic rnornents of Mn~
and Mn~~ atoms, the intensity ratios of the satellites
(5,5, 5) and (1 —6, 1 —5, 1 —5) are not the same as those
of (1+6, 1 —6, 1 —6) and (2 —5, 6, 5), but their ratios are
not much different. The excitation spectra at 6 and 10
meV shown in Fig. 8 show similar patterns. At 10 meV
the central peak is very weak, but it remains observable
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FICx. 6. Constant-energy scans along the [111] direction
through ( —', —', —') (longitudinal scans) in the pure, incommensu-

rate specimen of Mn3Si. Lines are the results of a least-squares
fit. The elastic peaks are superimposed on (a).

FICx. 7. Longitudinal constant-energy scans along the [111]
direction through ( —', —', —') in the pure Mn3Si specimen. The fit

worsens at 5 meV.
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FIG. 9. Dispersion relation in the longitudinal direction for

the incommensurate specimen of Mn3Si, at 5.5 K. The straight
0

lines correspond to a slope of 37 rneV A.

FIG. 8. Longitudinal
Mn qSi specimen. (a) is
( —', —', —'); (b) is along the [1

constant-energy scans in the pure
along the [111] direction through
1 1) direction through ( —', —,', —,

' ).

even at 12 ~ 5 meV, which is the highest energy we mea-
sured in this case.

The solid lines are fitted as for the other spectra; how-
ever, as shown in Fig. 7(b), in this case the line does not
reproduce the observed data above 5 meV because of the
decrease in intensity of the central peaks at the crossing of
two dispersion cones. The assumption that the cross sec-
tions for a pair of satellites are a simple superposition of
two Lorentzian spectra weight functions is apparently no
longer valid above 5 meV. Therefore, above the crossing
we determined the dispersion by fitting the observed data
with four Lorentzians which have a common width and a
common peak position from the respective satellite points,
but with no restrictions on their respective peak heights.
In this calculation the resolution function has not been in-
cluded since the natural width is so large. Figure 9 shows
the dispersion relations thus obtained. The experimental-
ly determined points generally agree with the linear
dispersion law of Acu=cq, with c =37 meV A, shown as
straight lines in the figure.

At lower energies the experimental points seem to devi-
ate a little toward the higher-slope side from the straight
lines. Accurate determination of the slope of the disper-
sion curve is difficult when the observed peak is single, as
was found below 2 meV in the present case. However, a
lower limit of the slope is determined with fairly good ac-
curacy by comparing the line profile with the observed
data. The deviation of the points from the straight line
below 2 meV is apparent, which suggests that the spin-
wave excitations emanate initially with higher slope. If

there is a gap in the dispersion relation as found in y-Mn
alloys, ' ' the observed initial slope would have a larger
value near the gap energy than that estimated from the
straight part of the dispersion. In order to confirm
this point, we performed a constant-Q scan at Q
=(0.577, 0.577,0.577) with Be-filtered incident neutrons
of energy 5 meV. Figure 10 shows the constant-Q data.
The abrupt increase of counts below 0.2 meV is due to
elastic scattering. The decrease in counts above 0.2 meV
is gradual and there is no apparent indication of the pres-
ence of a gap. These data indicate that there is no gap
above 0.2 meV. If the gap energy is lower than 0.2 rneV,
its effects on the linear-dispersion curve above 0.5 meV
will be negligibly small. Thus we can conclude that the
deviation of the dispersion curve from the straight line is
caused by a large initial slope.

The inn-r two branches cross at 5 rneV, and below that
energy we observed well-defined branches. However, the
excitations above that energy are obscure. We can still
observe the central peak up to 12.5 meV, but its line
shape is not clear and its intensity is very weak, so that
we are not confident whether the excitations continue like
the dotted lines extrapolated from the lower part of the
branches as shown in Fig. 9. When two straight disper-
sion curves cross, the branches are expected to separate
into a lower and an upper branch, and a gap develops be-
tween them. In Mn3Si the modification of the dispersion
curve just below the crossing point is very small, which
indicates that the gap is very small if it exists. When the
two cones touch not only the intersecting two branches-
but also the left-hand-side branch —change in intensity.
Figure 11 shows the intensity ratio of the left-hand-side
branch 1 to the right-hand-side branch 4 as a function of
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FIG. 10. Constant-g scan through the magnetic Bragg point
C'0. 577, 0.577, 0.577) of the incommensurate specimen. The solid
line is a guide to the eye. At energies below 0.2 meV the points
are out of range.

04-

energy. This ratio decreases beyond 4 meV, where the
crossing of the inner two branches begins. It is very
strange that the outer two branches which do not contrib-
ute directly to the crossing are greatly affected by the
crossing of the other side of the cones. This seems to
show that there is strong interference between the two
dispersion cones. Above 8 meV in the commensurate
phase, the dispersion "cone" becomes a "chimney. " In
the incommensurate phase we were not able to obtain
such a clear indication because of the complication of the
overlapping of the two cones.

We made similar measurements of the magnetic excita-
tions at a higher temperature of 15 K (0.58T~) up to an

energy transfer of 6 meV. The excitation spectra were
essentially similar to those obtained at 5.5 K except for a
small increase of the linewidths, though compared to the
spectra at 5.5 K the fine structure is less distinct. Figure
12 shows the dispersion relation obtained at 15 K. The
solid lines in the figure show a dispersion law linear in q
with a coefficient c =37 meVA being the same one as
displayed in Fig. 9 at 5.5 K. The data points generally
follow this dispersion curve. This result suggests that the
change of the dispersion relation is very small when tem-
perature is increased up to 0.6T~. However, Fig. 13
shows that the damping has increased somewhat at 15 K.

0 I I I

2 4
ENERGY ( meV )

FIG. 11. Ratio of intensities of the two outer peaks as a func-
tion of energy, at 5.5 and 15 K.

12
15K

0
E

8—

in units of k&T& their measurements correspond only to
the sloping part of our results. While the dispersion curve
appears to be continuous, we note that above 8 meV the
line shapes are extremely broad, so that there may be a
change in character of the excitations at this point. In fer-
romagnetic Mn-Si, Ishikawa et al. observed two types of

V. DISCUSSION

In the commensurate, iron-doped sample we were able
to study the excitations around an isolated magnetic
Bragg point, up to the relatively high energy of 7.5k~T~
(15 meV). Below 8 meV the dispersion surface is a cone
with a slope of approximately 30 meVA, but above this
energy the slope increases considerably. We believe this is
the first observation of such behavior. Hennion et al'. ob-
served, in a manganese-rich Mn-Ni alloy, a linear disper-
sion relation almost to the Brillouin-zone boundary, but

0
0.2 04 0.6 0.8

FIG. 12. Dispersion relation in the longitudinal direction for
the incommensurate specimen of Mn3Si, at 15 K. The straight

0
lines correspond to a slope of 37 meV A.
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excitation which they interpreted as spin waves with en-
ergies up to 3 me V, and Stoner excitations extended
mover most of the Brillouin zone at higher energies, up to
18 meV (7.7ktt T, ). In the present case we cannot observe
such a clear distinction. Also, the upward curve to the
dispersion relation is different in our case.

The value of the slope, and of the I values shown in
Fig. 5, are somewhat tentative in that they may depend
on the assumed Lorentzian form for the spectral function.
An earlier analysis ' using a damped-harmonic-oscillator
form gave rather different values. The present analysis is
more satisfactory since the parameter values remain con-
sistent from one energy to another.

The most obvious difference between the dispersion
curves in the incommensurate and commensurate phases
is that in the incommensurate phase there are two cone-
shaped surfaces which intersect at 5 meV. There is some
indication that the slope of the cones is greater in the in-

0

commensurate material (37 meVA as compared with 30
0

meVA). Since the slope is believed to be connected with
the Fermi velocity, it is reasonable that it will be modified
if the Mn3Si is doped with iron. It is also possible that at
very low energies the excitations in the incommensurate
sample have an even greater slope. We were not able to
follow the dispersion curves up to as high an energy in the
incommensurate phase as the commensurate, and thus we
are not sure that a similar narrowing into a "chimney"
occurs.

In the region where the cones overlap, we see no evi-
dence for a decreased energy at the crossing point, caused
by hybridization of the cones, as predicted by Liu. Nor
can we distinguish four separate peaks in constant-energy
scans above the crossing point. Rather there is a central
peak, which persists to the highest energies, and two outer
peaks. The ratio of intensities of these outer peaks
changes quite strongly around the crossing energy.

The obvious material to make a comparison with is
chromium. In chromium, because of the much higher
Neel temperature, the whole energy scale is less well suit-
ed to neutron experiments. The cones around each of the
incommensurate points are not individually resolved.
Two of the most interesting features of the results ' are
that an additional excitation is found, at the commensu-
rate position, with an energy of 4 meV, and that there ap-
pears to be an inward shift to the scattering at higher
energies —the scattering gradually changes into a single
peak over the commensurate position. As far as the first
result is concerned, an energy of 4 meV scaled by the ra-
tio of the Neel temperatures is equivalent to 0.3 meV in
Mn3Si. This is already difficult to distinguish from the
elastic scattering. The second feature, the inward drift,
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FIG. 13. Half-width I of the Lorentzian spectral function, in
the incommensurate specimen, at 5.5 and 15 K, as functions of
energy. The straight lines are guides to the eye.
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may be related to the strong changes in intensity we mea-
sure in the outer lines. If both outer lines grew weak rela-
tive to the center, the effect seen in chromium might be
reproduced.

Sokoloff suggested that there may be a strong collec-
tive excitation at the band-gap energy for a gap-type
itinerant antiferromagnet, and Ziebeck and Booth
showed that for chromium the integrated intensities of the
constant-E peaks displayed a knee at 27 meV, which they
associated with this excitation. In the present experiments
we find that in the incommensurate phase the integrated
intensities show a maximum at 2 —3 meV. However, the
exact value depends on the resolution, and the subtraction
of the background is also difficult. We cannot therefore
clearly confirm the presence of this resonance.

The main advantage of the present choice of material is
the low value of the Neel temperature (25.8 K in the pure
material). This results in the whole energy scale of the ex-
citations being well suited for neutron spectroscopy, al-
lowing many more details of the dispersion relations to be
studied than previously.
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