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Study of Condensed Matter by Neutron Scattering and Complementary Methods

Inelastic Neutron Scattering Investigation of Magnetic
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The in�uence of spinodal decomposition on the spin wave characteristics in the Mn0.75Cu0.25 alloy was studied
with inelastic neutron scattering. The measurements were performed on the quenched and annealed samples at a
few temperatures. Parameters of spin-wave dispersion-relation for small wave-vector were derived. The values of
spin wave velocity and energy gap obtained at reduced temperature T/TN ≈ 0.65 are after decomposition twice
higher than for the quenched sample. For the decomposed sample the values of both parameters are close to the
results published for the Mn0.9Cu0.1 alloy. This fact con�rms that after decomposition spin waves are present in
the sample regions of Cu concentration close to 0.1 and that the neighborhood of regions with high Cu content
seems not to in�uence them. The spin wave velocity for the quenched sample is lower than observed in any other
manganese alloy.
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1. Introduction

Annealing at 400�600 K is well known to cause phase
decomposition of the Mn1−xCux alloys for x < 0.5
[1, 2]. Two phases with di�erent Cu content are formed:
one with x < 0.1, and the other with x close to 0.6.
Our understanding of the phase separation process in
manganese�copper alloys has been now strongly en-
hanced by detailed study on Mn0.67Cu0.33 [3] that showed
that the kinetics of phase separation is well described by
spinodal decomposition theory at early-time stage and by
dynamical scaling at late-time stage of decomposition.
The in�uence of decomposition on magnetic structure

was investigated earlier only above room temperature
[1, 2, 4�6]. Our previous investigations on the quenched
and decomposed samples of the Mn0.75Cu0.25 alloy [7]
revealed the di�use neutron scattering at the (1, 1/2, 0)
reciprocal lattice point (RLP) with similar intensity be-
low 50 K in both samples. These observations indicate
that, in addition to the well known F1 antiferromagnetic
long range order, in both samples there is a short range
order (SRO) of type di�erent from F1. In the quenched
sample this SRO has magnetic character. In the decom-
posed sample the F1 order is present in the regions of low
Cu content, and in the regions of high Cu content the
SRO of both atomic and magnetic character is present.
The subject of the present inelastic neutron scattering
study was spin waves occurring in the F1 phase in both
samples.
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Spin waves in Mn1−xCux alloys were investigated ear-
lier in quenched samples with x = 0.1 [8, 9], x = 0.15
[10] and x = 0.18 [11, 12]. The spin wave (SW) disper-
sion relation for an antiferromagnetic with anisotropic
interaction is known to have for a small wave-vector the
simple form (e.g. [8]):

E2(q) = E2
g + (vq)2, (1)

where Eg = E(q = 0) is the energy gap of the SW spec-
trum, and v is the SW velocity. The published data in-
dicate that values of the both dispersion-relation param-
eters fall with Mn concentration decreasing.
Since 1973 Gillan's paper [13] spin waves in man-

ganese alloys are understood in terms of the electron
band model. In simpli�cation of this model the SW ve-
locity is proportional to the �e�ective� Fermi velocity of
electrons from bands forming magnetization. Alloying
can in�uence SW velocity in two ways: by changing the
Fermi velocity and introducing scattering of SW on im-
purities.
The energy gap in SW spectrum is interpreted in

terms of the magneto-elastic interaction [14] which in-
duces tetragonal distortion of the lattice. In this model
SW energy gap is proportional to the gap in quasipar-
ticle energy band produced by exchange interaction in
antiferromagnetic phase. The value of the band gap is
strongly dependent on the sub-lattice magnetization and
on shape and dimensions of the Fermi surface. In conse-
quence alloying in�uences on the value of energy gap by
changing Fermi surface.

2. Experimental details

Three 1 cm3 single-crystal cubic samples of
Mn0.75Cu0.25 alloy were homogenized by annealing
at ≈ 1100 K and quenching. Then two of them were
decomposed by annealing at 720 K. One of decomposed
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samples was plastic deformed subsequently along 3 axes
of [110] type. The mosaic-spread was 30′�40′ for the
quenched sample and 70′�90′ for the aged samples.
The expected phase decomposition of the aged samples

was con�rmed by small angle neutron scattering. The re-
sulting intensity distributions of scattered neutrons (the
wavelength = 2.35Å) are shown in Fig. 1 versus scatter-
ing angle. The intensity was not corrected for absorption;
the illuminated sample volume was the same for all sam-
ples. The positions of intensity maxima were used for es-
timating the dimensions of di�erent phase regions. They
are of the order of magnitude of 80Å for the deformed
sample and for not deformed sample they are more dif-
fuse and smaller (≈ 60Å).

Fig. 1. The small angle neutron scattering results for
the quenched, aged deformed, and aged not deformed
sample.

At low temperatures all samples are antiferromagnetic
of the F1 type, with magnetic moments oriented along
one of the [100]-type axis. The Nèel temperature TN
is ≈ 300 K for the quenched sample and ≈ 465 K for
the decomposed ones. The Nèel temperature of the
quenched sample is much higher than known for homo-
geneous polycrystal samples with the same composition
TN = 100 K [15], indicating that the sample is rather
far from homogeneity. Probably the cooling rate during
quenching 1 cm3 single-crystal was not su�ciently large
and permitted partial decomposition. Crystal structure
is fcc in the paramagnetic phase of all samples. All sam-
ples are polydomain in the antiferromagnetic phase.
In the magnetic phase tetragonal deformation takes

place. The elastic neutron scattering at (200) RLP was
measured to estimate deformation parameter. The ex-
amples of intensity distributions are presented in Fig. 2a
for the quenched sample and in Fig. 2b for the aged de-
formed one.
The measured distributions were analyzed assuming

Gaussian shape of components. For the quenched sam-
ple the �rst maximum originating in domains with c axis
perpendicular to the scattering vector Q is placed at
|Q| = 4π/a and the second maximum originating in do-
mains with c axis parallel to Q is placed at |Q| = 4π/c.
The structure analysis presented previously for the aged,

Fig. 2. Neutron intensity distributions measured at
(−2,0,0) RLP at 15 K on the quenched sample (a), and
at (2,0,0) RLP at 50 K on the aged deformed sample (b).
Circles are the experimental results. The solid lines are
the results of �tting and the dashed lines are the Gaus-
sian components of the �tted curve. Horizontal bars
represent the resolution FWHM.

deformed single-domain sample of the same alloy [7] was
used to identify the origin of the scattering components
for polydomain sample. The �rst maximum placed at
|Q| = 4π/a, originates in domains with c axis perpendic-
ular to Q of the both sample regions with low and high
Cu content. The second maximum at |Q| = 4π/c2 origi-
nates in domains with c axis parallel to Q of the sample
regions with high Cu content. The third maximum at
|Q| = 4π/c originates in domains with c axis parallel to
Q of the sample regions with low Cu content. Below 50 K
the resulting deformation parameter 1 − c/a is ≈ 0.024
for the quenched sample and ≈ 0.039 for the phase of low
Cu content of the aged deformed sample.
Elastic at (200) RLP and inelastic neutron scattering

measurements were performed with three-axis spectro-
meter at MARIA reactor in �wierk. Spin waves were
examined by neutron scattering in the vicinity of the
(100) RLP. Measurements of intensity distributions of the
scattered neutrons versus neutron energy transfer I(E)
and versus neutron momentum transfer I(Q) were per-
formed at several temperatures on both quenched and
aged deformed samples and at 295 K on the aged not-
-deformed sample. The spectrometer energy resolution
FWHM ranged from 1.1 meV, for energy transfer 0 meV
and energy of scattered neutrons 14.8 meV, to 3.6 meV,
for energy transfer 20 meV and energy of scattered neu-
trons 20 meV. Exemplary momentum resolution FWHM
for energy transfer 12 meV and energy of scattered neu-
trons 14.8 meV was 0.073Å−1 for longitudinal scan and
0.13Å−1 for the transverse scan.

3. Results

Data analysis was performed assuming neutron scat-
tering cross-section on SW in the following form:

d2σ

dΩ dE
∝ E

1− exp(−E/kT )

× E(q)Γ (q)

[E2 − E(q)2]
2
+ 4E2Γ (q)2

, (2)

where energy broadening was assumed to depend linearly
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on spin wave vector
Γ (q) = Γ0 + Γ1|q|. (3)
The convolution of the scattering cross-section with the

spectrometer resolution function was �tted to the mea-
sured distributions. The background, normalization, and
SW dispersion relation and energy broadening parame-
ters were �tted. The energy gap value was determined
from I(E) distribution and used for analysis of I(Q) dis-
tributions. The energy broadening was determined from
a few I(Q) distributions and obtained parameters were
used for other distributions measured on the same sample
at the same temperature.
Examples of I(E) and I(Q) distributions are presented

in Figs. 3 and 4.

Fig. 3. Energy distributions of the scattered neutrons
at the (100) RLP measured at 150 K on the quenched
(a) and aged deformed (b) samples. Distributions at the
(0.7, 0.7, 0) indicate background.

Fig. 4. Momentum distributions of the scattered neu-
trons at the (100) RLP measured at 150 K for energy
transfer 14 meV on the quenched sample (a) and for
16 meV on the aged deformed sample (b).

Examples of the obtained dispersion relation are pre-
sented in Figs. 5, 6 and 7 for the quenched sample, the
aged one after deformation and aged not deformed, re-
spectively.
Determined parameters of the SW dispersion relation

and energy broadening for all samples for di�erent tem-
peratures are collected in Table I.
At reduced temperature T/TN ≈ 0.65 we obtained the

values of the energy gap and velocity in the aged de-
formed sample twice bigger than in the quenched one.

Fig. 5. Spin wave dispersion relation data, obtained at
50 and 200 K for the quenched sample. Lines repre-
sent dispersion relation: solid line � T = 50 K, Eg =
6.8 meV, v = 112 meVÅ, dashed line � T = 200 K,
Eg = 4.3 meV, v = 89 meVÅ.

Fig. 6. Spin wave dispersion relation data obtained
at 290 K for the aged, deformed sample. Line repre-
sents calculated dispersion relation for Eg = 8 meV,
v = 193 meVÅ.

Fig. 7. Spin wave dispersion relation data obtained at
290 K for the aged sample. Line represents calculated
dispersion relation for Eg = 6.6 meV, v = 190 meVÅ.

TABLE I

Parameters of spin-wave dispersion-relation and energy
broadening for Mn0.75Cu0.25 alloy after di�erent thermal
treatment.

Sample T [K] TN [K] T/TN Eg [meV] v [meVÅ] Γ1 [meVÅ]
quenched 50 ≈300 0.17 6.0± 0.6 121± 13 99± 33

quenched 100 ≈300 0.33 5.8± 0.4 133± 12 109± 37

quenched 150 ≈300 0.50 4.5± 0.4 120± 14 62± 15

quenched 200 ≈300 0.67 3.7± 0.3 89± 8 82± 25

aged 295 450 0.66 6.6± 0.2 190± 12 72± 18

aged and
deformed 150 465 0.32 10.9± 0.4 214± 28

aged and
deformed 295 465 0.63 8.0± 0.3 193± 11 46± 18
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For the aged not deformed sample the value of the en-
ergy gap is smaller than in the deformed sample.

4. Discussion and conclusions

The comparison of the previously published data on
spin-wave dispersion-relation parameters in Mn�Cu al-
loys is given in Table II. The quoted results were obtained
for the quenched samples excluding the last aged one.
The scatter of the SW velocity values (Table II) for

di�erent compositions and temperatures is rather small
compared to that of the SW energy gap value. This fact is
consistent with the prediction that SW velocity is deter-
mined mainly by the electron Fermi velocity and energy
gap depends mainly on the sub-lattice magnetization.

TABLE II
Parameters of spin-wave dispersion-relation and energy
broadening for Mn1−xCux alloys with di�erent Cu content
x, previous data. For x = 0.25 aged for 1 h.

x T [K] TN [K] T/TN Eg [meV] v[meVÅ] Γ1[meVÅ] Ref.
0.1 113 465 0.243 12.0±0.8 210±8 118±30 [8]
0.1 295 465 0.63 8.7±0.4 182±3 117±14 [8]
0.1 295 465 0.63 7.5 256±1 397±5 [9]
0.15 5 210 70 [10]
0.18 10 400 0.025 7.8±0.2 224±3 101±3 [12]
0.18 100 400 0.25 80±20 [11]
0.18 295 355 0.83 5.5±1 170±26 [16]
0.25 295 410 0.72 4±1 190±20 [17]

The obtained values of the parameters of the SW dis-
persion relation for the decomposed sample are very close
to those found for the quenched Mn0.9Cu0.1 alloy by
Wiltshire et al. [8]. The value of SW velocity found
by Fernandez-Baca et al. for the same composition [9]
is larger, but their result seems to be connected with
much higher energy broadening. Thus our result should
be compared to that of [8] rather than to [9]. The similar
value of the energy gap obtained in both [8] and [9] cases
and for the aged samples con�rms that Cu concentration
is close to 0.1 in the sample regions with the F1 order. It
seems to be well established that after spinodal decom-
position spin waves are observed only in the regions of
low Cu concentration and they are not in�uenced by the
neighborhood of high Cu concentration regions, at least
for long wavelengths.
In detail the in�uence of decomposition on SW pa-

rameters is not so clear. For the aged not deformed sam-
ple the value of the energy gap is smaller than in the
deformed sample, which is consistent with smaller lat-
tice deformation in this sample and is probably caused
by smaller degree of decomposition that can be deduced

from lower intensity of the small angle neutron scattering
(Fig. 1). In our old unpublished data for 1 h aged sample
[17] the gap is nearly as small as in the quenched sample.
The SW velocity does not di�er for all aged samples, but
for the quenched sample it is signi�cantly lower.
Most interesting result of the present investigation is

that the SW velocity for the quenched sample is lower
than observed in any other manganese alloy. The reason
of the lowering of velocity is probably not SW scatter-
ing on impurities, since energy broadening is not larger
than for most other investigated alloys. In terms of
band model the result may suggest signi�cant changes
in the electron band structure (the Fermi velocity) of
Mn0.75Cu0.25 alloy compared to other manganese alloys.
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