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The specific heat and the thermal expansion under ambient pressure and the temperature dependence of
magnetic susceptibility under applied pressure have been investigated for �-Mn1−xMx �M =Ru, Os, and Ir�
alloys by taking spin fluctuations into consideration. From powder neutron diffractions for � -Mn0.75Os0.25

alloys, the magnetic Bragg peaks was observed at 10 K, which is the first direct confirmation of a long-range
magnetic order in �-Mn alloys. The relationship between the pressure dependence of the Néel temperature
dTN/dP and TN is explained by the Ehrenfest equation. A significantly large thermal expansion coefficient in
a wide range of temperature above TN is clearly correlated with spin fluctuations. At low and finite tempera-
tures, the effects of spin fluctuations as a function of the Néel temperature in both the weak itinerant-electron
antiferromagnetic state and intermediate antiferromagnetic state are common to �-Mn alloys, regardless of the
kinds of additional elements.
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I. INTRODUCTION

�-Mn has no long-range magnetic ordering down to the
lowest temperatures,1–3 exhibiting significant spin fluctuation
effects such as a large electronic specific heat coefficient.4,5

In addition, the value of the nuclear spin lattice relaxation
rate 1 /T1 follows a T1/2 dependence, which has been ex-
plained within the framework of the self-consistent renor-
malization �SCR� theory for nearly and weak itinerant-
electron antiferromagnets, implying that spin fluctuations are
reflected in antiferromagnetic correlations even in the para-
magnetic state.6,7

In �-Mn structure �P4132�, the 20 Mn sites in the cubic
unit are divided into two kinds of Mn sites, that is, site 1 �8c�
and site 2 �12d�.8,9 The value of 1 /T1 of Mn at site 2 is about
20 times larger than that of Mn at site 1, implying that Mn at
site 2 is more magnetic.1,10 Accordingly, the magnetic prop-
erties of the �-Mn alloys are affected by the difference in the
Mn site. �-MnFe, �-MnCo, and �-MnNi �Ref. 11� alloy sys-
tems, in which almost all additional atoms occupy site 1,
have been regarded as antiferromagnets because the value of
1 /T1 in the �-Mn alloys with a small amount of additional
element follows a T1/2 dependence and the broadening of the
NMR spectra ascribed to the magnetic ordering.7,12,13 The
stabilization of the antiferromagnetic ordering has been at-
tributed to the increase of the lattice constant and the
d-electron number.12,13 Large values of the electronic specific
heat coefficient have been discussed by using the spin fluc-
tuation theory.14

�-MnAl alloy systems, in which the additional elements
dominantly occupy at site 2, were extensively studied in the

last decade, and it was suggested that the magnetic state
changes from a spin-liquid state to a spin-glass-like state
with increasing Al concentrations.15–20 It has been pointed
out that site 2 sublattices can be regarded as geometrical
triangular lattices, resulting in a highly frustrated magnetic
state, which is one of the reasons why �-Mn has no magnetic
ordering, though the antiferromagnetic correlation between
the Mn moments is clearly present.16,17 Several band calcu-
lations have been performed for �-Mn.21–24 It should be
noted that the magnetic properties of �-Mn are remarkably
different, depending on the calculation conditions. For ex-
ample, it has been pointed out that the antiferromagnetic
coupling between site 1 and site 2 is strongest in a slightly
expanded state, leading to the stabilization of a ferrimagnetic
phase.24

More recently, on the other hand, several kinds of �-Mn
alloy systems, where the additional elements mainly occupy
Mn Site 1, have been reported. We have investigated the
platinum group elements such as Ru, Os, and Ir, which are
almost substituted at site 1 in �-Mn.25–29 From the tempera-
ture dependence of magnetic susceptibility, the Néel tem-
perature TN has been defined as the peak or inflection point.
Antiferromagnetic properties of itinerant-electron systems
like �-MnRu,25 �-MnOs,26–28 and �-MnIr �Ref. 29� alloys
have been explained by considering spin fluctuations.30 The
maximum of the Néel temperature in the �-Mn1−xOsx alloys
extends to about 200 K, which is about twice as large as that
in the other �-Mn alloys.26 However, strictly speaking, the
long-range antiferromagnetic ordered state of these alloys
should be directly verified because pure �-Mn metal is an
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enhanced Pauli paramagnet with a strong antiferromagnetic
correlation and the magnetic properties of �-Mn alloys are
expected to be complicated as mentioned above. Until recent
years, there are no reports on the direct confirmation of the
antiferromagnetic state of �-Mn alloys.31–33 Very recently,
from powder neutron diffractions, we have demonstrated that
�-Mn0.75Os0.25 alloys have a long-range antiferromagnetic
order. Accordingly, we can regard the peak or the inflection
point in the susceptibility curves as the Néel temperature for
several kinds of �-MnRu, �-MnOs, and �-MnIr alloys.

To clarify the change in the magnetic state with the com-
position for the �-Mn1−xMx �M =Ru, Os, and Ir� alloy sys-
tems, it is meaningful to investigate the specific heat and
thermal expansion characteristics closely related to spin fluc-
tuations. By using the magnetic data under applied pressures,
the pressure dependence of the Néel temperature is discussed
in connection with the magnetovolume effects and the
change of the magnetic state. The variation of the thermal
expansion coefficient with the composition is discussed in
terms of spin fluctuations and connected with the variation of
the electronic specific heat coefficient.

II. EXPERIMENTS

The alloying was carried out by arc melting. The speci-
mens were quenched into ice water from 1273 K after an-
nealing for 2 h. No extra phase was detected by x-ray powder
diffraction measurements with Cu K� radiation. The alloy
compositions were determined by an energy dispersive x-ray
spectroscopy �EDXS�.

The powder neutron diffraction experiments were carried
out with a multicounter-type diffractometer, HERMES �Ref.
34� of Institute for Materials Research, Tohoku University,
installed in the JRR-3M reactor of the Japan Energy Re-
search Institute. The wavelength was 1.820 35 Å. The dif-
fraction patterns were obtained in the 2� range from 3° to
152° in a step of 0.1°. The temperature dependence of mag-
netic susceptibility under zero-field cool and 0.1 T was mea-
sured with a superconducting quantum interference device
�SQUID� magnetometer, applying up to 0.7 GPa by using a
piston-cylinder cell made of a Cu-Ti alloy.35

The specific heat measurement was carried out by a relax-
ation method. The thermal expansion curves were obtained
with a differential transformer-type dilatometer and
also a three-terminal capacitance. Mössbauer spectra of
�-Mn0.99−xOsxFe0.01 alloys containing enriched 57Fe were ob-
tained with a constant acceleration-type spectrometer utilized
a 57Co-Rh source, calibrating with �-Fe foil.

III. RESULTS AND DISCUSSION

Figure 1 shows the powder neutron diffraction patterns of
�-Mn0.75Os0.25 alloys at 10 and 295 K, together with the
calculated pattern of the nuclear diffractions from the �110�,
�111�, �210�, and �211� planes in the chemical unit cell. The
diffraction pattern at 295 K is consistent with the calculated
pattern above in the same figure. In addition, clear additional
diffraction peaks indicated by the arrows are observed at 10
K. By carrying out the low-temperature x-ray diffraction

measurements down to 10 K,29 no crystal structural change
has been confirmed. Therefore, these additional peaks in the
neutron diffraction profile are attributed to the magnetic scat-
tering, revealing that the �-Mn0.75Os0.25 alloy has a long-
range magnetic order in which the magnetic unit cell is larger
than the chemical unit cell. Although the spin structure is not
precisely identified yet due to the complicated profile of the
magnetic scattering, the ordered state plausibly has a noncol-
linear antiferromagnetic structure, in consideration of no
spontaneous magnetization.27 This is the first report, to the
best of our knowledge, on the direct confirmation of the
long-range ordered magnetic state of �-Mn alloys. Accord-
ingly, the small peak or the inflection point in magnetic
susceptibility-temperature curves ��T� for several kinds of
�-Mn alloys25–29 can be rationalized as the Néel temperature
TN.

The concentration dependence of the electronic specific
heat coefficient � of the �-Mn1−xMx �M =Ru,25 Os, and Ir�
alloys is given in Fig. 2. The value of � is obtained by a
linear extrapolation of the specific heat in the form of C /T
versus T2 �Refs. 25, 27, and 29�. The value of � mainly
consists of two terms, the band term �band and the spin fluc-

FIG. 1. Powder neutron diffraction patterns of �-Mn0.75Os0.25

alloys at 10 and 295 K, together with the calculated pattern of the
nuclear contribution above in the same figure.

FIG. 2. Concentration dependence of the electronic specific heat
coefficient � of �-Mn1−xMx �M =Ru, �Ref. 26� Os, and Ir� alloys.
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tuation term �sf. The concentration dependence of � is sig-
nificant because the magnitude of � is influenced by the
change in spin-fluctuation features. The contribution of spin
fluctuations to the specific heat Csf is given by the following
expression.36

Csf = − T
�2Fsf

�T2 , �1�

with

Fsf = �
q
�

0

�

d�f���
3

�

�q

�q
2 + �2 �2�

and

�q = �0q�	2 + q2� , �3�

where f��� is the population function of a harmonic oscilla-
tor with the frequency �, and �q is the relaxation frequency
of spin fluctuations of the wave vector q. �0 is the spectrum
width of spin fluctuations and 1/	 is the magnetic correlation
length. From Eq. �1�, the electronic specific heat coefficient
enhanced by spin fluctuations, �sf, is expressed as

�sf =
3N0

4T0
ln�1 +

1

K0
2� , �4�

where N0 is the number of the magnetic atom, and T0 and K0
are proportional to �0 and 	, respectively. In weak itinerant-
electron antiferromagnets, the spin-fluctuation modes with
the wave vectors q have strong intensities around the antifer-
romagnetic vector Q, and hence 1/T0 and 1/K0 become
large. Consequently, �sf brings about a remarkable contribu-
tion to �. Taking the band term estimated to be 8 mJ/mol K2

into account,37 the value of �sf is extremely large in the low
M concentration ranges and rapidly decreases with increas-
ing M concentration, and finally the value of � becomes
close to the value of �band.

25,27,29

It has been pointed out that the spin-fluctuation term �sf
of the electronic specific heat coefficient � is proportional to
TN

3/4 in weak itinerant-electron antiferromagnets.14 Accord-
ing to the SCR calculation by Hasegawa,14 �sf is also ex-
pressed by the following expression:

�sf�
� − �band�
� = �sf�1� − �band�1� − WA�
 − 1�1/2 �5�

with


 = 2I�s, �6�

where �band is the term obtained by the Hartree-Fock ap-
proximation, WA is the constant associated with the band
structure, and I and �s are the exchange interaction and the
staggered susceptibility, respectively. The magnetic state on
the verge of antiferromagnetism is given by �sf�1� and
�band�1� in Eq. �5�. The value of 
 given by Eq. �6� represents
the condition of the onset of antiferromagnetism. Depending
on the value of 
, that is, below 1 or above 1, the magnetic
state becomes paramagnetic or antiferromagnetic, respec-
tively. When the spin-fluctuation modes with the wave vec-
tors q have strong intensities around the antiferromagnetic
vector Q ,TN is related to the following relation:30

TN � �
 − 1�2/3. �7�

Therefore, the relation between �sf and TN is given by the
following expression in weak itinerant-electron antiferro-
magnets:

�sf = A − BTN
3/4, �8�

where A and B are the constants. Figure 3 shows the relation
between the Néel temperature TN and the electronic specific
heat coefficient � of the �-Mn alloys, in which the additional
elements preferentially occupy site 1.4,25,27,29 The data of the
�-Mn0.99−xOsxFe0.01 alloys are included in Fig. 3, which is
the sample for Mössbauer spectroscopy as described later in
connection with Fig. 12. The plots in the form of �-TN

3/4 are
consistent by assuming that the value of �band is scarcely
sensitive to the kinds of additional elements. The value of �
is proportional to TN

3/4 in the low M concentrations, and in the
range of the high � values, all the data are plotted on the
same straight line without regard to the kinds of the addi-
tional elements. However, with increasing additional element
concentration, or with increasing TN, the gradual reduction of
� leads to a relative increase of � from the straight line, and
hence the alloys are no longer weak itinerant-electron anti-
ferromagnets, and eventually � becomes close to the value of
�band. Therefore, it is concluded that the magnetic state in the
�-Mn alloys changes from the weak itinerant-electron anti-
ferromagnetic to the intermediate antiferromagnetic state
with increasing additional element concentration.25,27,29 In
the present paper, the intermediate antiferromagnetic state is
defined as the magnetic state that deviates from the linear
relation of the �-TN

3/4 plot. Such a change is a characteristic
to the �-Mn1−xMx �M =Ru, Os, and Ir� alloys. The signifi-
cantly large value of � in the �-Mn alloys is attributed to the
effect of spin fluctuations, which is also reflected to the spon-
taneous volume magnetostriction below TN as well as the
thermal expansion coefficient above TN.

FIG. 3. Relationship between the electronic specific heat coef-
ficient � and the Néel temperature TN in the form of �-TN

3/4 for
�-Mn alloys, in which the additional elements preferentially occupy
Mn site 1 �Refs. 4, 25, 27, and 29�. The dashed line is only to guide
the eyes.
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Shown in Fig. 4 is the temperature dependence of the
thermal expansion coefficient � of the �-Mn1−xMx �M =Ru
and Ir� alloys. The arrows indicate the Néel temperature TN
determined from the temperature dependence of magnetic
susceptibility. The thermal expansion coefficient � is given
by the following expression:

� = �lat + �ele + �mag, �9�

where �lat ,�ele, and �mag are the lattice, electron, and mag-
netic terms, respectively. It should be noted that the elec-
tronic term is about two orders of magnitude smaller than the
lattice term,38 and hence we can regard it as ��lat+�ele�
	�lat. To discuss the magnetic term, we estimate the lattice
term from the specific heat data. The thermodynamic relation
between the specific heat C and the thermal expansion coef-
ficient �lat is given by

�lat = �kC , �10�

where � is the Grüneisen constant and k is the compressibil-
ity. The value of �lat is proportional to C approximated by
the Debye function. The Debye temperature obtained from
low-temperature specific heat measurements is about 300 K,
almost independent of the additional elements and their
concentrations.29 Therefore, the magnitude of the lattice term
is regarded as almost the same in these alloys. The value of
� of the �-Mn1−xOsx alloys with x=0.33 is close to that of
�band, indicating the effect of spin fluctuations on the thermal
expansion is weak and the thermal expansion coefficient of
the lattice term is about 15�10−6 K−1 at room temperature,28

therefore, the lattice term is given by the dashed line in Fig.
4. As a result, the lattice term exceeds the solid line below
TN, showing a positive spontaneous volume magnetostriction
below TN in all the composition including in low Ir concen-
tration regions, although the previous thermal expansion
curves obtained by x-ray diffractions exhibit no clear spon-
taneous volume magnetostriction because of a low
accuracy.28 Moreover, the pronounced decrease of � at TN
occurs in the alloys having the intermediate antiferromag-

netic state. The thermal expansion coefficient above TN for
the �-Mn1−xMx alloys is larger than that of the lattice term.

According to the unified model based on the SCR
theory,30 for the change from the itinerant-electron magne-
tism to the localized-electron magnetism, the important fac-
tors for magnetic materials are the thermal average of local
magnetic moment 
MLoc�T�2� and its temperature depen-
dence, which is reflected in the magnetic term �mag
= �1/3�d�mag�T� /dT of the thermal expansion. Thus,

MLoc�T�2� and �mag�T� are, respectively, given by the fol-
lowing expressions:39,40


MLoc�T�2� = m�T�2 + 

�T�2� �11�

and

�mag�T� � 
MLoc�T�2� , �12�

where 

�T�2� and m�T�2 are, respectively, the mean-square
local amplitude of spin fluctuations and the square uniform
magnetization, respectively. For itinerant-electron ferromag-
nets and antiferromagnets, m�T�2 decreases and disappears at
the magnetic transition temperature with increasing tempera-
ture. On the other hand, 

�T�2� increases through the mag-
netic transition temperature with increasing temperature. For
weak itinerant-electron magnets, the temperature dependence
of 

�T�2� and d

�T�2� /dT, is extremely large, and hence the
thermal expansion coefficient � in paramagnetic regions ex-
hibits a large value.30 In Fig. 4, the large room-temperature
value of � becomes smaller with increasing x, reflecting the
decrease of 

�T�2� and d

�T�2� /dT. Figure 5 shows the
temperature dependence of the thermal expansion coefficient
� above the Néel temperature TN for the �-Mn1−xOsx alloys.
The value of � increases with increasing temperature in the
wide range of temperature above TN for all the composition.
The value of � above x=0.22 becomes smaller with increas-
ing x and weakly depends on x as seen from Fig. 5. That is,
it is characteristic of the thermal expansion properties in the
�-Mn alloy system that both of 

�T�2� and d

�T�2� /dT de-
crease with increasing x, especially in the range of low x.
The thermal expansion coefficient in paramagnetic regions

FIG. 4. Temperature dependence of the thermal expansion coef-
ficient � for �-Mn1−xMx �M =Ru and Ir� alloys. The arrows indicate
the Néel temperature TN determined from the magnetic susceptibil-
ity measurement. The solid lines stand for the total thermal expan-
sion curves. The dashed line stands for the lattice term.

FIG. 5. Temperature dependence of the thermal expansion coef-
ficient � of �-Mn1−xOsx alloys above the Néel temperature.
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will be discussed again in connection with the electronic
specific heat coefficient data in Fig. 11.

It is well known that the thermal expansion properties are
thermodynamically correlated to the pressure dependence of
the Néel temperature TN. In the second-order transition, the
Ehrenfest equation is given by

dTN

dP
= VTN

��V

�Cm
, �13�

where V ,��V, and �Cm are the volume, the difference be-
tween the volume thermal expansion coefficient below and
above TN, and also the difference between the specific heat,
respectively. In the �-Mn alloys, ��V is negative and �Cm is
positive and, accordingly, dTN/dP is expected to be
negative.28

Shown in Fig. 6 is the temperature dependence of mag-
netic susceptibility under pressure for the �-Mn1−xIrx alloys.
The arrows indicate the Néel temperature TN. Such negative
pressure dependence of TN is observed in all the specimens
with different compositions. We have used a piston-cylinder
cell made of a Cu-Ti alloy, which enables us to measure the
magnetic susceptibility with a high sensitivity35 because the
magnetic susceptibility of the �-Mn1−xMx �M =Ru, Os, and
Ir� alloys is small and its temperature dependence is very
weak.25–29 The pressure dependence of the Néel temperature
TN for the �-Mn1−xRux �a�, �-Mn1−xOsx �b�,28 and
�-Mn1−xIrx �c� is given in Fig. 7. Only the pressure depen-
dence of TN for the �-Mn1−xOsx alloys �x=0.14, 0.17, 0.22,
and 0.33� obtained by the electrical resistivity measurement

has been reported previously, and the minimum of the tem-
perature derivative in the electrical resistivity corresponds to
the Néel temperature determined from magnetic
measurements.28 The value of TN decreases linearly under 1
GPa, and the pressure dependence of TN is almost the same.
Figure 8 shows the relationship between the pressure depen-
dence of the Néel temperature dTN/dP and TN for the
�-Mn1−xMx �M =Ru, Os, and Ir� alloys. A broad maximum is
observed around TN=70 K. It is interesting to note that the
�-Mn alloys with around TN=70 K change their magnetic
state from the weak itinerant-electron antiferromagnetic to
the intermediate antiferromagnetic state as seen from Fig. 3.
The value of dTN/dP is proportional to the volume change at
TN as given by Eq. �13�, consequently, the broad maximum
in Fig. 8 is reflected to the magnitude of the spontaneous
volume magnetostriction at TN. In the alloys with the lower
Néel temperature, although the volume change is hardly ob-
served, dTN/dP is not so small, implying that the contribu-
tion from �Cm is dominant. The temperature dependence of
the specific heat of the �-Mn1−xIrx alloys is illustrated in Fig.
9. The arrows in the figure indicate the Néel temperature TN

FIG. 6. Temperature dependence of the magnetic susceptibility
under pressure of �-Mn1−xIrx alloys. The arrows indicate the Néel
temperature TN.

FIG. 7. Pressure dependence of the Néel temperature TN for �a�
�-Mn1−xRux, �b� �-Mn1−xOsx �Ref. 28�, and �c� �-Mn1−xIrx alloys.
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obtained from the temperature dependence of magnetic sus-
ceptibility. No clear peak is observable at TN and a very
broad anomaly is observed around TN with increasing x, and
finally a distinct peak is observed at x=0.09. In �-MnFe,
�-MnCo, and �-MnNi alloys, the peak at TN is hardly ob-
served from the specific heat measurements.4 In weak
itinerant-electron antiferromagnets, the spin-fluctuation
modes with the wave vectors q have strong intensities around
the antiferromagnetic vector Q and also the magnetic corre-
lation length 1/	 becomes significantly large, diverging at
the Néel temperature TN. The peak around TN becomes
smaller with decreasing x, suggesting that the spin-
fluctuation modes around Q are excited in a wider tempera-
ture range around TN with decreasing x. According to the
spin-fluctuation theory including the quantum spin fluctua-
tions, weak itinerant-electron magnets hardly exhibit a clear
magnetic entropy peak at TN.41,42 Similar behavior has been
observed in the �-Mn1−xRux and �-Mn1−xOsx alloys.25,27 As
described above, the magnetic correlation length is large and
�Cm is very small in the alloys with the low Néel tempera-

ture. Consequently, dTN/dP is relatively large, in spite of a
small value of ��V.

The pressure coefficient of the �-Mn1−xMx �M=Ru, Os,28

and Ir� alloys is plotted against the Néel temperature TN in
Fig. 10. The magnitude of the pressure coefficient drastically
decreases with increasing TN. Generally, the pressure coeffi-
cient of weak itinerant-electron magnets is large. For ex-
ample, the pressure coefficient of the Curie temperature is
−0.11 GPa−1 for Ni3Al,43 −0.39 GPa−1 for MnSi,44 and
0.33 GPa−1 for Sc3In.45 In lower concentration regions, the
pressure coefficient is almost the same as that of weak
itinerant-electron magnets, furthermore, the pressure coeffi-
cient is still relatively large in higher concentration regions,
because these alloys are not in a complete localized-electron
antiferromagnetic state but in an intermediate antiferromag-
netic state. It is clear that the variation of the pressure coef-
ficient with increasing x in the �-Mn1−xMx �M =Ru, Os,28

and Ir� alloys reflects the change in the magnetic state from
the weak itinerant-electron antiferromagnetic state to the in-
termediate state.

The effect of spin fluctuations at low temperatures is re-
flected in the electronic specific heat coefficient as given in
Fig. 3. On the other hand, the thermal expansion coefficient
in the paramagnetic state is also affected by the spin fluctua-
tions at finite temperatures. In order to discuss the effect of


�T�2� on the thermal expansion, �mag is normalized to
enough high paramagnetic temperature, 3TN, and plotted
against TN in Fig. 11 for the �-Mn1−xMx �M =Ru, Os, and Ir�.
In the figure, the solid and dashed lines are guides to the eye.
Similar to the electronic specific heat coefficient affected by
the spin fluctuations at low temperatures, the thermal expan-
sion coefficient at finite temperatures decreases with increas-
ing TN or x. Accordingly, it is concluded from Figs. 3 and 11
that the effects of spin fluctuations at low and finite tempera-
tures in both the magnetic states are observed without regard
to the kinds of substituted elements in the �-Mn alloys. In
itinerant-electron magnets, the spin fluctuations can be char-
acterized by two terms in Eq. �4�; T0, which corresponds to
the energy scale of spin fluctuations, and 1/K0, which is
proportional to the magnetic correlation length. In weak

FIG. 8. Relationship between the pressure dependence of the
Néel temperature dTN/dP and TN of �-Mn1−xMx �M =Ru, Os, and
Ir� alloys.

FIG. 9. Temperature dependence of the specific heat of �
-Mn1−xIrx alloys. The arrows indicate the Néel temperature TN de-
termined from the temperature dependence of magnetic
susceptibility.

FIG. 10. Concentration dependence of the pressure coefficient
of the Néel temperature TN for �-Mn1−xMx �M =Ru, Os �Ref. 28�,
and Ir� alloys.
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itinerant-electron magnets, both the values of 1 /T0 and 1/K0
are large in analogy with pure �-Mn metal.30 Adding Ru, Os,
and Ir to �-Mn, both the values of 1 /T0 and 1/K0 drastically
decrease, approaching to the intermediate state. From Figs. 3
and 11, the rate of decrease of 1 /T0 and 1/K0 would be
almost the same against the Néel temperature TN in the
�-Mn1−xMx �M =Ru, Os, and Ir� alloys. Moreover, in the
�-MnFe alloy, it has been pointed out from the Mössbauer
spectroscopy that Fe atoms have no localized moment;46

therefore, it is considered that the addition of Fe atoms is the
same as the addition of a nonmagnetic atom such as Ru, Os,
and Ir; therefore, the effect of spin fluctuations is considered
to be almost the same, regardless of additional elements
which preferentially occupy Mn site 1.

From the temperature dependence of spin lattice relax-
ation rate 1 /T1 of �-Mn, it is expected that the magnetic
contribution from two kinds of Mn sites in the �-Mn1−xMx
alloys would be much different to each other. Therefore, we
investigate the Mössbauer effects in the �-Mn0.99−xOsxFe0.01
alloys. The Mössbauer spectra of the �-Mn0.99−xOsxFe0.01 al-
loys at 270 K and 4.2 K are given in Fig. 12. The Mössbauer
spectra corresponding to two inequivalent Mn sites are ob-
served in the paramagnetic state spectra at 270 K; the solid
and dashed lines stand for the contributions of Mn sites 1 and
2, respectively. The quadrupole shift �QS� of the atomic sites
1 and 2 for the �-Mn0.99−xOsxFe0.01 alloys at 270 K is listed
in Table I. The quadrupole shift of atomic site 2 is several
times larger than that of atomic site 1, and both the values of
the QS increase with increasing x. The broadening of the
spectra of each Mn sites at 4.2 K is attributed to the magnetic
hyperfine field below TN, indicating that each Mn site is
more or less responsible for the magnetic properties of �-Mn
alloys. Very recently, Mn3IrSi has been reported to have an
ordered �-Mn structure, showing a complex noncollinear
magnetic structure with magnetic moments of 2.97�B at 10
K.47 The crystal structure of Mn3IrSi is found to be of the
AlAu4 type, with the space group P213, Mn in a 12b site and
Ir and Si in two separate 4a sites, that corresponds to an
ordered �-Mn type, the space group P4132, the 8c site of

�-Mn is split into two atomic sites. The powder neutron
diffraction pattern of Mn3IrSi includes the magnetic peak of
only Mn site 2 in �-Mn structure. On the other hand, for the
Mössbauer effects in the �-Mn0.99−xOsxFe0.01 alloys, the
magnetic contribution from both Mn sites 1 and 2 is in-
cluded. The hyperfine field of Mn site 1 in Fig. 12 hardly
depends on the composition, whereas that of Mn site 2 in-
creases with increasing x. Namely, the magnetic contribution
from Mn site 2 in the �-Mn0.99−xOsxFe0.01 alloys becomes
stronger as it approaches the intermediate state. Similar re-
sults were obtained from the NMR study of the
�-Mn1−xOsx alloy.48 It has been reported from the NMR
study that the static Mn moment at Mn site 2 increases from
0.3�B at x=0.01 to 0.9�B at x=0.22 with increasing x or TN
for the �-Mn1−xOsx alloy.48 The relatively large static mo-
ment with a low TN would be connected with large spin
fluctuations in analogy with a pure �-Mn. It has been re-
ported that the amplitudes of dynamical Mn moments from
neutron scatterings at 7 K and 290 K for pure �-Mn obtained
are about 1.0�B and 1.5�B respectively.16 As mentioned be-
fore in connection with Figs. 3 and 11, the effects of spin
fluctuations in the �-Mn1−xMx �M =Ru, Os, and Ir� alloys
reduce with increasing x, especially in the range of low x.
Additionally, when the spin-fluctuation modes with the wave
vectors q have strong intensities around the antiferromag-
netic vector Q, i.e., weak itinerant-electron antiferromagnets
that belong to the limit of itinerant-electron mangets, the
value of � is proportional to TN

3/4 and the peak at TN is hardly

FIG. 11. Relationship between the magnetic term of the thermal
expansion coefficient at 3TN,�mag�3TN�, in the form of
�mag�3TN� /3TN and the Néel temperature TN of �-Mn1−xMx �M
=Ru, Os, and Ir� alloys. The solid and dashed lines are only guides
to the eyes.

FIG. 12. Mössbauer spectra of �-Mn0.99−xOsxFe0.01 alloys at 4.2
and 270 K. The solid and dashed lines represent the contributions
from Mn sites 1 and 2, respectively.

TABLE I. Quadrupole shift �Q. S.� at 270 K at Mn sites 1 and 2
for �-Mn0.99−xOsxFe0.01 alloys.

QS �site 1�
�mm/s�

QS �site 2�
�mm/s�

�-Mn0.92Os0.07Fe0.01 0.242 0.651

�-Mn0.72Os0.27Fe0.01 0.270 0.773
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observed in the specific heat curve. With increasing concen-
tration of the additional element, the relation of �-TN

3/4 is not
satisfied and the peak at TN is clearly observed in the specific
heat curve. Consequently, the magnetic state changes into the
intermediate state, which is very close to weak itinerant-
electron antiferromagnets, as compared with localized-
electron antiferromagnets. In addition, the static moment
drastically increases with increasing additional element con-
centration, and its value becomes about 1.0�B or more in the
intermediate antiferromagnetic state in the �-Mn1−xMx �M
=Ru, Os, and Ir� alloys. What has to be mentioned is that the
experimental value of � for the �-Mn0.75Os0.25 alloy having
the long-range antiferromagnetic order is close to �band as
discussed in connection with Fig. 3. Furthermore, the spon-
taneous volume magnetostriction for �-Mn0.83Ru0.17 and
�-Mn0.91Ir0.01 in Fig. 4 is explained by the thermal variation
of amplitude of local magnetic moment. Consequently, in the
concentration region where the �-TN

3/4 relation is not satis-
fied, the magnetic properties are still dominated by the itin-
erant character of Mn 3d electrons, and thermal fluctuations
of amplitude of local moment remain, although the spectral
width in the Eq. �2� is wider, compared with that in the
region where the �-TN

3/4 relation is valid. From Fig. 12,
the continuous increase of the internal field at Mn site 2 with
increasing x is clearly observed in the �-Mn1−xOsx alloy,
indicating the itinerant-electron antiferromagnetic
properties.48 Accordingly, it is considered that the continuous
increase of the internal field at Mn site 2 is closely connected
with the formation of the long-range antiferromagnetic order
in the �-Mn1−xOsx alloy. Note that the internal field at
Mn site 2 is almost saturated with increasing x in the
�-Mn1−xAlx alloy in which the additional elements almost
mainly occupy Mn site 2.

IV. CONCLUSION

In order to discuss contributions from spin fluctuations in
the �-Mn1−xMx �M =Ru, Os, and Ir� alloys, the thermal ex-

pansion and specific heat under ambient pressure and the
temperature dependence of the magnetic susceptibility under
high pressures have been investigated. The powder neutron
diffraction experiment has been performed in order to con-
firm directly the magnetic state. In connection with the
change in the magnetic state, the thermal expansion coeffi-
cient above the Néel temperature TN and the effect of pres-
sure on TN have been discussed in terms of the spin fluctua-
tions. The main results are summarized as follows.

�1� A long-range magnetic order has been confirmed by
neutron powder diffractions for �-Mn0.75Os0.25 alloys, sup-
porting that the peak or inflection point in the susceptibility
curves of �-Mn1−xMx alloys corresponds to the Néel tem-
perature.

�2� The dTN/dP vs TN plots for �-Mn1−xMx alloys are
given by a universal curve, showing a broad maximum
around at 70 K.

�3� A significantly large thermal expansion coefficient in a
wide range of temperature above TN is closely correlated
with spin fluctuations.

�4� At low and finite temperatures, the effects of spin fluc-
tuations as a function of TN in both the weak itinerant-
electron and intermediate antiferromagnetic states are almost
the same, without regard to the kinds of additional elements.
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