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We have investigated thermal expansion of a tetragonalMn88Ni12 alloy by x-ray diffraction, Mn and Ni

K-edge extended x-ray-absorption fine-structure spectroscopy, and the computational simulations based

on the path-integral effective-classical-potential theory. It is found from the x-ray diffraction that the

tetragonal lattice constant c exhibits almost no thermal expansion like an Invar alloy, while the lattice

constant a shows even larger thermal expansion than usually expected from anharmonicity, implying

significant anisotropy in thermal expansion. The extended x-ray-absorption fine-structure reveals that the

Mn local environment is actually tetragonally distorted, while the Ni one retains its inherent cubiclike

symmetry. Combined with the computational simulations, it is concluded that large thermal expansion

along the a axis originates from the anti-Invar effect, while negligibly small thermal expansion along the c

axis originates from the cooperative Invar effect. Namely, the tetragonally distorted more stable

antiferromagnetic Mn state gives a significantly smaller (slightly longer) atomic radius along the a (c)

axis than the radius of the spherical paramagnetic state.

DOI: 10.1103/PhysRevLett.110.075901 PACS numbers: 65.40.De, 61.05.cj, 61.05.cp, 63.20.Ry

An Invar alloy Fe66Ni34 that shows anomalously small
thermal expansion over a wide temperature range was
discovered by Guillaume in 1897 [1,2]. The Invar effect
has been utilized in various kinds of precision tools and
instruments such as semiconductor and flat-panel-display
manufacturing systems, precise scalers, precise molded
imprints, astronomical telescopes, and so forth. A phe-
nomenological model of the Invar effect is that there exist
at least two types of electronic states in Fe, typically called
high-spin (HS) and low-spin (LS) states [3–6]. In this two-
state model, the HS state with a larger atomic radius is
slightly more stable at a temperature of 0 K than the LS
state. This results in the compensation of thermal expan-
sion due to increasing density of the LS state at higher
temperature. Until now, however, there have continued to
be extensive discussions concerning the detailed origin of
the Invar effect. In recent electronic structure calculations
based on the density-functional theory [7], much more
complicated electronic structures were proposed, where
noncollinear magnetic moments with different magnitudes
are distributed, depending on the local environment.

On the other hand, we have very recently investigated
thermal expansion [8,9] from a different view point of
thermal vibration, by combining temperature-dependent
extended x-ray-absorption fine-structure (EXAFS) mea-
surements with the path-integral effective classical poten-
tial (PIECP) Monte Carlo (MC) simulations [8–13]. A
quantum mechanical dynamical approach that explicitly
treats the finite temperature effect and the quantum fluc-
tuation of nuclei should be essentially important for the
deeper understanding of thermal properties like the Invar
effect. We clarified that the weakness of thermal expansion

at low temperature is ascribed to the vibrational quantum
effect and that the Ni environment shows small but mean-
ingful thermal expansion, while the Fe one shows almost
no thermal expansion.
In this Letter, we will report on cooperative anisotropic

thermal expansion, where one axis shows the Invar
effect and the other the anti-Invar effect. The sample is a
so-called face-centered-tetragonal (fct) antiferromagnetic
Mn88Ni12 alloy [14–16]. Although in the Bravais lattice
body-centered tetragonal (bct) should formally be used, we
will here call the crystal lattice fct for simplicity since the
MnNi alloys are likely to undergo the phase transition to
fcc at high temperature. It is found that thermal expansion
along the fct c axis (c > a) is negligibly small, while along
the a axis it is somewhat larger than usually expected from
anharmonicity in the lattice vibration. We have concluded
that the two-state model in Mn similar to the Weiss model
in the FeNi Invar case is most appropriate to describe
the observed cooperative Invar and anti-Invar effects. The
Invar and anti-Invar effects of this material could be more
easily understandable compared with the FeNi Invar alloy,
because the material shows a simple collinear antiferro-
magnetic structure with the magnetic moments aligned
parallel within the (001) plane and antiparallel between
the (001) planes [14–16]. It should also be emphasized that
the macroscopic thermal expansion does not always coin-
cide with the local thermal expansion. Thermal expansion
basically comes from a microscopic origin of anharmonic-
ity in the chemical bonds, and EXAFS is the most suitable
method to get a deep understanding of the essence of
thermal expansion [11–13,17–21]. In this work, EXAFS
has clarified that the local Mn environment is tetragonally
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distorted as the lattice, while the Ni site maintains cubic
symmetry.

Powder XRD measurements of aMn88Ni12 foil 100 �m
thick was performed by using Rigaku RINT-UltimaIII in
Instrumental Center of Institute for Molecular Science
(IMS) in the temperature range of 40–300 K. The Cu K�
radiation was employed as a x-ray source and the reflected
x rays were monochromatized to eliminate Mn K� x-ray
fluorescence. The 113 and 311 diffractions were mainly
used to yield the lattice constants a and c. Mn and Ni K
edge EXAFS spectra of a pinholeless Mn88Ni12 foil
12:5 �m thick were recorded at beam line 9C of
Photon Factory in High Energy Accelerator Research
Organization (KEK-PF) [22] with the transmission mode
using a Si(111) double crystal monochromator. Ionization
chambers filled with 30% N2 in He and 100% N2 were
used to measure the incident and transmitted x-ray inten-
sities, respectively. The measurement temperature range
was 11–300 K.

Details of the EXAFS analysis procedure are described
in the Supplemental Material [23]. The first-nearest neigh-
bor (NN) shells were analyzed. It is noted that the neigh-
boring Mn and Ni atoms are not distinguished because of
only a small difference of the backscattering amplitudes
between Mn and Ni, and therefore the resultant values
obtained experimentally are the average ones for each
x-ray absorbing atom. Because of the tetragonal distortion
in the lattice, it is natural to assume the presence of two
inequivalent shells in the first-NN coordination. For the
backscattering amplitudes and the phase shifts, the
FEFF8.4 [24] theoretical standards were employed by
conducting the FEFF calculations of clusters assuming
some randomly distributed alloy structures as in the fol-
lowing MC simulations. As structural parameters, the bond
distance R, the mean square relative displacements C2 ¼
hðr� RÞ2i, and the mean cubic relative displacements
C3 ¼ hðr� RÞ3i [25] for the two inequivalent contribu-
tions in the first-NN shells were obtained. To evaluate the
average quantities, the empirical one-shell analysis using
the lowest temperature data as a reference was also
conducted.

PIECPMC simulations within the low coupling approxi-
mation [8–10,12] were performed under a constant number
of particles, pressure, and temperature (NPT) condition.
The total number of atoms was 500 (53 fct unit cells), and
the atomic distributions of Mn and Ni were chosen ran-
domly. Twenty types of the superlattices were simulated
and the results were finally averaged to provide consequent
physical quantities. The atomic potentials of Mn and Ni
were described based on the empirical embedded-atom
method (EAM) [26,27]. Detailed potential parameters are
given in the Supplemental Material [23]. The Ni potential
is assumed to have no angular dependence. In Mn, by
referring to the previous work [28], two kinds of the
potential functions, the LS and HS states, were prepared.

Here we use convenient expressions of LS and HS, which
could be regarded as antiferromagnetic and paramagnetic
states, respectively. In the HS state with a larger atomic
radius the potential is spherically symmetric as usual,
while the Mn LS state exhibits tetragonal distortion
with respect to the principal z axis parallel to the c axis
and is more stable than the HS state. The absolute values
for the distances in the potential parameters were slightly
shifted in the process of the potential optimization to
match the present XRD results. We have performed
PIECP MC simulations for this two-state model. For com-
parison, a tetragonal-axis rotatable LS model is also inves-
tigated, where the principal axis of the Mn LS state is
allowed to incline away from the c axis, with only the
LS state permitted. In this model, a Heisenberg-type
exchange interaction for the entire first-NN coordination
is augmented to stabilize antiferromagnetism. Moreover,
we have also examined a tetragonal-axis fixed LS model,
where the tetragonal rotational axis is fixed along the c axis
with only the LS state permitted, and a classic LS-HS two-
state model without the vibrational quantum fluctuations.
Figure 1 shows the temperature dependence of the fct

lattice constants a and c and the corresponding thermal
expansion along the a and c axes determined by the
powder XRD measurement. The c axis is found to be
considerably longer than the a axis. This result seems to
be inconsistent with the previous report [16], where c > a
was observed only when the Ni concentration is larger
than �0:15, and the Mn88Ni12 alloy showed c < a. The
reason for this discrepancy is not clear, but we could ex-
pect some difference in the sample preparation procedures
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FIG. 1 (color online). Experimental fct lattice constants a and
c (a) and corresponding thermal expansion (b) in Mn88Ni12
determined by the powder XRD, together with the literature
data of �-Mn, fcc Ni, and a Fe66Ni34 Invar alloy [38]. Error bars
in (b) are omitted.
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(the Ni content in the present samplewas verified to be 0.12
from the relative x-ray absorption intensities between
Mn and Ni). In Fig. 1, the thermal expansion along
the a axis is found to be much larger than that along the
c axis, exemplifying large anisotropic thermal expansion.
Thermal expansion along the a axis seems somewhat
larger than usually expected from anharmonicity in the
potential, while that along the c axis is as small as that in
the Invar alloy. This finding may be indicative of aniso-
tropic thermal expansion due to the cooperative Invar-anti-
Invar effects.

Figure 2 gives the bond distances around Mn and Ni
determined by EXAFS. Because of the tetragonal lattice,
we have tried a two-shell fitting, in which longer (l) bonds
within the bc and ca planes and shorter (s) bonds within
the ab plane exist with coordination numbers N of 8 and 4,
respectively. The EXAFS analysis clearly shows that the
environment around Mn is really tetragonally distorted
with meaningfully different bond distances between
MnðlÞ andMnðsÞ. Strictly speaking, the two kinds of bonds
observed by EXAFS are poorly defined since the longer
and shorter bonds are overlapped with each other espe-
cially at higher temperature due to thermal vibration.
One cannot always clearly distinguish the two inequiva-
lent bonds with large vibrational amplitudes by one-
dimensional EXAFS information. In the present work,
however, by comparing the EXAFS results to the PIECP
simulated ones given below, two kinds of the inequivalent
shells determined by EXAFS are found to be successfully
ascribed to the longer (within the bc or ca plane) and
the shorter (within the ab plane) bonds. On the other
hand, the environment around Ni is regarded as cubic
because of a negligible difference between NiðlÞ and
NiðsÞ. This consequence is also confirmed by the one-shell
analysis, which yields a goodness of fit, �2

�, of as much
as 53.9 for Mn but 6.8 for Ni, implying that the one-shell
fit is sufficient for Ni. It is noted that although the crystal

system is purely fct, the local structure does not coincide
with the lattice as in other disordered alloy systems, allow-
ing cubic symmetry around Ni in this alloy. This will be
discussed further below in terms of the Debye-Waller
factors.
Figure 3 shows the binding energies of fcc LS-HS and

fct LS Mn88Ni12 lattices at a temperature of 0 K as a
function of the lattice constant, calculated by using the
present potential functions. In the atomic potentials
employed, fcc Mn88Ni12 exhibits a more stable LS state
by 12.0 meV than the HS state with the average lattice

constants of aLSfcc ¼ 3:685 �A and aHSfcc ¼ 3:721 �A. By intro-
ducing the tetragonal distortion for the Mn LS state, the

equilibrium lattice constants become aLSfct ¼ 3:644 �A and

cLSfct ¼ 3:733 �A, respectively. The resultant distance within
the ab plane is considerably shorter than that of the Mn HS
state, while the one along the c axis is a little longer than
the HS one.
Figure 4 gives the simulated results for the bond dis-

tances and the lattice constants by adopting the four models
described above. The simulated MnðlÞ and MnðsÞ means
the bonds within the fct bc or ca planes and the ab plane,
respectively. It is clearly found that the LS-HS two-state
model successfully reproduces the lattice constants as well
as the bond distances. In the tetragonal-axis rotatable LS
model, the calculated lattice constant c gradually decreases
with temperature, while the experiment shows nearly no
thermal expansion. The simulated behavior in this model
can qualitatively be understood; the inclination of the z
axis with respect to the [001] axis simply gives a smaller
lattice constant of c, resulting from the rotation of the
principal axis. In the tetragonal-axis fixed LS model, where
only the Mn LS state is allowed and the Mn axis is fixed at
[001], thermal expansion of the lattice constant a is esti-
mated to be too small compared to the experiments. The
classic LS-HS model is rather good, but the lattice con-
stants are erroneously temperature dependent even at low

 2.56

 2.58

 2.60

 2.62

 2.64

0  100  200  300

B
on

d 
D

is
ta

nc
e 

(Å
)

Temperature (K)

Mn(s)
Ni(l )

Ni(s)

Niav

Mnav

Mn(l )

FIG. 2 (color online). Experimental bond distances in
Mn88Ni12 determined by the Mn and Ni K-edge EXAFS. l, s,
and av denote the longer and shorter bonds and the average,
respectively.
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temperature, implying the importance of the vibrational
quantum effect. In the quantum mechanical LS-HS model,
the bond distances as well as the lattice constants agree
rather well with the experimental results. This confirms
that the two inequivalent bonds in EXAFS are regarded
as the bonds within the bc or ca plane and ab plane.
Consequently, the present anisotropic thermal expansion
is explained by the cooperative Invar and anti-Invar effects
in the Mn atom, where the tetragonally distorted more
stable LS Mn state gives a smaller atomic radius within
the ab plane and a larger radius along the c axis rather than
the spherical one of the HS state.

Let us briefly discuss higher-order cumulants. For
details, see Supplemental Material [23]. In both C2 and
C3 (overall values for the average first NN shells), tem-
perature dependent behaviors are well reproduced by the
computational simulations based on the LS-HS model. The
Debye model [29] yields the Debye temperatures of 428
(Ni) and 426 K (Mn), which are reasonably identical within
the errors. The temperature-independent static disorder Cs

2

is estimated as 1:38� 10�3 �A2 (Ni) and 0:99� 10�3 �A2

(Mn). In spite of the fact that the EXAFS analysis reveals

the tetragonal distortion of the Mn local structure and
the cubiclike symmetry around Ni, the overall Cs

2 is found

to be slightly larger in Ni than in Mn. This indicates
larger random structural disorder around Ni, which
cannot be categorized into two inequivalent shells like
Mn. The bond angle variance around Ni should be
larger in Mn. Temperature-dependent C3 is ascribed to
anharmonicity in the potential functions and the
temperature-independent static Cs

3 is found to be quite

small. In the Mn environment, Cs
2 and Cs

3 are considered

to originate from the intrinsic difference in the bond dis-
tances between MnðlÞ and MnðsÞ and also in Mn-Mn and
Mn-Ni.
In summary, we have investigated thermal expansion of

fctMn88Ni12 by the XRD and EXAFS experiments and the
PIECP simulations. The fct lattice constant a (a < c)
shows somewhat larger expansion than usual, while the
lattice constant c exhibits almost no expansion. This
behavior is explained by the cooperative Invar and anti-
Invar effects in the Mn atom, where the tetragonally
distorted Mn state coupled antiferromagnetically to the
neighboring atoms is more stable than the spherical para-
magnetic HS state and resultantly gives a significantly
smaller atomic radius within the ab plane and a slightly
larger radius along the c axis than the spherical one of the
HS state. The present observation is not a rare case, but
similar behaviors can be seen in Mn87Pd13 [14] and
Mn85Zn15 [15], although no discussion of these has been
made so far. Interestingly, a contrasting behavior, where a
longer (shorter) axis is compressed (expanded) as in the
tetragonal-axis rotatable model in the present simulation,
can be found in Mn80Ni20 and Mn80Ga20 [15]. In
Mn88Ni12, the Mn atoms are tetragonally distorted associ-
ated with the lattice distortion, while Ni atoms retain cubic
symmetry. From the local point of view, it is not unusual
that different structural behaviors in randomly distributed
different elements are observed. It should be noted that
XRD gives only the average structure and the local struc-
ture is not always the same in the random-alloy–solid-
solution systems. Recently, there have been reports of
several kinds of metal alloys that exhibit anomalous prop-
erties like negative or zero thermal expansion [30–37].
Since these works have been performed based on the lattice
expansion, it will be interesting to investigate the thermal
expansion from the present view point of the local
structure.
We thank Mr. Motoyasu Fujiwara of IMS for his great

help in the XRD measurements in the Instrument Center of
IMS. We are also grateful for the partial financial support
of Grant-in-Aid for Scientific Research (A) (No. 22241029)
from the Japan Society for the Promotion of Science
(JSPS). The EXAFS measurements at the Photon
Factory have been performed under the approval of the
Photon Factory Program Advisory Committee (PF-PAC
No. 2012G008).
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