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The pressure dependence of electronic structure, exchange interactions, and Curie temperature in the ferro-
magnetic Heusler alloy Ni2MnSn has been studied theoretically within the framework of the density-functional
theory. The calculation of the exchange parameters is based on the frozen-magnon approach. The Curie
temperatureTc is calculated within the mean-field approximation by solving the matrix equation for a multi-
sublattice system. In agrement with experiment the Curie temperature increased from 362 K at ambient
pressure to 396 K at 12 GPa. Extending the variation of the lattice parameter beyond the range studied
experimentally, we obtained nonmonotonic pressure dependence of the Curie temperature and metamagnetic
transition. We relate the theoretical dependence ofTc on the lattice constant to the corresponding dependence
predicted by the empirical interaction curve. The Mn-Ni atomic interchange observed experimentally is simu-
lated to study its influence on the Curie temperature.
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I. INTRODUCTION

The pressure dependence of the Curie temperature pro-
vides important information on a ferromagnetic system and
is an object of intensive studies both experimental1–4 and
theoretical.5–10 The key question here is the character of the
variation of various magnetic properties with decreasing dis-
tances between magnetic atoms. In an early work,
Castellitz11 proposed an empirical rulesinteraction curved
that describes the dependence of the Curie temperature of the
Mn-containing ferromagnetic alloys with 4–5 valence elec-
trons per molecule on the ratioR/d whereR is the nearest-
neighbor Mn-Mn distance andd is the radius of the atomic
Mn 3d shell. The curve is supposed to represent the Curie
temperatures of various systems at ambient pressure as well
as the pressure dependence ofTc of a given system. The
function is not monotonic and has a maximum at theR/d
value of about 3.6ssee Fig. 8 belowd. According to the in-
teraction curve, one can expectdTc/dP.0 for alloys with
R/d.3.6 se.g., Ni2MnSn and Cu2MnInd. On the other hand,
systems withR/d,3.6 se.g., NiAs-type MnAs, MnSb, and
MnBid are expected to have negative pressure dependence of
the Curie temperature. These predictions are in agreement
with experiment.12–14

Recently Kanomataet al. suggested a generalization of
the interaction curve to the case of 6–7 valence electrons per
chemical formula.15 These systems form a different branch
of the dependence of the Curie temperature on the Mn-Mn
distancesFig. 8d. The available experimental values of the
pressure derivative of the Curie temperature,dTc/dP, for
Heusler alloys are consistent with those expected from the
interaction curve.16–18

Early experiments on the pressure dependence of the Cu-
rie temperature of Heusler alloys have been performed in the
low-pressure regionsless than 0.5 GPad. Recently Gavriliuk
et al.19 have studied structural and magnetic properties of
Ni2MnSn in the pressure interval up to 10.8 GPa. The au-
thors have found an increasing linear dependence of the Cu-
rie temperature on applied pressure. Mössbaurer spectros-
copy revealed partial interchange of the Mn and Ni atoms.

The purpose of the present work is a first-principles study
of the electronic structure, exchange interactions, and Curie
temperature in Ni2MnSn as a function of pressure. The main
attention is devoted to the interval of the interatomic Mn-Mn
distances from 4.26 to 4.06 Å that corresponds to the avail-
able experimental variation of this parameter. These values
of the Mn-Mn distance are far above the value of 3.6 Å that,
according to the interaction curve, separates the regions of
positive and negative pressure gradients of the Curie tem-
perature for this group of systems. To verify the appearance
of the nonmonotonic behavior we extended the calculation to
smaller values of the lattice constant corresponding to larger
applied pressures. We compare the empirical and calculated
dependencies. The influence of the Mn-Ni atomic inter-
change on the magnetism of the system is also studied.

The paper is organized as follows. In Sec. II we present
the calculational approach. Section III contains the results of
the calculations and discussion. Section IV gives the conclu-
sions.

II. CALCULATIONAL METHOD

The calculations are carried out with the augmented
spherical wave method20 within the atomic-sphere approxi-
mation sASAd.21 The exchange-correlation potential is cho-
sen in the generalized gradient approximationsGGAd.22 A
dense Brillouin zone sampling 30330330 is used. To es-
tablish the relation between the lattice parameters and ap-
plied pressure we use the following expression obtained ex-
perimentally in Ref. 19:

sV − V0d
V0

= − aP+ bP2 s1d

wherea=8.64310−3 GPa−1, b=1.13310−4 GPa−2, andV0 is
the volume of the unit cell at the ambient pressure. The radii
of all atomic spheres are chosen equal.

We describe the interatomic exchange interactions in
terms of the classical Heisenberg Hamiltonian

PHYSICAL REVIEW B 71, 214412s2005d

1098-0121/2005/71s21d/214412s7d/$23.00 ©2005 The American Physical Society214412-1



Hef f = − o
m,n

o
R,R8

smRÞnR8d

JRR8
mn sR

msR8
n . s2d

In Eq. s2d, the indicesm andn number different sublattices,
R andR8 are the lattice vectors specifying the atoms within
sublattices, andsR

m is the unit vector pointing in the direction
of the magnetic moment at sitesm ,Rd. The systems consid-
ered contain three 3d atoms in the unit cell with positions
shown in Fig. 1.

We employ the frozen-magnon approach23–25 to calculate
interatomic Heisenberg exchange parameters. The calcula-
tions involve few steps. In the first step, the exchange param-
eters between the atoms of a given sublatticem are com-
puted. The calculation is based on the evaluation of the
energy of the frozen-magnon configurations defined by the
following atomic polar and azimuthal angles:

uR
m = u, fR

m = q ·R + fm. s3d

The constant phasefm is always chosen equal to zero. The
magnetic moments of all other sublattices are kept parallel to
thez axis. Within the Heisenberg models2d the energy of this
configuration takes the form24

Emmsu,qd = E0
mmsud + sin2 uJmmsqd s4d

whereE0
mm does not depend onq and the Fourier transform

Jmnsqd is defined by

Jmnsqd = o
R

J0R
mn expsiq ·Rd. s5d

In the case ofn=m the sum in Eq.s5d does not include
R=0. CalculatingEmmsu ,qd for a regularq mesh in the Bril-
louin zone of the crystal and performing back Fourier trans-
formation one gets the exchange parametersJ0R

mm for sublat-
tice m.

The determination of the exchange interactions between
the atoms of two different sublatticesm andn is discussed in
Ref. 26.

The Curie temperature is estimated within the mean-field
approximation for a multisublattice material by solving the
system of coupled equations26,27

ksml =
2

3kBT
o

n

J0
mnksnl s6d

where ksnl is the averagez component ofsR
n and J0

mn

;oRJ0R
mn. Equations6d can be represented in the form of the

eigenvalue matrix problem

sQ − TI dS= 0 s7d

whereQmn=s2/3kBdJ0
mn, I is a unit matrix, andS is the vec-

tor of ksnl. The largest eigenvalue of the matrixQ gives the
value of the Curie temperature.27

III. RESULTS AND DISCUSSION

We will subdivide the discussion of the influence of the
pressure on the electronic properties of Ni2MnSn into two
parts. First, we present a detailed study of the low-pressure
region where experimental information is availableswe ex-
tend this interval up to,20 GPad. In particular we verify the
monotonic increase of the Curie temperature with increasing
pressure in this region. Then we consider a much larger in-
terval of the variation of the lattice parameter to study the
occurrence of nonmonotonic behavior of the Curie tempera-
ture.

A. Low-pressure region

We begin with a discussion of the effect of pressure on the
electronic structure. In Fig. 2, we compare the density of
states calculated for ambient pressure and the applied pres-

FIG. 1. Schematic representation of theL21 structure adapted by
the full Heusler alloys. The lattice consists of four interpenetrating
fcc sublattices with the positionss0,0,0d ands1/2,1/2,1/2d for the
Ni and s1/4,1/4,1/4d and s3/4,3/4,3/4d for the Mn and Sn,
respectively.

FIG. 2. Upper panel: Spin projected density of states of
Ni2MnSn for ambient pressure and applied pressure of 16 GPa.
Lower panel: The same for the case of Mn-Ni atomic interchange.
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sure of 16 GPa. As expected, the increased pressure leads to
broadening of the bands that stems from the decreasing in-
teratomic distances and, therefore, increasing overlap of the
atomic states. One of the consequences of the band broaden-
ing is the trend to decrease of the magnetic moments. This
trend is demonstrated in Table I and Fig. 3. In Fig. 3 we
present detailed information on the atomic and total mag-
netic moments for the range of pressures up to 20.6 GPa. The
dependence of the Mn magnetic moment on pressure can be
well represented by a linear function with a negative slope.
The behavior of the induced moment of Ni is more peculiar.
The dependence deviates strongly from a straight line and
shows weak oscillations in the high-pressure part of the
curve. This behavior reflects the details of the pressure de-
pendence of the band structure, in particular, the form of the
density of states DOS in the energy region close to the Fermi
level and the character of the Mn-Ni hybridization. Since

these weak oscillations do not play a noticeable role in the
issues we focus on in this paper we do not further investigate
their origin. The induced moment on Sn has the direction
opposite to the direction of the Mn moment. Its value de-
creases slowly with increasing pressure. The spin polariza-
tion at the Fermi level shows very weak pressure depen-
dence.

Thus the decreasing lattice constant produces a clear trend
to a monotonic decrease of the atomic magnetic moments.
For our purpose of the investigation of the pressure depen-
dence of the Curie temperature it is important to relate the
increasing bandwidth and decreasing magnetic moments to
the properties of the interatomic exchange interactions.

In the spirit of the Heisenberg model of localized mo-
ments one expects that decreasing atomic moments produce
a trend to decrease of the interatomic exchange interactions
by the factor ofMp

2/M0
2 whereMp is the atomic moment at

pressureP and M0 is the moment at the ambient pressure.
Correspondingly, one expects a trend to decreasing Curie
temperature resulting from decreasing atomic moments.

An opposite monotonic trend to increasing interatomic
exchange interactions is produced by increasing electron
hopping and, as a result, more efficient mediation of the
exchange interactions between magnetic atoms. The compe-
tition of the two opposite trends opens the possibility for
both increase and decrease of the Curie temperature with
applied pressure as well as for a nonmonotonic pressure de-
pendence in a larger pressure interval.

In Fig. 4sad, we present the calculated interatomic ex-
change parameters of Ni2MnSn for pressures of 0 and 16
GPa. For comparison, the zero-pressure result of a previous
calculation is also presented. At both pressures the patterns
of interatomic exchange interactions are very similar. This
similarity involves both Mn-Mn and Mn-Ni exchange inter-
actions. The Mn-Mn interactions are long ranged reaching
beyond the eighth-nearest-neighborhood distance and have
Ruderman-Kittel-Kasuya-Yosida-type oscillating character.
The intersublattice Mn-Ni interaction behaves very differ-
ently. A sizable interaction takes place only between nearest
neighbors. Note that Fig. 4sad does not present all calculated
exchange parameters: the exchange parameters have been
evaluated up to the interatomic distance of 8.7a which cor-
responds to about 70 coordination spheres. The absolute
value of the parameters decays quickly with increasing inter-
atomic distance. In Fig. 4sbd, we demonstrate the conver-
gence of the calculated Curie temperature with respect to
increasing number of atomic coordination spheres. The main
contribution toTc comes from the interaction between atoms
lying closer than 3a. After 5a no sizable contribution is de-
tected.

In Fig. 4sad, we compare our exchange parameters for
Ni2MnSn at zero pressure with the exchange parameters cal-
culated recently by Kurtuluset al.28 Kurtulus et al. used the
tight-binding linear-muffin-tin orbital ASA method and local
spin-density approximation. The interatomic exchange pa-
rameters were evaluated using the real-space approach by
Liechtensteinet al.29 This approach and the frozen-magnon
technique employed in the present paper are equivalent to
each other. In the real-space method by Liechtensteinet al.
the interatomic exchange parameters are calculated directly

TABLE I. Lattice parameters, magnetic moments, and Curie
temperatures in Ni2MnSn at ambient pressure and applied pressure
of 16 GPa. For comparison, the magnetic moment obtained with the
full potential fully linearized augmented plane wave GGA method
is presented.

a=6.022 Å sP=0 GPad a=5.821 Å sP=16 GPad

Ni 0.21 0.19

Mn 3.73 3.47

Sn −0.05 −0.05

Total 4.09,4.10a 3.81

Tc scalcd 362,373b 400

Tc sexptd 360c,342d,338e

aReference 35.
bReference 28.
cReference 40.
dReference 19.
eReference 36.

FIG. 3. Pressure dependence of magnetic moments in
Ni2MnSn.
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whereas in the frozen-magnon approach they are obtained by
the Fourier transformation of the magnon dispersion.

In Table I, we present the mean-field approximation
sMFAd estimation of the Curie temperature. It is in good
agreement with available experimental values overestimating
them somewhat. An overestimation of the Curie temperature
is a usual feature of the MFA.30–32It arises from the property
that the MFA expression forTc corresponds to an equal
weighting of the low- and high-energy spin-wave excitations.
A better weighting of the magnetic excitations is provided by
the random-phase approximationsRPAd.32 However, in the
case of lattices with high atomic coordination numbers and
when the magnon dispersion deviates strongly from a simple

sinusoidal form, both the MFA and the RPA can give similar
values of the Curie temperature, making the MFA estimation
reliable.33,34A good agreement of the theoretical and experi-
mentalTc values shows that the MFA is well applicable for
the given system.

The pressure dependence of the interatomic exchange pa-
rameters is presented in Fig. 5. The corresponding Curie
temperature is shown in the inset in Fig. 8 below. The analy-
sis shows that the leading contribution to the Curie tempera-
ture is given by the Mn-Mn exchange interactions within the
first three coordination spheres. The numbers of atoms in
these spheres are 12, 6, and 24, respectively, for the first,
second, and third spheres. The exchange parameters corre-
sponding to the second and third coordination spheres in-
crease monotonically with increasing pressure, determining
the increase of the Curie temperaturesFig. 8d. Thus, the in-
crease of the experimental Curie temperature with pressure
in the corresponding pressure region19 is well confirmed by
the calculations. In terms of the competition of the two op-
posite trends discussed above this result means a stronger
effect of the increasing hopping compared with the effect of
decreasing atomic moments. Such a behavior is expected for
large interatomic distances.

Note that in the interval from 9 to 16 GPa we obtain a flat
feature in the pressure dependence of the Curie temperature.
This behavior is in correlation with the recent experiment of
Kyuji et al.36 who obtained the Curie temperature increase
from 338 K at ambient pressure to 395 K at 12 GPa. At
,7 GPa they obtained a decrease of the pressure gradient
that can be put into correspondence to the theoretical flat
feature.

FIG. 4. sad Upper panel: Interatomic exchange parameters of
Ni2MnSn for ambient pressure and applied pressure of 16 GPa.
Lower panel: The same for the case of Mn-Ni atomic interchange.
Zero-pressure comparison of both Mn-Mns+d and Mn-Ni s.d ex-
change parameters with those of Ref. 28 is also shown.sbd Pressure
variation of the Curie temperature with increasing number of coor-
dination spheres with and without Mn-Ni atomic interchange.

FIG. 5. Pressure dependence of the first four nearest-neighbor
Mn-Mn exchange parameters and two Mn-Ni exchange parameters.
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Both measured and calculated Curie temperatures are in
good agreement with the empirical interaction curve for the
corresponding region of the Mn-Mn distancessFig. 8d.

B. High-pressure region

To verify the nonmonotonic pressure dependence ofTc
predicted by the interaction curve we extended the calcula-
tion to smaller Mn-Mn distances down to 3.09 Å. The cal-
culated magnetic moments are presented in Fig. 6. The Mn
moment decreases with the reduction of Mn-Mn distance. An
interesting feature is obtained atdMn-Mn=3.416 Å where the
value of the magnetic moment changes discontinuously. To
study the origin of the discontinuity we employed the fixed-
spin-moment method37–39which allows the calculation of the
total energy as a function of the spin moment for a given
lattice parameter. The corresponding curves are presented in
the inset in Fig. 6. For large Mn-Mn distance the curve has
one minimum corresponding to a high-spin state. In the re-
gion of the discontinuity the curve has two local minima,
revealing the presence of a metastable state. At the point of
discontinuity the minimum corresponding to the low-spin
state becomes lower. With further decrease of the lattice vol-
ume the minimum corresponding to the high-spin state dis-
appears. AtdMn-Mn=3.09 Å the magnetic moment vanishes
and the ground state of the system becomes a Pauli paramag-
net.

In Fig. 7, the first four nearest-neighbor Mn-Mn exchange
interactions are presented for a broad interval of the Mn-Mn
interatomic distance. The pressure region discussed in the

preceding section corresponds to the last three points in the
plot. Three of the four leading parameters show nonmono-
tonic behavior that is reflected in the nonmonotonic behavior
of the Curie temperaturesFig. 8d. The absolute values of the
second-, third-, and fourth-neighbor Mn-Mn parameters first
increase with pressure, reach their maxima at Mn-Mn dis-
tances in the region from about 4.0 to about 3.6 Å, and
decrease strongly with further decrease of the Mn-Mn dis-
tance. There are some small peculiarities in the behavior of
the exchange parameters in the region after the discontinuous

FIG. 6. Mn and total magnetic moments as a function of the
Mn-Mn distance. Upper inset shows the variation of induced Ni
moment with Mn-Mn distance. Lower inset showsEtot as a function
of Mn magnetic moment for selected Mn-Mn interatomic distances.
Arrows indicate the energy minima.

FIG. 7. The first four nearest-neighbor Mn-Mn exchange inter-
actions in Ni2MnSn as a function of Mn-Mn interatomic distance.
The ellipses show the region of the metamagnetic transition.

FIG. 8. Schematic representation of Kanomataet al.’s empirical
interaction curve and the calculated Curie temperature as a function
of the interatomic Mn-Mn distance in Ni2MnSn. Inset shows pres-
sure variation ofTc in the low-pressure region. Small rectangles
present the Curie temperatures of the corresponding compounds at
ambient pressure. The attached arrows show the sign ofdTc/dP.
The experimental information is taken from Ref. 40.
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transition such as additional local extrema in the first-, third-,
and fourth-neighbor parameters. They, however, compensate
each other and the Curie temperature has only one maximum
at the Mn-Mn distance of about 3.8 ÅsFig. 8d.

The nonmonotonic behavior of the exchange parameters
and Tc can be interpreted as a result of the competition of
two opposite monotonic trends appearing with the variation
of the Mn-Mn distances discussed in the previous section. In
the low-pressure region the influence of the increasing hop-
ping prevails while in the high-pressure region the influence
of decreasing magnetic moments becomes more important.

Qualitatively, the calculated pressure dependence ofTc in
the broad pressure interval is in agreement with Kanomataet
al.’s empirical interaction curve. Indeed, we obtained non-
monotonic pressure dependence characterized by one maxi-
mum separating the regions of positive and negative pressure
gradients. The low-pressure part of the calculated depen-
dence is in reasonable quantitative agreement with Kanomata
et al.’s interaction curve. For smaller lattice volumes the cal-
culated Curie temperature decreases faster than is prognosti-
cated by the interaction curve. The calculations predict a
discontinuity in the pressure dependence of the Curie tem-
perature of Ni2MnSn which is absent in the empirical inter-
action curve. Extension of the measurements to higher pres-
sures is desirable to verify the predictions of the calculations.

C. Atomic intersublattice interchange

The calculations of the Curie temperature of Ni2MnSn
discussed in the preceding sections are in good correlation
with measuredTc values for the range of pressures studied
experimentally. A detailed numerical comparison shows,
however, that the theoretical pressure derivativedTc/dP es-
timated as 3.22 K/GPa is substantially smaller than the ex-
perimental estimation of 7.44 K/GPa obtained by Gavriliuk
et al.19 To verify the role of the atomic interchange between
Ni and Mn sublattices observed experimentally19 we per-
formed calculation for a model system where the atoms of
the Mn sublattice are interchanged with the atoms of one of
the Ni sublattices. Although this model is a strong simplifi-
cation of the experimental situation it allows the investiga-
tion of the trends resulting from the Mn-Ni interchange.

With Mn-Ni interchange we obtain a substantial differ-
ence in the electron structure of the system. The correspond-
ing DOS and magnetic moments for ambient and applied
pressure of 16 GPa are presented in Fig. 2 and Table II. In
this case the Mn states hybridize differently with the states of
two Ni atoms. As a result the magnetic moments of the Ni
atoms assume different values. The total magnetic moment
per formula unit decreases from 3.50mB at ambient pressure
to 3.09mB at the applied pressure of 16 GPa. The decrease of
the total magnetic moment is mostly the result of the reduc-
tion of the Mn moment. Note that at the pressure of 16 GPa
the relative variation of the total magnetic moment is twice
larger than in Ni2MnSn without Mn-Ni interchange. The
change in the shape of the 3d peaks and broadening of the
bands are similar to those for the system without swapping.

At zero pressure the pattern of exchange parameterssFig.
4d and the resulting Curie temperaturesTable IId are very
similar to the case without Mn-Ni interchange. However, the
situation is different at applied pressure of 16 GPa. Both
Mn-Mn and Mn-Ni1 nearest-neighbor exchange parameters
increase substantially. The remaining exchange parameters
show small pressure dependencies. The interaction of the Mn
moment with the moment of the second Ni atom is slightly
reduced. The substantial increase of the leading exchange
parameters with pressure results in considerable change of
the Curie temperature from 400 K at ambient pressure to 562
K at 16 GPa. Assuming a linear variation ofTc with pressure
we estimate the pressure derivativedTc/dP as 12.5 K/GPa.
This value of dTc/dP exceeds strongly the corresponding
value for the system without Mn-Ni atomic interchange.
Since the number of swapped Mn and Ni atoms in our model
is much larger than in the samples measured, the calculated
dTc/dP cannot be directly compared with the experimental
pressure derivative. It is important, however, that the Mn-Ni
atomic interchange increases the pressure derivative ofTc
which gives an explanation for the low value of the theoret-
ical pressure derivative in the case of the system without
swapping. A detailed study of the influence of the intersub-
lattice atomic interchange on the electron properties of the
Heusler systems is an interesting extension of the present
study.

IV. CONCLUSION

In conclusion, we have systematically studied the pressure
dependence of exchange interactions and Curie temperature
in the full Heusler alloy Ni2MnSn within parameter-free
density-functional theory. We show that the character of the
pressure dependence of the exchange interactions is a conse-
quence of the complex interplay of competing trends in the
electronic properties of the system. In agreement with ex-
periment, the Curie temperature increases with increasing
pressure in the pressure region studied. Extending our theo-
retical study to a larger pressure interval, we obtained non-
monotonicTc dependence and the presence of a metamag-
netic transition. TheTc behavior in the whole pressure
interval is in qualitative correlation with Kanomataet al.’s
empirical interaction curve. In the low-pressure region there
is good quantitative agreement between the calculated values
and the prediction of the empirical rule. Mn-Ni atomic inter-

TABLE II. Lattice parameters, magnetic moments, and Curie
temperatures at ambient pressure and applied pressure of 16 GPa
for Ni2MnSn with Mn-Ni atomic interchange.

a=6.022 Å sP=0 GPad a=5.821 Å sP=16 GPad

Ni1 0.21 0.26

Ni2 0.08 0.05

Mn 3.24 2.80

Sn −0.04 −0.03

Total 3.50 3.09

Tc 340 562
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change is shown to increase the pressure derivative of the
Curie temperature which suggests a physical mechanism for
the improved agreement between the experimental and theo-
retical estimations of this parameter.
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