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We report a detailed theoretical study of the thermal magnetic properties of the Ni sublattice in half-metallic
NiMnSb. The study is performed in the temperature interval where the disordering of the Mn sublattice is weak
and the properties of the Ni sublattice can play a crucial role. In earlier work it was suggested that the behavior
of the Ni sublattice is responsible for the anomalies in the properties of NiMnSb detected experimentally at
about 80 K. Because of high Curie temperature 7-=730 K the interval of weak Mn disorder extends up to the
technologically important room temperature. We formulate a thermodynamic model where both transversal and
longitudinal fluctuations of the magnetic moments are taken into account. The energies of the fluctuations are
determined by means of the constrained calculations within the framework of density-functional theory. We
show that the half-metallicity is robust with respect to the longitudinal atomic fluctuations in the ground-state
ferromagnetic structure. On the other hand the half-metallicity imposes strong restrictions on the longitudinal
fluctuations. In contrast to longitudinal fluctuations the transversal fluctuations disturb the half-metallicity. We
show that the contributions of the longitudinal and transversal fluctuations to the temperature dependence of
the Ni net magnetization compensate, which leads to a very weak variation of the Ni magnetization in a broad
temperature interval. This feature is in agreement with experiment. Simultaneously a large amplitude of the
fluctuations results in strong decrease in the spin polarization of the Ni DOS at the Fermi level. The calculated
temperature dependence of the Ni spin polarization reveals a crossover in the temperature interval between 75
and 100 K that correlates with experimental features in the temperature dependences of the physical properties.
Although this crossover cannot be interpreted as the transition from a half-metallic to a non-half-metallic state
the half-metallicity of the ground state is an important factor determining the properties of the fluctuations and

the temperature properties.
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I. INTRODUCTION

The ferromagnetic Heusler compound NiMnSb is a pro-
totype half-metallic system.' In the ferromagnetic ground
state the electron structure of the majority-spin channel is
metallic whereas the minority-spin electron structure is semi-
conducting. The half-metallicity leads to a high spin polar-
ization of the charge carriers that makes possible an efficient
injection of the spin-polarized current into semiconductors.
This feature is crucial for materials suitable for applications
in spintronic devices utilizing both the charge and the spin of
electrons. The half-metallic materials are currently the object
of intensive researches. (See Ref. 2 for a recent detailed re-
view on different aspects of the physics of half-metallic sys-
tems.)

Since the devices must be operative at room temperature
it is important to understand the finite-temperature processes
in the half-metallic systems. A number of experimental re-
searches revealed the presence of the anomalies in the physi-
cal properties at temperature of about 80 K.3** These anoma-
lies were attributed to a transition from half-metallic to
normal metallic state. There are, however, a number of as-
pects that make an assumption of such a transition question-
able. First, in an exact mathematical sense the half-
metallicity is destroyed at any nonzero temperature. Indeed,
a certain magnetic disorder is present at any temperature
above 0 K. Therefore a snap-short of the magnetic configu-
ration at a nonzero temperature is a noncollinear magnetic
structure. In noncollinear magnets the electron spin projec-
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tion is not a good quantum number. Therefore each electron
wave function has both spin components and the spin polar-
ization does not reach the value of 100%.

The assumption used in the interpretation of the experi-
mental anomalies that the half-metallicity disappears first
above a certain critical temperature T, is based on the Stoner
picture of the thermodynamics of itinerant magnets. This pic-
ture neglects the disordering of atomic moments. The influ-
ence of temperature appears here as the consequence of the
smoothing of the Fermi-Dirac distribution function. The
Stoner picture preserves at any temperature the collinear fer-
romagnetic structure and therefore the spin projection as a
good quantum number. However, this picture fails to give a
reasonable estimation of the Curie temperature of magnets
and cannot explain a typical Curie-Weiss form of the para-
magnetic susceptibility. It is commonly considered as insuf-
ficient for the description of the thermal properties of mag-
nets. Within the Stoner picture the change in the electron
structure of NiMnSb at 80 K is negligibly small compared to
the energy of the half-metallic gap and cannot lead to the
disappearance of the half-metallicity.

On the other hand, if we now take the spin disordering
into account and try to relate the anomalies at 80 K to quan-
titative changes in the spin polarization we will see that also
in this way the relation is not straightforward. Indeed the
Curie temperature of NiMnSb 7-=730 K is high and at 80
K the experimental magnetization is still 99.5% of the
ground-state value.>> In terms of the rotation of rigid atomic
moments this corresponds to the deviation of the moments
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from the z axis by an angle of 5.73°. The atomic states whose
spin orientation is rotated together with the atomic moment
give the 99.5% spin polarization with respect to the global z
axis and no spectacular quantitative changes in the electronic
structure can be expected. Even at room temperature the ex-
perimental decrease in the magnetization is of 8% only.>>
The picture of the rotated rigid atomic moments gives high
value of 92% for the spin polarization of the charge carriers.

Since the Mn sublattice cannot be noticeably disordered at
80 K the reason for the anomalies was assumed to be in the
thermal collapse or strong disorder of the Ni magnetic
moments.*®7 LeZai¢ et al. have shown that under certain
model assumptions a strong drop of the Ni magnetization can
be obtained already at 50 K. This drop of the Ni magnetiza-
tion is, however, directly reflected in the calculated total
magnetization as a corresponding decrease as a function of
temperature.® In contrast, the experimental magnetization
curve does not have any noticeable features in this tempera-
ture region.>>

The purpose of this paper is to study in detail the thermo-
dynamics of the Ni sublattice in the temperature interval
where the disorder of the Mn moments is weak. The thermal
properties of the Ni sublattice are related to the spin polar-
ization of the states at the Fermi level. Special attention is
devoted to the account for the longitudinal fluctuations of the
Ni moments. In particular the restrictions on the longitudinal
fluctuations imposed by the half-metallicity are addressed.
The considerations performed in the paper are of rather gen-
eral character and may be useful in the studies of various
multiple-sublattice systems, in particular, various half-
metallic systems.

The paper is organized as follows: In Sec. II we describe
the first-principles approaches to the thermodynamics of the
itinerant magnets. In Sec. III we present the calculations of
the transversal and longitudinal fluctuations of the Ni mo-
ments. The restrictions on magnetic excitations imposed by
half-metallicity are discussed. In Sec. IV we formulate the
thermodynamic model and report the results of the calcula-
tions of the temperature dependences of magnetic properties.

II. FIRST-PRINCIPLES STUDY OF THE THERMO-
DYNAMICS OF ITINERANT MAGNETS

A widely accepted approach to study the ground state of
solids is density-functional theory (DFT). In principle, DFT
can be extended to the consideration of the magnetic prop-
erties at finite temperatures.® The corresponding functional is
however not known. As mentioned above in the early studies
the thermodynamics of itinerant-electron magnets was con-
sidered to be governed by thermal smoothing of the Fermi-
Dirac distribution function. This approach failed to describe
the key magnetic properties.’ The reason for the failures was
understood in the neglect of the transversal magnetic fluctua-
tions.

A convenient and most often used approach to introduce
the transversal fluctuations into the itinerant-electron picture
is based on a hypothesis that the magnetic excited states of
the system can be uniquely characterized by specifying the
directions of the atomic moments {e;}.' Here index i num-
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bers the atoms. The constrained minimization of the energy
as a functional of the electron density and magnetization
allows the calculation of the electron properties of the state
specified by {e;}.!! The total energy as a function of the di-
rections of the atomic moments E({e;}) can be considered as
model magnetic Hamiltonian of the system. The models
where only the directions of the atomic moments are consid-
ered as independent variables are referred to in this paper as
the Heisenberg-type models or e models. In the case where
also the variation of the values of the atomic moments is
included into consideration the models will be referred to as
m-type models. For example the Ginzburg-Landau Hamil-
tonian used in the theory of magnetism can be considered as
belonging to the m-type.’

Historically the mapping of itinerant-electron systems on
the Heisenberg-type Hamiltonians was an important step in
the understanding of the physics of magnetic materials. The
thermodynamic properties of the Heisenberg Hamiltonian
can be studied within different calculational approaches, e.g.,
mean-field approximation, random-phase approximation, and
Monte Carlo simulation. Also the limitations of the mapping
on the Heisenberg-type Hamiltonian become increasingly
clear. For example, even for the elementary 3d metals like Fe
and Ni the problem of the strength of the short-range mag-
netic order at and above T, remains a topic of debate and
was not solved within e-type models.!>!3 The investigations
of more complex systems open additional questions. In our
recent study of multiple-sublattice systems we have shown
that the treatment on the same footing of the inducing and
induced moments within the framework of the Heisenberg
model leads to artificial features in the spin-wave spectrum.'#
Fortunately, these artificial features do not strongly influence
the values of the Curie temperature estimated within both
mean-field and random-phase approximations. In an alterna-
tive approach only the directions of the atomic moments of
the inducing sublattice are considered as independent de-
grees of freedom whereas the magnetization of the atoms of
the induced sublattice adjusts itself to the given configuration
of the inducing moments. Within this treatment a substantial
change in the estimated Curie temperature is obtained.

In the given paper we devote special attention to the role
of the longitudinal fluctuations of the atomic moments. The
possibility for the magnetization to vary in both the direction
and the value is an essential feature of DFT. The ground state
of the system is determined within DFT as an energy mini-
mum with respect to such variations. As mentioned above
the excited states of the system can be stabilized by means of
the constrained minimization. In this way the states charac-
terized by given values and directions of the atomic moments
can be calculated.

The possibility to continuously change the value of the
atomic moments in itinerant-electron magnets is closely re-
lated to the noninteger values of the atomic moments in such
systems. The origin of the noninteger spin atomic moments
is well understood. The hybridized atomic states form the
bands of collective states extended over the system. These
collective states are occupied by electrons according to the
Fermi-Dirac distribution function. Although the number of
the valence electrons per unit cell is an integer the number of
the electrons with a given spin projection must not be an
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integer. It depends on the energy dependence of the density
of states (DOS), on the exchange splitting of the states, and
on the position of the Fermi level. Also in half-metals the
atomic moments remain noninteger. The moment per unit
cell is, however, an integer that is the consequence of the
semiconducting gap in one of the spin channels. Because of
the gap all bands in this spin channel are either completely
full or empty.

In accordance with the considerations given above two
types of constrained calculations are performed. In the first
type, only the directions of the atomic moments e; are con-
strained whereas the values of the moments are determined
in a self-consistent procedure supplying the state with the
minimal total energy for the given configuration e;. The self-
consistent values of the moments as a function of the mag-
netic configuration will be denoted as m?({e,}). The character
of the dependence of the atomic moments on magnetic con-
figuration is an important characteristic of the material. This
dependence can be very different for different systems and
even for different magnetic sublattices of the same system. If
the value of the self-consistent moment depends weakly on
the magnetic configuration the atomic moment is considered
as robust and well defined. For example the Mn moment in
NiMnSb depends weakly on the magnetic configuration.'*
Conceptually the case of robust atomic magnetic moments is
best suited for the application of a Heisenberg-type Hamil-
tonian. If m? depends strongly on the magnetic configuration
the concept of a robust atomic moment does not apply to
atom i. The energy function E({e;}) may still provide useful
information on the thermodynamics of the system if the lon-
gitudinal stiffness of the magnetic moments is high and only
the states with atomic moments close to m° give significant
contribution to the average values. There is however an ad-
ditional aspect consisting in the proper account for the sta-
tistical weight of the excited states in the case of strong de-
pendence of m? on {e;}. These questions will be addressed
below in Sec. IV.

In the second type of the constrained calculations not only
the directions but also the values of the moments are con-
strained. The additional term to the energy functional respon-
sible for the condition that the moment of the ith atom has a
given value m has the following form:

{J,

i

m(r)dr — m,}, (1)

where m(r) is the projection of the magnetization on the
direction e;. The integration is performed over the atomic
sphere of the ith atom. After the variation of the energy func-
tional, the Kohn-Sham equation contains an additional term
corresponding to an external magnetic field /,e;. The value of
h; is determined within a self-consistent procedure to give
the magnetic moment m;. Obviously, for a given magnetic
configuration {e;} the minimum of the total energy is given
by the values of the magnetic moments equal to m? These
states correspond to the zero constraining fields 4;=0.

III. MAGNETIC EXCITATIONS IN HALF-METALLIC
NiMnSb

The half-metallicity imposes some restrictions on the
magnetic excitations.” The spin-flip electron transitions be-
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tween Bloch states have in half-metals an activation energy
determined by the minimal distance between the Fermi level
and the gap boundaries in the semiconducting channel.
Therefore at the temperature of 80 K the probability of the
thermally activated spin-flip transitions between Bloch states
is very low. Because of the delocalized character of the
Bloch states the change in the moment as a result of the
spin-flip transition is equally distributed between the unit
cells and gives very small effect on the value of the atomic
moments.

On the other hand, the local longitudinal fluctuations of
the atomic magnetization [Eq. (1)] that we consider in this
paper do not have an activation energy. The excitation energy
continuously vanishes with the longitudinal constraining
field tending to zero. However, as discussed below, the half-
metallicity imposes the restriction also on this type of fluc-
tuations.

To study the longitudinal fluctuations of the Ni moments
we impose the constraining field on the Ni atoms. Because of
the interatomic hybridization the modification of the crystal
states by the constraint is not restricted to the Ni sublattice. If
the value of the Ni moment is determined by the constraint
the variation of the moments of other atoms depends on the
complex pattern of the interatomic hybridizations and usu-
ally cannot be predicted without concrete calculations. In
half-metals such a prediction is possible.

First we consider the longitudinal constraint in a collinear
magnetic configuration. To formulate the restriction imposed
by the half-metallicity we note that the half-metallicity is not
immediately destroyed by the application of the constraining
field but must be preserved for a certain interval of the values
of the field. The stability of the half-metallicity is determined
by two factors: (i) The longitudinal constraint in the collinear
magnetic configuration does not mix the states with opposite
spin projections. The spin projection on the global spin-
quantization axis remains a good quantum number and the
spin-up and spin-down subsystems can be considered sepa-
rately. (ii) The change in the electronic structure is continu-
ous'5 with the continuous variation of the constraining field
h!

The following scenario is expected. The change in the
electronic structure caused by the constraining field will in-
fluence both the value of the semiconducting gap and the
position of the Fermi level. At some critical values of the
field the Fermi level reaches either the top of the valence
band or the bottom of the conduction band and the half-
metallic state becomes a normal metallic state. As long as the
constraining field does not reach a critical value the magnetic
moment per unit cell preserves its integer value and remains
unchanged. As a result the change in the moment of one of
the sublattices must be exactly compensated by the changes
in the moments of other sublattices.

Turning from general consideration to the calculations for
NiMnSb we first discuss the character of the changes in the
DOS of the collinear magnetic configuration under the appli-
cation of the constraining field. All calculations are per-
formed with the augmented spherical wave (ASW) method'¢
as described in our previous publications (see Refs. 14 and
17).

The ground-state values of the atomic moments are my;
=0.20wp, myp,=3.85up, and mgy,=—0.10ug. There is also
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FIG. 1. (Color online) The ground-state DOS of NiMnSb. The
upper panel shows the total DOS per formula unit and partial Sb
DOS per atom. The Sb DOS is presented by the filled curve and is
multiplied by factor 2 for better visualization. The inset shows the
total DOS in the energy region around the Fermi level. The two
lower panels present the partial Ni and Mn DOS.

small contribution coming from the empty sphere. The total
moment per chemical formula is exactly 4up. In Figs. 1 and
2 we present the total and partial DOS for the ground state
and for the state with the constraining field 7=-25 mRy
corresponding to small Ni moment of 0.01up.

The general structure of the DOS is similar in both cases.
A closer inspection reveals, however, considerable differ-
ences. In the spin-up channel there are distinct changes in the
structure of the peaks in the energy interval of the length of
0.2 Ry just below the Fermi level. On the other hand, the
spin-down DOS preserves mostly the ground-state peak
structure and differs by an energy shift with respect to the
Fermi level. The semiconducting gap in the spin-down chan-
nel decreased somewhat and the Fermi level is now at the
upper edge of the gap.

The properties of the gap in the spin-down channel for
different values of the constrained Ni moment are summa-
rized in Fig. 3 where the lower and upper boundaries of the
gap are shown. The energy origin is for all calculations at the
corresponding Fermi level. The gap is present for all values
of the constrained Ni moment studied. The position of the
gap with respect to the Fermi level varies continuously. For
Ni moments larger than the ground state mgy=0.2up the
Fermi level moves to the lower-energy part of the gap. At the
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FIG. 2. The DOS for the collinear magnetic structure and the
constraining field on Ni equal to —0.025 Ry. The presentation of
the DOS is similar to Fig. 1.

moment of about 0.3 u it reaches the top of the valence band
and at the moment of about 0.07up the bottom of the con-
duction band. Outside of this interval the half-metallicity is
destroyed and the system is in a normal metallic state. These
results show that the half-metallicity is rather robust with
respect to the longitudinal fluctuations of the Ni moments in
the collinear magnetic configuration.

Figure 4 presents the changes in Mn and Sn moments
caused by the constraint imposed on the Ni atom. Also the
variation of the total moment per unit cell is given. As ex-
pected the change in the Ni moment is exactly compensated
by the change in the moment of the rest of the unit cell in the
interval of the variation of the Ni moment that preserves the

gap in the spin-down channel NiMnSb
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FIG. 3. (Color online) The upper and lower boundaries of the
energy gap in the spin-down channel of energy structure of collinear
magnetic configuration in NiMnSb as a function of the constrained
Ni moment. The energy origin is at the Fermi level.
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FIG. 4. (Color online) Upper panel: The change in the Mn and
Sb atomic moments as well as the change in the total moment as a
function of the change in the constrained Ni moment. Lower panel:
The corresponding change in the total energy per formula unit.

half-metallicity (Fig. 3). Beyond this interval the total mo-
ment begins to vary increasing or decreasing in accordance
with the change in the Ni moment.

In the lower panel of Fig. 4 the energy as a function of the
Ni moment is shown. The curve is rather symmetric with
respect to the sign of the deviation of the moment from the
ground-state value and is well described by a parabola. The
energy obtained by constraining the Ni moment includes the
contributions related to the change in the moments of other
atoms caused by the hybridization of the atomic states.

There is an important aspect of the longitudinal fluctua-
tions that is worth emphasizing here. Figure 4 shows that the
intuitive relation between the values of the inducing and in-
duced moments violates in the half-metallic systems. Indeed,
the increase in the induced Ni moment leads to the decrease
in the inducing Mn moment and vice versa. The same prop-
erty was obtained by constraining the Mn moment and ana-
lyzing the change in the value of the Ni moment (not shown
in this paper). This contraintuitive relation between induced
and inducing moments appears in NiMnSb as a direct con-
sequence of the half-metallicity. A similar property has, how-
ever, been obtained also in non-half-metallic systems like
FeRh and reflects the complexity of the hybridization in
magnetic multisublattice systems.'®

Up to now we considered the longitudinal fluctuations of
the Ni moments in the collinear ferromagnetic configuration.
In the study of the thermal processes it is important to take
into account the transversal fluctuations of the Ni moments.
We performed calculations for the magnetic configurations
with the Ni moments, keeping parallel directions with re-
spect to each other, and rotated by angle 6 relative to the
global z axis. In these calculations the directions of the mo-
ments of the rest of the unit cell are kept parallel to the
global z axis. In Fig. 5 we show the self-consistent Ni mo-
ment mg; as a function of angle . The value of the Ni mo-
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FIG. 5. (Color online) The m%i as a function of angle # between
Ni moments and the global z axis (left side axis) and the energy of
the corresponding magnetic configurations (right side axis). The
broken curves show scaled cos 6 and [1-cos(26)].

ment decreases with increasing # and vanishes at 6=90°.
This dependence is well described by the function mY;(6)
=mg, cos 6. There is no self-consistent state with the direc-
tion of the Ni moments forming the angle 6>90° with the
Mn moments. In the calculations for #>90° the Ni moment
reverses the sign and converges to the state with 6'=180°
—6 that belongs to the angular interval from O to 90°. The
calculated 6 dependence of the energies of the self-consistent

states is well described by the expression
E(6) =c[1-cos(26)], 2)

with ¢=0.804 mRy.

Next we consider the variation of the spin polarization of
the states at the Fermi level as a function of angle 6. As
mentioned above for a noncollinear orientation of the Ni and
Mn moments the spin projection of the electron states is not
a good quantum number. Therefore any state has both
spin-up and spin-down contributions that makes the 100%
spin polarization not possible. The two-component spinor
function has the form (ﬁ:s) and the relation between the
spin components varies from one space point to another. The
same spinor state written with respect to different quantiza-
tion axis is obtained by the transformation

l/’1(1‘))
with spin—% rotation matrix
cos(0/2) sin(6/2)
u9= (— sin(6/2) cos(6/2) )’ “

where the angle @ specifies the direction of the new quanti-
zation axis with respect to the old one. Obviously the spin
polarization P given by
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FIG. 6. The DOS of NiMnSb for the deviation of the Ni mo-
ments by #=60°. Upper panel: The Ni DOS in the local spin frame.
Middle panel: The Ni DOS in the global spin frame. Lower panel:
The Mn DOS. The insets show the region close to the Fermi level.
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P

is not invariant with respect to the change in the quantization
axis.

Two types of axes are physically most important: the glo-
bal z axis parallel to the direction of the net magnetization of
the system and local atomic axes parallel to the directions of
the atomic moments. The spin polarization with respect to
the local atomic axis shows how well the spin of the electron
state adjusts itself to the exchange field of the atom. On the
other hand, the spin polarization with respect to the global
axis is important for the spintronic applications since the
global axis is used to register and manipulate the spin.

In Fig. 6 we present the partial Ni and Mn DOS for the
case of #=60°. The value of the Ni moment is in this case
my;=0.11up. For the Ni atom, the densities are calculated
with respect to both local and global quantization axes. The
Mn DOS resembles the Mn DOS in the ferromagnetic case
(Fig. 1). The two spin components of the Mn DOS are again
very different. The majority-spin Mn 3d states lie mostly be-
low the Fermi level whereas the minority-spin Mn 3d states
are mostly above the Fermi level. The spin polarization of
the Mn states at the Fermi energy is close to 100%.
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spin-polarization of Ni-DOS

FIG. 7. (Color online) The spin polarization of the Ni DOS at
the Fermi level. The polarization is calculated in both global and
local spin-coordinate systems. The broken curves show cos # and
cos? @ functions that well describe the form of the polarization in
both frames of references.

For the Ni atoms, the situation is different. Already in the
local system the spin-up and spin-down DOS are closer to
each other than in the ferromagnetic case (Fig. 1). This re-
flects the property that both spin components are now the
parts of the same states since the spin projection is not a
good quantum number. The spin polarization at the Fermi
level deviates strongly from 100% and assumes the value of
47%. In the global spin-coordinate system the similarity be-
tween both spin components of the Ni DOS increases further.
Simultaneously the spin polarization of the Ni DOS at the
Fermi level decreases to 23%.

In Fig. 7 we present the spin polarization of the Ni DOS
at the Fermi energy as a function of angle 6. The fast de-
crease in the spin polarization of the partial Ni DOS with
increasing 6 reveals that thermal fluctuations of the Ni mo-
ments can be the origin of the strong decrease in the spin
polarization of the corresponding part of the electron state.
The 6 dependence of the spin polarization with respect to the
local quantization axis is close to cos € and therefore follows
the 6 dependence of the local Ni moment mY; (Fig. 5). The
spin polarization with respect to the global quantization axis
is close to cos® @ that gives the projection of the local Ni
moment on the global z axis.

Next we turn to the longitudinal fluctuations of the Ni
moments in the noncollinear configurations. In Figs. 8 and 9
we show the results of the calculations of the longitudinal Ni
constraint for #=30° and #=90° similar to the calculations
shown in Fig. 4 for the collinear configuration. The results
for 6=30° resemble in main features the results in Fig. 4.
However, the compensation of the changes in different
atomic moments is here not perfect and the sum of the mo-
ments decreases or increases together with the Ni moment
although much slower.

For 6=90° the situation is very different and the change in
the Ni moment does not lead to the change in the moments
of other sublattices (Fig. 9). Comparison of the energy
curves shows that the coefficient of the parabola describing
the energetics of the longitudinal fluctuations decreases
somewhat with increasing 6. In the statistical model studied
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FIG. 8. (Color online) Upper panel: The change in the Mn and
Sb atomic moments as well as the change in the sum of the atomic
moments as a function of the change in the constrained Ni moment.
The calculations are performed for #=30°. Lower panel: The cor-
responding change in the total energy per formula unit.

below we will neglect this difference and use the same lon-
gitudinal stiffness a=58.6 mRy/ ,u% for all 6. The energies in
Figs. 4, 8, and 9 are counted from the energies of the states
corresponding to mgﬁ(ﬂ) giving the minimum of the energy
for corresponding 6. The position of this minimum increases
with 0 (Fig. 5).

The longitudinal constraint leads to the change in the spin
polarization of the states at the Fermi level compared to the
polarization of the my; state shown in Fig. 7. Here we do not

NiMnSb, 6=90°
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g : |Sb
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FIG. 9. (Color online) Upper panel: The change in the Mn and
Sb atomic moments as well as the change in the sum of the atomic
moments as a function of the change in the constrained Ni moment.
The calculations are performed for #=90°. Lower panel: The cor-
responding change in the total energy per formula unit.
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present the corresponding data. Below in the discussion of
the temperature dependence of the polarization we show the
polarizations calculated for values corresponding to the ther-
mal averages of the Ni moment.

IV. STATISTICAL MECHANICS MODEL
A. Description of the model

As stated above we study the temperature interval where
the disordering in the Mn sublattice is weak and can be ne-
glected. The main temperature effects are expected to come
from the thermal properties of the Ni sublattice. The possible
scenarios in the magnetic temperature behavior of the Ni
sublattice are, for example, the collapse of the atomic Ni
moments, the decoupling of the Ni moments from the Mn
moments or, opposite, a strong connection between the tem-
perature dependencies of the net magnetizations of the Ni
and Mn sublattices. Our previous studies of NiMnSb have
shown that Ni-Ni exchange interaction is weak.!” This allows
us to consider one fluctuating Ni moment. The states of the
Ni moment are determined by angle 6 with respect to the
global z axis and the value of the Ni moment m. The energy
of the state (6,m) is given by

E( 09m) = Etr( 0) + Elong( 0>m)’ (6)
where E(6) is defined above and
Ejong(0.m) = a[m —=m°()]* = a(m — my, cos 6)*,  (7)

with a=58.6 mRy/ uj.
The partition sum of the model has the form

2 s o
Z= J d¢J2 d0 sin 0[ dmm? exp[— E(6,m)/kgT].
0 0

—00

(8)

The energies are invariant with respect to angle ¢. Therefore
the integration over ¢ in Eq. (8) gives a trivial 27 factor. In
the calculations of the average values of the physical quan-
tities that do not depend on ¢ this factor cancels with the
corresponding factor in the numerator.

An important feature of expression (8) is the Jacobian m
of the spherical coordinate system. It reflects the property
that in the treatment of the atomic moments as three-
dimensional vectors the statistical weight of the states with
large length of the vector is larger than the statistical weight
of the states with small length of the vector. There is no
analog of this factor in the Heisenberg-type models where
only the directions of the moments are considered as inde-
pendent variables.

The average value of physical quantity f(6,m) is given by

2

2 jus
(F(0,m)) = —”fz 6 sin 6
Z 0

X f dmm?*f(6,m)exp[— E(0,m)/kzT]. (9)

In the calculation of the average value of the z projection of
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Thermodynamics of Ni sublattice in NiMnSb
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FIG. 10. (Color online) The thermodynamics of the Ni sublat-
tice. Panel (a) presents calculation with full model [Egs. (8) and
(9)]. Panel (b) gives the results for the model with Jacobian m?
neglected. The results in panel (c) are obtained with only the inte-
gration over the angular variables preserved. Shown are average
magnetization {m_), average atomic moment (m), and average angle
(0) of the deviation from the z axis.

the Ni moments (myg;) function f(6,m)=m cos 6 is used, the
average values of the length of the Ni moment (my;) are
obtained with f(6,m)=m, and the average cosine of 6 is
calculated with f(6,m)=cos 6.

B. Results and discussion

In Fig. 10 we present the calculated temperature depen-
dence of the average magnetization of the Ni sublattice
(my;), the average value of the Ni moment (my;), and the
average angle (6) determined as arccos{cos 6). The calcula-
tion with the model given by Eq. (8) shows that the net
magnetic moment stabilizes after small decrease by about
5% in the first 50 K. The average length (my;) increases
monotonously and assumes the values of 0.23uz and 0.25up
at 150 K and 300 K. The average angle (#) also increases
monotonously and has the values of 39° and 47° at 150 K
and 300 K. Thus the deviation of the Ni moment from the
magnetization direction is considerable. Neither a collapse of
the Ni moment nor substantial decrease in the net magneti-
zation of the Ni sublattice is obtained. Such a behavior
agrees with experimental temperature dependence of the to-
tal net magnetization of NiMnSb that does not show any
specific features in the low-temperature region.

There are two experimental reports on the temperature
dependence of the partial magnetization of the Ni atoms.
Hordequin et al.'® performed polarized neutron diffraction
on NiMnSb and obtained (m3;)=0.18uz at 15 K and (mg;)
=0.19u5 at 260 K. This weak temperature dependence of the
net Ni moment is in very good agreement with our calcula-
tions. On the other hand, the magnetic circular dichroism
measurements by Borca et al.* are interpreted as giving
about 50% drop of both Mn and Ni moments between 50 and
150 K. Such a behavior disagrees strongly with the tempera-
ture dependence of the total net magnetization. We hope that
the present work will stimulate further magnetic circular di-
chroism studies of this system.

Figure 11 shows the probability distribution for the value
of the Ni moment that increases strongly with temperature.
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FIG. 11. (Color online) The probability density of the Ni mag-
netic moment for a number of temperatures.

For T=200 K the square root of the variance is 0.12. The
average value of the moment at this temperature is 0.24.
Therefore the relation of the average deviation from the av-
erage value to the average value is 50%. At T=300 K the
average value increases to 0.25up and average deviation to
62% of this value.

To understand the role of the m? factor in the calculation
of the thermodynamic averages we performed the calcula-
tions omitting this factor. Physically such a model means that
the longitudinal fluctuations of a moment are considered
separately for each direction of the moment. Therefore the
statistical weight of the fluctuations does not change with the
change of the length. Although the energy as a function of 6
and m remains the same the temperature dependence of av-
erages changes strongly [Fig. 10(b)]. We obtain strong de-
crease in {m.) in the interval between 0 and 100 K. At T
=50 K, the net magnetic moment is about 75% of the
ground-state value. It decreases to 55% at 100 K. The further
decrease becomes slower. At 150 K and 300 K the magneti-
zation is, respectively, 50% and 41% of the ground-state
value.

If we completely neglect the longitudinal fluctuations and
take for each direction of the Ni moment only the state with
the lowest energy corresponding to m®(6) the magnetization
decreases even faster [Fig. 10(c)]. For example at T
=100 K it has 44% of its value in the ground state. Also the
increase in the average deviation angle (#) with temperature
is maximal in this case.

Summarizing the analysis of Fig. 10 we conclude that,
first, a consequent treatment of the longitudinal fluctuations
of the Ni moments results in a very weak temperature depen-
dence of the Ni magnetization in the temperature region
where the Mn disordering can be neglected. This weak tem-
perature dependence of the magnetization is not a result of a
weakness of the magnetic fluctuations. At 7=100 K the av-
erage deviation angle is 34°. The transversal fluctuations of
the Ni moment are compensated by the fluctuations of the
value of the moment to lead to almost constant value of the
magnetization. If the Jacobian m? is neglected the compen-
sation does not take place.

In Fig. 12 we compare the Ni DOS in the energy region
around the Fermi level for the ground state (=0 and m
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FIG. 12. (Color online) The spin-resolved Ni DOS in the ground
state (solid line) and at 7=159 K (broken line).

=0.2up) and for the state with §=40° and m=0.23up corre-
sponding to the average angle and average moment at 7'
=159 K. The spin projections of the DOS are given with
respect to the global axis. In the main part of the energy
interval the heating leads to the decrease in the spin-up DOS
and the increase in the spin-down DOS. An opposite trend is
obtained only for unoccupied states at energies above 0.05
Ry. The half-metallicity is disturbed: no gap remains in the
spin-down DOS.

In Fig. 13 we present the spin polarization of the Ni DOS
calculated for the configurations characterized by average
values of angle (6)(T) and Ni atomic moment {my;)(T) for a
number of temperatures. This result shows again that the
decrease in the spin polarization begins immediately with the
temperature rising above 0 K. An interesting feature of the
calculated data is that indeed a kind of crossover in the tem-
perature region between 75 and 100 K can be registered. The
calculated values in two temperature intervals, below 75 K
and above 100 K, are well described by straight lines. The
coefficients of these curves are however different. At low
temperatures the decrease in the magnetization per 1 K is
larger than for higher temperatures. This crossover is a com-
bined effect of different factors such as the temperature de-
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FIG. 13. (Color online) The spin polarization of the Ni DOS at
the Fermi level as a function of temperature. The polarization is
calculated in both global and local spin-coordinate systems.
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FIG. 14. (Color online) Temperature dependence of the average
magnetization (m,), average atomic moment {m), and average angle
(6) of the deviation from the z axis for the Ni sublattice. The cal-
culations are performed for three different values of the longitudinal
stiffness of the Ni moment: a, 0.5a, 1.9a.

pendences of average magnetic moment (m), of average
angle (6), the dependence of the features of the DOS on
angle 6 and moment my;. We have shown that the longitudi-
nal fluctuations contribute importantly to the formation of
the averages and that the properties of the longitudinal fluc-
tuations are strongly influenced by the half-metallicity of the
ground state. Nevertheless the characterization of the cross-
over in the temperature dependence of the polarization as a
transition between the half-metallic and normal metallic state
does not have a real physical basis since the half-metallicity
is not preserved up to the cross-over temperature region.
Therefore our calculation agrees with experiments reporting
a crossover in the properties of NiMnSb at about 80 K. We
argue that the crossover cannot be treated as the transition
from half-metallic to non-half-metallic state. It reflects com-
plex properties of the magnetic fluctuations in NiMnSb. The
half-metallicity of the ground state is an important factor
influencing the properties of the fluctuations.

C. Variation of the longitudinal stiffness

As follows from the discussion above a natural treatment
of the thermodynamics of itinerant-electron magnets is the
mapping of the system on a m-type model that takes into
account the fluctuations of both the direction and the length
of the magnetization. Since the use of the Heisenberg-type
Hamiltonian is substantially simpler it is very often used in
the studies of the thermodynamics of magnetic systems. In
the Appendix we discuss the conditions that allow to reduce
the consideration from m-type model to e-type model.

An important condition for such a reduction is a large
value of the longitudinal stiffness that satisfies the inequality
a>kT. In this context it is instructive to see how strong is
the dependence of the thermal averages shown in Fig. 10(a)
on the value of the exchange stiffness. We performed addi-
tional calculations with parameters of the longitudinal stiff-
ness a’'=1.9a and a”"=0.5a, where a is the stiffness used
above. The results of the calculations are presented in Fig. 14
and reveal substantial dependence on the value of the stiff-
ness. Both (m_) and (m) compared at the same temperature
assume larger values for smaller stiffnesses. The decrease in
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the stiffness leads to the decrease in the energy of the longi-
tudinal fluctuations of magnetization. The energy curve in
the form of parabola is symmetric with respect to the mini-
mum. Therefore the change in the stiffness influences in the
same way the Boltzmann factor to the right and to the left of
the minimum point making larger fluctuations more prob-
able. The balance between two directions of the fluctuations
is disturbed by the Jacobian m? increasing the statistical
weight of larger m values.

The strong dependence on the value of a shows that even
for rather high values of the longitudinal stiffness the longi-
tudinal fluctuations make significant contribution to thermo-
dynamics. We do not present the results of the variation of
parameter ¢ responsible for the 6 dependence of the energy
minimum corresponding to m, (Fig. 5). There is a simple
scaling relation that the average values for temperature 7 and
parameters (aa,c) equal to the averages for temperature E
and parameters (a, ).

D. Closing remarks on the theoretical scheme

Closing the discussion of the thermodynamic model sug-
gested in the paper we emphasize two important features of
the calculational scheme. First, the parametrization of the
energy of magnetic fluctuations includes explicitly (i) the
calculated values of the magnetic moments supplying the
minima of the total energy for different relative orientations
of the Ni and Mn atomic moments and (ii) the calculated
longitudinal stiffnesses of the moments for these orienta-
tions. The second feature is a consequent treatment of the
Jacobian m? in the evaluation of the statistical weight of
magnetic states.

To the author’s knowledge there are two earlier DFT-
based studies of the thermodynamics of NiMnSb that take
longitudinal fluctuations of the atomic moments into ac-
count. The work of Kiibler?® focuses on the calculation of the
Curie temperature. It studies the fluctuations of the Mn mo-
ments and does not consider the fluctuations of the Ni mo-
ment that are the main subjects of the present study. LeZai¢ et
al.® use substantially different parametrization of the energy
of the fluctuations of the Ni moments. For the ith Ni moment
the energy is written in the form

am? + bm| — (E J,»jmj>mi, (10)
j#i
where J;; are Heisenberg exchange parameters and sum over
J includes summation over Mn and Ni moments. All coeffi-
cients a,b and J;; are constant and do not depend on the
magnetic configuration. Considering the longitudinal fluctua-
tion of the ith moment along a specified direction e; expres-
sion (10) allows determining both the value of the moment
m? corresponding to the minimum of the energy and the
longitudinal stiffness of the moment determined by the sec-
ond derivative with respect to m; at the point of minimum.
Variation of e; results in a correlated change in both m? and
stiffness governed by the values of the configuration-
independent parameters a,b and J;;. This parametrization
differs considerably from the scheme used in the present pa-
per where the values of m) and stiffness are determined in
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direct DFT calculations for various magnetic configurations.
The difference in the energy parametrization may be the rea-
son for the difference in the low-temperature thermodynam-
ics of the Ni moments obtained in the two works.

Note that the extension of the approach suggested in the
paper to the consideration of the model that treats on an
equal footing the thermodynamics of Ni, Mn, and Sb sublat-
tices is desirable and constitutes an interesting problem for
future studies. Such an extension is necessary to study the
thermal properties of NiMnSb up to and above the Curie
temperature.

It is also worth mentioning that the account for the elec-
tron correlations on the Mn sites performed within the dy-
namical mean-field theory (DMFT) (Ref. 2) points out on the
formation of the nonquasiparticle states (NQPS) above the
Fermi level in the semiconducting spin-down channel. To the
author’s knowledge the influence of the NQPS on the ther-
modynamics of the Ni sublattice has not yet been studied.

V. CONCLUSIONS

We report a detailed theoretical study of the thermal mag-
netic properties of the Ni sublattice in half-metallic NiMnSb.
The study is performed in the temperature interval where the
disordering of the Mn sublattice is weak and the properties
of the Ni sublattice can play a crucial role. In earlier work it
was suggested that the behavior of the Ni sublattice is re-
sponsible for the anomalies in the properties of NiMnSb de-
tected experimentally at about 80 K. We formulate a thermo-
dynamic model where both transversal and longitudinal
fluctuations of the magnetic moments are taken into account.
We show that the half-metallicity is robust with respect to the
longitudinal atomic fluctuations in the ground-state ferro-
magnetic structure. On the other hand the half-metallicity
imposes strong restrictions on the longitudinal fluctuations.
In contrast to longitudinal fluctuations the transversal fluc-
tuations disturb the half-metallicity. We show that the contri-
butions of the longitudinal and transversal fluctuations to the
temperature dependence of the Ni net magnetization com-
pensate, which leads to a very weak variation of the Ni mag-
netization in a broad temperature interval. This feature is in
agreement with experiment. Simultaneously a large ampli-
tude of the fluctuations results in strong decrease in the spin
polarization of the Ni DOS at the Fermi level. The calculated
temperature dependence of the Ni spin polarization reveals a
crossover in the temperature interval between 75 and 100 K
that correlates with experimental features in the temperature
dependences of the physical properties. Although this cross-
over cannot be interpreted as the transition from a half-
metallic to a non-half-metallic state the half-metallicity of
the ground state is an important factor determining the prop-
erties of the fluctuations and the temperature properties.

Since at room temperature the magnetic disorder of the Ni
sublattice is stronger than the disorder of the Mn sublattice
the spin polarization of the partial Ni density of states is
much weaker than the spin polarization of the Mn density of
states. Therefore in the fabrication of the devices aiming the
injection of spin-polarized electrons from NiMnSb to a semi-
conductor the termination of NiMnSb at the interface
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NiMnSb semiconductor with the layer of Mn atoms can re-
sult in much better injection performance than the termina-
tion with Ni layer. An experimental verification of the rela-
tion between the temperature dependence of the spin-
injection process and the termination of the magnetic system
at the interface with semiconductor is desirable.
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APPENDIX: HEISENBERG-TYPE MODEL
AS A LIMIT OF THE m MODEL

In this section we discuss within the concepts used in this
paper the physical limit in which the consideration of the
m-type model can be reduced to the consideration of the
e-type model.

We start with the expression for the energy that is the
generalization of Egs. (6) and (7)):

E({m;}) = E,({e;}) + E aflm;-m({eh . (A1)

Here=E({e;}) is the lowest energy for the states with spin-
configuration ({e;}) and m?({e;}) is the corresponding set of
the values of the magnetic moments. The second term in Eq.
(A1) describes the energy of the longitudinal fluctuations.
The partition function is given by

Z= Hj J dmjm.,z' exp[- ﬁaj(mj - m_?({ei}))z]

xfjﬂmwmwawwmw1<m>

where B=1/kpT. The average magnetization is given by
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meawwmﬂmmm

(m)=2
! f dmm; exp(— a{m; — m)[(e;)]}*)

X f [T dedo; sin 6,

J#Fi

X f f d¢;d0; sin 6, cos 0; exp{— BE[(e,)]}

X (f f H d¢;d6; sin 6; exp{~ BE[(ei)]})_ ,

(A3)

where a;=a;/kpT.

The mapping of a given system on a Heisenberg-type
Hamiltonian is valid in the case that the integrations in Eq.
(A3) can be reduced to the integration over angular variables
only. It can be verified that if m?({e,}) does not depend on
{e;} and the longitudinal stiffnesses satisfy the condition a;
>kT the expression for the average magnetization indeed
takes a Heisenberg-type form,

(mo) =2 m] f f [T dp.do; sin 6,

JFi

X f f dodb; sin 6; cos 0; exp[— BE({e;})]

-1
X (f f Hdd)idﬁi sin 6; exp[— BE({e,-})]) .

(A4)

If m)({e}) depends on {e;} expression (A3) does not re-
duce to the Heisenberg-type form even if the longitudinal
stiffnesses a;> kT. The Jacobian m? entering the general for-
mula (A3) leads to additional terms in the angular depen-
dence of the integrand function. If the condition a;>kT on
the longitudinal stiffness is not fulfilled the integration over
the values of the moments gives non-negligible contribution
into configurational integral.
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