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We propose two novel approaches to study the temperature dependence of the magnetization and the
spin polarization at the Fermi level in magnetic compounds, and apply them to half-metallic ferromagnets.
We reveal a new mechanism, where the hybridization of states forming the half-metallic gap depends on
thermal spin fluctuations and the polarization can drop abruptly at temperatures much lower than the Curie
point. We verify this for NiMnSb by ab initio calculations. The thermal properties are studied by mapping
ab initio results to an extended Heisenberg model which includes longitudinal fluctuations and is solved
by a Monte Carlo method.
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Half-metallic ferromagnets (HMFs) are ferromagnetic
metallic compounds showing, in the ideal case and at zero
temperature, a spin polarization of P � 100% at the Fermi
level EF. This means that the spin-resolved density of
states (DOS) shows a metallic character only for one spin
direction (usually majority spin), with energy bands cross-
ing EF; contrary to this, the other spin direction (minority
spin) behaves like an insulator with EF inside a band gap.
This exotic behavior has inspired extensive research, since
the extreme spin polarization suggests that HMFs are ideal
for inducing and manipulating the transport of spin-
polarized electrons.

Since the original introduction of HMFs in 1983 [1],
their properties have been explored in depth. Theoretical
studies have focused mainly on their ground-state proper-
ties: the magnetic moments and the origin of the gap [2].
The stability of the gap was studied with respect to spin-
orbit coupling [3], surface and interface states [4], tetrago-
nal distortion [5], the presence of defects [6], and the
appearance of nonquasiparticle states [7]. The extreme
spin polarization has also been verified experimentally in
a few compounds [8]. However, it is clear that the ideal
half-metallic property (P � 100%) cannot be present at
elevated temperatures T. Fluctuations of magnetic mo-
ments mix the two spin channels, and at latest at the
Curie point, TC, the polarization vanishes together with
the magnetization. Thus, for applications one seeks HMFs
with TC significantly higher than room temperature, rea-
sonably assuming that the T dependence of the spin polar-
ization, P�T�, approximately follows the magnetization,
i.e., P�T� / M�T� [9]. But the theoretical study of P�T� is
far from trivial. Material-specific, first-principles calcula-
tions based on density-functional theory (DFT) capture the
physics of hybridizations and bonding essential to the
half-metallic property [2], but are designed in principle
for the ground state and not for excited state properties.
Nevertheless, adiabatic spin dynamics can be approxi-
mated within DFT, with successful applications in the
prediction of TC [10–14].

In many cases, HMFs have more than one magnetic
atom per unit cell. For example, NiMnSb, a half-Heusler
compound and prototypical example of all HMFs, has two
magnetic atoms: Mn and Ni. It is the d-d hybridization
between the Mn and Ni minority states that opens the half-
metallic gap [2], at least at T � 0. At higher temperatures,
directional fluctuations of local moments reduce the mag-
netization. In one-component systems it is well known that
the magnetic configuration at each instant shows some
degree of short-range order: small regions present almost
collinear magnetic moments, with a local spin quantization
axis êloc not necessarily parallel to the average moment
(the global axis êglob), while the low-energy, long-
wavelength fluctuations are more significant for the de-
crease of the magnetization. This behavior continues up to
and even above TC. However, rather little is known for
multicomponent systems, when the sublattices are coupled
with different strength so that they can lose the magnetic
order at different temperatures.

We follow two approaches to the excited states, based on
DFT (one in connection to an extended Heisenberg model,
and one within mean-field theory), in order to elucidate the
problem of magnetization and polarization at T > 0. Our
focus is on NiMnSb, but the method is applicable to any
multicomponent system. We conclude that the hypothesis
P�T� / M�T� is not valid. Instead, P�T� can fall off much
faster than M�T�. Furthermore, for NiMnSb we find that
the Ni moment disorders already at very low T, showing a
susceptibility peak at 50 K.

We expect that the decrease of P in the presence of
noncollinear fluctuations arises due to three mechanisms:
(1) A globally noncollinear effect: The local axis êloc of a
region with short-range order is in general not parallel
êglob. Thus, there is always a projection of locally spin-
up states to the globally spin-down direction in the gap
region. (2) A locally noncollinear effect: The short-range
order is not perfect, since the spin axis of each atom varies
with respect to that of its neighbors. This effect can be
more significant in multicomponent systems. Its result is
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that, even in a local spin frame of reference, spin-up wave
functions of each atom are partly projected into the spin-
down states of its neighbors within the gap, so that P is
diminished. In the presence of only the first effect, P�T� is
expected to follow the average magnetization M�T�; the
second effect arises in addition to the first, and P�T� is even
further reduced. (3) A hybridization effect (change in hy-
bridization strength), which has been overlooked so-far,
leads to a closure of the gap by shifting the conduction and
valence band edges. In Fig. 1(a) we show schematically
how the three mechanisms affect the minority-spin DOS.
Naturally, changes in the majority DOS also occur and
charge neutrality is conserved.

We turn now to the specific system NiMnSb. We find by
first-principles calculations that, in the ground state, the
Mn local magnetic moment is large (MMn � 3:7�B), while
the Ni local moment is much smaller (MNi � 0:26�B) and
originates mainly from the hybridization of the d orbitals
of Mn with the ones of Ni (the same mechanism which
opens the half-metallic gap [2]). In particular, the d-d
hybridization causes some transfer of weight from Mn to
Ni in the unoccupied states and vice versa in the occupied
ones. Thus, the Ni moment is formed, while the Mn mo-
ment is reduced. Consequently, the Ni moment does not
really arise from strong intra-atomic exchange interactions
(Hund’s rule), and its formation lies at a much lower
energy scale than that of the Mn moment. We verify this
conclusion by performing constrained DFT [15] calcula-
tions: when the Mn magnetic moment is forced by a
magnetic field to form an angle to its Mn neighbors, it
changes very little, even in an artificial antiferromagnetic
configuration. Contrary to this, the Ni moment vanishes
already when it is constrained at an angle of 90� with
respect to the Mn moment, or when the Mn moments are
placed in an artificial antiferromagnetic order.

We approach the finite-temperature properties using the
adiabatic approximation for the calculation of magnon
spectra [16]. We employ the full-potential linearized aug-
mented plane-wave method as implemented in the FLEUR

code [17] within the generalized gradient approximation
[18] to DFT. Total-energy calculations of frozen magnons,
performed at the equilibrium lattice constant of 5.9 Å, on a
dense mesh of 2745 wave vectors ~q and 4096 ~k points,
provide the magnon dispersion relations E� ~q�. A subse-
quent Fourier transform yields the exchange constants Jij
between sites i and j (2fNi;Mng) [10], mapping the sys-
tem to a classical Heisenberg model. Thermodynamic
quantities such as the magnetization M�T�, susceptibility
��T�, and Curie point TC can be found within this model by
a Monte Carlo method [19]. In multicomponent systems
we also consider the sublattice susceptibility �n and mag-
netization Mn (n is a sublattice index). A peak of �n�T�
signals the release of the corresponding degrees of free-
dom; i.e., the sublattice magnetization is randomized to a
great extent. The total susceptibility ��T� presents a peak
at TC.

While the Mn moment can be treated within the
Heisenberg model as having a fixed absolute value and
fluctuating only in its direction, for the weak Ni moment
the longitudinal fluctuations are energetically as relevant as
the transversal ones. These considerations require an ex-
tension of the traditional Heisenberg model allowing fluc-
tuations of the magnitude ofMNi. This is possible, since the
energy needed for constraining the Ni moment can be
calculated within DFT and fitted well by a fourth-order
function. Within this approximation, at each Ni site i the
neighboring atoms, placed at sites j, act as an exchange
field ~Bi �

P
jJij ~Mj polarizing the Ni atom. Thus, the

energy expression for the Ni atom at i includes the magni-
tude of the local moment Mi and the neighbor-induced
polarizing field, and the total Hamiltonian reads

 H��
1

2

X

i;j

Jij ~Mi � ~Mj�
X

i2fNig

�aM2
i �bM

4
i � ~Bi � ~Mi�: (1)

Both the constants a � 18:4 mRy=�2
B and b �

42:6 mRy=�4
B, which are fitted to the ab initio total-energy

results, are positive, giving an energy minimum at Mi � 0
if the neighbors have a zero net contribution, i.e., if ~Bi � 0.
The second sum of Eq. (1) is applied to all Ni sites i in the
Monte Carlo calculation, on top of the first part, which is
the usual Heisenberg expression. Note that, although the Ni
moment is small and resulting from hybridization, a rem-
nant of intra-atomic exchange still exists in Ni, giving an
enhanced on-site susceptibility. This assists the local mo-
ment formation and is reflected in the values of a and b.
The system can be regarded as an alloy of a strongly
magnetic subsystem (Mn) with a paramagnetic subsystem
with Stoner-enhanced susceptibility (Ni) [20].

After calculating the exchange parameters Jij (our re-
sults agree with those of Ref. [12]), the Monte Carlo
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FIG. 1 (color online). (a) Modification of spin-down DOS
around EF reducing the spin polarization due to mechanisms (1)–
(3) as discussed in text. (b) DOS of NiMnSb in the ground state
(solid line) and in the state when the Ni moment has been
constrained to an angle of 60� with respect to the Mn moment
(dashed line). (Inset) Dashed line: Here, Mn moments of neigh-
boring layers along �001	 direction form an angle of 50� with
respect to each other, while the Ni moments are allowed to relax.
DOS are projected to the global frame.
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calculation according to Eq. (1) yields the sublattice mag-
netizations MMn�T� and MNi�T� and the susceptibilities
�Mn�T� and �Ni�T�, shown in Fig. 2(a). Evidently, the
overall thermodynamics are governed by the mighty Mn
moment. The phase transition is clearly seen by the peak in
the susceptibility ��T�, which grossly coincides with the
Mn sublattice susceptibility �Mn�T�. A value of TC 

860 K is deduced, verified also by the method of cumulant
expansion [19], and lies between the value of 940 K calcu-
lated in [14] and the experimental value of TC � 730 K.
The surprising feature, however, is the behavior of MNi�T�
and �Ni�T�. Already at low temperatures, around 50 K,
MNi�T� shows a rapid drop and �Ni�T� a corresponding
narrow peak. If we exclude the longitudinal fluctuations
and work within the traditional Heisenberg model, an
unpronounced behavior can be seen [broad maximum in
�transv

Ni �T� at around T � 300 K in Fig. 2(a)]. These re-
sults show that the Ni sublattice magnetic order is lost to
a great extent. This behavior is traced back to the com-
paratively weak exchange constants Jij of the Ni moments
to the neighboring atoms, as we found by the ab initio
calculations.

Only a few experimental data exist on the T dependence
of MNi. Neutron scattering [21] at 15 and 260 K shows a
steady MNi (0:18�B), but a decreasing MMn (from 3:79�B
to 3:55�B). We do not know of any theoretical reason for
the magnetically weak Ni to keep its moment while the
strong MMn drops. X-ray magnetic circular dichroism
measurements [22] show a fast drop of both MMn and
MNi at 80 K to half their ground-state value, and a level-
off thereon. Such behavior is most unusual, but as stated in
[22], surface effects possibly complicate the interpretation
of dichroism data.

It is well known that the classical Heisenberg model
cannot capture the very low-energy spectrum of the quan-
tum Heisenberg model; therefore the low-T behavior of M
is usually not well reproduced. However, since the longi-

tudinal fluctuations (essential to our model) on the Ni
sublattice allow for a high rate of energy absorption around
the crossover (50 K), the classical treatment of the Ni
sublattice is applicable already at such low T. We believe
the peak of �Ni and the drop of MNi at low T to be
connected to the so-far unexplained experimental findings
of an anomaly in the temperature dependence of the mag-
netization and the resistivity at approximately 80 K [23].
Assuming that the magnetic moments on the Ni sublattice
are disordered, the system can dissipate energy at a higher
rate leading to an increase in resistance.

Despite the loss of short-range order in the Ni sublattice,
mechanism (2) of local noncollinearity does not affect the
polarization significantly. Since the gap originates from the
d-d hybridization between Ni and Mn spin-down states,
and since the Ni d states are below EF for both spin
directions, a rotation of the Ni moment causes a hybrid-
ization of the Mn d spin-down states partly with the Ni
spin-up states and partly with the Ni spin-down states.
Consequently, the d-d hybridization remains, but the gap
is reduced. The relevant DOS is shown in Fig. 1(b), for the
case of the Mn moments remaining in a ferromagnetic
configuration, while the Ni moments are constrained to a
60� angle relative to Mn (whence their magnitude is re-
duced to 0:16�B). The reduction of the gap follows from a
reduction of the hybridization strength: as the Ni moment
is reduced, its spin-down states move lower in energy and
hybridize less with the Mn spin-down states. Thus, the
spin-down ‘‘conduction band’’ ultimately reaches EF and
half-metallicity is lost. This is the signature of the hybrid-
ization mechanism (3), and comes on top of the noncol-
linear behavior of the Mn atoms [mechanisms (1) and (2)],
which is weak at such low T since the average Mn moment
is still high, dictated by Bloch’s T3=2 law. At higher tem-
peratures the locally noncollinear mechanism (2) should
appear for Mn. The inset of Fig. 1(b) shows the state when
Mn moments of neighboring layers form an angle of 50�

with respect to each other. Although mechanism (2) pro-
duces a mild effect of a finite spin-down DOS at EF, a
protrusion appears just 0.2 eV under EF. This is again
related to mechanism (3), which is now triggered by the
noncollinear configuration, and can cause a collapse of P if
the protrusion reaches EF.

A quantitative estimate of the polarization as function of
T or of the order parameter M requires knowledge of the
response of the electronic structure to the increase of T. We
achieve this by proceeding via mean-field theory, with the
disordered local moment (DLM) state [11] representing the
system at T > 0 in a mean-field manner. A Mn site can then
have a ‘‘down’’ orientation Mn#x (opposite to the magneti-
zation) with probability x, or an ‘‘up’’ orientation Mn"1�x
(parallel to the magnetization). The ferromagnetic ground
state (T � 0) corresponds to x � 0, while the Curie point
corresponds to x � 0:5. The electronic structure of the
DLM state for each x is found within the coherent poten-
tial approximation (CPA), utilizing the Korringa-Kohn-
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FIG. 2 (color online). (a) Monte Carlo results for the
T-dependent magnetic properties. MNi (magnified by a factor
10) drops fast at 50 K, fluctuating transversely and longitudi-
nally; a susceptibility peak [�Ni�long� tr�] is evident. If only
transverse fluctuations are allowed, �Ni�transv� has a broad
maximum. (b) P at EF as function of total spin moment for
the DLM states for NiMn"1�xMn#xSb calculated with the CPA.
The degree x of disorder increases from left (x � 0) to right (x �
0:5), simulating the increase of T from 0 to TC.
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Rostoker full-potential Green function method within
DFT. This yields the average magnetic moment M�x�
[approximately, M�x� � M�0��1� 2x� so x is an alterna-
tive order parameter] and the polarization P�x�.

We study the DLM states, NiMn"1�xMn#xSb, with varying
concentration 0< x< 0:5. One can directly check the
hypothesis P�T� �M�T� [9]. As shown in Fig. 2(b), such
a relation does not hold. Instead, from a certain M on, P
drops much faster thanM. The reason can be traced back to
the change in hybridization as x (or T) increases: each Ni
atom has on average 4�1� x� Mn" neighbors and 4x Mn#

neighbors. The occupied d states of the latter hybridize
with the occupied spin-down states of Ni, push them higher
in energy, and diminish the gap; EF reaches finally the
valence band and P collapses. An approximation of M�T�
within mean-field theory can be found by the use of the
Brillouin function Bj. Doing this for j � 5=2, we assigned
the temperature values shown in Fig. 2(b). We see that, up
to a ‘‘collapse temperature’’ T0 � 0:42TC (about room
temperature), P�EF� remains close to 100%, but then it
drops fast, e.g., P 
 35% at T � 0:67TC (for j � 2, T0 �
0:45TC). The globally noncollinear mechanism (1), not
captured by the CPA, should be present on top of this
behavior. Therefore, the initial plateau of P (up to T0)
should be corrected towards a linear drop as P�T� �
M�T�=M�0�.

In summary, we have investigated the behavior of half-
metallic ferromagnets at elevated temperatures, with an
emphasis on the properties of the gap and the spin polar-
ization at EF. We introduced an extended Heisenberg
model including both transversal and longitudinal mag-
netic fluctuations, to treat multicomponent magnets which
include subsystems of large moments coexisting with para-
magnetic subsystems exhibiting a Stoner-enhanced sus-
ceptibility. The parameters entering the model were
determined from first principles. We also estimated the
polarization at EF within a CPA averaging. As prototypical
system we have chosen the half-Heusler compound
NiMnSb. Our conclusions are the following: (i) In
NiMnSb, the Ni sublattice is weaker coupled than the
Mn one; longitudinal fluctuations of the Ni moment are
energetically as important as transversal fluctuations. This
leads to an early crossover behavior of the magnetization at
T 
 0:06TC where the average Ni moment is lost. (ii) The
hybridization creating the gap is still present but the fluc-
tuations change its strength. At this stage the gap width is
reduced. (iii) At higher T, fluctuations of the Mn moments
introduce a low DOS into the gap leading to a mild
reduction of P, and, after a point, the hybridization changes
so much that EF crosses the band edges. This is when the
polarization collapses (around 0:42TC within mean-field
theory). The behavior of P shown here seems rather gen-
eral for half- and full-Heusler alloys exhibiting half-
metallic ferromagnetism as we found by additional calcu-
lations. For example, for Co2MnSi, P was close to 100%
till 0:27TC, then it dropped fast, changed sign at 0:63TC

and went back to zero at TC. The decisive factor for the
thermal collapse of polarization is the change in hybrid-
izations due to the moment fluctuations; the effect of non-
collinearity [9] is much milder. This work calls for
experimental efforts to measure the sublattice magnetiza-
tion and the spin polarization at EF as function of T for
half-metals.
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