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Giant Hall effect in Ni-Mn-In Heusler alloys
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We present experimental results on the giant Hall effect in the Heusler alloy NisoMns,_,In, with x=15.2. An
unusual field dependence of the Hall resistivity (py) was observed in the vicinity of the martensitic phase
transition, where py sharply increases up to py (15 kOe)=50 w ) cm. This value is comparable with the giant
Hall resistivity in magnetic nanogranular alloys. Associated with pg, the Hall angle reaches a giant value of

tan~! 0.5. An explanation of the giant Hall effect in NisyMns,_,In, Heusler alloys has been suggested.
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Since the observation the Hall effect in ferromagnetic ma-
terials in 1879, and especially its spontaneous counterpart,
the anomalous Hall effect (AHE), it has been a subject of
intense theoretical and experimental interest (for reviews
see Refs. 1-4, and references therein). The Hall resistivity
pr(pyy) in ferromagnets can be written as a sum of two terms

Pry =P =RoB,+ RATM ,, (1)

where the first term describes the ordinary Hall effect, which
is related to the Lorentz force, and the second one is the AHE
resistivity where R; is the AHE coefficient, and M, and B,
are magnetization and magnetic induction components, re-
spectively. It is well established that the AHE originates from
spin-orbit interactions, but the main mechanisms of the AHE
are still under debate, and some experimental results are still
unexplained (see, for examples, Refs. 5-7). Besides the prac-
tical importance of the AHE for spintronics applications and
magnetic sensing, this effect can provide unique information
about the electronic band and ionic structures, phase transi-
tions, spin polarization of current carriers, and so on. In ad-
dition, many other phenomena, such as anomalous thermo-
magnetic effects such as the Nernst-Ettingshausen effect, the
spin Hall effect, the optical Hall effect, and the magneto-
optical properties in the infrared band have the same origin.’

The most puzzling, and still far from being well under-
stood, behavior of the AHE was found in heterogeneous
magnetic nanogranular alloys with a metal volume fraction
close to the percolation threshold.> Such systems exhibit a
giant AHE (GHE) with the magnitude of R, at least three
orders larger than that for Ni or Fe without any R,~ p® or
R~ p correlations. It was found that the GHE appears only
if the composition of these heterogeneous systems is very
close to the percolation threshold, and if the granular size is
less than several nanometers. Several hypotheses, such as
enhanced spin-orbit interaction,® enhanced scattering by
interfaces,” and quantum percolation'® were proposed, but
each of these hypotheses has its own drawback.

A strong magnetic and structural heterogeneity as ob-
served in nanogranular alloys can be expected in off-
stoichiometric Ni-Mn-In Heusler alloys. Some of these
compounds demonstrate a temperature-induced first-order
structural phase transition from a high-temperature austenitic
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phase (cubic L2, or B2 crystal structure) to a low-
temperature martensitic phase at 7), (or reverse transition at
T,) characterized by a crystal cell of lower symmetry.!! The
properties of the alloys are strongly influenced by magnetic
field, temperature, composition, mechanical stresses, and
treatment prehistory. As a result, the alloys exhibit a mag-
netic field-induced reverse martensitic transition from the
low magnetization martensite to the higher magnetization
austenite at H=H,;, exchange bias, giant magnetocaloric ef-
fects, nonreciprocal effects in magnetization, and so on (see
Refs. 12-15).

In this Brief Report we will focus on the alloy
NisoMnso_In, with x=15.2 as the typical representative
sample of NisyMns,_,In, system. We report the experimental
results on the Hall resistivity, py (H,T). We observed very
unusual field dependences of py (H,T), no correlation be-
tween AHE and ordinary resistivity p, and a giant value of
Hall effect angle, 6y=tan™!(py/p)=tan™' 0.5. All of these
features are due to the strong disorder and clusterlike micro-
structure of the alloy.

The sample has been fabricated using the conventional
arc-melting method described in detail in Ref. 15. The mag-
netic measurements at low magnetic fields and fields up to
15 kOe were made using a vibrating sample magnetometer
(VSM, LakeShore 7400 System), and fields up to 50 kOe
fields by a superconducting quantum interference device
magnetometer (Quantum Design). Magnetotransport mea-
surements were carried out using the standard four-point
method using a fully automated system in a temperature in-
terval 77-400 K at magnetic fields (H) in the range
5-15000 Oe. Temperature-dependent magnetization curves
(M(T)) were measured in H=0.2 and 50 kOe fields, and in
the temperature range 5—400 K. The transition temperatures
have been determined using the local maxima of dM/dT
curves. Magnetization measurements were carried out during
heating after the sample was cooled from 400 to 5 K at H
=0 [zero field cooled (ZFC)], if it is not specifically stated
otherwise.

The M(T) curves for NisyMns, gIn;s, [see Fig. 1(a)] are
characterized by sharp changes in magnetization at T, 4 and
at the Curie temperature (7), hysteresis of M(T), and a
strong shift of T}, 4 to low temperatures with increasing mag-
netic field. The magnetization isotherms [see Fig. 1(b)] are
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FIG. 1. The distinctive magnetic properties of NisyMnsy gln;s:
(a) M(T) curves obtained with H=20 Oe and 50 kOe (inset). M(T)
curves were carried out during the cooling process (from 400 K) in
the presence of magnetic field [field cooled cooling (FCC)], and
while heating after the sample was cooled from 400 to 5 K in the
presence of magnetic field [field cooled heating (FCH)]. (b) Mag-
netization isotherms at different temperatures. Arrows indicate the
transition temperatures and the directions of the temperature (a) or
magnetic field (b) changes during the measurements.

not saturated even at 15 kOe at T<<T,, and exhibit the be-
havior associated with a field-induced martensitic metamag-
netic transition in the vicinity of Ty, 4 [see M(H) at T=197
and 203 K in Fig. 1(b), and Ref. 12].

The obtained results for the dependences of the py on
magnetic field and temperature are presented in Fig. 2. If T
>T, [Fig. 2(a)], py increases with applied field and the
curve changes its slope at some field because the second term
in Eq. (1), corresponding to the AHE, tends to saturate with
magnetization, but the first term continues to grow with mag-
netic field. This is a typical behavior for py of most common
magnetic materials. However, when T<T},, Fig. 2 shows ab-
normal field dependences. More specifically, py(H) does not
tend to saturate even at 15 kQe; its slope changes once (or
even twice), and sometimes changes sign. Moreover, in the
vicinity of Ty, py(H=15 kOe) reaches a very large value of
50 uQ) cm, which is about two to three orders of magnitude
greater than that observed at this temperature for any com-
mon magnetic materials."> This value is only four times
smaller than the GHE in all-magnetic nanogranular alloys
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FIG. 2. [(a) and (b)] Hall resistivity of NisgMn34¢ln;s, at dif-
ferent temperatures.

NiFe-SiO, with compositions close to the percolation
threshold,’ and it is at least five times greater than the AHE
observed for metallic, high-resistivity nanogranular alloys.®’
However, the NisgMnsg 4In;s, compound has a much smaller
ordinary resistivity compared to nanogranular alloys, and
therefore the Hall angle 6,=tan™!(py/p) reaches a giant
value of §;=tan"'(0.5).

We will now make a qualitative explanation that is self-
consistent with the data, by considering that the alloy is com-
posed of two components: the first one is in the austenitic
phase with a volume fraction ¢, and the second one is in the
martensitic phase with volume fraction 1—c. The key point is
that the GHE can be observed only in the case where nano-
sized granules of ferromagnetic (FM) metal form a percola-
tion network in a matrix. We can reasonably assume that,
when T close below T, nanosized grains or clusters of aus-
tenitic phase are dispersed in the martensitic matrix with a
concentration close to the percolation threshold. Therefore
we can estimate the volume fraction of austenitic phase at T,
as the percolation threshold of the mixture of spherical balls
¢(T4)=0.33. This value is quite reasonable because, at room
temperature which is about 90 K above T, x-ray diffraction
(XRD) experiments give 1—c as about 14%.> Since the ma-
trix is a metal, the resistivity of NisyMns4gIn;s, is much
smaller than in the case of NiFe-SiO,. Because the austenitic
grains are of nanosize, they can be of single domain or su-
perparamagnetic (SP). There is no saturation of either the
magnetization or the Hall effect resistivity in H=15 kOe,
hence it is possible to conclude that, at 7<T, and in H
<H,,, the austenitic grains are in a superparamagnetic state.
Thus, in certain temperature interval below 7, and H<<H,,,
there is a small amount of SP grains in a FM matrix, and

092408-2



BRIEF REPORTS

50 F
80 | TI/
0 Eg . o
[}
s L zFc : o9
L % _ ] T x
2 H=0 } o ©
30 | = 60 H nonu
g = i ‘ I T
o o 50 -
a L
220 4 P T T ... R
g 0 100 200 300 400
<
I
(o}

80 100 120 140 160 180 200 220 240
T(K)

FIG. 3. Temperature dependencies of py for NisyMns,glngs,
at 5 and 15 kOe. Inset: temperature dependence of p(7) of
NisoMI’l34'8In15'2 at H=0.

each of these grains play the role of a nucleus of austenitic
phase and are responsible for the irreversibility in the sys-
tem. (The significant amount of austenitic fraction has been
reported in Ref. 16 far below T, from direct XRD measure-
ments in a Ni,Mn,; 4Sb, ¢ alloy showing similar behavior to
that of NisoMnsy, gln;s,.) With increasing temperature, the
volume fraction of these grains increases and therefore the
magnetization gradually decreases. At 7, they form a perco-
lation network and become ferromagnetic and, as a result the
magnetization sharply increases. Both the size and the
amount of austenitic grains increase with magnetic field, re-
sulting in a shift of 7, to low temperature, and a field-
induced metamagnetic transition (Fig. 1).

In the framework of the effective-medium theory, the Hall
resistivity of a two-component system can be written as
follows:!”

1-c p 2
bu= 2 5[Ro1B,1 +4mRM ]| —
p2\"[P+2p P
1=c)+c|l =] | —
pi/ \p+2p;
C
+ 2 5[RpB, +4mRHM 5
P2\ p+2p;
c+(1-¢)
pi/ \p+2p,
2
2] o
[20)

where indexes 1 and 2 correspond to the first and second
components. The field dependences of the Hall resistivity of
the austenitic grains and the martensitic phase are completely
different (Fig. 2). It should also be taken into account that the
ordinary resistivities of the components are different (inset in
Fig. 3) and the system exhibits magnetoresistance. As a re-
sult, according to Eq. (2), there is a very complicated field
dependence of the total Hall resistivity (Fig. 2), which is not
a simple sum of Hall resistivities of the martensitic and aus-
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tenitic phases, and there is no correlation between py and p.

Let us come back to the main result of the present work—
the observation of the GHE and the GHE angle. Since the
system under consideration is metallic, we can exclude
the presence of several mechanisms, such as quantum
percolation'® or the influence of high-resistivity contacts be-
tween grains.” It should be emphasized that the increase in
the AHE near T),, is accompanied by a decrease in the
resistivity (see inset in Fig. 3 at 7). It means that interface
scattering and size effects (both quasiclassical and quantum)
are not responsible for the observed behavior, and that dif-
ferent groups of current carriers are responsible for the AHE
and resistivity. Indeed, the AHE originates from spin-orbit
interactions that are strong for d-like electrons but weak for
s-like electrons.

To proceed further, four features should be pointed out. (i)
The GHE was observed only for fields corresponding to
metamagnetic behavior. (i) The GHE takes place only in a
very narrow interval of temperatures, and py changes its sign
immediately after reaching the maximum value. (iii) The py
does not tend to saturate at 15 kOe. (iv) At the temperature
corresponding to the maximum of the Hall resistivity, the
diagonal o, and off-diagonal o,, conductivities are of the
same order of magnitude.

As far as metamagnetic transitions in metallic systems are
associated with electronic band-structure changes, and since
the Hall resistivity changes its sign in the vicinity of marten-
sitic transition [see Figs. 2(a) and 2(b)], we can conclude that
the main reason for the GHE (while heating) in our case is an
electronic band-structure transformation accompanied by an
increase in the total density of states at the Fermi level
N(Ey), mostly from the d component of NY(Ey), where the
Fermi level crosses the degenerate d states. The electronic
band-structure transformation might occur at 7, and it is
accompanied with appearance of long distance ferromagnetic
order of the austenitic phase. Since the N(Ep) is larger for the
austenitic phase compared to the martensitic modification of
the crystal structure,'®!® and the ordinary resistivity p
=1/0~ 1/[N(Eg)?], p(T) decreases during this transforma-
tion (see inset in Fig. 3) in spite of the increase in thermal
disorder that confirms the aforementioned statement. But if
o, ~A[N(E)?], where A depends on the scattering potential
(A~V72), the off-diagonal conductivity o, is much more
strongly related to the density of states, and specifically to
the d-state contribution, N%(E), to the total density of states.
The order of magnitude of o, can be estimated as**2*2!

Ty~ VNN ~ ARV E PN,

A3)

where \,, is the spin-orbit parameter, A is the energy differ-
ence between two subbands coupled by spin-orbit interac-
tion, V is linearly dependent on the scattering potential, «
=1 in the case of skew scattering, and =2 in the case of
side jump or an intrinsic mechanism.>*?%2! As a result, py
and Hall angle can be written as follows:
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AA [N(ERT ’
(4)
- - )\soNdE)z NdE)a
Oy = tan™'(py/p) =~ tan I(X[ ( F[}v?E/IE)]Z( 2ll; )
(5)

It follows from Egs. (4) and (5) that the GHE can be

observed only when the ratio 5" is significant. This should be
the case if the Fermi level is located in the very narrow
interval of energy of degenerate states A~ \,.2*> This in-
terval of energy is comparable to kzT), 4. This condition in
some sense resembles the idea of enhanced spin-orbit inter-
action at interfaces.® In addition, the scattering should be
strong V(NE)~1 , and this is the case because the resis-
tivity is about 100 w{) cm. The proposed scheme allows us
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also to explain the increase in Hall resistivity py simulta-
neously with the decrease in ordinary resistivity p(7) (Fig.
3). That follows from Eq. (4) when N(Ey) increases [due to
an increase in N%(Ej)]. The proposed model also explains
that the observed value of the GHE angle is quite unique in
the sense that several requirements should be satisfied to ob-
tain the value of the angle.

Finally, it should be strongly emphasized here that, re-
gardless of the proposed mechanism of the GHE in Heusler
alloys, the giant value of the Hall angle is the most important
characteristic for possible applications of the Hall effect in
spintronics and magnetic sensors.
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