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Experimental evidence of the possible existence of s

pontaneous spin polarization of the electron

system in hybridized states formed by transition element impurity atoms in the conduction band of

semiconducting crystals is examined. The details of
the temperature dependence of the specific heat and
with iron impurities confirm the feasibility of establi

a quantitative interpretation of experiments on
elastic moduli of mercury selenide crystals
shing the presence of electron spin polarization

in this type of experiment, as well as the possible existence of polarization in the crystals studied

here. Theoretical arguments support the observation
owing to spontaneously polarized donor electrons

of a thermodynamic anomalous Hall effect
from low-concentration impurities. © 2013

AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801435]

Introduction

The physical properties of semiconductors with transi-
tion element impurities have long been of interest for
many reasons. Recently this interest has focussed mainly on
problems relating to the occurrence of spontaneous spin
polarization of conduction electrons at room temperature in
sufficiently perfect systems with a well controlled structure.
The customary way of solving these problems is to create
ever more complicated multicomponent systems. Based on
our studies, we hope to demonstrate the effectiveness of yet
another way in which systems with hybridized impurity elec-
tron states are used. Hybridization of the electronic states in
the conduction band of a crystal matrix is a quite widespread
phenomenon that is typical, in particular, of narrow gap crys-
tals with transition d-element impurities. We have done'
experiments on mercury selenide crystals with impurities of
the 3d-elements and provided a detailed quantitative inter-
pretation of the experimental data that yielded a reliable
determination of the parameters of the hybridized states. The
electron density in the hybridized states corresponds to a
combination of localization and free motion. Localization in
the conduction band can produce an effective spontaneous
spin polarization of the electrons in the hybridized states.
Then the conducting part of the states ends up polarized,
which can mean that the conduction electrons can be polar-
ized at high temperatures. In a theoretical description of this
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scheme? it was pointed out that previous data on the temper-
ature dependences of the specific heat® and sound speed”
may correspond to the existence of spontaneous spin polar-
ization of the electrons in hybridized states in mercury
selenide with iron impurities. The present article can be
regarded as an extension of Ref. 2. Here we give a more
detailed justification of the analysis of the experimental
data®* and then consider a theoretical argument for the feasi-
bility of direct observation of spontaneous spin polarization
of conduction electrons in experiments on the anomalous
Hall effect.

Detecting spontaneous polarization of hybridized states in
impurity electron thermodynamic effects

It is difficult to detect spontaneous polarization of elec-
trons in the objects considered here because of the small
magnitude of this polarization. Nevertheless, proof of the
existence of this effect is of great interest, both because of its
fundamental significance, and because of the high likelihood
of technological applications. As a preliminary argument in
favor of further study, we note that, according to data on
magnetic susceptibility, the states of the electrons in the tran-
sition element impurity atoms, which become donors in the
conduction band, have an initial spin polarization. In particu-
lar, the state of one electron of an iron impurity atom in the
conduction band of crystalline mercury selenide has a spin
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polarization opposite in sign to the coexisting polarization of
the states of the five electrons in the valence band. This spin
polarization effect is caused by intra-atomic exchange inter-
actions corresponding to energy on an atomic scale. Of
course, the scale of the interaction energy, which provides
for this polarization of the aggregate of impurity donor elec-
trons in the conduction band of the crystal, can be much
smaller, since this is facilitated by the spreading of the elec-
tron density over the entire crystal. However, hybridization
of the states of the localized (atomic) and free motion can
reduce the role of this spreading in the weakening of the
exchange interaction, since it the localization then contrib-
utes to the electron density. Thus, hybridization means that it
is possible, to some extent, to conserve the original polariza-
tion of the donor electron for the entire aggregate of these
electrons. This idea has raised the possibility of spin polar-
ization of the electron systems in hybridized states and of an
experimental observation of this effect. The theoretical prob-
lem has been examined previously>> and here we discuss the
problem of observing this effect experimentally.

The experimental data are interpreted using the previ-
ously developed description of hybridized states, for which
the basic foundations were discussed in detail in Ref. 2.
Spontaneous spin polarization of these kinds of states under
the assumption that the entire electron system has the same
sign for the polarization within a single hybridization inter-
val is modelled by introducing a shift in the energies of the
electrons within this interval by an negative polarization

energy f5. f is given by
p= | donon (o) e+ /2, 1)

where Y is an energy parameter characterizing the inter-
electron exchange interaction, n; is the impurity concentra-
tion, which equals that of the donor electrons, and
f(e) = {exp|[(¢ — <) /T] + 1} ". This equation only includes
the part of the density of electron states related to the local-
ized electron density and is taken as the basis for determin-
ing the spin polarization. In our approach, it is described by
the function

i(e) = (A/M){[(e — &) + A7)
+ (1/TA)[(n/2 — arctan(I"/A)]}, )

which is nonzero within the hybridization interval ¢, — I" <
¢ < & + I near the resonance energy ¢, and has a peak of
width 2A. The chemical potential ¢ is derived from the con-
dition that the total number of occupied electronic states per
unit volume is equal to n;, i.e.,

J%MMW@+Wﬁ=m—%v 3)

where 7, is the concentration of the free-motion component
(conduction electrons) in the hybridized states given by the
electron concentration of the uncontrolled donors. The
energy dependence of n, within the resonance interval is
assumed to be insignificant, and we take n.(¢) & n.(e,)
= n,. Equations (1) and (3) then yield a simple expression
for the energy f§
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B=(ni—ne). “)

This expression applies when the initial assumption about a
single sign for the polarization of all the electrons, which
reduces to the condition |f] > 2T". It is useful to rewrite this
inequality in the form proposed in Ref. 1 by introducing the
dimensionless parameter A = g.(¢,) in place of the energy
W, where g.(¢) is the density of states of the conduction
band of the crystal in the hybridization interval for the impu-
rity states. It is also useful to introduce the energy parameter
E, = n,/g.(&) which characterizes the scale of the varia-
tions in the density of states of the conduction band within
the hybridization interval. Then the condition for the exis-
tence of spontaneous spin polarization of the hybridized
states can be written in the form:

(ni/ne)|Al > (L'/E;). ®))

The parameter A is analogous to the standard parameters of
the electron Fermi-liquid interaction, so that, in terms of
order of magnitude, it is typically close to unity. The param-
eter (I'/E,) is small compared to unity, so that in evaluating
the realism of the inequality (5) there is reason to assume
that spontaneous spin polarization of the system of electrons
in the hybridized states is entirely possible. The polarized
system includes polarized conduction electrons belonging to
it and their polarization energy f3. is given by

ﬁc - (%/‘ﬁ)ﬁ = lrbic(ni - n€)7 (6)

where ;. is a parameter characterizing the exchange interac-
tion between the components of different states.

The condition (5) for attainment of polarization turns
out to be important for detecting the polarization effect,
since direct measurement of f is difficult because it is so
small. (A method for this kind of measurement is discussed
in the next section.) If A is determined from the experimental
data, then it can be used to establish whether spin polariza-
tion of the electron system occurs. In our papers on the tem-
perature dependences of the impurity contributions to the
specific heat and the moduli of elasticity of crystalline mer-
cury selenide crystals,>* a detailed quantitative interpreta-
tion of the data has been used to determine the parameters
(including A) of the hybridized states. This result, which pre-
sumably corresponds to the existence of spontaneous spin
polarization of the hybridized states, has been discussed in
Ref. 2. Here we briefly summarize and illustrate the results
of a more detailed interpretation of the experiments®* from
the standpoint of its reliability in the aspect discussed here.
This must be done for the natural reason that these experi-
ments were done and interpreted without considering the
possibility of spin polarization of the states and it was not
clear at that time whether clear data on hybridized states
could be obtained at all in these experiments. Ultimately, it
turned out that the observed temperature dependences of the
impurity contributions to the specific heat and the slow trans-
verse sound speed have nonmonotonic variations (a maxi-
mum in the specific heat and a minimum in the sound speed)
that are well described by the formulas given in our papers
relating these characteristic variations to the appearance of
hybridized impurity electronic states. The additional analysis
carried out here has shown that these formulas are also fully
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applicable to the case of spin polarization described in the
models described above. Here the contribution of the intere-
lectron exchange interaction is taken into account with the
same simplified model, with this interaction characterized by
the same parameter A. Its influence on the temperature
dependences of the impurity contributions to the thermody-
namic quantities is described by the factor (14 un) ",
where

= (nifn)(1+A), 5= ErJ de[-0f (¢) /O on(e),  (T)

The high sensitivity of the form of the observed temperature
extremes to the magnitude and, especially, the sign of the
quantity u that was found during fitting of the theoretical
curves to the experimental data is very important for solving
this problem. This behavior is illustrated in Figs. 1 and 2.
The examples plotted in these figures illustrate the results of
a detailed analysis that yielded two facts: the impossibility
of obtaining a satisfactory match between the theoretical
curve and the experimental data for positive # and the large
changes in the theoretical curves for small (less than a few
tenths) variations in u. Good fits for the specific heat and the
sound speed were obtained with the same negative value of
A with an absolute value well above unity for the corre-
sponding impurity concentrations. It is easy to understand
the significance of these results. If # < 0, this means that A is
negative (a necessary condition for spin polarization) and
has a modulus greater than unity (the inequality (5) is satis-
fied). Thus, the supplemental points raised in this paper pro-
vide serious arguments in favor of a substantial intensity of
the interelectron exchange interaction in the electron system
of the hybridized states that would be sufficient to produce
spin polarization. But this conclusion is based on studies of
temperature anomalies in the thermodynamic properties that
are not directly related to spin polarization and are also lim-
ited by the simplifications in the models for a quantitative
theoretical description of both the measured quantities and
of spin polarization. Further progress in detecting and study-
ing spin polarization in the objects we have studied will, of
course, follow from experiments for observing it directly.

¢, J'mole’'K-!

T, K

FIG. 1. Temperature dependence of the impurity part of the specific heat
in HgSe:Fe crystals with Ng.=2 x 10" cm > for different values of the
Fermi-liquid interaction parameter A(u=1-+A). The smooth curve corre-
sponds to # = —0.22 and is the best fit to the experimental data indicated by
the points (@); also shown are the curves for u=0 (A), 0.15 (p), 0.3 (O),
0.22 ().
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FIG. 2. Temperature dependence of the phase velocity of the slow trans-
verse wave measured at a frequency of 54 MHz in a sample of HgSe:Fe
with a concentration Fe =1 x 10'” cm ™. The smooth curves are calculated
for the following values of A: A—0.5(1)—1(2),-1.15(3),—-1.2(4),
—1.25(5),1.2(6). It was not possible to obtain good agreement with the
experimental curve for positive values of A, even when the other fit parame-
ters were varied.

The thermodynamically anomalous Hall effect and the
possibility of using it for studying spin polarization of the
electron systems in hybridized states

The anomalous Hall effect, in which spontaneous
magnetization makes a characteristic contribution to the Hall
resistance, is widely used to study magnetic ordering in con-
ducting crystals. Recently, there has been a rapid increase in
interest in this effect, especially in the physics of semicon-
ductors and low-dimensional structures doped with transition
element impurities. Research in this area has been reviewed
in Refs. 6 and 7. This section of this paper is devoted to a
theoretical justification of the possibility of observing spon-
taneous spin polarization in experiments on a special type of
anomalous Hall effect.

The standard theories attribute the anomalous Hall effect
to electron spin-orbital interactions and mainly apply to
objects with strong magnetism. The predicted magnitude of
the effect in our systems with a small spin polarization would
most likely be too small and would be hard to observe. In a
search for other possibilities, we have examined another type
of effect that is unrelated to spin-orbital interactions but
arises from a thermodynamic, nondissipative aspect of the
physics of the Hall effect. This aspect has obviously not been
considered fully in the existing theories, so the thermody-
namic type of anomaly has not been drawn much attention.

For the following discussion to be sufficiently rigorous
and simple, it is appropriate first to define the concepts of the
magnetization density vector and the magnetization current.
In an initial homogeneous, unbounded electron system with
spontaneous spin polarization, spontaneous magnetization
develops as a result of the appearance of a magnetization
current that can only occur as a result of inhomogeneity in
the electron density. In a thermodynamic approach, this kind
of inhomogeneity is described by a position dependence of
the chemical potential ¢, which can, in this case, be identified
with the electrochemical potential. The first and most impor-
tant step in the transition from a homogeneous to an inhomo-
geneous system is to take the boundaries of the object into
account. Let a spontaneous magnetization Myb, directed
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along the unit vector b and the axis of symmetry of the
object, develop. Then the magnetization currents are concen-
trated near the contours of the cross sections of the bounda-
ries of the object in planes perpendicular to the vector b in
accordance with the distribution of the gradient of the chemi-
cal potential ¢(I') along these closed contours. For the sys-
tem we are considering, the magnetization current density is
Jm = ccurl Myb. Then we find the average magnitude of the
spin part of the current density for an electron with a Fermi
function having chemical potential ¢(r) to be

in = tccur{ [ .61+ /2)b
= —c(OMy/0c)[b x gradg(r)]. (8)

Equation (8) then determines the magnitude of the spontane-
ous magnetization

My = ﬂonSgc(S)f(e +8/2), ©)

and the effective magnetization conductivity
om = ec(0My/0g). (10)

All these quantities are determined for the conducting
component of the hybridized states, in accordance with the
following discussion of the Hall effect.

The next step in describing the magnetization involves
extending the above ideas to a system in an external magnetic
field. The magnetic field leads to a realignment of the mag-
netization currents and the appearance of an induced magnet-
ization that is proportional to the field strength (or has a more
complicated field dependence). The energy of the additional
spin polarization induced by the magnetic field is given by
Eq. (1) with an additional inhomogeneous term proportional
to the field strength. In a system with spontaneous spin polar-
ization, there is a constant part of the magnetization that does
not depend on the field strength. In a sufficiently high mag-
netic field (on reaching saturation) the magnetization Mh in
our system is oriented along the direction of the magnetic
field and separates into two components, i.e.,

M = My +m, (11)

where M|, is independent of the field strength and is associ-
ated with the spontaneous polarization, while m (the average
magnetic moment of the electrons) corresponds to the contri-
bution induced by the magnetic field.

Next, it is appropriate to introduce the thermodynamic
potential of the electron system in the variables ¢, 7, and H—
the pressure P. The derivative of the pressure with respect to
the magnetic field strength equals the magnetization M, and it
reproduces Eq. (11) since P is the sum of two terms

P = Py + MyH, (12)

where P is an even function of the magnetic field strength,
the derivative of which gives m. For a more exact treatment,
the field strength must be replaced by the magnetic induc-
tion, but this refinement is unnecessary here since the
magnetization is so small.
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We now consider the Hall effect. Let an electric field
with potential ¢(r) and an emf, which induces a dissipative,
as well as a nondissipative Hall current, be applied perpen-
dicular to the magnetic field. The Hall conductivity is calcu-
lated using the quantum mechanical kinetic equation for
the density matrix of the electrons. It is solved by introduc-
ing a locally equilibrium density matrix of a state which is
described in a manner analogous to that used above for the
magnetization currents. The formal difference lies in the
replacement of the inhomogeneous chemical potential by
the energy eq(r); the physical difference is more profound,
although it does not prohibit the use of this analogy. In this
regard, the analysis of the current in the locally equilibrium
state must include the magnetization currents that arise in
this state. The current density in the locally equilibrium is
calculated in the same way as for the electrons in a quantiz-
ing magnetic field®® and is given by

j* = ccurl n%h, (13)

where m? is a quantity analogous to m with the above substi-
tution. Now we have to take into account the fact that an
electric field with an emf differs fundamentally in that it
leads to a conduction current which is the observed Hall cur-
rent. A thermodynamic determination of the conduction cur-
rent density j(L. in a locally equilibrium state by the method
proposed in Ref. 8 is based on the condition of equilibrium
between the nondissipative thermodynamic forces of the
pressure and the magnetic field acting on a conductor with a
current, i.e., grad P = (1/c)[j- x H]. This yields

jb = —(c/H)[gradP? x h] = {(ecn,/H) + ,,}[E x h]. (14)

After this, using Eq. (12) in Eq. (13) gives

it = ccurl M + j-, (15)

where

M = Moh + mh + (1/H)Ph. (16)

Equation (16) for the magnetization is consistent with the
above idea of magnetization and spontaneous magnetization
currents, while the last two terms (Landau diamagnetism and
Pauli paramagnetism) are well known. Thus, we can regard
the separating out of the conduction current by Eq. (15) as
well justified. This means that the formula for the collision-
less Hall conductivity in Eq. (14), which contains an anoma-
lous contribution of magnetization conductivity (Eq. (10)), is
also valid. Ultimately, we have established the possibility of
a thermodynamically equilibrium Hall effect that is unre-
lated either to spin-orbital interactions or to the complicated
details of scattering processes and the electronic states. The
parameter of the anomaly is the conductivity &, characteriz-
ing the magnetization currents. If we write it in the form
om = ecn,/H,, then for the conduction electron system we
are discussing, the field strength H, is of an order of magni-
tude close to M. On estimating the Hall resistance p;; using
a Drude model under the condition pag,, < 1, where p is the
electrical resistivity, we obtain

pu = p(pom + Q1), (17)
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where Qrt is the product of the cyclotron frequency and the
electron relaxation time.

Estimates using Eq. (17) show that an anomalous contri-
bution to the Hall resistance in the systems of electron hybri-
dized states studied here can be observed with an attainable
accuracy of measurement. This has been confirmed by
room-temperature experiments on mercury selenide with
iron impurities.'® Thus, there is reason to assume that the
predicted spontaneous spin polarization does exist and the
above interpretation of the anomalous Hall effect discussed
here may serve as a basis for further research.
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