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We present the results of our measurements of the Nernst—Ettingshausen (NE) effects in HgSe
samples with different iron content, 1 X 10" cm ™3 < Nz <4X10*°cm 3, in the 940K
temperature range. We have found that the NE coefficients change their sign at low temperatures
and when the iron content is fairly high (N g, >4.5X 10'"® cm—?). We show that the unusual
dependence of NE effects on iron content in HgSe:Fe crystals at low temperatures is caused by
electron scattering on the aggregate of the charged donors Fe® *, an aggregate that constitutes a
weakly correlated system in the range of low iron concentrations (N g, <4.5X 10 cm™3) anda
strongly correlated Coulomb liquid in the range of high iron concentrations (N g, > 4.5 10'8

cm ).

1.INTRODUCTION

The dependence of the electron mobility x in HgSe:Fe
crystals on the concentration N g, of iron substitution impur-
ities was studied in Ref. 1. There it was shown that the anom-
alous nature of this dependence is explained by the combined
effect of electron scattering on correlatively positioned do-
nors Fe*+ and alloy scattering. It was also established that in
the system of Fe** ions the inter-ionic correlations are fairly
weak at low temperatures and low iron concentrations,
(Nge — Nges+ )/N g €1, so that on the whole the aggregate
of Fe** ions resembles a low-density gas. For higher iron
concentrations, (Ng — Nges+ )/Ng. > 1, there remains a
rather large space for electron redistribution in the Fe**—
Fe** system of ions, and Coulomb repulsion between the
charged donors Fe** leads to strong correlations in their
positions. Thus, when theiron concentration NV g, is high, the
system of Fe** ions resembles a Coulomb liquid in its prop-
erties. Note that the mobility calculations done by Wila-
mowski, Swiatek, Dietl, and Kossut? correspond to the case
of a weakly correlated gas of Fe** ions and can be used only
for the initial segment of the mobility growth curve £ (N g, ),
that is, up to approximately Ng, = (5.5-6) X 10'® cm>.

As is well known (see, e.g., Ref. 3), thermomagnetic
phenomena are exceptionally sensitive to changes in the
mechanism of electron scattering. The transverse and longi-
tudinal Nernst-Ettingshausen (NE) effects constitute
much more subtle indicators of the scattering mechanism
than electron mobility. Studies of mobility 4 make it possible
to verify the nature of scattering only by the value of i, while
in studies of the NE effects it is sufficient to determine the
sign of the effects in order to establish the scattering mech-
anism predominant in the given conditions. The sign of the
NE effects is determined by the dependence of the electron
relaxation time 7 on the energy . When 7(&) is an increasing
function, both NE effects are negative. The scattering of
electrons on the disordered system of impurity ions corre-
sponds precisely to this case. When 7 as a function of ¢ de-
creases (scattering on acoustic phonons), the NE effects are
positive. Here we are speaking of the case of a parabolic
band.

The transverse NE effect consists in the emergence of
an electric field E = (0,E, ,0) in the direction perpendicular
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to the temperature gradient V7' = (V, 7,0,0) in the sample
and to the magnetic field H = (0,0,H,) (Ref. 3):

Ey =Q HV.T. (1)

The longitudinal NE effect consists in the emergence of an
electric field parallel to the temperature gradient or, what is
the same thing, in the variation of the thermopower in a
magnetic field:

E(H) = E(0) = [a(H) - a0)]V,T = Aa(H)V,T. (2)

In the case of a parabolic band, algebraic dependence
7« (e/k T)", anondegenerate electron gas, and weak mag-
netic fields uH = w7 <1 (0 = eH /mc is the cyclotron fre-
quency) we have

kB
Q, = —ra, 4 (3)
k
Ba(H) = —rb,~ (WH)?, (4)

where the coefficients a, and b, are simple combinations of
gamma functions of 7 of order unity. Equations (3) and (4)
imply that for the scattering of electrons, for instance, on
impurity ions (r = 3/2) and acoustic phonons (r = — 1/2)
the NE effects have opposite signs. The same is true for arbi-
trary magnetic fields (uH R 1) and any degree of degeneracy
of the electron system.

In this paper we present the results of measurements of
NE effects in HgSe samples containing from 1X10'® to
4 10%° cm 3 iron atoms per cubic centimeter at tempera-
tures ranging from 9 to 40 K. The experimental data are
compared with the results of calculations of @, (Ng.) and
Aa(Ng.) done on the assumption that electrons are scat-
tered on a strongly correlated system of Fe*>* donors and the
alloy potential AU, i.e., the difference between the mercury
and iron atoms potentials at the lattice sites of HgSe:
AU = Uyy» — Uge-. Within this model we were able to
give a quantitative description of the experimental depend-
ence of electron mobility in HgSe:Fe over a broad range of
iron concentrations, from 4.5 X% 10'® to 6 X 10?° cm 3 (Ref.
1). A theoretical study of NE effects is conducted for a broad
range of magnetic field strengths, from weak (w7<1) to
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strong (w7> 1). One of the main results of these calculations
is the conclusion that the sign of the NE effect changes as we
go from the region of weak Coulomb correlations between
Fe** ions to that of strong Coulomb correlations (i.e., from
low to high densities N g, ). The change of sign is due to the
different energy dependences of the electron relaxation time
in the regions of weak and strong correlations. As the reader
will shortly see, this important theoretical result agrees with
the experimental data.

2.RESULTS OF MEASUREMENTS

We measured the transverse and longitudinal NE ef-
fects in five HgSe samples alloyed with iron of different con-
tent and in a HgSe sample that was intentionally left unal-
loyed. The temperature range was 9 to 40 K. The iron
content N g, was varied from 1 10'® to 4 10*° cm 2. The
electron number density » and electron mobility x and the
parameter w7 are listed in Table I.

The average sample dimensions were 8 X2 X 0.8 mm?>.
The distance between the temperature probes was varied
from 2.5 to 3.0 mm. The measured temperature difference
was less than 10% of the average sample temperature in the
(9-40) K interval.

As Figs. 1 and 2 show, for all samples both Q, and
Aa(H) increase with temperature, while the dependence of
the coefficients on the iron concentration N, is nonmono-
tonic:at Ng, = 110" and 5 X 10" cm 3 the curves have a
maximum. Both Q, and Aa(H) change their sign at certain
values of N g, and the temperature at which the NE effects
change sign increases as the average sample temperature
drops. All measured dependences of O, and Aa(H) on Ng,
are nontrivial and require thorough analysis.

3.ELECTRONRELAXATION TIME INHgSe:Fe WITH
ALLOWANCE FOR ALLOY SCATTERING

According to the model suggested in Ref. 1, the Fe** -
Fe?* system of ions can be considered a binary alloy consist-
ing of charged Fe** centers and Fe?* centers neutral in the
lattice. Relaxation of the longitudinal electron momentum is
due to the interaction of the electrons with these centers. In
the Born approximation the quantity 7~ ' (&) is quadratic in
the interaction of the electrons with scatterers, with the re-
sult that both the scattering on correlatively positioned
Fe’*—Fe** ion pairs and the scattering on randomly distrib-

n
- 2hk ;
! = __m_{[] — c05(6,;)10()sin 6d6,

2
' (5)

Here V(q) = 4me*x(q* + r. ?) ! is the Fourier transform
of the Thomas—-Fermi scattering potential of the Fe** ions,
with x the dielectric constant, 7, the screening radius of the
potential, and 6 the angle between k and k'.

For a binary alloy the product |¥(q)|?S(g) in the for-
mula for the relaxation time must be replaced with the fol-
lowing expression:*

INL/NgJ V(@135 (@) + [Ng/Ngel | V(0) 128 00(9)
+ 2[(N N "2INg |V () V(@) ]S 1) -

Here the subscripts “ + +,” “ 4+ 0,” and “00” indicate that
the respective quantities are calculated for the Fe**-Fe*™,
Fe’+-Fe?*, and Fe?*-Fe?™ interactions, respectively. The
interaction of electrons with the neutral Fe?* centers is as-
sumed to be of the contact type because iron is the substitu-
tion impurity. Since the spatial distribution of the neutral
Fe?™* centers is random, the structure factors S,,(g) and
S . 0(q) are equal to unity. To calculate the structure factor

S44(@ = (@) = 1 + daNgge [ le() = 1) li“q@)-dr

0
(6)

one must find the pair correlation function g(r) for the Fe*+
ions.

The relaxation times for scattering on nonrandomly
distributed Fe** ions, 7., and on the alloy potential, 7,, can
be represesnted as follows:

-1 - -1 -1
T =T, +1a ,

(N

1 1

where 7. '=77" and7; '=730 + 75 "

In calculating the electron relaxation time one must
bear in mind that the conduction band of HgSe is not para-
bolic. In the two-band approximation the dispersion law for
conduction-band electrons is

. . . 1/2
uted Fe’*-Fe®* and Fe>*-Fe?* ion pairs contribute to 7~ 2,2 ¢ 2,2
: ot KU & 21%
(Ref. 4). The reciprocal relaxation time can then be repre- e(k) = . T 1+ e -1z,
sented as follows: 0 ne (8)
TABLE L.
Iron Electron
content number density Electron mobility
Ng.,10% cm—3 n,10"®¥ cm—3 #,10* cm?v—1s~! ot
HkOe 9K 15K 25K 40K
0 2.4 7.6 2.2 2.2 2.2 2.2 1.7
1 3.0 45 2.8 2.8 2.8 2.8 1.3
5 4.8 4.5 49 4.8 4.5 4.1 1.8-2.2
10 4.75 3.6 7.8 7.0 6.1 5.0 1.2
50 4.8 3.6 5.5 5.1 4.4 3.7 1.3-2.0
400 6.2 3.6 2.5 2.3 2.2 1.9 0.7-0.9
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where m,, is the effective electron mass at the bottom of the
band, g, = £(I'y) — &( '), and m, is the free electron mass.
For HgSe, £, =0.22 eV and m, =0.02m,,.

Performing the necessary integration in Eq. (5), we
find the relaxation time:

Here y = ky/k, €y is the Bohr energy, N and N, are the
concentrations of charged centers Fe** and neutral centers
Fe?*, and

" BS(2kpx)

® (kp) = 2f —3 4%,
c\"F. 0 (x2 + bs 2)2
de (e, + 2¢p)
-1 _ B\"g F. _ — 2. —
TS T Bame, D, okp) =1-52n(l + b)), by = 2k
1/2 (10)
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is the ratio of the coupling constants for the interaction of
electrons with neutral Fe>* and charged Fe** centers, ay; is
the Bohr radius, and U, = QAU, where ) is the unit cell
volume and AU is the potential on which alloy scattering is
realized. According to the estimate done in Ref. 1, A~0.1-
0.2 and AU = (0.32-0.35) eV.

As in Ref. 1, we calculate the structure factor S(q) for
the range of strong Coulomb correlations in the Percus-Ye-
vick approximation.’ This approximation is justified by the
fact that the results of calculations of the thermodynamic
and kinetic characteristics of such strongly correlated sys-
tems as liquid metals and alloys are in good agreement with
those of Monte Carlo calculations. Since the structure and
properties of liquids are basically determined by the rapidly
varying repulsive part of the ion—ion interaction potential,*
the potential can be farily accurately approximated by the
solid-medium potential. This suggests that such an approach
can also be fruitful in describing the system of charged do-
nors in HgSe:Fe whose spatial correlation is ensured precise-
ly by Coulomb repulsion. In the hard-sphere model the inte-
gral equation for the pair correlation function can be solved
exactly,’ and the structure factor S(g) can be expressed in
terms of the Fourier transform of the direct correlation func-

tion c(q) as follows:
S(g) = [1 = N e(@)1™" (11)

Here

c(q) —uisl[ﬂ+2 + 45 —%Q:Ismu+ [%(y+ 63)

—(ﬂ+y+a)-2—:]cosu+@—2l,
u u u
2
O = R

and 7 = wd *N_ /6 is the packing factor, which determines
the degree of correlation in the location of solid spheres of
diameter d. The inequality <1 corresponds to a weakly
correlated gas, and as 7—0 the collection of scattering
centers becomes completely disordered [S(g) = !1]. For a
strongly correlated liquid, -7, =~0.45. Obviously, the
spatial correlations in the system of Fe>* ions are the strong-
er the higher the concentration of the neutral Fe?* centers,
that is, the greater the number of vacant locations for the
redistribution of electrons in the Fe**-Fe?* system with
mixed valence. The redistribution of electrons occurs, obvi-
ously, according to the requirement that the free energy of
the system be minimal. When this happens, short-range or-
der sets in in the system of charged donors Fe**.

The equation determining the packing factor (N, )
and valid for the case of strong correlations in the system of
Fe** ions can be written as’

7Ng,
TN

Combining Eqgs. (9), (11), and (12) makes it possible
to calculate the dependence of the relaxation time 7 on the
energy € in the vicinity of the Fermi level. The calculated

(N, )—ﬂL[l—eXp

(12)
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FIG. 3. The energy dependence of the relaxation time for weak and strong
correlations. Curve / corresponds to Ng, = 3X10'® cm~3, curve 2 to
Np. = 8% 10" cm~3, and 7y is the Brooks—Herring relaxation time at
Np =4.5x10"® cm—>.

functions 7(&) for systems with different degrees of correla-
tion are depicted in Fig. 3. Curve I corresponds to weak
spatial correlations, and curve 2 to strong correlations. Our
calculations have shown that the energy dependence of the
relaxation time undergoes a qualitative charge as the degree
of correlation in the system of Fe** ions increases: for
Ng. <8X10'8 cm ™3 the derivative d7/Jk is positive and for
Nge > (8-9) X 10" cm 3 it is negative. Clearly, such behav-
ior of 7(¢) in the vicinity of the Fermi energy € must
strongly influence the dependence of the thermomagnetic
coefficients on the iron content.

4. DEPENDENCE OF THERMOMAGNETIC COEFFICIENTS ON
IRONCONTENT

The transverse NE effect coefficient Q, is expressed in
terms of the kinetic coefficients o, and B, for arbitrary
magnetic fields as follows:®

_ (813 = 013810)

b

L HEL + (13)
where
= T wr |
= e (G m+ ( )2) o2 = ne 1+ (wr)2>’
_ _neyt _neyr @i(e —¢€p)
By = (m 1+ (m)2> By = (m 1+ (m)z)

1 of
{4) = " { (35) K3A(e)de,

where fand n are the distribution function and the electron
number density in the conduction band.

The thermopower in a magnetic field, a (H), is related
to the kinetic coefficients o, and B, by the formula

(011811 * 912812)

a(H) = ,
@} + o}y
(14)
and the thermopower in the absence of a field is
0
a(0) = i”ioi.
11 ( 15 )

To calculate the quantities Q,, a(H), and a(0) mea-
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sured in the experiments we must evaluate the kinetic coeffi-
cients o, and B, . For a degenerate electron gas, in which
we are currently interested (under the experimental condi-
tions £ > kz T'), calculations yield

2
a2 kgT o

= 5wt 1
Q, 3 Hep 1 4 (m)ZD’ (16)
a2 kT (o1)? 1
= =2 7
Aa(H) de €p 1 + (01)? D “n
_ a2 kgT (3
=% (7+D)' (18)
D-eF{ae In7(e) - 3 lnm(e)}l .
where
Q, 1D, Aa « 12H2D,

Equations (16)-(18) make it possible to analyze the
dependence of the NE coefficients on the magnetic field and
on the iron content of the sample. For instance, in weak
magnetic fields (o7 < 1), wehave Q, « 7D and Aa « 7 H *D,
while for 7> 1 we have Q, « 77 'H ~2D and Aa « D. Obvi-
ously, the nonmonotonic dependence of the relaxation time
Tontheiron content N g, caused by the competition of corre-
lation and alloy scattering must lead, respectively, to non-
monotonic variation of Q, and Aa with Ng,.

If we allow for scattering on acoustic phonons in the
expression for 7(¢), Eq. (5), according to Ref. 3, we arrive at
the following expressions for D(eg ) and 7(&g ):

D=(i€+26") K + K, =Kyl  4ep
2(eg +ep) K, + Kph (eg +¢ep)’ (19)
37theg 1
T = . ,
dep(e, + 2ep) Ky + Ky (20)
where
1/2
N,
= _0 +0 —"
K,=A 2 N ) [¢+0(y) ay ] 2N, Al,
y=1
1/2
No ANO
Kb_¢c+A2X]— ¢+0+2_A7—’
+ +
kT
= it F
K, =30, dy Iy—l ’ ph 4 KTy’
3€1mnkBT0kF0 mne4
= ,  Ep, = .
4n%ey, ps? Bn — op%e2
2n

Here ¢, is the electron—phonon coupling constant, p is the
density, s is the speed of sound in HgSe, and T, and
kro = (37%n,)"/? are the values of the temperature and wave
vector of electrons on the Fermi surface at which 9, =0 or
Aa =0.

For Ngg <4.5x10'" cm™3 the contribution of alloy
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scattering is negligible and the system of Fe** ions is com-
pletely disordered [S(g) = 1]. In this case we can drop the
term describing alloy scattering in (20) and perform the fol-
lowing substitution:
bZ
S
D (kp) > Ppyy = In(l + 52) - T332

s

’

T/ S
¢ TBH T 4o @ (k)

(22)

where @5, and 75 are quantities corresponding to scatter-
ing on a random system of charged impurities according to
the Brooks-Herring theory. From the condition
Q, (n4,Ty) =0 or Aa(ny,T,) = 0 we find an expression for
the parameter 4 valid in the low iron-content range
(Npe <4.5x10"® cm™?):

”3+ 4:F°+4[%"3] ]QB”(I:N)— (1 +?) a(:—‘;”l }
yo=!

A=

(23)

Now let us estimate the magnitude of the electron—
phonon coupling constant. Estimates reveal 4~0.25 at
T,~28 K and n,= N, = 3.1x10"® cm~3, which corre-
sponds to a coupling constant |&,| =7 eV.

The results of calculating the coefficients Q, (N, ) and
Aa(Ng, ) are depicted in Figs. 4 and 5. It can be seen that in
magnetic fields ranging from 1 to 5 kOe the point at which
both Q, and Aa change sign is practically fixed, that is, does
not move along the horizontal axis. Calculations also show
that the curves for Q, and Ac for different values of the alloy
scattering parameter separate only when Np. >1x10"
cm 3, Here we give the experimentally established values of
the coefficients Q, and Aa at 7= 15K and H = 3.6 kOe; the
dashed curves depict the results of calculations. Good agree-
ment between the results of calculations and the experimen-
tal data suggests that the thoery correctly allows for the ba-
sic mechanisms of electron scattering.

As the diagrams show, the NE coefficients are positive
in the iron-content range N g, >6 < 10'® cm 2 and for T'> 10
K, where the scattering of electrons on the correlated system
of charged donors Fe>* dominates (Ref. 1). Obviously, the
scattering on correlatively positioned Fe** ions manifests
itself more the lower the temperature, i.e., the greater the
order realized in the system of Fe** ions. However, as the
experimental data imply (Figs. 1 and 2), the NE coefficients
are small at fairly low temperatures 7<10 K and for
Ng.»6X10'"® cm~3. Analysis of the temperature depend-
ence of the thermomagnetic coefficients shows that at such
temperatures drag effects begin to come into play. These, as
Figs. 1 and 2 exhibit, considerably decrease Q,[Q, (15
K)~Q,(9K)] and Aa(Aa <0). In a future paper we hope
to elaborate on this aspect and analyze the behavior of ther-
momagnetic coefficients at high temperatures.

Our analysis shows that the change of sign in the NE
coefficients for electrons with a parabolic dispersion law oc-
curs only in the region of strong Coulomb correlations
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FIG. 4. Q, vs Ng, for different magnetic field
strengths. The {) represent the experimental data,

O and the curves represent the results of calcula-
tions. Curve / corresponds to scattering on ran-
domly distributed charged centers at =5 K,
and curves 2 to 5 to calculations with allowance
for scattering on a correlated system of charged
donors: curve 2 to H=15 kOe at T=5 K and
AU =0.32eV withwr> 1, curve 3 to H = 1 kOe
atT=5Kand AU = 0.32eV withwr < 1, curve 4
toH=3.6kOeat T=15K and AU =0.35 eV,
and curve 5 to H=3.6 kOe at T=15 K and
AU=0.32eV.

Aa-10-1, VK

Nee-1078 cm—3

FIG. 5. Aa vs Ng, for different magnetic
field strengths. The A represent the experi-
mental data, and the curves represent the re-
sults of calculations. Curve / corresponds to
scattering on randomly distributed charged
centersat 7= 10K, and curves 2 to 5 to cal-
culations with allowance for scattering on a
correlated system of charged donors: curve 2
toH=1kOeatT=10Kand AU =0.32¢eV
with wr <1, curve 3 to H=3.6 kOe at
T=17 K and AU=0.35 eV, curve 4 to
H=36kOeatT=17Kand AU =0.32¢V,

wb

and curve 5 to H=5kOe at T= 10K and

[N ge ~ (8-9) X 10'® cm—3]. Allowance for the fact that the
conduction band is not parabolic shows that the change of
sign in Q, and Aa(H) occurs at Ng, ~ (5-6) X 10'® cm~3,
As the temperature is raised to ~ (25—40) K, the positive
contribution to @, and Aa due to phonon scattering in-
creases. In the N, = (2-4) X 10'® cm 3 range, where Cou-
lomb correlations are weak, the observed change of sign in
the NE coefficients at T~ (25-40) K is caused by an in-
crea. ¢ of the phonon contribution in the electron scattering.
As Eqgs. (19) and (20) imply, the increase in this contribu-
tion is related to the growth in the electron number density
as the iron content in HgSe:Fe rises.

5.CONCLUSION

We have interpreted the unusual experimentally ob-
served dependence of the transverse and longitudinal NE
effects on the iron content in HgSe:Fe crystals at low tem-
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AU=0.32 eV withwr> 1.
Nee-108 cm—3

peratures. The nonmonotonic curves representing this de-
pendence, Q, (Ng.) and Aa(Ng. ), support the conclusion
drawn in Ref. 1 that the main mechanisms for electron scat-
tering in HgSe:Fe at low temperatures and fairly high iron
concentrations are the scattering on the correlated system of
Fe** ions and alloy scattering. The observed change of sign

‘in the NE effects with increasing iron content serves as con-

vincing proof of the transition from the range of weak Cou-
lomb correlations to that of strong Coulomb correlations in
the system of charged donors.

At high iron concentrations, when the system of Fe**
ions is a strongly correlated Coulomb liquid, the behavior of
the NE effects Q, (Ng. ) and Aa(Ng, ) differs qualitatively
from that at low iron concentrations N ., where Coulomb
correlations between Fe** ions are negligible.
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