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The temperature dependence of Hall’s coefficient R ; and of the electrical
conductivity o in the temperature interval 1.15<7<4.2 K in a two-dimensional
semimetallic system formed at the cleavage surface of germanium is studied. It is
shown that the temperature corrections to Hall’s coefficient AR ; increase with
decreasing T proportionally to In7, just as Ao in this region of 7, and their ratio
satisfies the condition (AR, /Ry ) = — aldo/o), where 1 <a<2. This situation
indicates that the interelectronic interaction® is the dominant contribution to the
transport of holes at the cleavage surface of germanium.

Experiments have shown' that in the two-dimensional system formed at the clea-
vage surface of germanium single crystals the conductivity o decreases logarithmical-
ly with decreasing temperature, and the quantity is

T
Ao= [0 (Ty)— 0,(T)]1= 1X10” % In 7‘ Q-1 "

irrespective of the initial electrical conductivity o, in the range
2X107 5 < 0, < 40X10°5, Q71,
where o,=0 (4.2 K) is the resistivity at T, =4.2 K.

The results of the measurements’ agree well with both the localization theory?®
and the interaction theory.’ The quantum correction to the semimetallic conductivity
in a two-dimensional medium, according to Refs. 2 and 3, has the form

e T .
Ao =C—In—, Q°', (2)
ah T
where e is the charge of an electron, £ is Planck’s constant, and C is a constant which
depends on the starting assumptions of the theory, but in both cases can assume a
value C~0.8, for which relations (1) and (2) coincide. Under these conditions it is
impossible to determine which of the physical effects, that of Ref. 2 or that of Ref. 3,
actually plays a role in the transport of carriers at the cleavage surface of Ge.

It is known, however, that the contributions to Hall’s coeflicient from these ef-
fects are markedly different. If localization dominates,” then the decrease of oy is
related to the decrease in the mobility of the carriers, rather than to their concentra-
tion, and Hall’s coefficient does not depend on 7.

Under conditions when interelectronic interaction is important,®> Hall’s constant
contains an additional term, AR, which, just as Ao in relation (2}, varies logarithmi-
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cally with decreasing T, and the following relation is satisfied:

AR Ag
—H = _2— (3)
Ry o

Under these conditions it is important to investigate Hall’s coefficient R, and the
dependence Ry = f(T). The results of these measurements are presented in this paper.

The starting germanium crystals were of n type with room-temperature resistivity
200400 f2-cm. The crystals were cleaved in liquid helium. The properties of the
surface were changed by intermediate annealing in helium vapor at different tempera-
tures 7; and durations of heating.* After the first annealing at 7, = 400 K the surface
conductivity reached the maximum value o, {3—4) X 10~* £2 ~!. Subsequent annealings
performed at 7; =85 K, led to a gradual decrease of the surface conductivity.

The electrical conductivity o5 and Hall’s coefficient R;; were measured after
each annealing for specimens immersed in liquid helium. the measurements were per-
formed at temperatures ranging from 1.15 to 4.2 K.

After each of the 18 successive annealings, the electrical conductivity of the clea-
vage surface assumed a new value, which did not differ very much from the preceding
value. In this manner the following interval was filled:

6X1077 < g, < 4X10™4, .2 L.

Measurements of Hall’s coefficient were performed after the first 16 annealings of the
surface, in magnetic fields A up to 20 kQe. The relation between the quantities o, and
Ry at T=4.2 K is denoted by the dashed curve 1 in Fig. la.

From the dependence Ry = f(o,), shown in Fig. 1a, it follows that the decrease of
the surface conductivity in the range 5X 10 °<0,<30x 107° £2 ~! observed after the
annealings is due primarily to the decrease of the carrier concentration. In this interval
of o, the concentration decreases more than fourfold, and the mobility of holes de-
creases by approximately a factor of 1.5 from 240 to 170 cm?/V-s. At 0,<5X 1073
£2 ~! the decrease in the conductivity is caused by the sharp decrease of the mobility,
4 = Ry a, with the hole concentration remaining essentially constant, p.~1.9x 10"
cm™2,

Measurements of Hall’s coefficient in the temperature range 1.15¢7<4.2 K
showed that the quantities (Ry);, while not revealing an appreciable dependence on
the magnetic field intensity and the current density, increase with decreasing tempera-
ture in proportion to the logarithm of T, as predicted in Ref. 3, but the coefficient of
proportionality between the quantities AR5 /R ;; and Ao/o is not a constant quantity,
which is evident from the dependences of the relative quantities, shown in Fig. 1,

ARy _ Ry (LISK)-R,(42K) Ao _ 0,(42K) —0,(115K) _ ARy ) Ao
Ry Ry, (1.15K) "o 0,(4,2K) ’ Ry " o

on the starting electrical conductivity o,

These dependences have a break at some characteristic magnitude of the electrical
conductivity, g,~~4 X 1075 £2 ~!, which agrees with the minimum metallic conductiv-
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FIG. 1. Dependence of the surface electrical conductivity o, at T = 4.2 K. a) Hall’s coefficient Ry { + ); the
coefficient @ = (ARy/Ry)/(40/0) (O); b) corrections to Hall's coefficient (ARy/Ry)=[Rg(1.15
K) ~ Ry (4.2 K))/[Rz(1.15 K)] { + ); corrections to the electrical conductivity Ao/o = [04(4.2 K} — op{l.15
K)/o5(4.2 K} (O).

ity, o, ~€*/h, predicted by Mott.” The entire interval of o, studied by us separates,
in accordance with Mott’s concept ion, into two regions: a semimetallic region with
0020 and a nonmetallic region with 0 < Gy -

In the region of semimetallic conductivity the temperature correction to the elec-
trical conductivity is

e? T T
Ac =~ —In='~1x10"5 In —, 2!

4
wh T T ! @
and the correction to Hall’s coeflicient is
AR Ao
iy’ (5)
R H i)

where 1 <a<2. In this case the measured values of Ao are in agreement with those of
Ref. 3, up to electrical conductivities 04=~0.50,,,, and the values of a agree with the
“double-slope rule” predicted in Ref. 3 only under conditions of strong degeneracy,
with 0,>3X 107* 2 . With decreasing o, the quantity @ decreases, but these varia-
tions of & are small and do not exceed a factor of two in the entire region of semimetal-
lic conductivity down to gg~0;,. The corrections to Hall’s coefficient, AR and
AR /R, increase under these conditions.

It follows from these data that the interelectronic interaction plays an appreciable
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FIG. 2. Temperature dependence of the surface conductivity oy after annealing of specimens in helium

vapor. The higher the number of the curve, the larger is the number of annealings to which the specimen
was subjected.

role not only in the region of metallic conductivity but also for values of o, <o

min

when the electrical conductivity is realized by “hops” from one localized state to
another. The probability of such hops is proportional to

exp <~ Lzo).exp <— -%/‘}) (6)

where L, is the localization length of the wave function, L is the hopping distance of
an electron, and W, is the activation energy.

Under conditions when Coulomb interaction dominates, we would have W, ~¢%/
kL, the length of the optimum hop would be L, = (¢’Ly/«T)!/?, and the temperature
dependence of the electrical conductivity would be®

0 = o, exp[— (To/T)"?) )
where o, is a preexponential factor, « is the dielectric constant, and T, = 4¢*/kL,.’

To reveal regularities of this type, the results of the measurements of the surface
conductivity are represented in Fig. 2 as the dependence logoy, as a function of 1/y/T .
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As is evident from these data, the 18 experimental curves form three families, rather
than two, as expected for a sharp boundary corresponding to o, .

The first group of curves (1-11), which corresponds to the region of semimetallic
conductivity, is described by the dependence (4).

The last two curves (17 and 18) refer to the region of “strong” localization, which
is characterized by the dependence (7), where o, ~107> £ ', and the effective tem-
perature T, reaches values of 100-200 K.

The curves (12-16) form the “intermediate” region, which simultaneously satis-
fies the conditions of semimetallic conductivity (4) and conductivity which can be
described by the dependence

o= 0. exp[—(T*T)"] (8)
with an effective temperature T* of the order of 2-6 K.

This dependence, which has been observed in specimens o, = (2—4)x 107° 2 ~,
corresponds to the very narrow range of energies lying next to the interface between
the localized and delocalized states in the hole energy spectrum. The “intermediate”
region is presumably attributable to transient conditions corresponding to a transition
from a double spin degeneracy, characteristic for the region of metallic conductivity,
to a single degeneracy which occurs when there is a localization.

These systematic features can be analyzed in greater detail by extending the stud-
ies involving o to lower as well as higher temperatures.
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