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Peculiarities of the behavior of the temperature dependence
of high-frequency conductivity of disordered semiconductors
in the terahertz frequency range
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The analysis of the features of electron hopping transport in the impurity band of a disordered semiconductor
with hydrogen-like impurities, associated with the behavior of the temperature dependence of high-frequency
conductivity in the low-temperature region, is carried out. Based on the pair approximation, the numerical
calculation of the temperature dependence of the real part of the high-frequency conductivity of a disordered
semiconductor in the terahertz frequency range was performed, in which the transition from an almost linear to a
quadratic frequency dependence of the real part of the conductivity was observed under low-temperature conditions
with increasing frequency. It is shown that taking into account the Coulomb interaction between electrons in pairs
causes a non-monotonic saturation of the temperature dependence of high-frequency conductivity with decreasing
temperature due to the opposite direction of changes in the relaxation and resonance contributions to conductivity
with changing temperature. The increase in phononless conductivity with decreasing temperature is due to the
main role of the Coulomb interaction between electrons in resonant pairs at low temperatures, €*/kr, > fiw (r, —

optimal hopping distance at frequency w).
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1. Introduction

Obtaining information about the features of hopping
transfer mechanisms in disordered semiconductors is
complicated by the universality of the power-law fre-
quency dependence of conductivity, o(w) ~ w® (5 —
constant; as a rule, 0.5 <s < 1), that well describes
0(w) =o01(w) +ioz(w) of disordered semiconductors in
a wide frequency range. Studies of the temperature
dependence of AC conductivity play an important role
for this reason [1]; in particular, in the frequency range,
in which deviations of the frequency dependence of the
conductivity of disordered semiconductors from universality
(s ~ 1) are observed.

The high-frequency conductivity of disordered semicon-
ductors with hydrogen-like impurities is usually described
using the concept of a frequency-dependent optimal hopping
distance r,, which significantly exceeds the radius of
localization of states a and decreases with the increase
of frequency. Nonmonotonic frequency dependences given
by the theory for resonant (phononless) and relaxation
(phonon) contributions to conductivity [2-6]

0% (@) ~ 1l o™ ~ 0" In"(we/w),

o-{e' (@) ~ FL,a)q ~ @%1n' (wpn/ ),

14

can be approximated by the power law Cw® with exponent
S(w) decreasing with the increase of frequency [7]; here
o!®, of® — the real parts of phononless and relaxation
contributions to conductivity, o1(w) = 0/%(w) + 0/ (w),
n,m,|,q — integers, w. — the frequency at which the
optimal hopping distance r, for resonant conductivity
becomes of the order of the radius of localization of states,
wpn — the characteristic phonon frequency, which is the
frequency of electron transition attempts during relaxation
conductivity.

However, the frequency dependences of the conduc-
tivity of the form (1) with the values of the parameter
A = €?/kahwe ~ 1/2 (where k — the dielectric constant
of the medium, w¢ = 2lo/h; 1o = ez//ca — the preexpo-
nential factor of the resonance integral) which are typical
for shallow impurities do not describe the transition of
the frequency dependence of the real part of the low-
temperature conductivity oj(w) from almost linear to
quadratic with the increase of frequency that is observed
in SiP [8-10], SiB [11]. At high frequencies, phononless
conductivity prevails over relaxation conductivity; however,
the Coulomb interaction between electrons in resonant pairs
plays a main role, hw < €’/kr,, in a wide frequency
range, @ < w¢, according to the theory and the frequency
dependence of phononless conductivity o{%(w) remains
close to linear (s~ 1) up to the frequency wm = 0.07w;
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corresponding to the maximum o[%(w) [12]. It should
be noted that the frequency dependence of conductivity
will be nonmonotonic because the frequency dependence of
the optimal hopping distance; in the paired approximation
for phononless conductivity, the frequency dependence
of the optimal hopping distance r, is related to the
hybridization of wave functions of an isolated pair of centers
and is determined by the equation hiw = 21,,/(r,), where
[22- = lgexp(—r 1/ /@) — resonance integral, r;» — center-
to-center distance, A — center number.

A significantly smoother transition than is observed
experimentally from the sublinear (relaxation, phononless)
to the subquadratic (phononless) frequency dependence
of the conductivity 01(w) in the mode with a variable
hopping distance can be explained only at small values
of the parameter A < 107>, which are atypical for shallow
impurities. The dependence of the conductivity o} (w) will
be nonmonotonic with a maximum in the vicinity of the
transition frequency [12]. However, the non-monotonicity
of the frequency dependence of the conductivity oy(w)
of disordered semiconductors in the transition frequency
range predicted by the theory has not been experimentally
detected [8-11].

The calculation of the real part of low-temperature
conductivity (€?/kr,, hw > KT) in a pair approximation
made in Ref [13] showed that the transition from an
almost linear to a quadratic frequency dependence oy (w)
can be associated with the transition from conductivity with
variable hopping distance r, to conductivity with constant
hopping distance rop with the frequency increase. The
transition from a variable hopping distance r,, = aln(w¢/w)
to a constant hopping distance I oy ~ 4@ occurs at Iop ~ I,
(wopt = 0.02w¢) in case of a phononless conductivity;
w¢/2m ~ 1013 Hz for Si:P. The phononless conductivity has
the following known form [3,6] at low frequencies @ < wop
(ro > rop) in the variable hopping distance mode

o1%(w) = (712/3)62apgl’2)(1)(h11) + ez//crw); (2)

po is the density of states, considered constant. Since
the Coulomb interaction between electrons inside resonant
pairs of centers plays the main role [12], hw < €*/kr,, the
frequency dependence of phononless conductivity remains
sublinear (s = 0.8)

01 () = (7°/3)e*apprw/k. (3)

The main contribution to conductivity is made by
electronic transitions within pairs with a center-to-center
distance of the order of roy at high frequencies @ > wgp
(Fopt > I'y) according to Ref [13], when the effects of
hybridization are insignificant. At high frequencies in
the constant hopping distance mode Iy, the phononless
conductivity is equal to

01 (w) = (7°C1/3)e’pia’w(hw + ez/Krom), (4)
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where C; = 315 is the numerical coefficient. The frequency
wopt = 0.02w¢ (ry, =~ fopt) at which the transition to a con-
stant hopping distance occurs, of the order of the crossover
frequency in (4), hwe ~ ez//cropt (wer =~ 0.1we); i.e., the
transition from linear to quadratic frequency dependence of
the real part of the conductivity occurs in the vicinity of the
frequency wop ~ wer [13]. We have the following equation
under conditions of low temperatures in the high frequency
range, when the Coulomb interaction between electrons in
pairs with an optimal center-to-center distance I'qy can be
neglected, for phononless conductivity

0% (w) = (7*Cy/3)e*pta’ ho’. (5)

The phononless conductivity transitions to a constant
hopping distance under conditions KT > hw, €°/kf op
in the high frequency range like in the case of low
temperatures. The transition for phononless conductivity
from a variable r, to a constant hopping distance rgp
oceurs at Iopt & I (wopt = 0.020¢) according to Ref. [14].
The phononless conductivity at low frequencies w < wopt
(ro > ropt) in the variable hopping distance mode r, is
equal to [7]

o[%(w) = (n2/3)eapdhr i, (6)

i.e. 0{%(w) (6) has a subquadrate character (s =~ 1.5).

The phononless conductivity has the form (5) at high
frequencies @ > wopt (Fopt > r'w), When the effects of
hybridization are insignificant, in the mode with a constant
hopping distance I oy. High-frequency phononless conduc-
tivity is independent of temperature according to (6), (5)
under conditions kT > hw, ez/xropt. The frequency of
transition of phononless conductivity from a variable to a
constant hopping distance is of the order of the crossover
frequency, in the vicinity of which the transition from rela-
xation conductivity to phononless conductivity occurs [14].
Accordingly, the transition from the sublinear (s < 1) to the
quadratic frequency dependence o1 (w) with the increase of
the temperature can persist and be caused by the transition
from relaxation conductivity with variable hopping distance
to phononless conductivity with constant hopping distance
with the increase of the frequency.

We would like to remind that the expression for the
real part of the high-frequency relaxation conductivity
has the following form in the low temperature range,
€ /Ky > KT [5]

of% (@) = m2e'plariw/ (6x), (7)

where f, = (a/2)In(wpn/w) is the optimal hopping dis-
tance for relaxation conductivity at the frequency w;
Wph/ 25 ~ 1013 Hz for Si:P. It should be noted that the
expressions for the real parts of low-temperature relaxation
conductivity (7) and low-temperature phononless conducti-
vity in the transition frequency range (3) have a single form
(s &~ 0.8); this, in particular, is associated with the difficulty
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of interpreting experimental data on the frequency depen-
dences of the conductivity of disordered semiconductors and
obtaining information about the features of the mechanism
of hopping charge carrier transfer in them.

The real part of the relaxation conductivity begins
to depend on temperature as the temperature increases,
KT > €?/kf,; at the same time, its frequency dependence
does not significantly change (s = 0.6) [4]

ol (w) = n*eplakTii w/24. (8)

The interpolation expression for the real part of the
relaxation conductivity has the form [7]

ol (w) = (n*/24)®apiwf? (KT + (4/7%)€?/kfy). (9)

It should be noted that the expression (6) for phonon-
less conductivity at high temperatures, KT > hw, €*/kr,,,
coincides with the expression for phononless conduc-
tivity in the high-frequency range at low temperatures,
ho > €2 /KT » > KT; the Coulomb interaction between elec-
trons in resonant pairs can be neglected in these cases.
However, the Coulomb interaction between electrons in
resonant pairs plays a main role, hw < €*/kf,, in a wide
frequency range at low temperatures, according to [12];
at the same time, the frequency dependence of the
real part of low-temperature phononless conductivity (3),
ez//crw > hw > KT, turns out to be weaker than the
frequency dependence of phononless conductivity at high
temperatures (6), KT > hw, €*/kron. The phononless
conductivity of a disordered semiconductor increases with
the decrease of the temperature at a constant frequency
according to (2), (3), and (6), while the relaxation conduc-
tivity of (9), on the contrary, decreases. Accordingly, the
temperature dependence of the conductivity o; (w, T) in the
low temperature range may have a nonmonotonic character,
which is attributable to the prevalence of the phononless
contribution to the conductivity in the transition frequency
range and the main role of the Coulomb interaction
between electrons in resonant pairs at low temperatures,
€’ /kr, > ho > KT.

The ratio of relaxation (7) and phononless (3) contribu-
tions to conductivity, o1(w, T) = 6{%(w, T) + 0{% (0, T),
is equal to

o1 (@)/01® (@) = (1/16) (In(wpm/0)/ In(wc/w))’. (10)

The resonant contribution to low-temperature conductivity
prevails over relaxation contribution, o{® (w)/0]% () < 1
in case wph~ wc in the frequency range w < 0.lwc;
formally, the ratio of contributions to conductivity does
not depend on frequency, o{® (w)/0]®(w) ~ 5- 1072, with
Wph = We.

Thus, the real part of the conductivity o1(w, T) (at
a given frequency) should decrease with an increase of
temperature at the initial stage; this is not consistent
with the dependences oj(w, T) obtained in Ref [8] in
experiments on SiP, according to which the conductivity

of o1(w, T) reaches saturation monotonously decreasing as
the temperature decreases (to T = 3K). This discrepancy,
related to the behavior of the temperature dependence of
the high-frequency conductivity of disordered semiconduc-
tors in the low-temperature region, may be significant in
assessing the degree of impact of Coulomb effects on the
frequency dependence of the low-temperature conductivity
of disordered semiconductors and necessitates its further
study. The purpose of this work was to calculate the
temperature dependence of the high-frequency conductivity
of disordered semiconductors in the transition frequency
range and to study the features of its behavior at low
temperatures.

Calculation of the temperature
dependence of high-frequency
conductivity in the transition
frequency range

The expression for the real part of phononless conduc-
tivity has the following form in the pair approximation
according to the theory of hopping transport (see, for
example, [15])

_ me’w

2
o =() = 7 2 [ Wl m) )|
{2.4"}
A£A
x (ne(e;,) — Ne(e3,))8(e5, — & + ho). (11)

The electronic hopping transport through the impurity
zone is determined by the ground impurity states in the
transition frequency range (for Si:P v ~ 10GHz — 1 THz)
under low temperature conditions. The matrix elements in
the considered case of hydrogen-like impurity centers are
equal to [13]

[22r

7 (D)) = (i)

Ar

G St Ol 1 (U [ D NS

WYY

here lpﬁ, = Citlﬁz +Cj1'5¢,1/ — hybridized wave functions
of the ground states of the electron ¥, 1, on isolated
localization centers 4 and A/, n — a unit vector parallel
to external electric field, ry;, — radius vector of the center
A’ relative to the center A, ng(¢) — average filling number of
states with energy ¢, Vo — system volume, 82, sg, — initial
energies (excluding hybridization), 131 = (¥;|Uz 1) —
resonance integral; ;1 = lgexp(—ra/a), lo= ez/Ka,

Ty = \/(eg —€2,)2 +412,,. In the case of shallow impurity

centers with weak doping, a < Ny 173 (Ng — concentration
of impurity centers), the potential energy of a localized
electron at the location of the center with the number 4 can
be represented by in the form U; = —€?/k|r — r;| + ep(r;);
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here r; — the radius vector of the center 1, ep(r;) —
the Coulomb shift caused by other charged centers at the
point r;.

The matrix elements in (12) have the following form
for hydrogen-like impurities in the case of a large center-
to-center distance, r, ;- > a, in the approximation of the
isotropic dispersion law [13]

3
(b | (, ) hrr) ~ r;—j exp(—r1a/a)cos0,  (13)

where 6 is the angle between the vectors n and r; /,
¥a(r)=(1/vVaad) exp(~|r — ;] /).

Proceeding from summation to integration in (11), for the
real part of phononless conductivity we obtain [13,14]

01%(0) = 015" (0) + o1p°(0) + 01> (@),  (14)

4 2e2 2
ol (@) = =0

oo oo
x/drll/rj{w /deﬂ,/deﬁ,@(eﬂ,,eﬁ,,rw)
)

—o0
|2

ﬁ (nF (8)3/) — Ng (8;1,))5(8}1/ - 8;;/ + h(,l)),
AL AL
(15.1)

oo
4m2eptw re,
olg (w) = fo/drw ;’; exp(—ra/a)

Mo

2'1&/

oo
- + Dle—. et
X /deM,/deM@(sM,,eM/,r,w)m
A VY

X \/(eﬁ, —&5,)2 — 43, (Ne(e,) —ne(el))

X 8(e; — & + hw), (15.2)
An*epiw T rs
i) = TSP [ drn U expl-2r /)
Fo
X / de,;, /deﬁ@(eﬁl, s )
(e — &)* — 4132 — +
Ne(€y,,) —NE(&);,
(85./—823./)2 ( F( /‘l./'l.) F( AL ))
X 8(e;5, — &3 + hw), (15.3)
here
&h — e

@(f&,, Sjlt‘[/’ r/‘l./‘l./) -

V(& — )2 — 413,

2 Physics of the Solid State, 2025, Vol. 67, No. 1

is the Jacobian of the transition from the initial energies
e), € (excluding hybridization) to the energies ¢;,,, £,
corresponding to the wave functions 1;,, and ¥;,,,

L a+e)
S = )

1
iz\/(sg—sg,)2+4|%,1,, (16)

I = &, — ;.. The difference of the average occupation
numbers, taking into account the Coulomb interaction
between electrons localized simultaneously on a pair of
centers 4, A/, that is present in (15.1)—(15.3) can be
represented as [14]

N (&)

(1 — exp(—hw/KT))
exp(—(&fy, + €/t — u)/KT) +
+exp(—hw/KT) + 1 + exp((&;,/

NE (8}1/) -

— u)/KT)
(17)
where ¢}, = €1, + ho, €, + €, = )+ €),.

Integration (15.1)—(15.3) under the condition kT < hw,
e /kry (KT > how, €*/kron) gives for the real part
of phononless conductivity (14) in cases of low
(@ < wopt) and high (@ > wopt) frequencies expressions (2)
and (4) [13] ((6) and (5) [14]); in this case, we have

/ (np(e;l,) — np(e;l, + hw))ds;l, = hw + ez/Kr;[;[/
for kT < how, €*/kr,, (18.1)
/ (Ne(e,,) — Ne(eyy, + fiw))de;,, ~ ho
for KT > hw, € /kr,. (18.2)

Let us present the ratios (15.1), (15.2), (15.3), (17) in the
following form for calculating the phononless conductivity
in the intermediate temperature range

o0 4 _
e R
V(@/we)? — exp(—x)
21In(we/w)
<[ elegs) el + ho)d(es e,
B (19.1)
o1 (w) = Cyoy / x® exp(—x)dx
2In(we/w)
X / (N (e5;/) — N (&5, + hw))d(e;, / ha),
) (19.2)
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res _ o Ji 8 _ _ exp(—x)
o1 (w) = Caop o / x®exp(—x)y /1 (@/00)? dx
2In(we/w)
X / (Ne(&,/) — NE(e5,, + hw))d(e;,,/ hwe)
) (19.3)

where oy=n?e*pla‘w./(3x)=n’e*pia’hw?/6, w.=21o/h,
lo=¢€*/ka, r, =aln(w./w), X =2r;/a, Co=1/2%
C, =1/ 26 — numerical coefficients,

Ne(e;;) — Ne(eg, + hw)

_ (1 — exp(—w/(wed)))
T exp(— (&5 + 0@ + 1/X)/0) + (20)

+exp(—w/(wc?)) + 1+ exp(é;,, /0)

U = KT /hwe, &, = (&, — 1)/ hwc; in this case, we have

o0

/ (Ne(e) — Mgy + h))d(es /hwe) = /oo + 1/

— 0o

for kT < ho, €*/kr,, [13], (21.1)

o0

/ (Ne(e5;) — Ne(egy + how))d(e;;, /hwe) ~ ©/we
for kKT > how, €*/kr,, [14].

(21.2)

It should be noted that the energy integra-
tion in  (151)—(153)  yields  [7 (ne(ey;,) —
—nNe (&, + hw))de;;, = ho without taking into account the
Coulomb interaction of electrons falling on isolated pairs
of centers (summand €?/kr;;, in (17)); in this case, the
frequency the dependence of the real part of the phononless
conductivity o/ (w) (14) is independent of temperature
and corresponds to the expressions (6) at @ < wop and (5)
at @ > wop, 1. €. it agrees with the expressions for of*(w),
obtained taking into account the Coulomb interaction of
electrons in pairs at high temperatures kT > ho, €/ KT opt-

2. Results and conclusions

The results of numerical calculation of the frequency
dependences of the real part of phononless conductivity
(14) at different temperature values are shown in Figure 1.
The results of calculation of ¢{*(w, T) (14) are consistent,
respectively, with the expressions (3), (6) at low frequencies
® < wop in cases of low (€?/kr », hw > KT) and high
(KT > hw, €*/krop) temperatures; and they are consis-
tent with the expression o{*(w) (5) at high frequencies
@ > wopt. An increase of phononless conductivity with a
decrease of temperature at a given frequency (@ < wopt)
is attributable to the main role of the Coulomb interaction
between electrons in resonant pairs at low temperatures,
e’ /kr, > ho > KT.

res
1%/

101

1072 F7

107! 1

_3 |
07 1072

/o,
Figure 1. Frequency dependences of the real part of phononless
conductivity o{*(w, T) (14) at different temperature values;
curve I — T =0K (€?/kry, hw > KT), curve 2 — T = 0.1K,
curve 3 — T =0.7K, curve 4 — T = 8K, curve 5 — KT > hw,
€*/kropt. The curves 7 and 5 at low frequencies @ < wopt
correspond to expressions (3) and (6), i.e. 6/ (w) in these cases
has a sublinear (s~ 0.8) and subquadratic (S~ 1.5) character,
respectively; curves I and 5 are consistent with the expression (5)

(s ~ 2) at high frequencies @ > wop.

103

1073 e

1073 102 107! 1

/o,

Figure 2. Frequency dependences of the real part of conductivity,
o1(w, T) =6/%(w, T) + 6/%(w, T), at different temperature val-
ues; curve 1 — o1 (w) ~ 0{®(w) at T = 0K, curve 2 — o1 (w, T)
at T=2.1K, curve 3 — 01(w, T) at T = 10K, curve 4 —
frequency dependence of relaxation conductivity of® (w, T) at
T ~ 0K (7), curve 5 — frequency dependence of the interpolation
expression for relaxation conductivity o (w, T) (9) at T = 10K,
curve 6 — frequency dependence of phononless conductivity
01%(w, T) (14) at T = 10K.

Figure 2 shows the obtained frequency depen-
dences of the real part of the conductivity, taking
into account the resonant and relaxation contributions,
o1(w,T) = 0{®(w, T) + 0{%(w, T), at different temper-

Physics of the Solid State, 2025, Vol. 67, No. 1



XVI Russian Conference on Semiconductor Physics, 7— 11 October, 2024, St. Petersburg 19

102§ LR | T UL | LB LI | T T """é
10 ¢
=]
\b~ 1E 3
©
1071 E E
1072 Lol Ll Lol [T
1072 107! 1 10 10
T
Figure 3. Temperature dependences of high-frequency con-

ductivity, 61(w, T) = 6{%(w, T) + 0{% (w, T), at various defined
frequency values; curve I — w/wc=0.007, curve 2 —
w/wc =0.014, curve 3 — w/wc=0.025, curve 4 —
w/wc =0.043, curve 5 — w/wec = 0.071. The dashed curve
numbers correspond to the temperature dependences of the
phononless contribution to conductivity calculated at specified
frequency values.
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Figure 4. Frequency dependences of the real part of phononless
conductivity o{*(w, T) (22) at different temperature values;
curve I — T = 0K (KT < hw, € /kfop), curve 2 — T = 0.1K,
curve 3— T =0.7K, curve 4 — T = 10K, curve 5 — KT > hw,
e’ /krop. The curves I and 5 correspond, respectively, to
expressions (4) and (5).

ature values. According to the calculation results, the
temperature dependence of high-frequency conductivity
with a decrease of temperature reaches saturation in a
non-monotonic way due to the multidirectional changes of
relaxation and resonance contributions to conductivity with
a change of temperature (Figure 3); thus, the contribution
from relaxation conductivity decreases with a decrease of
temperature at a given frequency, and the contribution

2*  Physics of the Solid State, 2025, Vol. 67, No. 1

from phononless conductivity increases. The results of the
conductivity calculations shown in the figures correspond to
the characteristic values of the parameters w¢ = 10'3 rad/s,
Wph/we = 5.

It should be noted that the sublinearity (s < 1) of the
frequency dependence of the conductivity of disordered
semiconductors, generally speaking, can be determined by
the relaxation rather than the resonance component in
the transition frequency range at w < w¢r. For instance,
the hybridization involving states of intermediate centers
can misalign the energy levels in resonant pairs with a
large center-to-center distance at low frequencies w < wc
corresponding to large values of the optimal hopping
distance r, > Ny v 3, in case of the transition of the
charge carrier not to the nearest localization center with
a close initial energy. Calculation of the real part of
phononless conductivity using the basis of localized atomic

type functions, (3 |(m, r)[1;,) = (al(m, r)[¥ha),

2

(al(n, r)[2r)

0% (w)=n’wp] jj de;dey, dryy

X (np(e,l) — Ng (8;[/))5(6‘1 — & + ha)),

(22)
01%(w) = Cy09 9 [ xs exp(—x)dx
. ]
X / (nF (81) — N (8/1 + hw))d(el/hwc), (23)

yields the expression (4) in the low temperature range,
kT < ho, €%/ Kl opt, and it yields the expression (5) in the
conditions, KT > hw, €2 /K opt; the frequency dependences
of the real part of phononless conductivity o{**(w) (22) over
the entire temperature range studied are superlinear (s > 1)
(Figure 4). The calculation of phononless conductivity
using the basis of atomic-type functions (in the mode
with a constant hopping distance) gives a lower value of
conductivity in the frequency range @ < wer ~ Wopt com-
pared to the result of calculation of phononless conductivity
using the basis of pairwise hybridized wave functions (in
the mode with a variable hopping distance); at the same
time the sublinearity of the frequency dependence of the
conductivity of disordered semiconductors in the frequency
range w < @gr is determined by the predominant relaxation
component (Figure 5). The non-monotonicity of the
temperature dependence of the real part of the conductivity
is smoothed out in the frequency range w < w¢r according
to the performed calculations; at the same time, the non-
monotonicity albeit less pronounced in the behavior of
o1(w, T) is still present for frequencies corresponding to
the transition region (Figure 6). The non-monotonicity of
the temperature dependence of conductivity oj(w, T) in
the low temperature region is attributable to the multidirec-
tional changes in relaxation and resonance contributions to
conductivity with temperature changes, the predominance
of phononless contributions, and the main role of the
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Figure 5. Frequency dependences of the real part of
the conductivity at different temperature values;, curve I —
o1, T)=0{%(w,T) +0{% (@, T) at T ~ 0K, curve 2 — fre-
quency dependence relaxation conductivity 1 (@) (7), curve 3 —
frequency dependence of phononless conductivity o7 * (w, T) (22)
at T~ 0K, curve 4 — o1(w, T) at T = 10K, curve 5 — fre-
quency dependence of the interpolation expression for relaxation
conductivity (9) at T = 10K, curve 6 — frequency dependence
of phononless conductivity o7*(w, T) (22) at T = 10K.
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Figure 6. Temperature dependences of high-frequency con-

ductivity, 61(w, T) = 61%(w, T) + 0{% (w, T), at various defined
frequency values; curve I — w/wc=0.007, curve 2 —
w/wc =0.014, curve 3 — w/wc=0.025, curve 4 —
w/we = 0.043, curve 5 — w/wc = 0.071. The shaded curve num-
bers correspond to the temperature dependences of the phononless
contribution to conductivity (22), calculated at specified frequency
values.

Coulomb interaction between electrons in pairs contributing
to phononless conductivity in the low temperature region,
€% /Kl opt > hw > KT.

A superlinearity (s > 1) of the frequency dependence
of the real part of low-temperature conductivity o1 (w) was

found in some experiments on Si:P [9] in the frequency
range of 100—500GHz, which was associated with a
manifestation of the Coulomb gap in a single-particle
density of states describing the distribution of self-consistent
energies & of interacting localized charge carriers in the
ground state of the system. We would like to remind that
the soft Coulomb gap in a single-particle density of states
p(¢e) in the vicinity of the Fermi level is determined by the
stability of the ground state of the system relative to single-
electron transitions. However, the spectrum of excitations
created by photon absorption at low temperatures is not
directly related to the single-particle density of states p(e),
which describes the distribution of self-consistent energies
corresponding to the addition of an electron to the ground
state of the system. The energy of the final state ¢+ during
the transition corresponds to the addition of an electron
to a state that differs from the ground state in that the
center i is empty (occupied by a hole); in this case, we
have @ = ef — €?/krif, @i = &, where rif is the center-
to-center distance.

The calculation of low-temperature phononless conductiv-
ity in Ref. [16] using the concept of self-consistent energies
showed that the frequency dependence of phononless
conductivity has the form (4), i.e. it is consistent with
the results of calculating the frequency dependence of low-
temperature phononless conductivity at high frequencies,
when the effects of hybridization are insignificant and the
optimal hopping distance I' oy does not depend on the fre-
quency [13]. The optimal hopping distance r o corresponds
to transitions outside the Coulomb gap. Extrapolation of the
results of the standard approach from the region of almost
linear frequency dependence of conductivity with variable
hopping distance to the region of quadratic frequency
dependence of conductivity with constant hopping distance
corresponds to a sublinear frequency dependence of con-
ductivity in the low frequency region (s &~ 0.8 at < wer ).
Thus, the superlinearity of the frequency dependence of
the conductivity oj(w) in the transition frequency range
may be due to the transition from a variable to a constant
(independent of frequency) optimal hopping distance r op.

Based on the above, we would like to note that data on
its temperature dependence in the low temperature region
are essential to establish the characteristics of the effect
of Coulomb effects on the low-temperature high-frequency
conductivity of disordered semiconductors.
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