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COULOMB CORRELATION EFFECTS
ON THE HIGH FREQUENCY HOPPING
CONDUCTION IN DISORDERED SYSTENMS
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Recentlv there has o rencwed interest in studyving the hopping conduction (HC).
I'he new phenomena observed in various materials and the correspondingly theoretical
descriptions are reported

(i) on the resistance crossovers induced by different factors (temperature I: Ly -
netic [2], and eleetrice field [3]).

(i) on negative magnetoresitances of different sources in both the nearest-neighbor
hopping 4] and the variable-range hopping (VRH) [5]. and

(111} on the non-linear hopping conduction effects assumed to have an mportant
iipact on the performance of VRH thermometric sensors [6].

All these progresses, however, are associated with the de hopping conduction, while
there has a little of advancement in understanding the ae hopping condnction during last
decades. though experimental data is contimiously accumnlated [7].

The fact that in the g HC the electron transfer occurs only within a pair of lo-
calized states should be considered as the starting poiut in finding available theoretical
approximations. which certainly differ from those used 1 calenlating the de HC, In the
so-called relaxation regime of the high frequency HC the clectron transfer between states
is assisted by phonons. Following the pair approximation suggested originally by Pollak
and Geballe [8] the main contribution to the high frequency HC is given by the pairs
with the transition frequency of the order of the external electrical field frequency . The
separation between states i such the pairs could be estimated by:
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where £ is the localization length, v, is a charactenstic frequency of the order of the
phonon frequency (= 10" = 10" s 1) The procedure of ealenlating the conduetivity o(w)
consists of two steps: to calenlate the conductivity for a single pair and to average this
conductivity over all the possible pairs. The most important feature of pairs regarded in
the approximation (8] is that for each pair the cleetron hopping, rate between sites inside
pair is much greater than that between an inside site and an outside one. In other words,
cach pair should be seen as a closed subsvstem with the induced dipole moment [9):

qalw. S r) = er(vEr/kpT)[dcosh® (/205 T)] (1 + dwr) " (2)

where Eis the elecetrical field with the frequeney w, ris the d-dimensional vector connecting,
two sites of the pair, e is the elementary charge, and w is the activation energy (1.¢, the
cnergy necessary for transferring an cleetron between sites in the pair). The transfer is
stuggested due to phonon assisted tunneling with characteristic frequency:
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The relaxation losses are defined as {‘h
aa(w) = —ImQu{w)w/E. (D)

ubstitnting cgs. (21 - (4) into eq. (H) we have:
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Since the main contribution to integrals in eqs. (6), (7) are given by the pairs of
= o 'oto the first approximation we have:
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The distribution function of pairs is defined as [9]:
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L K
ere, #ois the dicleetrie constant, g(e) is the density of states (DOS) near the Fermi level.
e sinele electron energy ¢, is measured from the Fermi level. The term 2 /xr in the
rerument of the d-function in eq. (10) deseribes the Coulomb electron-electron correlation.

Following the expression of eq. (10} the function F (2, r.T) is essentially deter-
ined by the form of the DOS. Neglecting clectron-clectron interaction. Mott [10] sug-
asted gle) = €4y = const. which leads 10 the famous 7T V" Vijaw for de conductivity.
fros-Shiklovskii (1S) [11] have shown that, as a consequence of the Coulomb correlation
ctween localized states, the DOS tends to zero near the Fermi level, giving rise to the
‘oulomb gap:

9a(E) = a4 )" g = (dfm)(n/e?) (11)
ud further to the T V2 Jaw for temperature dependence of de-conductivity. To describe
crossover from Mott-7— VD jaw 10 ES-T 12 law, Nguyen {12, 13] suggested for DOS

seneral form:
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where £y s anadjustable parameter. The DOS of eq. (12) tends to the Mot constant DOS
i the limit of £ > Ep and to the Conlomb gap DOS of eq. (11) in the opposite Thnit
Recently [ nsing the DOS of eq. (12). we obtained general expressions for deseribing
the VRH thermos power crossover from the Mot 70D hehavior of constant DOS
to the temperature-independent behavior of Coulomb gap.

('oncerning the ac HC, Austin and Mott used the constant DOS gle) = Gy ¢
caleulate the conductivity ay for 3D systems at finite temperature and found the law
ay(T) x 1 [10], Using the same method, but with the DOS of eq. (11), ES [9.15] obtained
expressions for aq(w) i the high and low frequency limits at zero temperature. In the
present work. by using the general DOS of eq. (12) the ace conductivity will he calenlated
i a large ranges of frequeney and temperature for both 2D and 3D cases. The obtained
expressions include Austin-Mott and ES results as the himited cases. The ecalenlating
procedure is standard as mentioned above and will be shortly shown below.

Substituting e, (12) mto eq. (10} we hind the distribution functions of pairs
respectively, for 2D and 3D systems:
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Now. the relaxation losses can be calenlated by substituting eqs. (13) and (14) intc
eqs. (R) and (9). respectively, For the 3D case it gives finally:
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and F,"(0) is u-th order derivative of the function Fy(0) at o = 0. For the 2D case we
llil\'l‘:

e

|
4

PR L ok
o R 2 A
s n’ ( & )
(W 4+ 1) - MWW 41y . . & =
: 2 +§ - YT
v Ty A =1

P 2 " ]
| (14" + 1) — ] |
W 4 177 Oy 2ymet M}‘Tn F 1= (v + D =W 3 ;:.FJ

=
rde 1

0 t'(lhh:{.!'} ] .

4

!‘TJ[:..J.. I)

- |
I
-
-
Fa P
o
(s

o

-
e ————— ———
[

-‘-"“--;._
o



‘owlomb Correlation Effects on the high frequency hopping... I
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Ihe obtained results of eqs. (15), (16) are very general i deseribing both the
cqueney and temperature dependencies of ae condnctivity in large ranges of these pa
et ers.

Firstlv, we discuss the frequency dependence. o the it of low temperatures,

/- o= S cosetting 1o 0 inegs. (15) and (16} we have:
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Cthie opposite Tinit of low frequency, W< < 1oegs. (17) and (18) tend to respectively:
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The expressions (21) and (22) exactly coineide with those obtained by ES [9] and
fros (5], using the DOS of eq. (11). Note that, in the expressions of eqs. (21). (22) there
absent the parameter Gy that implies the obtained results are universal. independent of
e studied disordered system model. These expressions also clearly show an important
le ol the Conlomb electron-electron correlation at low temperature.

Experimentally. the frequency dependence of conductivity is often assimed to have
o form: o % @ with the exponent s < 1. Using one electron approximation with nonzero
pusity of states at the Fermi level, Austin and Mott [10] obtained:

s = 1 = A|In{rn/w)] 1. (23)

el does not agree satisfactorily with the experimental data. In ]mrtit'ulm' the exper-
nental exponent s often increases as temperature decreases [lh] and is much closer to
nity than that predicted by eq. (23). For example, Abkowitz at al. [17] reported that
I for a-Si. A possible reason of this diserepaney may be due to a correlation in the
atial distribution of site [9].
For omr results, from eqs. (17). (18) we have:

sy=1 = 3, /@)
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where hoth the quantities s, and s (see Appendix) are positive. The frequency de-
pendencies of sp and sy are shown in Fig. 1. We see that both s, and sy deerease with
imereasing <. hnportantly, as can be seen in fig. 1. the present values of s; are larger than
Mott's and ES valnes and closer to the experimental value s = 1 of vel. [17].
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Fig. 1. The exponent s = d(Ino,)/d(Inw) is plotted against the e /«) follwing
eqs. (23) and (24) with 1, = 10" Hz.

* The frequency ranges from 10% Hz to 10" He.

* The fitting parameter: A* = 2 3;’!.&'5:’:‘,.‘1 = 60 for both 2D and 3D cases.
Full line - eqs. (24) and (25), dashed line - Austin-Mott eq. (23). dots - from ES-eqs.
(19} and (20).

Let us now discuss the dependence of conductivity on temperature.  Neglecting
the Conlomb correlation term e /s and using the constant DOS. Austin and Mott 10
obtained the 3D law:
2
oM (. T) = & '*'.;f!n{.r-*!.;, [V GikpT. (26)

Using the same approximation. Efros [15] obtained the 2D law:
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For the present ealeulations, from eqs, (15) and (16). in zero approximatior, we
already have:
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[ is easy to show that, except mnerical factors, these expression (22) and (29) are
coincided with the Anstin - Mottt eq. (26) and Efros eq. (27). respectively. Thus, in the
Lt case< for both freguency and temperature dependencies onr results tend exactly to
the Mott-Austin or ES-expression. respectively.
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Fig. 2: Temperature dependence of the ac conductivity.
* Full line - eq. (29), dashed line - Austin-Mott eq. (26), squares - experimental
points by Hauser et al. [19].

Concerning the temperature dependence, experimentally, at low temperature the
temperature dependence of ac conductivity is much weaker than that resulted from eqgs.
(26, 27) [18]. Hauser at al. [19] reported that o5(T) for a-Si saturates at low temperatures
and the linear temperature dependence given by eq. (26) is not seen at temperature
I' = 100K, In order to describe such the o4(7)- behavior, we should keep the term
proportional to 77, in expressions (15) and (16). It is easy to show that the relaxation
conduetivity has then the form:

o(w.T) = a(w) + AT + BT?, (:30)

where A and I3 are positive factors with A >> B. Using for a-Si values £ = 104, x = 10 we
btain at w = 10%s~ ! that A = 1,1.107% and B = 7.5.107". In fig.2 we plot o(w.T)/o(w)
or an a-Si sample and compare experimental data [19] (squares) with the values calculated
rom Eqgs. (30) (Full line) and (26) (dashed line). It is clear that the full line of the present
wvork is in well agreement with the data of ref. [19] in large temperature range.

[n conclusion, using the general form of DOS (12) we have obtained analytical
xpressions for deseribing the dependence of ac relaxation conductivity on frequency and
cemperature for both 2D and 3D cases. The obtained expressions tend to the well-known
Mott and ES results in the limit of high and low frequencies. Concerning the temperature
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dependence, inelnding the term proportional to 7%, our result describes well experimental
data for a-Si. The fact that in the theory there is only one parameter E; gives an casy in
making comparisons with experiments,
Acknowledgments. The author wishes to thank Nguyen Van Lien for suggesting the
problem and reading critically the manuseript,

Appendix: For exponent sg(d = 2 or 3) from eqgs. (17) and (18) we have:
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dinw
where:
o oy ¥t~ DA U)ol o
S | - 22y g mmid + 2t
| 9 - ﬁ% + In(V + 1) ‘_!I";:.";_:':l’ { '.21:"'._."" Jl
G 1 — 2 (W + ) + 20ele

. 4" = _,_,..____."h .
with A® = or gt

References

. Y. Zhang. P. Dai, M. Levy and M.P. Sarachik. Phys. Rev. Lett. 64(1990). p 2687:
B. Sandow et al. Phys. Rev. Lett. 86(2001), p 1845,
. LS. Shlimak, M. Kaveh. M. Yoscfin, M.J. Lea and P. Fozooni. Phys. Rev. Letl.
68(1992), p 3076.

3. D. Shabar and Z. Ovadyvahu. Phys. Rev. Lett. 64(1990), p 2293,

1. X. R, Wang and X. C. Xie. Furophys. Lett. 38(1997). p 55; B.S. Shchamkhalova
and Tkach Yu.Ya., Solid State Commun. 991996}, p 261,

5. V.L. Nguven. B. Z. Spivak and B. 1. Shklovskii. Sov. Phys.- JETP 62(1955). p
1021: U, Sivan, Entin-Wohlman, and Y. Imrv. Phys. Reo. Lett, 60( 1988}, 1 1566,

6. B. Sadoulet. J. Low Temp. Phys. 93(1993). p %21: B. Stefanvi. C. ¢ Zammit, P.
Fozooni, M. J. Lea and G. Eunsell. J. Phys.: Condens. Matier 9(1997), p 881,

7. T. B. Schroder and J.C. Dvre . Phys. Rev. Lett. 84(2000). p 31).

8. M. Pollak and T. H. Geballe. Phys. Rev. 122(1961), p 1742.

9. A. L. Efros and B. 1. Shklovskii. Electron-FElectron Interactions in Disordered Sys-
tems . Eds. AL L. Efros and AL Pollak (Elsevier 19585) p. 444

10. 1. G. Austin and N. . Mott, Ade. Phys., 18(1969), p 41,

11. B. L. Shklovskii and A. L. Efros A L. Electronee Properties of Doped Semiconduetors.
Springer-Verlag 1984,

12. A. L. Efros. V. L. Nguven and B. L. Shklovskii. Solid State Commun.. 32(1979). p
8hl.

13. V. L. Nguven. Phys. Lett. A207(1995), p 379.

14. V. L. Nguyen and D. T. Dang. Phys. Lett. A261(1999), p. 108,

15. A. L. Efros. Sov. Phys.- JETP 62(1985), p 1057.

16. E. B Ivkin, and BT, Kolomiets, J. Non-Cryst. Solds, 3019700, p 41

17. M. Abkowitz. P.Gi. Le Comber and W.E. Spear. Commaun. Phys.. 24(1976). p 107

[ o



“oulomb Correlation Effects on the high frequency hopping... 45

15, AR Long. Ade, Phys.. 31, p 553.
19 L1 Hanser, G AL Pasteur and A, Staudinger. Phys. Ree. B15(1951). p 584,

AP CHI KHOA HOC DHQGHN, KHTN, t XV n''3 - 2001

ANH HUONG CUA TUONG TAC COULOMB LEN DAN NHAY TAN SO CAO
TRONG CAC HE KHONG TRAT TU
bang binh Tai
Khoa Vat Ly, Dae hoe Khoa hoe Tw nhien- DHQG Ha Noa

Bang cich sie dong miot hiun mat do trang thai tong quat hon da nhan deoe bicn
e wiad tich ena do dan dien xoay chicu phu thuoe tan s6 va nhiet do trong dai rong
ac gia tri tham s6 cho ¢a hé hai v ba chien. Trong cac trivomg hop gigi han, cac biéu
Inre nay dan ve cac két qua da bicét eia cac tace gia khae. Két qua nhan diroe mo ta tot
o lien thee nghiem cna a-Si



