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Break-junction tunneling spectroscopy for doped semiconductors in the hopping regime
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We present a theory for tunneling spectroscopy in a break-junction semiconductor device for materials in
which the electronic conduction mechanism is hopping transport. Starting from the conventional expression for
the hopping current we develop an expression for the break-junction tunnel current for the case in which the
tunnel resistance is much larger than the effective single-hop resistances. We argue that percolationlike meth-
ods are inadequate for this case and discuss in detail the interplay of the relevant scales that control the
possibility to extract spectroscopic information from the characteristic of the device.
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I. INTRODUCTION tronic DOScan be extracted from break junction tunneling

Tunneling spectroscopy is one of the most widely useoexperime.nts i§ discussed controvgrsially in the Iiterature_. ]n
tools for obtaining information on the electronic structure of Ref. 9 it is claimed that the tunneling current should exhibit
solids2 If the tunneling takes place between electrons of theStrong mesoscopic fluctuations as a function of the applied
same energw|astic or resonant tunne”)‘]d‘]e tunne“ng cur- voltage. Indeed, if this would be true, little information on
rent is a convolution of the densities of Sta(mS) of the the global electronic DOS of the material could be obtained.
contact materiald. Thus the DOS of one material can be On the other hand, other theoretical argum€riesad to the
extracted if the DOS of the other material is known. In theconclusion that, under certain conditions, information on the
case of inelastic tunneling the electronic transitions occuglectronic DOS can be obtained. Furthermore, neither in
with emission or absorption of phonons. In this case the tunexperimentsnor in simulations of tunneling between mate-
neling current becomes also sensitive to the phonon BHOS. rials with localized staté$ are strong fluctuations of the tun-

App|y|ng tunne"ng Spectroscopy to doped Semiconduc.ne”ng current as a function of the voItage observed.
tors in the hopping regime at low temperatures has proven to Therefore we address this issue here from a fundamental
be very useful in revealing the influence of the electron-Point of view. We start from the rate equations for hopping
electron interaction on the DOS of the impurity band in thetransport and derive an expression for the tunneling current
meV range. Such experiments have been performed wit@n the basis of these equations. The further development of
conventional metal-barrier-semiconductor contats well  the theory exploits the fact that the typical transition prob-
as with mechanically controllable break junction®oth  abilities in hopping transport are orders of magnitude larger
methods reveal the Coulomb gap in an impressive way.  than those across the junction. This is due to the fact that the

The theoretical interpretation of break-junction experi-junction separation is large compared to the characteristic
ments in which both contacts consist of a dopedhopplng Iength in the bulk and due to the fact that the inverse
semiconductdr is more involved than that of a metal- of the vacuum tunnel parameteris much smaller than the
insulator-semiconductor structutés the physical nature of localization lengtha™*, which is the tunnel parameter of the
the inelastic tunneling transitions between the contacts ag?opping transitions. Therefore a separate equilibrium is es-
pears to be similar to those between the localized states fi@blished in both contacts with two separate chemical poten-
hopping transport the question could arise whether all trantials the difference of which is controlled by the bias voltage.
sitions in question are a part of a global disordered resistof he resulting expression for the current is similar to the con-
network which would have to be treated by conventionalventional expression for tunneling spectroscopy. Using this
percolation methods. The assumption that this is indeed théxpression we discuss under which conditions concerning
case has, for example, been the basis of the arguments i€ length scales and the electron-phonon coupling simplifi-
Ref. 9. cations of the current formula occur.

At present it does not seem clear whether in the hopping
regime the traditional method for the calculation of the tun-
neling current due to Bardegrs applicable or has to be
replaced by a more sophisticated version. In our derivation of an expression for the tunnel current in

Even the question whether or not information on the eleca break junction made of a lightly doped semiconductor we

II. THE TUNNELING CURRENT
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first recapitulate the general theory of hopping transport in an Z
impurity band of a bulk semiconductor, then we consider the left sites right sites
case of two parts of a break junction separated very far from
each other. These steps will then enable us to study the break
junction under realistic conditions.

In the standard theory of hopping transpét the impu-
rities are assumed to provide localized electronic states at
sitesR,,,R,, with localization lengtha™* and characteristic
energiese,, €,. Charge carriergelectrons or holes, depen-
dent on the type of dopingperform phonon-assisted tunnel-

ing transitiong(hopping transitionsbetween these states un-  F|G. 1. Geometry of the break junction used in our theoretical
der the influence of an externally applied electric fieldThe  treatment, which is schematically the sample geometry of the tun-
interaction between the charge carriers is assumed to heling experiments in Ref. 7. The hatched area is the active tunnel-
Coulomb-like(Hubbard-interaction effects are ignoje#or  ing region. The electric field is directed along the positivaxis. In
definiteness we assume the dopant torbgype, i.e., we the experiments of Ref. Z,~3 to 4 mm,L,=0.8 mm,L,=1 mm,
consider electrons with chargg=-e (e=|q| is the elemen- andl,=0.2-0.4 mm. A first estimate fdris 10 nm.

tary charge If the interaction is treated in Hartree-Fock

(HF) approximationi.e., if many-particle jumps are ignored transport equations are simply Fermi functions with two dif-

the dynamics of the charge carriers can be described by thgrent chemical potentialg, and ug. For the left sample we
Slmp|e rate equa“on have, for examp|e

L;

41,
’

electric field —=—>

1
=f = .
Pmiea™ m™ 1 4 exd BV — p0)}

dp
d_tm = E [on(1 = prm)Wam= pml1 = pn) Winnl. (@) (4)
n
If we now decrease the sample separation, tunneling tran-
sitions between the left and the right sample become possible
with transition probabilities

Here p,, is the probability to find a charge carrier at site

Wim= V(|Vnm|)exp{_ 2aRym+ g(vnm_ |Vnm|)} (2 B

Wi = 2(|Vinm eXp| = 2l + E(VmM = Vo) (- (5)
is the transition probability for a hop from the siteto the

sitem, B=1/KT, Rym=|Rnn is the distance between the sites The rate equations for the occupation probabilipgé) and

(Rym=Rn=Ry), andV,,=V,-V,, where pm(t) acquire additional terms of the fornEy py(1
= pm)Wum. It is important to note that the tunnel transitions
Py between the left and the right sample dot contain the
Vi = €m+ e(ERy) + > ©) localization lengtha but thevacuum tunneling parameter

. 4dareqe .
m'#m 0Rmnm between the two bulk sampleg:! is assumedly a few Ang-

stroms, whereas™* typically takes values around 10 nm.
Moreover, the site separatidRy,,, is replaced by the effec-
tive tunneling length,,y=1+8l,,u- 8 mm is @ small correction

is the energy of a charge carrier at gitg e is the dielectric
constant of the host»(|V,,|) is the spectral function which

describes the influence of the electron-phonon couplingy the tynneling distance between the two samples taking
(“attempt-to-escape frequengy'The quantityv(|Vanl) char-  jnig account the different wave function amplitudes for a
acterizes the ability of the phonon to induce the transitiongiven pair(m,M) of localized states.

Since phonons with different energy can interact with local-
ized electrons differently well, this frequency is a function of
the energy transferred in one hop.
As a model for a break junction we now consider two ) e dpm dpwm
samples made of a lightly doped semiconductor which are == O > Rm? +2 RME : (6)
separated by a distantésee Fig. 1 We distinguish between m M
sites situated on the left and right with respect to the separadere() is the total volume which contains the sites contained
tion (“left sites” and “right sites) and denote the labels of in the summation in Eq6).
the left sites with lower case lettera,n and those of the We now distinguish between two fundamentally different
right sites with upper case onds, N. Since the junction is a situations which can be controlled by the experimentally ad-
break junction both samples have the same densities of statggtable parametdr If | is small enough, a common equilib-
in the absence of the electric field, that M (V)[e-o  rium between the two samples can be established. In this
=Ng(V)|g=o- case the standard methods for solving the transport problem
If both samples are separated very far from each othein a disordered hopping system, namely Mott's
there are no transitions between left sites and right sitesoptimization!’ percolation theory,'>** or the effective-
Therefore, Eq(1) is valid for each of the samples separately. medium approximatiorf can be applied. However, if @
Since both samples are in equilibrium, the solutions to thébecomes appreciably larger than the exponents of the domi-

If one knows the solution to the transport equations one
can calculate the current from the formula
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nant bulk transition probabilitieg2) (which is already the interior of the sample. There we haMg,r=N, (V) indepen-
case ifl becomes larger than a few pma separate equilib- dent ofR. Performing the configuration average by means of
rium is established in the two samples before a tunnelinghe densities of states we obtain the expression

transition can take place. In this situation, which is the one

we are i_nterested in, the tunnel transitions are not a part of e@ —_ E(l _e—ﬁ(,u.R—,uL))J de dr’ f dvdv'(R-R’)
percolating network because the charge carriers that cross th Q o 0g

break junction cannot optimize their paths. In fact, the tun- L, ,

neling experiments reported in Ref. 7 are performed in such XNL(V,RINR(V',R) (V)1 = fL(V)]

a way that the resistance of the tunneling confgtis by XW(R =R’|,V",V) (10)
orders of magnitudes larger than the equilibrium bulk resis- ) )

tanceR, SO that the current is determined by jumps acrosdr the configuration averaged current. Here the bracket

the contact. Furthermore, care was taken to adjust the digymbolizes the configuration average.

tancel in such a way to make sure that the resistaRge To investigate the applicability of the averaging procedure
across the junction did not show the temperature dependen®¢e now investigate the disorder induced fluctuations of the
of the bulk resistancézeqoce(TO’T>x, x~0.5 which would in- tunnel!ng (_:urrent. Since _the electric field is directed along
dicate that a common thermal equilibrium of the two con-thex direction we focus o, thex component of the current
tacts would exist. In the rang®, 2 10°R., this regime was (=1x80 & IS t_he_un't_;/ectqg |rx_d|r2ect_|orD and compare the
reached. It is this regime in which the Coulomb gap wasStandard deviation((j))=(j5)=(j,0* with the first moment
observed. Accordingly, a charge carrier can hardly optimizeix- According to Eq(9) the quantityj, can be written in the
its path by returning across the junction. We therefore makéorm

use of the separation of time scales in the present situation.

The time for a tunneling transition can be estimated as ix= %ij- 11
m
exp(2«l
ty, = % (7)  Therefore we obtain
1%
.2 _ . .
whereas the equilibration time is roughly (G = % %«JnNJmM»- 12
_exp{(Ty/)’}

eq , (8) Since the quantitieg,y depend only on the indicasand N

(v) the currentsj,y and j v in EQ. (12) are only correlated if
so that we haveR,/Req=tw/teq As mentioned above this eithern=m or N=M, or both equalities hold. Therefore
ratio is of the order of 1®in the tunneling experiments, so

that one can be sure that the two samples equilibrate sepa- <<J>2<>>:E (G2 + 22> (aninm)

rately before the tunnel transitions take place. In this situa- n n N

tion the quantitiesp, and py, can be considered as Fermi +> > Camimwm) - (13
functions as before, and we obtain for the tunneling current M n#m

. e e In our averaging procedure the calculation of the configura-
== 5(1 -e ML))EM Rim fmn(L = fs)Wam - (9) i average amounts to an integration over the positions of
" the sites. Therefore the quantitié4j)?)=07, (janinm)
Due to the disorder the expressi() is unsuitable for prac- =42 and ((janmN»:og are independent of their indices.
tical analytical calculations. However, the experiments showsgnsequently,
that the disorder induced fluctuations of the tunneling current
are small. In the experiments of Ref. 7, e.g., the disorder {j3)y=N20% + N3 (N - 1) (05 + 0. (14)
mgﬁf:?nzlijg;?:?ﬁgf t\;]vgr:xi;rpeaslﬁ(rgt)hggnlgoe/()'si-lr—:gnsﬁg]; fi )ﬁ)enﬂereN is the number of initiallsites,_ which is assumed to be
ther by a suitable averaging procedure. the same aszthe number of _fmal sites. In the same way we
For calculating the configuration average we use the dengbta'n<JX>_N (i), where(j)=(jnm). Accordingly,
sities of statedN, ,x(V,R). In the presence of an electric field ((jf()) 1 021 1 (Tg + Ug
they are quantities which depend on the enefggnd on the W = @(T}Z + N(JT (15
position vectoR. The latter dependence describes the space x
charge region. The space-charge region is the region in thier a junction withN> 1. This argument shows that disorder
sample, in which the charge carrier density in the presence ahduced fluctuations of the tunneling current are negligible in
the field differs from that in the absence of the field. Such aunneling junctions of sufficiently large size.
region exists since the screening length in the hopping re- While the calculation of the standard deviation indicates
gime is a large length. Due to this fact the density of states ithat the averaging procedure is applicable to tunneling junc-
the vicinity of the boundary in the direction of the electric tions of sufficiently large size the experimental situation is
field is different from that in the sample. Accordingly, the often unclear. The situation for the experiments of Ref. 7 is
density of states depends also on the position, that js  depicted in Fig. 1. In this experiment the contact area is of
=N_r(V,R). This dependence is only negligibly deep in the macroscopic sizé.,~0.8 mm,|,~0.2—-0.4 mn). Therefore

045308-3



O. BLEIBAUM, B. SANDOW, AND W. SCHIRMACHER PHYSICAL REVIEW B70, 045308(2004

we expect thaiN is a large number. The total number of jumps down in energy space. Accordingly, we obthifor
initial sites in the contact area is of the order of1The BeU>1
numberN, however, must be somewhat smaller, since only

pairs in a strip of widtreU+KT in energy space contribute to (i = ev\/f dvdVv’' N, (V)NR(V")
the sum. The real number depends on the width and structure
of the impurity band, which is not well known. Therefore the X OV = V) 8 ur— V) ON = m)v(V=V']), (16)

smallness of the fluctuations in the experimental situation
remains the main indication which justifies the application ofwhere we have defined
the averaging procedure.

We would like to emphasize that the same averaging pro-

cedure can also be applied to the conductivity of the Btilk. 1 dRmJ dRy(Rn— Ry)expi— 2!t = — We,.
However, in this case a different expression for the current QJgq Qg
has to be used, which takes into account that the particle 17)

optimizes its path through the sample. Doing so, it often

returns to its initial site. Therefore the distribution functions Here Q; ({)g) is the volume of the leftright) sample, over
become functions of the transition probabilities, so that which the integration takes place. Since the transition prob-
—pm{Wmnat). The latter quantities are calculated from the abilities are exponentially small quantities with respect to the
Miller-Abraham random resistor network. Percolative as-decay constank™! the range of integration penetrates only
pects of hopping transport are included if the statistical corover a distance of the order of a few times ot into the
relation between the transition probabilities in the distribu-sample. Thus the relevant volung is of the order ofAl,
tion functions is taken into account, as it is done in thewhereA=L,l, is the area of the cross section of the break-
effective-medium theories. In a tunneling experiment, how4unction.

ever, the situation is different. A particle, that has managed to Since the junction is a break-junction the densities of
cross the junction, never returns to its initial site to look for statesN, andNy agree with each other if the electric field is
a better path, since every hop it can perform in its new surswitched off, as noted above. Therefore they differ only in
rounding is easier to perform than a hop across the junctiorthe position of the zero point of the energy axis if the electric
Accordingly, the particles equilibrate in their new surround-field is switched on. That islz(V) =N_(V—-eU). Accordingly,

ing on a time scale which is small compared to the tunnelingve obtain

time. Mathematically, this fact is expressed in that the occu- U v’

pation numbers are independent of the transition probabili- (j ) :ewf dv,f dVN (V)N (V' = eU) (V' = V).

ties, so that the quantitigs,, in Eq. (11) depend only om " "

and onm, but not on any other site. The latter fact is a (18)
consequence of the separation of time scales.

Equation(10) is all what the kinetics tells us. If we want If it were not for the functions(V' =V, which describes the

to simplify this equation further we have to use additionale erav dependence of the electron-ohonon counlind. we
knowledge on the samples, that is, about the length scaléd'€r9y dep N-p! -oupiing,
ould now have a tool for extracting information on the

present in the system. Such scales are the localization leng Snsity of localized states. If this energy dependence is not

a1, the tunneling distanck the screening length, and the . e L S .
sample lengthL,. Different relationships between these known_ one mlghg have difficulties in interpreting inelastic
funneling spectr&’

length scales yield different expressions for the current, a . . N
discussed further below. If we assume the deformation potential approximation to
hold and that a Debye model for the phonons describes the
situation adequately well, the energy dependence’ a
[ll. METAL-LIKE CONDITIONS known and the integrals in Eq18) can be evaluated.
In deformation potential approximation the functio(E)

The expressior{10) takes a particularly simple form in takes the form

the case of metal-like conditions, i.é.<I, L,>1,, andl,

< a1 The first condition means that we can use the approxi- B = |E]| 19
mation ug— u =€El=eU. Here U is the voltage applied to vE) =g E \2[4 (19
the sample. If the second condition holds there is a region in 1+ e

the samples in which the densities of states are independent

of R. If the third condition applies mainly sites outside the wheres is the velocity of sound, ang, is a constant® This

space charge region contribute to the integt8), so that the approximation takes into account that the overlap between

DOS measured is the densities of states in the bulk. the phonon-wave function and the wave functions for local-
In the limit of strong disorder it is unlikely to find neigh- ized electrons decreases rapidly if the phonon-wavelength

boring sites on opposite sides of the break junction with thdbecomes small compared to the localization length.

same energy. Therefore mainly inelastic transitions are rel- Of particular interest is the situation in which the DOS

evant in this limit. Furthermore, as mentioned before, jumpshows a pseudogap centered at the Fermi energy, as it is the

upwards in energy can be ignored at low temperatures sinagase in the presence of a Coulomb gap at finite temperature.

there are plenty of accessible sites, which can be reached by this case the DOS has the structure
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= - Y - m +eu
NLV) = No# NyIV = a7, (20 () = evgWew f dVN (VN (V-eU)  (25)
where y=2 for three-dimensional systems at zero tempera- BL
ture andN, vanishes at zero temperatdfeé®Using(19) and  for eU> w. This equation has the same form as that which
(20) in Eq. (18) we obtain(see the Appendjx would be obtained for purely elastic transitions, although en-
. 347 ergy is exchanged with the phonon system. Therefore we call
(ix U] (21) this approximation the quasielastic approximation. It is EqQ.

(25) which has been used in the interpretation of the experi-
ments of Ref. 7.
_ For a DOS of the form(20) Eq. (25) yields

for e|U|<#sa, where {=0 depends on the parameters ap-
pearing in Egs.(19) and (20). Therefore the data for the
tunneling conductance appear to scale to zero in an experi

ment, which is performed in the regingeU> 1. Since the ~ 2
. i . P\ — 2 y
applied voltages are very small in the regifieU<1 we (Ix) = evowWeU| N + o+ 1NON7|eU|
expect that this is also the behavior which would be observed
in experiments. However, we would like to stress that the (1 +7)]2N2|eU|2“/ 26)
true value of the tunneling conductance at zero bias is non- [(2+2y 7 '
zero. To calculate the derivative of the current at zero bias ) )
we use Eq(10). Doing so, we obtain Here I'(x) is the Gamma functio® For large eU the

asymptotic of this expression agrees with that of the conven-

d(j,) i N S tional deformation potential approximation up to numbers.

qu Y=o~ voW(KT)TNgJoo + 2NN (KT) g, For smalleU it differs appreciably from that. These differ-
ences manifest themselves in particular for smalln this

+N2(kT2)J,,, ], (22)  case the tunneling conductance approaches the constant
value
where a0
Ix _ ‘A2
X = ylexp(—[x - y|/2) qu & W, @7

1
I = 2 f dxdyx’yxl (23

cost(x/2)cosh(y/2) for N JeU|”/Ny<1. The temperature dependence of the tun-
neling conductance is in this case governed by the tempera-
ture dependence o5, and thus weaker than that of Hg2).

This sets the situation in the quasielastic approximation apart
proaches a constant geU< 1. The zero bias tunneling con- frorP that 'g thl? conventlc:na(lj dgt;)rmar'[]lotr;] poﬁ”“?‘l approxi-
ductance itself increases at least quadratically Withméa;):aorinmzrr]]t z?reovt\qlzazine?asotic i?' ir?elvgst?c j;is (Sam;lr’sbu'? an
increasing temperature. This strong temperature dependen X ;

9 b g P P Earger thankT Eqg. (27) crosses over to Eq22) if eU be-

is not observed in the experiments of Ref. 7. Therefore on I dio If w<KT. th d q
has to ask whether E@19) is really applicable to the mate- coOmes small compare w  (N€ Same dependence
Asin Eq.(27) is also observed at=0.

rials of interest. This approximation is based on the notio The data of Ref. 7 are not in line with the strong tempera
that the ch i to k h part of the host : . ]
a fhe charge carriers move fo keep each part of the 0%ure dependence of E(R2) [see, e.g., Fig. 1 of Ref. 7 San-

lattice locally electrically neutrd® so that the Fourier trans- T ;
y y dow et al. (200)]. They are, however, in line with Egs.

formed Coulomb potential, that provides the coupling beéa5)—(27)- Accordingly, the hops were quasielastic.
At this point it is tempting to use the experimental data to

by a constant, the deformation potential constant. However timat H fortunatelv th ion for th
in the systems of interest the mobile charge carriers are sIO\‘/%/S Imatéw. However, uniortunately the expression tfor the
tunneling resistance depends too strongly on quantities

compared to the sound velocity and therefore the electro-" " . ) .
magnetic potential, which provides the electromagnetic cou\—NhICh are not Well~known to yield a reliable estimate. Ac-
pling between the electron and the phonon system, is of vergording to Eq.(17) Wis of the order

long range. Accordingly, the electron-phonon coupling con- |

In the Appendix also results f@|U| 2 fisa are presented.
According to Egs.(21) and (22) the tunneling conduc-
tance scales to zero with decreaslddgor feU>1 and ap-

stant already drops to zero for interaction events with very W= —— exp(— 2«l). (28)
small energy transfer. To model this effect phenomenologi- (2)
cally we use the approximation While | =10 nm the quantitx™* has not been determined so

far. Its determination requires further experiments.
(|E|) = vof(w - |E|) (24)

which has already been applied successfully in other non-
equilibrium hopping problem¥ In this approximation the
maximal amount of energy transferred in one howidf w In this section we consider the case in which the localiza-
is small enough, we can expam{ (V) in Eqg. (18) around tion length is the smallest length scale in the system
V=V’ an retain only the first term. Then E(L8) takes the (strongly localized regime Accordingly, the inequalityl,
simple form > a1 is not satisfied. There are not enough sites which can

IV. INSULATORLIKE CONDITIONS

045308-5



O. BLEIBAUM, B. SANDOW, AND W. SCHIRMACHER PHYSICAL REVIEW B70, 045308(2004

be occupied by charge carriers to screen out the electric fieldence can be used in order to obtain further informatiofon

on a distance of the order of the localization length. Thereexperimentally. We would like to mention that screening ef-

fore in the insulatorlike case one measures essentially thiects in tunneling experiments have been also discussed in

DOS in the space-charge region. Ref. 11.
For lightly doped materials far from the metal-nonmetal

transition the space-charge region can be quite large. Due to

this fact there is also an electric field inside the sample. V. CONCLUSIONS

Therefore the simple approximati@=eEl does not hold. Starting from the usual rate equations for hopping trans-
Instead of this relationship we haweU=eU +eEl+eUr.  port in the impurity band of a doped semiconductor we have
HereU_ (Ug) is the potential difference across the lefght)  gerived an expression for the tunnel current across the gap of
sample. The charge carriers, which are important for the tung preak junction device in which the contact material is a
neling current, jump from the left surface of the right sampledoped semiconductor. The fact that the tunnel resistance in a
to the right surface of the left sample. Doing so, they have tgyreak-junction tunneling experiment is much larger than the
change their energy bgEl Accordingly, ur=u =€EL In resjstance of the material leads to a separation of time scales
order to relate the difference of the chemical potentials to thgetween the tunneling and the dynamics inside the contact.
voltage applied to the sample we express the electric field byherefore a separate equilibrium inside the contacts is estab-
U. To this end we focus on the situation that the time forjished with different chemical potentials. This simplifies the
local equilibration in the right and in the left sample is the resulting expression for the tunnel current as opposed to a
smallest time scale in the problem. This implies that also thejtyation in which the contacts would be in equilibrium with
resistance of the contacts is large compared to the resistangg@ch other and in which the tunnel and sample dynamics
of the samples, but small compared to the tunneling resisyould be part of a common optimization or percolation prob-
tance. In this case the impact of the space charge region Qem. Due to the separation of time scales the situation in
the tunneling experiment is largest. Furthermore, we assumgreak-junction tunneling experiments is not percolationlike.
that the screening of the external electric field can be deThe resulting expressions for the tunnel current look very
scribed within the Debye approximation. In the context ofsjmilar to those in conventional tunnel or point contact spec-
hopping transport this approximation has been discussegioscopy. They become equal to these expressions if metalli-
e.g., in Refs. 20 and 21. If we use this approximation Weglike conditions apply, i.e., if the screening length is the
obtain U=4l,E+IE. Accordingly, eEl=eU, where U smallest length scale in the problem. However, in the impu-
=Ul/(4l.+1). Since in this case the DOS to the right is re-rity band of lightly doped insulators the localization length is

lated to the DOS to the left by the relationship the smallest length scale. Therefore the relevant contact den-
_ sities of states are those in the space charge region. An in-
Ngr(V, x=1) =N (V-eU, x=-L,) (29 creasing extent of the space charge region leads to a reduc-

tion of the difference between the local chemical potentials,
which affects the measurement ifs smaller or of the order
- ~  (u+€U V! of l.. If the break junction separatiohis larger than the
(J» =eW1 -expg- ﬁeU)]f dV'f dv screening length the influence of space charge effects be-
M aL come negligible.
We have investigated our expression for the tunneling cur-
rent in two approximations, in the conventional deformation
(30) potential approximation and in an approximation which only

From the practical point of view the most important differ- Fakes into account hops with small energy transfer. The latter

ence between Eqsl6) and(30) seems to be that the differ- is called _the quasie_lastic approximation. In the gonventional
ence between the chemical potentials is reduced, and therg—eformatlon potentlal_approxmatlon the tunneling c;onduc-

i ~ , ance has a powerlike current—voltage characteristic for
fore U is replaced byJ. Due to this replacement the range of BeU>1. Accordingly, the tunneling conductance scales to
integration in Eq.(30) is getting small iflo>1. This fact  ,a.0 with decreasing voltage in this regime. 2¢U< 1 this
renders measurements of tunneling currents more difficultyeng is changed. The zero bias tunneling conductance is
Moreover, the exponent ekpBeU), which turned out to be finite, even if the density of states vanishes at the Fermi
negligible in the metal-like situation, might prove to be es-energy. Its temperature dependence is governed by the tem-
sential in this case. Since the results of the experiments gierature dependence of the density of states and by the tem-
Ref. 7 were independent of the tunneling distaheee con-  perature dependence of the width of the strip of accessible
clude that in these experiments the conditionl, was met.  sites.

Accordingly, in these experimenitswas at most of the order In the quasielastic approximation the expression for the
of a few times the average site spacing. tunneling current takes the same form as for a metal. For
In the literature the order of magnitude of the screenindarge voltages the current-voltage characteristic has the same
length is a controversial point. In Refs. 16, 20, and 21 dif-asymptotic in this approximation as our expression for the
ferent expressions for the screening length have been olzonventional deformation potential approximation. For small
tained. The fact that the tunneling current depends on theoltages the quasielastic approximation reflects in an ohmic
screening length, raises the question whether this depen-tunneling conductance, which only crosses over to the results

we obtain for the tunnel current the expression

XNL(V,x= 0N, (V' —eU, x=-L)w(|V-V']).
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of the conventional deformation potential approximation ifin such a way that the results are independent of the sample
the characteristic inelastic energy is large compared to theeparation. Therefore these correlations should be not essen-
thermal energy. In the opposite case it leads to a zero-biagal.
tunneling conductivity which depends on temperature only
via the density of states.

The characteristic features of the tunneling conductance APPENDIX
in deformation potential approximation, in particular the
strong temperature dependence of the zero bias tunneling Performing the integral(18) with the deformation-
conductance, are not observed in the experiments. The mepetential function(19) and the electronic DO&0) we find
surements are, however, in line with our results for the quasithat
elastic approximation. Therefore, we conclude that only hops ~
with very small energy transfer were important in the experi- (i) = €Wrg(2f15a)> ZNANI[ A%l go(\?)
ment. Additional data are available from further analysis of

the tunneling conductance measurement and new experi- +2A)‘y|0y()\2)+}‘2y|w()‘2)]’ (A1)
ments on the break junction in the next time. where
Let us now discuss the previous theoretical work concern-
ing break-junction tunneling between materials in the hop-
ping regime. In our opinion the conclusidrtbat the tunnel- o TA+a)I(1+p)
ing current should be strongly fluctuating and strongly lap(N°) = W3F2[1'3/2'4?2
voltage dependent for large voltages have two reasons: First
it has been assumed that the current limiting hop across the +(a+ P)I2,512 +(a+ P)I2;- %], (A2)

tunnel gap leads upwards in energy in contrast to our plau-

sible reasoning. Second it was assumed that only a few tunv=eU/ (2isa) andA=Ny/[N,(2%sa)”] (3F is the hypergeo-
neling events contribute to the current, whereas in a realistimetric functiorn. Accordingly, \ is determined by the volt-
situation the numbeN of “initial sites” for these events is age, and\ is a measure for the depth of the dip of the density
very large. We have demonstrated that in this situation thef states.

fluctuations of the single current contributions do not signifi- To get an expression for the tunneling current for small
cantly affect the measured current because of relatl®p  we expand Eq(A2) with respect ton. Doing so, we obtain
Accordingly, we conclude, in contrast to Ref. 9, that statisti-
cal fluctuations of the tunneling current are negligible if the
contact area of the break-junction is of macroscopic size, as
it was, e.g., the case in Ref. 7. This conclusion is in line with
the results of the experiments of Ref. 7, in which the currentiere {=2y, B=12/[(2+y)(5+2y)], and
did not show measurable fluctuations.

(i) o= CN3[1 = BAZ+ O(\Y)]. (A3)

Our expression for the tunneling current in deformation T1+9)P ~
potential approximation agrees, however, with that of Ref. 10 = Y eV\/VO(ZﬁSa)erZVNi (A4)
for not too smallU. For very smallU the exponent of our I'(4+2y)

result differs from that of Ref. 10 in two ways. First, the

expression for the tunneling current in Ref. 10 yields zero fofor A/AY<1, and{=0, B=6/5, and

the tunneling conductance at zero bias. This is in contrast to 1~

Eq. (22) which is nonzero. The reason for this difference is C= —eV\hzo(ZﬁSa)3+27NfA2 (A5)
that in Ref. 10 the occupation numbers have been replaced 9

by step functions, and jumps upward have been ignoreggo,r a/\7>1.

These approximations become inapplicable at zero bias. For |argen we obtain

They ignore that fokT>eU the width of the strip of pos-

sible initial and final sites is not governed by but by kT, (j = DAM2[1 -E/\ + O(1\Y)], (AB)
and that forUH_o upward hops with very small energy whereE=1 and

transfer are as likely and as frequent as downward hops.

Second, the expression of Ref. 10 yields for smalla 1~ 34992 1D
current-voltage characteristic that differs from our approach. D= gew’o(%s‘)‘) TNOA (A7)
The reason for the difference is that in our treatment we

assume that charge carriers on the left side do not affedor A/A”>1, andE=2y+1 and

charge carriers on the right side. Accordingly, the common

DOS can be replaced by a simple product of the DOS. In 2

Ref. 10, however, it has been assumed that the Coulomb D:Mew} (2fisa)3 N2 (A8)
. . . . LT 0

interaction between the left sites and the right sites is impor- 6I'(2 +2y) 7

tant, and that therefore also the common DOS cannot be

replaced by a simple product. We expect that such correldor A/NY<<1.

tion effects become unimportant with increasing sample In order to get some feeling for typical values of the pa-
separation. Tunneling experiments, however, are performethmeter\ we use the parameters of Ref. 7. In these experi-
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