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Tunneling measurements of the Coulomb pseudogap in a two-dimensional electron system
in a quantizing magnetic field
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We study the Coulomb pseudogap for tunneling into the two-dimensional electron system of high-mobility
(Al,Ga)As/GaAs heterojunctions subjected to a quantizing magnetic field at filling fastdr. Tunnel current-
voltage characteristics show that for the double maximum observed in the tunnel resistaned dhe
pseudogap is linear in energy with a slope that depends on filling-factor, magnetic field, and temperature. We
give a qualitative account of the filling-factor dependence of the pseudogap slope, and we confirm the recently
reported appearance of another relaxation time for tunneling=at. For the tunnel resistance peaksrat
=1/3 and 2/3 a completely different behavior of the current-voltage curves is found and interpreted as mani-
festation of the fractional gap.

I. INTRODUCTION <1 the tunnel density of states in the pseudogap of Ref. 7
increases linearly at small and far more rapidly at larger dis-
The integer quantized Hall effect in a two-dimensionaltances from the Fermi energy. Quite an unexpected and pe-
(2D) system is understood to be a single-particle effect. Orculiar result was reported in Ref. 8 that at filling facter
the other hand it is now well known that the charge injection=1/2 the width of the pseudogap for tunneling between two
by tunneling into the 2D system at quantizing magnetic fieldsequivalent 2D electron layers such as in Ref. 6 is roughly
is very sensitive to many particle effects. Two kinds of tun-proportional to magnetic field.
neling experiments are possible: tunneling into the gdge A drastic increase of the pseudogap in the vicinity of fill-
called lateral tunneling, e.g., Refs. 1-&d into the bulor  ing factor v=1 manifested by a camel-back structure of the
vertical tunnelind™'9 of the 2D system. It is the vertical tunnel resistance was observed for tunneling from a 3D elec-
tunneling experiments that are a powerful tool for investigattron system into a high-mobility 2D electron ga3his ob-
ing the electron spectrum of 2D systems. In a pioneeringervation has been confirmed recently by time-resolved tun-
papef it was shown that the tunneling between a 2D electromeling experiments of Ref. 10 where a corresponding camel-
gas and a 3D metallic layer reveals both gaps in the energyack structure was found in the relaxation time of the tunnel
spectrum at integer or fractional filling factors originating current at filling factors close te=1. In that work, how-
from magnetic-field quantization and a Coulomb pseudogajver, attention has been paid to the observation of two strik-
that is pinned to the Fermi level of the 2D system. Theingly different relaxation times, whereas the camel-back
former correspond to cusps in the dependence of the 2Bhape is not discussed. Measurements of current-voltage
system energy on electron density and can be directly meaharacteristics at~1 showed that the pseudogap is roughly
sured using alternative methods with or without verticallinear in energy near the Fermi level.
tunneling!*2while the latter is seen directly only in vertical ~ Theoretical models have been developed for the tunneling
tunneling measurements'® In the work of Ref. 5 the density of states in a 2D system in both the metallic and the
pseudogap was found to persist in a wide range of magneti@sulating phase. In the absence of magnetic field, in a 2D
fields, depending weakly on filling factor. Alternative studiesmetal with weak random potential the electron-electron in-
of tunneling between two high-mobility 2D electron systemsteraction is believed to lead to a logarithmic correction that
pointed to the existence of a pseudogap with exponentiallyeduces the single-particle density of states at the Fermi
small tunnel density of states in the extreme magnetic quarenergy® whereas in a 2D insulator with strongly localized
tum limit.° As long as the experiments of Refs. 4,5 and 6electrons the tunnel density of states vanishes at the Fermi
were performed on samples of very different quality and inlevel e¢ linearly with energyD = (2«?/ we*)|e —eg|, where
the low- or high-magnetic field limit, respectively, it was « is the dielectric permeability arelis the electron charg¥.
unclear whether the gap observed by both experimentafhe problem of vertical tunneling at zero temperature in
groups had the same physical origin. Recently, it has beeguantizing magnetic fields has been tackled in many recent
suggested that in all the above mentioned experiments theublications. For the metallic state these predict a Coulomb
same pseudogap was investigated because all of the obtainpseudogap with exponentially small density of states near
results can be reproduced on one samerticularly, atv e .*>"'8A similar result was obtained for the Wigner crystal
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insulating stat®” and the insulating state of weakly disor- 0.3

dered 2D systems at high filling factdi®According to Refs. blocking 03—

15,16, and 19, the pseudogap should scale with the average el et

interelectron distance. Finally, for the insulating phase with I 5 I

strong disorder the Coulomb-interaction-induced pseudogap PR L’fm L/ B\ N

is expected to be linear in energy with a background density > 800 X

of states at the Fermi energdy 3: Al Do O B

S X

D(e)=Dg+ale—egl, (1) "o

where the factorx is a bit different from the constant, X B ,

=2«?/me* predicted in Ref. 14. The linear dependeriie I ¢ X,

survives even in the presence of a screening metallic elec- 6 ' 2000

trode at distances from the 2D system comparable to the X (;\)

average interelectron distante.

The above theories give a qualitative account of all ex- FIG. 1. Calculated band diagram of the sample/gt=0.8 V.
perimental results on the Coulomb pseudogap except as fofhex coordinate is counted from the gate. Also shown is a close-up
lows: (i) the absence of scaling of the pseudogap with averview of the tunnel barrier region.
age interelectron distanédji) the drop of the coefficient
with magnetic field; and (iii ) the pseudogap behavior near that anac current is excited through the device. From the
filling factor »=1.%1° real and imaginary components of the current we derive in-

Here, we study in detail the 3D-2D tunneling for high- formation on both the thermodynamic density of states and
quality 2D electron systems in quantizing magnetic fields atunnel resistance between the 2D electron system and back
v=<1. Except for the tunnel resistance peaksatl/3 and electrode. For the case of linear current-voltage dependences
2/3, current-voltage I(- V) characteristics correspond to a one obtains®
pseudogap that is linear in energy. For the vicinity iof
=1, where the tunnel resistance exhibits a double maximum, [
we analyze the behavior of the pseudogap with changing v
filling factor, magnetic field, and temperature. Furthermore,
we present evidence of the existence of another relaxati
time for tunneling. At filling factorv=1/3 and 2/3 very dis-
tinctive | =V characteristics are observed that are likely to
reflect the fractional gap.

oT+i

m(clow_chigh)+ichigh

: 2

%Wherew/2m is theac voltage frequencyCq,, andCyq, are
the low- and high-frequency limits of the device capacitance,
and the relaxation time is equal to

2
X
Il. SAMPLES AND EXPERIMENTAL TECHNIQUE 7=Riun(Crow— Chigh)<x—g) ,
w
Our samples are  metal-insulator-semiconductor
(Al,Ga)As/GaAs heterojunctions with high mobility that r
. . tun Ptun
contain, apart from a metallic gate on the front surface, a Run=—-5= A 3
highly doped (4< 10¥%cm™3Si) layer with thickness 20 nm ADge

in the bulk of GaAs. This layer remains well-conducting
even at very low temperatures and serves as a back electrode. ) X > !
The four samples are prepared from two wafers grown ofil€ attempt frequencyDs is the smgle-opar(')tlcle density of
different molecular-beam epitaxy machines. The epitaxiallystates, and the distanceg,x,, replacexy,x,,, taking into
grown |ayer sequence of the Samp|es and the calculated béCCOUn.t actual electron denS|ty dlStr.lbl:ltlonS n thdlr-eC'
havior of the conduction-band bottom are shown in Fig. 1. Ation (Fig. 1). In the low-frequency limit, the capacitance
blocking barrier between the gate and the 2D electrons iSiow reflects the thermodynamic density of steftéand the
formed by a short-period GaAs/AlAs superlattice capped by€al current component is proportionalRg,, . In this limit,
a thin GaAs layer. A wide but shallow tunnel barrier betweennonlinear tunnel —V characteristics are extracted from the
the back electrode and the 2D electron system is created Bjpeasured Reand Iml using the relations for the voltage
the weak residug doping of the GaAs layer. The density of and current across the tunnel barrier
the 2D electrons is controlled by the gate voltageapplied
between the back electrode and the front gate, because elec- CowRel
tron transfer across the tunnel barrier brings the electron gas Vtun:m
in the back electrode and the 2D electron system into equi- @\ low™ high
librium. The front gate and the heterojunction barrier areywe note thateV,,, is defined as the difference of the elec-
separated from the back electrode by the distarges trochemical potentials across the tunnel barrier.
=142 nm, x3,=100 nm in wafer A and<g= 142.4 nm,x,, The measurements are performed using a standard lock-in
=100 nm in wafer B. The gate area is equal 2 technique in the frequency interval between 3 Hz and 2 kHz
=8700um? for sample A1, 80Qum? for samples A2 and at temperatures between 30 and 880 mK and magnetic fields
A3, and 3300um? for sample B. up to 16 T. The amplitude of thac voltage across the
The gate voltage is modulated with a smetlvoltage so  sample is in the range 0.2—8 mV. In the analysis of nonlinear

JehereRyn (pwn) is the tunnel resistandeesistivity), 7,,n is

Xw

2
X_g) , ln=1ImlI. (4)
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FIG. 2. Real and imaginary current components as a function of FIG. 3. A set of the gate voltage dependences of the real current
gate voltage af=30 mK in a magnetic field of 14 T for sample component neav=1 at different magnetic fields on sample A1,
Al;V=4.2 mV, w/27=73 Hz. The inset compares the experimen- T=30 mK, V=0.89 mV, w/27w=93 Hz. The lines are shifted ver-
tal traces at two magnetic fields of 6(8ashed lingsand 13.7 T tically for clarity. Inset: a similar set for<1 atB=12, 13, 14, 15,
(solid lineg for sample B; T=60 mK, V=2.1mV, w/27 and 16 T with the ordinate axis converted into the relaxation time.
=920 Hz.

(Fig. 2), we conclude that the peaks observed at fractional

| —V characteristics we take into account that it is the firstf'"mg factors are not due to lateral transport either.

Fourier harmonic of thac current which is measured experi-
mentally. IIl. EXPERIMENTAL RESULTS

A typical experimental trace in the low frequency limitis  ne genesis of the camel-back structure centered at
presented in Fig. 2. The imaginary current component ré= j ith magnetic field is shown in Figs. 3 and 4 for the
flects the thermodynamic density of states with minima algmples of both wafers. This structure emerges at a lower
integer and fractional fillings and is used to extract the gatenagnetic field for the higher quality 2D electron system of
V0|tage dependence of the electron dengl%}Thls pOint is wafer A as indicated by the presen@)sencﬁ of tunnel
of importance because lateral transport experiments are prifiesistance peaks at fractions- 1/3 and 2/3 for wafer B).
cipally impossible in a 2D system that is shunted by a 3DAs seen from the figures, the structure has a double-peak
back electrode through a tunnel barrier. The real currenshape over the entire range of magnetic fields.
component displays a background signal weakly dependent The frequency dependences of both current components
on filling factor, which was studied previously in Refs. 4—8, measured at a maximum and at the minimum of the tunnel
alongside with a camel-back structureiat 1 (Refs. 9 and resistance aw~1 are presented in Fig. 5. Since at fixed
10) as well as peaks at=1/3 and 2/3. In principle, such modulation voltagé/ the tunnel current,,, would rise with
additional structures may be caused by a possible admixtuiféequency, we reduc¥ to keeply,, fixed and thus avoid
of lateral transport: the small dissipative conductivity at in-possible influence of nonlinearities in this measurement. The
teger fillings does not allow tunneling measurements beformula(2) fits well the data points if the capacitanCg;q
tween two identical 2D electron sheétdIf the 2D electron N Eq.(2) is replaced by a fitting paramet€>Chgn. This
system is charged from the 3D back electrode, there are ri§Plies the presence of at least two tunneling channels with
restrictions to the filling factors at which the tunneling ex- Strongly different relaxation times: the parameges (Ciow
periments can be performed provided the 2D system and the C0)/(Ciow ™ Chign) IS @ weight of the tunneling channel
tunnel barrier are homogeneous. In the case of an inhomdYith the highest tunnel resistivity,,, (and 7) so thatA
geneous tunnel barrier the in-plane transport may contributge"‘“’cr'bes an “effective area in the sample, which can be
significantly to measured values. We argue that the maxim xpected 10 be cluster-ike as mfe_rred from the absence of
observed here in the real component of the current close tgteral transport. The corresponding maximum of the real
v=1 do not reflect lateral transport effects in the 2D system: . : i
firstly, at the same temperature for filling facter=2 no /
peaks are observed in the real current component although \;
the dissipative conductivity is expected to be smaller than the ‘\/., B=13.9T|
one atv=1 (inset to Fig. 2; secondly, the behavior dis- %
cussed below, in particular, the frequency, temperature, and

!g*r
f\\

i
?

magnetic-field dependences of the active current component AL
as well as the behavior ¢f-V curves are inconsistent with MW%‘“:““
the assumption of in-plane transport; thirdly, very similar N : I
data atv=1 have been obtained on samples with a different 0.9 1.0 1.1
design of the tunnel barriéf. v (V)
Because on one hand, the dissipative conductivity at frac- ¢
tional minima is expected to be higher thamat1 and, on FIG. 4. The same as in Fig. 3 for sample B with magnetic field

the other hand, the amplitudes of the observed peaks at increment equal to 0.17 TT=60 mK, V=2.1mV, /2w
=1/3 and 2/3 are comparable to the value of|[Rd v=1 =920 Hz.
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0 ' ""'1'00 ' "'1'(')00 the_ F_ermi distribution_ function. So-calcglatdad-v charz_;\c_-
o/ 2r (Hz) teristics fit the experlment very well .W|th.onlly one fitting
parameterxyD,, (Figs. 6 and Y. For visualization purpose
FIG. 5. Dependence of both current components on frequency dhe solid line from Fig. 6 is drawn in the coordinates
a maximum (top) and minimum (bottom of Ry, at v~1 for  (Vn1/Ryyn) in the inset to Fig. 6. Also shown by a dashed
sample A1;B=10 T, T=30 mK. The ordinate axis is normalized line is the corresponding dependence before filtering out the
to compare the data with the fiolid lineg by Eq.(2) with the two  first Fourier component. One can see the finite-temperature-
parameters- andC, as described in the text. induced saturation of B, at V,,—0.
Assuming that for a given sample the valugsand D,
current component as a function of frequency is proportionahre constant, the pseudogap parametetepends on mag-
to B. In the low-frequency limit discussed below, the tunnelnetic field and temperature in the same way as the experi-
current through the so-introduced effective area is also promentally determined slope of the dependeﬁgé](vtun) on
portional to 8, i.e., one should replack,, in Eq. (4) by  the parabolic part of—V curves, see the inset to Figs. 7 and
lwn=pB 1M1, whereas the expressio(&4) for Vi, andRyn 8. To our surprise, we find that the valuechanges strongly
remain valid since both of these values are related to th@th both magnetic field and temperature. At high-magnetic
effective area. The fit in Fig. 5 yield8~1 and3~0.6 for  fields and low temperatures there is a tendency to saturation
the maximum and minimum of the tunnel resistance, respef « (that the electron temperature is not saturated in the
tively. We find that these values do not significantly changgow-temperature limit is indicated by the pronounced tem-
with magnetic field. Furthermore, on all samples the v@ue perature dependence of the tunnel resistance=a2/3, see

exhibits @ minimum av=1 that is similar to the'=1 mini-  Fig. 8 while at low-magnetic fields and high temperatures
mum in C,,, (Fig. 2). We emphasize that the characteristic the pseudogap disappears.

double-peak shape persistsRy,, (Or piyn): after dividing

the double peak in Reby B(Cjow— Chign)? for extracting b ] '
the tunnel resistance there remains still a minimune=atl ~
with ~30% depth. guE ", 3

The experimental —V characteristics for the camel-back S - ]
structure are depicted in Figs. 6 and 7. At all magnetic fields, 20 N R 4
these are parabolic &V,,,>kgT and linear aeV,,,<kgT < “’B(T) 13 o
as caused by temperature smearing. The parabolic behavior &g
of the | =V curves corresponds to a linear pseudogap. To ~
describe the data we calculate the first Fourier harmonic of
the voltage on the nonlinear elemewt,(1,,) defined by
the expression

0 1
o 0 200
o=y | DaD() (= Vi, T) = () 1, (8) Ve (1)

FIG. 7. Experimental —V characteristics and their fisolid
where y is a factor andD(e) is given by Eq.(1) with D lines) using Eq.(5) at a maximum and minimum dR,,, around
=0. The density of stateB, in the back electrode is as- =1 for sample Al aB=14 T atT=30 mK. Inset: behavior of
sumed to be featureless even in high-magnetic fields becaugge pseudogap slope with magnetic field at a maximum and mini-
of the low mobility in the highly doped layer, arfde,T) is  mum of R, nearv=1 for sample Al aff =30 mK.
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' 2] theoretical publications. We confirm that the pseudogap is
N o__, 410 f; linear in energy for the background a1 and establish
~ el D that the linear law is valid also for the camel-back structure
B 10F ,/,'6" g aroundv=1. A linear pseudogap may be anticipatedvat
B ISP ER E ~1 where the localization length is expected to be small so
= F'/ ] L‘E that the limiting case of electrons localized on individual
. Joia impurities is approachet:?* While the theory predicts the
e L 3 universal pseudogap slope,=2«?/me*, we find that the
00 05 1.0 parametere depends on temperature and magnetic field so
T(K) that it saturates at high magnetic fields and low temperatures.

FIG. 8. Temperature behavior of the pseudogap slope atamaXIIp view of the fact that in this limit the electrons are best
mum and minimum oRy, on sample Al ab~1 andB—14 T. ocalized we may anticipate that in this limit the classical

The dashed lines are guides to the eye. Also shown is the temperggl_llfﬁ @0 IhS ap;irogct:.heg. d f th d
ture dependence of the relaxation time for the corresponding tunnel ec ar_ac enstc aepen en_ce or the pseudogap param-
resistance peak at=2/3. eter « on filling factor nearv=1 is reflected by the double-

peak tunnel resistivityy,, as described above. Particularly,

The active current componentat: 1 converted inta- by from the analysi_s of -V curves it follows that _the slope
means of Eq(2) is displayed for different magnetic fields in éaches a maximum at=1 (Fig. 7). Comparison of the
the inset to Fig. 3. The relaxation timeturns out to be of Positions of the Re (or p,) peaks around=1 with the
the same order of magnitude as the one of Ref. 7 and th@etal-insulator phase diagram obtained on samples of simi-
slow relaxation time of Ref. 10. Also, the magnetic field lar quality’® shows that the peak position is close to the
dependence of the background signal is close to that reportéfetal-insulator transition point. Hence, as the filling factor
in Refs. 7 and 8. In contrast, peaks at filling factors1/3 ~ deviates fromy=1, the pseudogap parameterdecreases
and 2/3 were never observed in previous publications, w&nd then passes through a minimum near the metal-insulator
believe, because of a problem with lateral transport in Ref. gransition.
and too low-magnetic fields used in Ref. 10. As seen from The theoretical models developed heretofore allow one to
the figure, thev=2/3 peak is less influenced by the back- &ccount qualitatively for the above behaviorafwith filling
ground and so it is more suitable for investigations. The lowfactor. According to Refs. 17 and 18, for the metallic phase
temperaturel —V characteristics for the background at the tunneling-caused excessive charge should accommodate
—1/2 and for thev=2/3 peak are compared in Fig. 9. While through the dissipative conductivity in the 2D plane. The
the former is close to parabolic @, >ksT, the v=2/3 higher the conductivity, the lower the resulting tunnel barrier
current-voltage characteristic stays linear up to much higheP&cause of faster charge accommodation and, therefore, the
voltages until it increases abruptly. As seen from the inset t¢Seudogap narrows as one advances deeper into the metallic

Fig. 9, the observed linear region shrinks with temperature Phase. As mentioned above, an exponential pseudogap is ex-
pected in the metallic phase at zero temperature

IV. DISCUSSION
D(g)=D,exd —In?(e*/ k?K|e —eg|)], (6)

In view of the existence of a pseudogapeatin a 2D
electron system over a wide region of filling factors, our datawhereDy, is the thermodynamic density of states afds
are consistent with results of preceding experimental anthe diffusion coefficient®> This conflict between the linear
and exponential pseudogap can be sorted out as follows. An

18 F & T T =l idea has been expressed in Ref. 25 that, given the average
v=1/2 205 mK size ¢ of the conducting clusters in the insulating phase, the
2100 o 195mK ] dependencé6) should be replaced in the energy interal
Ssol / o 30mK —ep|<U.=e€% k& by ale—eg| with a=D(gg+U.)/U,.
z 12F 3 . d_,J_,_nJ_U 7 In agreement with our findling, the so-definecenhances .at
g | 0 200 ] v—1 because the correlation lengitdecreases when going
B / Vom0V deeper into the insulating phase. Following the approach of
6k v=2/3 i Ref. 25, for_actual samples Whe_re the correlation_ length is
always restricted one expects a linear pseudogap in the close
vicinity of eg in the metallic phase as well. This allows
reconciliation of the data at<<1 on the linear pseudogap
%5 00 200 300 (Ref. 7 and the present papend the exponential of as
obtained in very different ranges of tunnel voltages.
Vi (BV)

Still, the temperature and magnetic-field dependences of

FIG. 9. Comparison of the experimentat V curves aw=1/2 @ @s Well as the prominence of the filling factor=1 with
and v=2/3 on sample AL aB=16T andT=30 mK. The »  '€SPect, e.g., to=2 cannot be explained by existing theo-
=1/2 data points are fitted using EG) as described in the text. fi€s. In the vicinity ofv=1 our data indicate a decrease of
The initial interval of thev=2/31—V curve is fitted by a straight the effective area that is accompanied by the emergence of
line. Thev=2/31-V dependence at different temperatures is pre-another, shorter relaxation time related to the “remaining
sented in the inset. area,” which is in agreement with results of Ref. 10. As
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mentioned above, we preclude the possibility that the factojunctions subjected to quantizing magnetic fields. From the
B describes a macroscopic area in the sample with high turenalysis ofl —V characteristics it has been found that the

nel resistivity because this would imply the presence of latpseudogap is linear in energy for both the background tunnel
eral transport. The origin of the effect may be different rategesistance at<<1 and the camel-back structureiat 1. The

for tunneling into the edge and the bulk of electron islandsfilling factor dependence of the pseudogap slepaear v

whose size¢ exceeds by far the magnetic length. Indeed,

with decreasingé the conducting clusters break up into

=1 can be explained qualitatively by theory whereas the
observed change af with temperature and magnetic field is

smaller ones so that the fraction of electrons near the internaot yet clear. We give independent confirmation of the ap-

“edges” with lower tunnel resistivity should increase reach-

ing a maximum atv=1. Another way of explanation is to

invoke spin effects as has been suggested in Ref. 10.
Intriguingly, we find a completely different behavior of

the I -V curves at fractional filling factow=1/3 and 2/3

pearance av~1 of another, shorter relaxation time for tun-
neling. The very different —V curves found at ther=1/3

and 2/3 peaks of the tunnel resistance are interpreted as
manifestation of the fractional gap. Its estimated value and
temperature behavior agree well with results of previous

where the tunnel current rises linearly with the voltage up tostudies.
a critical voltage that drops as the temperature is increased,

see the inset to Fig. 9 and Fig. 41 from Ref. 26. This is likely

to point to a real gap in the 2D spectrum at fractionahat
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