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Comparison between the compressibilities of the zero field and composite-fermion metallic state
of the two-dimensional electron system
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We have studied the capacitance between a two-dimensional electron system and a gate of field-effect
transistors, produced from three different wafers with a single remotely doped GaAs/AlxGa12xAs heterojunc-
tion. In the vicinity of the Landau-level filling factorn51/2, the increment of the capacitance relative to its
zero-magnetic-field value,dC1/2, was found to be insensitive to the carrier density, and close to the value as
if the particles are noninteracting. This observation implies that electron-electron interaction affects the com-
pressibility of the zero-field and composite-fermion metallic states in a very similar manner.
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The composite-fermion picture1,2 ~for a review, see Refs
3 and 4! provides a unified approach for describing the pro
erties of a two-dimensional electron system~2DES! in the
integer and fractional quantum Hall regimes. At spin-sp
Landau-level filling factorsn51/2n ~wheren is an integer!,
it predicts the existence of metallic states composed of c
posite quasiparticles, each made up of one electron andn
flux quanta. At exact 1/2n filling, these composite fermion
~CF’s! experience a zero effective magnetic field. Depart
from these filling factors results in the appearance of a n
zero effective magnetic field, and leads to the discretiza
of the composite-fermion energy spectrum due to Lan
quantization. Within this approach, the fractional quant
Hall effect of conventional electrons is mapped onto the
teger quantum Hall effect of CF’s. Substantial experimen
evidence that this model captures the essential physics in
vicinity of n51/2n filling comes from commensurability an
surface acoustic wave experiments.5 For these experiment
the basic assumption of the composite-fermion theory,
dressing the electrons with 2n-flux quanta constitutes th
main effect of the Coulomb interaction between the 2D el
trons while any remaining interaction may be ignored, a
pears well justified. Even though residual interaction exi
these results are insensitive to it because they rely on a
metrical comparison between an externally imposed len
scale and the Fermi-wavelength-related distance, the cy
tron radius, a quantity that depends solely on the car
density.2 Because of the Landau-level degeneracy the ene
dispersion of CF’s is not described by the band mass of
host semiconductor material, but by an ‘‘effective mas
originating from the Coulomb energy. Various method
such as temperature-dependent dc transport,6 thermopower,7

and photoluminescence techniques,8 were used to probe th
effective mass on approachingn51/2n. But considerable
controversy remains.6

Here we present results directly related to the compre
ibility,
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at filling factorsn51/2n, with ns the areal density of elec
trons andm the chemical potential calculated from the bo
tom of the ground subband. This thermodynamic quan
contains not only a contribution due to the finite density
states at the Fermi energy, determined by the CF effec
mass, but also exchange/correlation terms. Up to now, p
lished data atn51/2 were limited to a few isolated
points.9–11 We performed a systematic study as a function
electron densityns in a range from 631010 to 1831010

cm22, and derived the following conclusion: The contrib
tions of the interaction terms to the inverse compressibi
of the zero-field electron and composite-fermion meta
states at a given areal density are nearly identical, since
difference of the derivativesdm/dns , measured at zero field
and atn51/2 or 1/4, does not depend onns , and is close to
the value expected for noninteracting electrons.

To characterize the compressibility, we have measu
the capacitance between the 2DES and the gate of a fi
effect transistor,C[dQ/dVg , whereQ is the charge on the
capacitor andVg is the gate voltage. The inverse value of t
capacitance includes a term proportional to the deriva
dm/dns . It reads~see, for example, Ref. 12, and referenc
therein!

S

C
5

S

Cg
1

S

Cz
1

1

e2

dm

dns
, ~2!

whereS is the gated area of the sample. The largest term
this equation usually originates from the geometrical capa
tance,Cg5e iS/d0, whered0 is the thickness of the insulat
ing layer, with permittivity e i separating the gate and th
GaAs/AlxGa12xAs interface. The second term in Eq.~2! is a
correction to the geometrical capacitance due to the fi
width of the 2DES and the band profile modifications i
duced by the dopants. The quantityCz can be written in the
form Cz5eS/z0, wheree is the permittivity of GaAs and
z0(ns ,ni) is a smooth function of the electron density of th
2DES,ns , and the areal density of charged impurities,ni . It
©2001 The American Physical Society01-1
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depends on the sample architecture, and has typical valu
z0;100 Å (' the width of the wave function in the confin
ing potential!. The third term describes the thermodynam
properties of the 2DES, and is normally of the same orde
the second term. Equation~2! is valid if the following con-
ditions are satisfied:~i! A variation of the gate voltage in
duces a change of the charge in the 2DES and on the
only. Impurity charges must remain unaffected~frozen!. The
validity of this assumption for our samples is verified belo
~ii ! The size quantization can be treated separately from
electron motion within the plane. This is generally accep
for the ground subband of 2D electron systems. The sec
term of Eq.~2!, then, is not influenced by the perpendicu
magnetic field and the Landau quantization. Consequen
the difference of the inverse capacitance measured atB(n
51/2n) and B50 contains only those terms describing t
thermodynamical characteristics of the 2DES in these
states:

dS 1

CD
1/2n

5
1

C U
n51/2n

2
1

C U
B50

5
1

e2S
S dm

dns
U

n51/2n

2
dm

dns
U

B50
D . ~3!

The magnetic-field-induced increment in the capacitanc
n51/2n, dC1/2n5Cun51/2n2CuB50, can thus be expresse
as

dC1/2n5
Cun51/2nCuB50

e2S
S dm

dns
U

B50

2
dm

dns
U

n51/2n
D . ~4!

For our experiments we used field-effect transistors w
Schottky gates, processed on three different wafers. The
rameters are summarized in Table I. The wafers have
standard single remotely-doped AlxGa12xAs/GaAs hetero-
junction architecture with either volume doping~sample 1
and 2! or a d-doped layer~sample 3!. Note that the distance
d0 between the gate and the heterointerface varies f
sample to sample by about a factor 5.5. Sample 1 was m
sured before and after illumination to modify the electr
areal density at zero gate bias. To measure capacitance
voltage was applied between the 2DES and the gate via
axial cables, and the ac-current response was detected

TABLE I. Sample parameters:S is the gated area,d0 is the
distance from the GaAs/AlxGa12xAs heterointerface to the wafe
surface~as grown!, d is the width of the spacer~as grown!, ns(Vg

50) andm0(Vg50) are the areal electron density and the mobil
at zero gate voltage, respectively.

S d0 d ns(Vg50) m0(Vg50)
Sample mm2 Å Å cm22 cm2/Vs

1 before illum. 5.06 1100 850 1.031011 1.33106

1 after illum. 5.06 1100 850 1.731011 1.53106

2 0.82 1100 400 1.831011 1.13106

3 0.92 5800 700 1.431011 1.23106
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the aid of a current-to-voltage converter and a lock-in am
fier. The circuitry minimizes parasitic capacitance contrib
tions, and allows one to determine the correct phase s
between the modulation voltage and the current. The exc
tion voltage with frequency 9.2 Hz was equal to 4 mV f
samples 1 and 2, and 15 mV for sample 3. It was verified t
the modulation was sufficiently low to ensure no influen
on the shape of the magnetocapacitance curves even a
fractional quantum Hall minima~see Figs. 1 and 2!. The
main part ~about 95%! of the signal from the current-to
voltage converter was compensated for by the signal fr
the same oscillator, that provided the excitation voltage,
appropriately adjusted in amplitude and phase. This es
tially diminishes the influence of oscillator drift in the am
plitude and frequency. As a result, we were able to reso
variations in the capacitance of about 231024. After cali-
bration of the current-to-voltage converter and lock-in amp

FIG. 1. The difference in capacitance atB58, 9, 10, and 11 T,
and at zero magnetic fielddC(B,ns)5C(B,ns)2C(B50,ns), vs
filling factor n5ns /(eB/h) for sample 1 prior to illumination. The
inset shows the capacitanceC as a function of the electron area
densityns measured atB50 andB59 T for sample 1 after illumi-
nation.

FIG. 2. The same as in Fig. 1 for sample 3.
1-2
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fier, an accuracy in the capacitance values of better than
was achieved. The same accuracy holds for the capacit
differencedC1/2 for samples 1 and 2. For sample 3 this d
ference is substantially smaller, and the accuracy is lim
by the noise level to approximately 4%. The absolute val
of the measured capacitances agree within 2% for sampl
and 3, and 5% for sample 1, with the calculated values
duced from the period of the Shubnikov–de Haas osci
tions as a function of the gate voltage. The uncertainty ar
mainly from the uncertainty in the area of the transistor. T
supports our assumption of no additional charge reservoir
the derivation of Eq.~2!.13

An example of raw experimental capacitance data
functions of the areal electron density is depicted in the in
to Fig. 1. The deep minima at fractional filling factors 1
and 2/3 are mainly due to resistive effects caused by
small values of the longitudinal conductivitysxx in this re-
gime. In the absence of such effects at higher tempera
the minima become less pronounced, and reflect the ch
cal potential discontinuity at corresponding fractional fillin
~see, for example, Ref. 14!. Away from the fractional quan-
tum Hall effect states~particularly, in the vicinity of n
51/2 and 1/4!, the resistive effects are absent down to t
lowest temperatures. In the main part of this figure the d
ference dC(B,ns)5C(B,ns)2C(B50,ns), between the
curves measured in the presence of a constant magnetic
B and those measured at zero magnetic field, are prese
for various B values. The data are plotted with thefilling
factor n as abscissa. At fractional quantum Hall effect stat
dC depends on the magnetic field, but close to filling fact
1/2 and 1/4 it approaches the same value for measurem
at different magnetic fields. This means thatdC1/2 anddC1/4
do not depend on the carrier densityns . This behavior was
established for all samples. Data acquired on sample 3
illustrated in Fig. 2, and a summary of the data atn51/2 for
all samples is shown in Fig. 3. Note that capacitance va

FIG. 3. Experimental values ofdC1/2/S ~open symbols! and
2Sd(1/C)1/25SdC1/2/(Cun51/2 CuB50) ~closed symbols! vs elec-
tron areal density for all three samples investigated. The dashed
represents the value ofp\2/(m* e2), which is expected for
2Sd(1/C)1/2 in the case of noninteracting 2D electrons withm*
50.068me and unbroadened Landau levels.
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at B50 andn51/2 and 1/4 were found to be temperatu
independent up to at leastT52 K. According to Eq.~3!
when considering the quantitySd(1/C)1/2n the, for this study
irrelevant, geometric capacitance contribution and its corr
tion due to the finite width of the 2D channel convenien
drop out, leaving nothing but a term proportional to the d
ference of the inverse compressibilities. This is also includ
in Fig. 3 for filling factor n51/2 ~solid symbols!. Even
though the absolute values ofdC1/2/S for the samples listed
in Table I differ by more than a factor of 20 due to their ve
different d0 values and gated area, as illustrated in Fig.
2Sd(1/C)1/2 is nearly the same for all samples, and
moreover, independent of the carrier density. It takes on
same value that one would obtain if one ignored Land
level broadening and interaction among 2D electrons with
effective mass ofm* 50.068me for which dm/dnsuB50
→p\2/m* anddm/dnsun51/2→0:

2SdS 1

CD
1/2

5
p\2

m* e2
. ~5!

A similar fact holds, albeit with poorer accuracy~about
15%!, for n51/4. If indeed interaction contributions to th
compressibility of the 2DES at zero magnetic field and ha
filling are ignored, then this result would merely confirm th
large density-of-states mass at half-filling previously
ported on the basis of temperature-dependent dc-trans
data6 and photoluminescence measurements8 at exact half-
filling. However, it is generally accepted that under usu
experimental conditions the compressibility of the 2DES
strongly affected by the electron-electron interaction. In p
ticular, it was found10,11,15,16 that at zero magnetic field
dm/dns becomes negative atns,131011cm22. Moreover, a
theoretical formula,17 that describes the electron-electron i
teraction contribution within a Hartree-Fock approximatio
provides a reasonable estimate for the measured quantit

dm

dns
U

B50

5
p\2

m*
2S 2

p D 1/2 e2

4peAns

. ~6!

Agreement with the experiment becomes much better if
softening of the Coulomb interaction due to finite thickne
of the 2DES is taken into account.11 The second, density
dependent term in Eq.~6!, absent in the case of noninterac
ing 2D electrons, varies by almost a factor of 1.6 for t
density range covered by the experiment, and cancels
first term ~single particle contribution! at a density of 6.5
31010 cm22. It is therefore well within our experimenta
resolution.

We have also examined the experimental data publis
by other authors. Those results9–11 that allow a determination
of the differencedm/dnsuB502dm/dnsun51/2 from the raw
experimental curves agree well with our findings~in Ref. 11
a few data points for electron densities that differ by up to
factor of 2 are presented!. Note, that in Refs. 10 and 11 a
alternative experimental technique was utilized, that enab
one to measure absolute values of the electron compress
ity.
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These results for the difference indm/dns imply that the
electron-electron interaction contributions to the inve
compressibility of the zero field and composite-fermion m
tallic states are nearly identical. This is a remarkable coin
dence and has, to the best of our knowledge, not been
ported experimentally or predicted theoretically. T
phenomenological interpolation formula18 for the ground-
state energy of a two-dimensional electron system in the
treme quantum limit describes only a partial cancellation
interaction-induced terms in the inverse compressibilities
yields, in combination with Eq.~6!,

dm

dns
U

B50

2
dm

dns
U

n51/2

5
p\2

m*
1

e2

4peAns

~ApK2A2/p!.

~7!

The first term in the brackets cancels at best up to 76% of
second term for the values of coefficientK, obtained from
parameters that enter this interpolation formula as descr
in Ref. 18. While the softening of the Coulomb interaction
t.

et
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real quasi-two-dimensional systems might, in some circu
stances, be one of the mechanisms leading to a more c
plete cancellation of the inverse compressibilities than giv
by Eq. ~7!, the insensitivity of our results on the electro
density and the particular sample geometry, that b
strongly influence the softening, points to a more fundam
tal cause.

In conclusion, we find that density-dependent electro
electron interaction contributions cancel when consider
the difference of the inverse compressibility of the zero-fie
and composite-fermion metallic states of the tw
dimensional electron system. In view of the density ran
investigated in this work, as well as the very differe
samples measured, the cancellation is unlikely to be fo
itous and may be of fundamental origin.
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