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Compressibility of a two-dimensional hole gas in a tilted magnetic field

Maryam Rahimi, M. R. Sakr, and S. V. Kravchenko
Physics Department, Northeastern University, Boston, Massachusetts 02115

S. C. Dultz and H. W. Jiang
Department of Physics and Astronomy, University of California at Los Angeles, Los Angeles, California 90095

~Received 3 December 2002; published 6 February 2003!

We have measured compressibility of a two-dimensional hole gas inp-GaAs/AlxGa12xAs heterostructure,
grown on a~100! surface, in the presence of a tilted magnetic field. It turns out that the parallel component of
magnetic field affects neither the spin splitting nor the density of states. We conclude that~a! g factor in the
parallel magnetic field is nearly zero in this system, and~b! the level of the disorder potential is not sensitive
to the parallel component of the magnetic field.
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Recently, the compressibility of two-dimensional~2D!
hole systems has been studied near the zero magnetic
(B50) metal-insulator transition inp-GaAs/AlxGa12xAs
heterostructures.1–3 It has been shown that in the metall
regime, the hole compressibility isnegative, but it changes
its sign when the hole density is decreased below a crit
value corresponding to the transition to the insulating stat
is known that in some 2D systems~electrons in silicon, holes
in GaAs!, the application of a parallel magnetic field,Bi ,
causes the resistivity to grow by orders of magnitude a
eventually leads to a complete destruction of the meta
state~for a review and references, see Ref. 4!. On the other
hand, in the 2D hole system in SiGe, the effect ofBi is
negligible since the spins cannot be aligned by the para
magnetic field.5,6 The mechanism behind the giant positi
magnetoresistance is, therefore, generally believed to be
to the alignment of the spins of the free carriers, althou
other mechanisms have also been proposed.7–9 Compress-
ibility measurements may shed light on the mechanism of
destruction of the metallic state byBi , since they can distin-
guish between different mechanisms, e.g., between fi
induced spin alignment, field-induced distortion of the Fer
surface,9 or increase in the disorder potential.7 To the best of
our knowledge, the influence of the parallel magnetic fi
on compressibility has never been studied.

In this paper, we report measurements of the compr
ibility of 2D holes in ap-GaAs/AlxGa12xAs heterostructure
grown on a~100! surface. Tilting the magnetic field allowe
us to study the influence of both perpendicular,B' , and
parallel components of the field on the compressibility.
noticeable effect ofBi was found: both the compressibilit
and the strength of the disorder potential in the system
mained nearly independent of the parallel component of
magnetic field. We attribute the absence of the effect to
strong anisotropy of theg factor which has recently bee
predicted and observed in ap-GaAs/AlxGa12xAs
heterostructure.10 According to Ref. 10, theg factor is nearly
zero in the~100! direction; therefore, the application of
parallel magnetic field has a negligible effect on spins.
test this, we measured the influence of the parallel magn
field on the Zeeman splitting and determined that theg factor
does not exceed;1022.
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The hole compressibilityk is proportional to the quantum
capacitance,Cq : k5cq /(pse)25ps

22(dps /dm) ~hereps is
the density of 2D holes,cq[Cq /A is the quantum capaci
tance per area,A; m is the chemical potential, anddps /dm is
the thermodynamic density of states!. We studied the com-
pressibility by measuring the electric-field penetrati
through the 2D hole system, a method invented by Eisens
et al. and used on a double-layer electron system11 in GaAs
and later modified by Dultz and Jiang for use in heterostr
tures with a single layer of carriers.1 The penetrating field is
related to the screening ability of the carriers and is invers
proportional to k. For example, infinite compressibility
means that the electric field is completely screened by
hole system and is unable to penetrate through a 2D la
finite positive compressibility corresponds to a partial pe
etration, and zero compressibility corresponds to a full p
etration of the electric field. Strong interactions between p
ticles lead to a negative compressibility of a correlated
system:12,13 the direction of the penetrating field is opposi
to the direction of the incident field.

We used a p-type molecular-beam epitaxy grow
GaAs/AlxGa12xAs single heterostructure with the maximu
mobility of about 1203103 cm2/V s at a hole density ofps
52.6031011 cm22. The device for compressibility measure
ments was fabricated by sandwiching the 2D hole gas
tween two metallic gates. We applied a low-frequencyf
50.2–5 Hz) excitation voltageVac ~typically 10 mV! to the
bottom gate, keeping the 2D hole system grounded in or
to screen the electric field. A dc voltageVg was superim-
posed to vary the hole density. The current induced betw
the top gate and ground, proportional to the penetrating e
tric field, was measured by a lock-in amplifier. Both the co
ductances and the quantum capacitanceCq of the 2D sys-
tem can be extracted independently by measuring in-ph
(I x) and 90° out-of-phase (I y) current components, respec
tively. In the low-frequency limit,I x is proportional tov2/s
andI y is proportional tov/Cq . Special attention was paid t
ensure thats andCq were frequency independent. Measur
ments were made in an Oxford dilution refrigerator equipp
with a rotator. Details of the sample preparation and exp
mental setup can be found in Ref. 1.

Typical traces of both current components in a zero m
©2003 The American Physical Society02-1
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netic field are shown in Fig. 1~a! as a function of the gate
voltage; the latter determines the hole density viaps
5(22.326.54 Vg)31010 cm22 ~note that an increase in th
gate voltage corresponds to a decrease in hole density!. I y ,
proportional to the inverse compressibility, is negative
Vg,2.75 V ~higher hole densities! and becomes ‘‘more
negative’’ asVg is increased. At a certain gate voltageVg
5Vc , however,I y sharply changes behavior and starts
rapidly increase, being accompanied by divergence oI x
~proportional to the inverse conductivity!. This is in agree-
ment with previous results obtained in electron11 and hole1–3

systems. According to Refs. 1–3 and 16, the abrupt cha
in the behavior of compressibility corresponds to the criti
hole densitypc for the metal-insulator transition in this sys
tem.

When a perpendicular magnetic field is applied@Fig.
1~b!#, peaks appear in bothI y andI x traces corresponding t
compressibility/conductivity minima at integer filling fac
tors, n5psch/eB'51,2,3, . . . . Even filling factors corre-
spond to the ‘‘cyclotron gaps’’ between neighboring Land
levels; odd ones correspond to the ‘‘spin gaps’’ betwe
spin-up and spin-down levels within the same Landau le
Note that at this relatively low magnetic field of 3 T, th
compressibility remains negative even at integer filling fa
tors.

By integratingI y}dm/dps over ps , we obtain the chemi-
cal potential versus hole density. These dependencies
shown in Fig. 2~shifted vertically for clarity!. The chemical

FIG. 1. Typical traces ofI x and I y vs the gate voltage in zero
magnetic field ~a! and in a perpendicular fieldB'53 T ~b!.
T50.2 K, Vac520 mV, f 55 Hz.
08130
t

ge
l

n
l.

-

re

potential decreases for increasingps in a similar way, both in
zero magnetic field and inB'53 T. In the latter case, wea
oscillations corresponding to the Landau quantization can
seen in them(ps) curve.

Application of aparallel magnetic field has a negligible
effect on both current components, as can be seen from
3. While the effect ofBi on the compressibility has neve
been studied before, the absence of a field dependenc
I x is unexpected: it is known that in ‘‘conventional
p-GaAs/AlxGa12xAs heterostructures grown at a~311! sur-
face, the application of a parallel magnetic field causes g
magnetoresistance14,15 by destroying the metallic conductiv
ity. Since this giant magnetoresistance is generally attribu
to spin effects, the observed difference may be attributed
anisotropy of theg factor in this 2D system.10 Below, we
verify this conjecture.

In Fig. 4, we demonstrate that the compressibility, me
sured in the presence of a fixedB' , is insensitive to the
parallel component of the magnetic field: traces ofI y versus
hole density are practically identical regardless of whetherBi
is zero or as large as 9.7 T. This clearly shows that the w
of the Landau levels, and thereby the strength of the diso

FIG. 2. Solid curves: Experimental results for the chemical p
tential vs the hole density forB50 ~lower curve! and B'53 T
~upper curve!. The curves are vertically shifted for clarity
T50.2 K.

FIG. 3. I y and I x vs parallel magnetic field for a fixed hol
density of ps5631010cm22. T50.2 K,B'50, Vac520 mV,
f 55 Hz.
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potential in the system do not change with the parallel co
ponent of the magnetic field.

One of the models suggested to account for the giant m
netoresistance in metallic 2D systems was based on
Fermi-surface distortion in the presence of the parallel m
netic field.9 Our results show that parallel magnetic fields
to at least 10 T produce no effect on the density of states,
therefore, do not noticeably affect the Fermi surface in
p-GaAs heterostructure grown on~100! surfaces.

As has already been mentioned, the absence of the e
of Bi on either density of states or conductivity suggests t
the spins of the mobile carriers in our 2D system cannot
aligned by the parallel magnetic field~in contrast to the per-
pendicular one!. Thus, theg factor in a parallel field must be
nearly zero, in agreement with Ref. 10. In order to estim
the parallel-fieldg factor, we measure the spin splitting
Landau level fillingsn51 and 3 by integratingdm/dps over
ps in constantB'52.34 T, but in differentBi . To get rid of
a monotonicm(ps) dependence which masks the gaps in
spectrum, we subtract the zero-fieldm(ps) dependence~the
lower solid curve in Fig. 2! from m(ps) obtained by integrat-
ing the curves shown in Fig. 4. Results form versusps for
Bi59.7 T andBi50 are shown in Fig. 5. There is no sy
tematic dependence of eithern51 or n53 spin gaps on the
parallel component of the field. This confirms that the
plane g factor is close to zero. As seen in the figure, t
uncertainty in the values of the spin gaps does not exc

FIG. 4. I y vs the hole density for different tilted magnetic field
For clarity, the curves corresponding toBuu52.0–9.7 T are shifted
down by 0.1, 0.2, 0.3, 0.4, and 0.5 pA, respectively. There is
apparent dependence ofI y on the parallel component of magnet
field. T50.2 K,Vac520 mV,f 55 Hz.
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5 meV. After normalizing by 10 T this uncertainty corre
sponds to an upper bound for theg factor of 1022. This
result supports the notion that the giant magnetoresista
observed in other strongly interacting 2D systems@silicon
metal-oxide-semiconductor field-effect transistors a
p-GaAs heterostructures on~311! surface# is a spin effect:
when spins cannot be aligned, no magnetoresistance is
served. In this sense,p-GaAs heterostructures on~100! sur-
face are similar top-SiGe heterostructures in which spins
free carriers cannot be affected by moderateBi .5,6

In conclusion, we have shown that the compressibility~or
the thermodynamic density of states! in a 2D system in
p-GaAs/AlxGa12xAs heterostructure grown on a~100! sur-
face is insensitive to the application of a parallel magne
field as large as 10 T. The fact that the width of the Land
levels does not depend onBi suggests that the disorder po
tential is also not sensitive to the parallel field. In agreem
with recent calculations10 we conclude that theg factor in
this 2D system is nearly zero in the parallel magnetic fi
and our estimates giveg&1022.

We are grateful to V. T. Dolgopolov, D. Heiman, and A. A
Shashkin for useful discussions. This work was supported
NSF Grants Nos. DMR-9988283~Northeastern! and DMR-
0071969~UCLA! and the Sloan Foundation.
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FIG. 5. Dm(ps) aroundn51 ~a! and 3 ~b! in a constantB'

52.34 T. Solid and dashed curves correspond toBi50 and Bi
59.7 T, correspondingly.T50.2 K. The curves are practically in
sensitive to the parallel component of the field pointing to the f
that the effectiveg factor is close to zero in the magnetic fie
parallel to the surface.
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