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Compressibility of a two-dimensional hole gas in a tilted magnetic field
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We have measured compressibility of a two-dimensional hole gasGaAs/ALGa, _,As 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)tbéctor in the
parallel magnetic field is nearly zero in this system, énjdthe 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-dimension&D) The hole compressibilitk is proportional to the quantum
hole systems has been studied near the zero magnetic fieddpacitanceCy: K=cq/(pse)2=ps‘2(d ps/du) (herepg is
(B=0) metal-insulator transition imp-GaAs/AkGa,_,As the density of 2D holes;,=C,/A is the quantum capaci-
heterostructures:® It has been shown that in the metallic tance per ared: u is the chemical potential, araps/du is
regime, the hole compressibility isegative but it changes the thermodynamic density of state$Ve studied the com-
its sign when the hole density is decreased below a criticabressibility by measuring the electric-field penetration
value corresponding to the transition to the insulating state. lthrough the 2D hole system, a method invented by Eisenstein
is known that in some 2D systerfislectrons in silicon, holes et al. and used on a double-layer electron sysfeim GaAs
in GaAs, the application of a parallel magnetic fiel;, and later madified by Dultz and Jiang for use in heterostruc-
causes the resistivity to grow by orders of magnitude andures with a single layer of carrietsThe penetrating field is
eventually leads to a complete destruction of the metallicelated to the screening ability of the carriers and is inversely
state(for a review and references, see Ref. @n the other proportional to x. For example, infinite compressibility
hand, in the 2D hole system in SiGe, the effectR)fis ~ means that the electric field is completely screened by the
negligible since the spins cannot be aligned by the paralldhole system and is unable to penetrate through a 2D layer,
magnetic fiel® The mechanism behind the giant positive finite positive compressibility corresponds to a partial pen-
magnetoresistance is, therefore, generally believed to be tiegiration, and zero compressibility corresponds to a full pen-
to the alignment of the spins of the free carriers, althougtetration of the electric field. Strong interactions between par-
other mechanisms have also been propdsgédCompress- ticles lead to a negative compressibility of a correlated 2D
ibility measurements may shed light on the mechanism of theystem*?'3the direction of the penetrating field is opposite
destruction of the metallic state I8, since they can distin- to the direction of the incident field.
guish between different mechanisms, e.g., between field- We used a p-type molecular-beam epitaxy grown
induced spin alignment, field-induced distortion of the FermiGaAs/ALGa; —,As single heterostructure with the maximum
surface’ or increase in the disorder potentfalo the best of mobility of about 120 16° cn?/V's at a hole density ops
our knowledge, the influence of the parallel magnetic field=2.60x 10'* cm™2. The device for compressibility measure-
on compressibility has never been studied. ments was fabricated by sandwiching the 2D hole gas be-

In this paper, we report measurements of the compressween two metallic gates. We applied a low-frequenéy (
ibility of 2D holes in ap-GaAs/ALGa, _,As heterostructure =0.2-5 Hz) excitation voltag¥ 4. (typically 10 mV) to the
grown on a(100) surface. Tilting the magnetic field allowed bottom gate, keeping the 2D hole system grounded in order
us to study the influence of both perpendiculdr,, and to screen the electric field. A dc voltagg, was superim-
parallel components of the field on the compressibility. Noposed to vary the hole density. The current induced between
noticeable effect oB| was found: both the compressibility the top gate and ground, proportional to the penetrating elec-
and the strength of the disorder potential in the system retric field, was measured by a lock-in amplifier. Both the con-
mained nearly independent of the parallel component of theluctances and the quantum capacitanCg of the 2D sys-
magnetic field. We attribute the absence of the effect to théem can be extracted independently by measuring in-phase
strong anisotropy of the factor which has recently been (l,) and 90° out-of-phasel ) current components, respec-
predicted and observed in ap-GaAs/ALGa, ,As tively. In the low-frequency limit), is proportional tow?/ o
heterostructuré® According to Ref. 10, the factor is nearly andl is proportional tow/C, . Special attention was paid to
zero in the(100) direction; therefore, the application of a ensure thatr andC, were frequency independent. Measure-
parallel magnetic field has a negligible effect on spins. Toments were made in an Oxford dilution refrigerator equipped
test this, we measured the influence of the parallel magnetiwith a rotator. Details of the sample preparation and experi-
field on the Zeeman splitting and determined thatgli@ctor ~ mental setup can be found in Ref. 1.
does not exceed 10 2. Typical traces of both current components in a zero mag-
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FIG. 2. Solid curves: Experimental results for the chemical po-
tential vs the hole density foB=0 (lower curvg andB, =3 T
(upper curve The curves are vertically shifted for clarity.
T=0.2 K.

potential decreases for increasipgin a similar way, both in
zero magnetic field and iB, =3 T. In the latter case, weak
oscillations corresponding to the Landau quantization can be
seen in thew(ps) curve.

A Application of aparallel magnetic field has a negligible
-1 0 1 2 3 effect on both current components, as can be seen from Fig.
Vg (Volts) 3. While the effect ofB| on the compressibility has never

been studied before, the absence of a field dependence of

FIG. 1. Typical traces of, andl, vs the gate voltage in zero |x is unexpected: it is known that in “conventional”
magnetic field () and in a perpendicular field, =3 T (b). p-GaAs/AlLGa, _,As heterostructures grown at(al1l) sur-
T=0.2 K, Vgec=20 mV, f=5 Hz. face, the application of a parallel magnetic field causes giant

magnetoresistant®®® by destroying the metallic conductiv-
netic field are shown in Fig.(&) as a function of the gate ity. Since this giant magnetoresistance is generally attributed
voltage; the latter determines the hole density yia to spin effects, the observed difference may be attributed to
=(22.3-6.54 ;) x10'° cm™ 2 (note that an increase in the anisotropy of theg factor in this 2D syster? Below, we
gate voltage corresponds to a decrease in hole denkjty  verify this conjecture.
proportional to the inverse compressibility, is negative at In Fig. 4, we demonstrate that the compressibility, mea-
Vy<2.75 V (higher hole densitigsand becomes “more sured in the presence of a fixdl , is insensitive to the
negative” asV, is increased. At a certain gate voltayfg  parallel component of the magnetic field: traced pfersus
=V,, however,l, sharply changes behavior and starts tohole density are practically identical regardless of wheByer
rapidly increase, being accompanied by divergenced,of is zero or as large as 9.7 T. This clearly shows that the width
(proportional to the inverse conductivityThis is in agree- of the Landau levels, and thereby the strength of the disorder
ment with previous results obtained in electrband holé—2
systems. According to Refs. 1-3 and 16, the abrupt change 1
in the behavior of compressibility corresponds to the critical 0F
hole densityp. for the metal-insulator transition in this sys-
tem.

When a perpendicular magnetic field is appligeig. 2-0.2 L .
1(b)], peaks appear in botly andl, traces corresponding to a I p,= 6x10"° cm’
compressibility/conductivity minima at integer filling fac- -
tors, v=ps,ch/eB, =1,2,3 . ... Even filling factors corre- 04 .
spond to the “cyclotron gaps” between neighboring Landau
levels; odd ones correspond to the “spin gaps” between I /
spin-up and spin-down levels within the same Landau level. -0.6 e T
Note that at this relatively low magnetic field of 3 T, the 0 2 4 6 8 10
compressibility remains negative even at integer filling fac- B|| (tesla)
tors.

By integratingl y«du/dps overpg, we obtain the chemi- FIG. 3. 1, and I, vs parallel magnetic field for a fixed hole
cal potential versus hole density. These dependencies adensity of p=6x10%m 2 T=0.2KB, =0, V,.=20 mV,
shown in Fig. 2(shifted vertically for clarity. The chemical f=5 Hz.
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FIG. 4.1, vs the hole density for different tilted magnetic fields. ~ FIG. 5. Au(ps) aroundv=1 (&) and 3(b) in a constant,
For clarity, the curves corresponding By=2.0-9.7 T are shifted =2.34 T. Solid and dashed curves correspondfe-0 and By
down by 0.1, 0.2, 0.3, 0.4, and 0.5 pA, respectively. There is no=9-7 T, correspondinglyT =0.2 K. The curves are practically in-

apparent dependence qf on the para||e| Component of magne’[ic sensitive to the paraIIeI Component of the field pointing to the fact
field. T=0.2 K,V,.=20 mV,f=5 Hz. that the effectiveg factor is close to zero in the magnetic field

parallel to the surface.
potential in the system do not change with the parallel com-
ponent of the magnetic field. . , .

One of the models suggested to account for the giant mag? #€V- After normalizing by 10 T this uncertan;ty corre-
netoresistance in metallic 2D systems was based on th&Ponds to an upper bound for tigefactor of 10°“. This
Fermi-surface distortion in the presence of the parallel magtesult supports the notion that the giant magnetoresistance
netic field® Our results show that parallel magnetic fields upobserved in other strongly interacting 2D systefstiicon
to at least 10 T produce no effect on the density of states, an@etal-oxide-semiconductor field-effect transistors and
therefore, do not noticeably affect the Fermi surface in @-GaAs heterostructures di311) surfacd is a spin effect:
p-GaAs heterostructure grown @h00 surfaces. when spins cannot be aligned, no magnetoresistance is ob-

As has already been mentioned, the absence of the effeserved. In this sens@;GaAs heterostructures da00) sur-
of B on either density of states or conductivity suggests thatace are similar tg-SiGe heterostructures in which spins of
the spins of the mobile carriers in our 2D system cannot béree carriers cannot be affected by modeﬂaﬁeﬁ'6
aligned by the parallel magnetic fie{th contrast to the per- In conclusion, we have shown that the compressibility
pendicular ong Thus, theg factor in a parallel field must be the thermodynamic density of statef a 2D system in
nearly zero, in agreement with Ref. 10. In order to EStimatEp-GaAs/AL(Gai,xAs heterostructure grown on (400 sur-
the parallel-fieldg factor, we measure the spin splitting at face is insensitive to the application of a parallel magnetic
Landau level fillingsv=1 and 3 by integratingu/dps over g as large as 10 T. The fact that the width of the Landau

ps in constanB, =2.34 T, but in differenB; . To getrid of |gyels does not depend @) suggests that the disorder po-
a monotonicu(ps) dependence which masks the gaps in theeyia) is also not sensitive to the parallel field. In agreement

spectrum, we subtract the zero-figldps) dependenceéthe it recent calculatior’ we conclude that the factor in

lower solid curve in Fig. 2from w(ps) obtained by integrat- i op system is nearly zero in the parallel magnetic field
ing the curves shown in Fig. 4. Results farversusps for  5n4 our estimates givg=10 2.

Byj=9.7 T andB=0 are shown in Fig. 5. There is no sys-

tematic dependence of either=1 or v=23 spin gaps on the We are grateful to V. T. Dolgopolov, D. Heiman, and A. A.
parallel component of the field. This confirms that the in-Shashkin for useful discussions. This work was supported by
plane g factor is close to zero. As seen in the figure, theNSF Grants Nos. DMR-998828®ortheasternand DMR-
uncertainty in the values of the spin gaps does not exceed071969(UCLA) and the Sloan Foundation.
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