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De Haas–van Alphen ~dHvA! oscillations are observed for Landau levels ~LLs! with filling factors between

4 and 52, at temperatures in the range 50 mK to 1 K, in experiments on high-mobility GaAs/~Al, Ga!As

heterojunctions. The oscillations become sawtooth-shaped at low filling factors, and theoretical fits to the data,

assuming the two-dimensional electron gas to be a non-interacting Fermi system, show the shape of LLs to be

close to a d function. The small residual width ~;0.4 meV or less! fits equally well to either a Gaussian or a

Lorentzian density-of-states model. In almost all cases, a constant background density of states has to be

included to obtain a satisfactory fit. Weak odd-filling-factor dHvA peaks are detected at high fields, from which

a g-factor enhancement of 15 can be inferred. Comparison of the scattering time derived from the fits before

and after illumination, with the momentum relaxation time derived from transport, reveals a counterintuitive

behavior in the bulk-modulation-doped sample.

DOI: 10.1103/PhysRevB.67.155329 PACS number~s!: 73.43.Fj, 73.40.Kp, 73.20.At, 75.20.2g

I. INTRODUCTION

A knowledge of the density of states ~DOS! of two-

dimensional electron systems ~2DES! subjected to high mag-

netic fields is central to our understanding of such
systems.1–5 Techniques used to measure the DOS have in-
cluded photoluminescence,6 magnetocapacitance,7–9 specific
heat,10–12 and magnetization.13–17 Perhaps the most promis-
ing of these is magnetization, because it represents a minimal
perturbation to the system and is relatively easy to analyze.

In a perpendicular magnetic field B, the DOS of an ideal
two-dimensional electron gas will split into a series of Lan-
dau levels ~LLs! which are of the form of d functions, sepa-
rated by \vc . Here vc5eB/m* is the cyclotron frequency
of an electron in the magnetic field. The magnetization is
predicted to oscillate periodically in a sawtooth manner as a
function of filling factor n, the de Haas–van Alphen ~dHvA!
effect. For an isolated 2DES the sharp jump occurs on the
high field side of each sawtooth. In reality the degeneracy of
each LL will be lifted because of impurity scattering and the
electron-electron interaction, and information about these ef-
fects can be obtained by measuring the shape of the DOS,
from the deviation of the dHvA oscillations from their ideal
sawtooth form.

Theories have suggested Gaussian18 or elliptical19 shapes
for the LL DOS, and the short-range scattering theory of
Aoki and Ando1 predicted that the width G is proportional to
B1/2. However, early experiments found the LLs to be Gauss-
ian, but with widths larger than theoretical predictions.8,10

Some of these experiments suggested that G is B

independent,10,13,16 while others argued that G}B1/2,8,9,14 as
the theory of Aoki and Ando predicted, or that G is related to
B in a more complicated way.6,11,12 Lorentzian broadened
LLs were also proposed.17 Das Sarma and Xie4 introduced a
model, based on the theory of Ando and Murayama,2 which
takes account of long-range scattering when the Fermi en-
ergy lies in the tail of a LL by including self-consistent

screening and LL coupling. A wider and B-dependent LL

width was predicted, which was consistent with some of the

earlier experimental studies.8,9,14

Apart from the shape of the LLs, the existence of an ab-

solute gap between two adjacent LLs was also questioned. It
was found that a constant DOS background had to be intro-
duced to resolve the discrepancy between the experimental
results and theory ~e.g., Refs. 8, 9, 13, and 14!. The back-
ground was argued to be the result of the long range of
scattering6 and/or the presence of inhomogeneities.20

Extensive studies of dHvA oscillations in the magnetiza-
tion of 2DESs have been carried out theoretically21–24 and
experimentally13–17,21,25,26 since the discovery of the integer
quantum Hall effect. Störmer et al.2 made the first convinc-
ing measurement of dHvA oscillations in a 2DES by using a
dc superconducting quantum interference device ~SQUID!
magnetometer. The shape of the LLs has since been exam-
ined quantitatively in the detailed torque-magnetometry stud-
ies of Potts et al.,17 which suggested that the DOS consists of
a series of Lorentzian-broadened LLs with G independent of
B. At lower fields they found that Gaussian-shaped LLs with
a width of G}B1/2 gave indistinguishable numerical fitting
results.

Most of these early dHvA measurements were performed
on multi-layer samples in order to enhance the extremely
weak dHvA signal. As a result, the line shapes and widths
obtained may be influenced by interlayer inhomogeneities. A
dramatic improvement in the sensitivity of the torque mag-
netometry technique in the last few years has enabled mea-
surements to be performed on single-layer samples. Wiegers
et al.27 reported sawtooth dHvA oscillations detected in
higher mobility single-layer samples. Using a modulated
SQUID technique, Meinel et al.28 observed similar sharp
dHvA oscillations. However, no quantitative analysis of the
LL shape of single-layer 2DESs has yet been reported.

In this paper we report the results of magnetization mea-
surements performed on d-modulation-doped and bulk-
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modulation-doped GaAs/~Al, Ga!As heterojunctions at tem-
peratures between 50 mK and 1 K. Clear sawtooth dHvA
oscillations in the magnetization are observed for LLs of
filling factors between 4 and 52. The large number of well-
resolved oscillations enables us to accurately estimate the LL
linewidth, where a Gaussian or a Lorentzian DOS model is
assumed.

It is well known that illuminating a sample changes the
transport properties of a 2DES, usually increasing both the
number of electrons in the 2DES and their mobility. In this
paper we report the effects of illumination on the 2DES’s

thermodynamic properties and show that they are strongly

dependent on the profile of the modulation doping: whether

the sample is bulk- or d-modulation doped.

II. EXPERIMENTAL DETAILS

The experiments were performed on a high-mobility

d-modulation-doped GaAs/~Al, Ga!As sample designated

T73 and a bulk-modulation-doped sample T412. Both

samples were uncontacted squares of side 10 mm. The trans-

port parameters electron density ne and mobility m for the

two samples, measured at 4.2 K before and after illumina-

tion, are summarized in Table I.

The sample was mounted on a torque magnetometer. De-

tails of the technique have been described elsewhere.29 The

experiment was carried out in the mixing chamber of a dilu-

tion refrigerator with a base temperature of less than 50 mK.

Magnetic fields of up to 15.5 T were applied, swept at rates

from 1.8731024 to 2.431024 T/s. The normal to the 2DES

plane was tilted at 20° with respect to the magnet field di-

rection. The temperatures were controlled within the range

50 mK to 1 K, and measured using a calibrated Ruthenium

Oxide chip resistor mounted on the magnetometer. The illu-

mination was carried out by exposure to red and/or infrared

radiation from light-emitting diodes, until the change in ne

saturated. A coil on the magnetometer rotor provided an ap-

proximate calibration of the instrument’s sensitivity ~610%!,
which was used as a starting point for the fitting described

below.

III. RESULTS AND DISCUSSION

A. Extraction of dHvA oscillations from the raw data

Magnetization data were taken while the magnetic field

was swept in both directions and then added together and

divided by two, to minimize systematic errors and to cancel

eddy currents. The latter are induced by sweeping the mag-

netic field and reverse when the magnetic-field sweep direc-

tion is reversed. The non-equilibrium magnetization caused

by eddy currents is up to 50 times larger than the dHvA

signal for low filling factors at 50 mK but is much less robust

to elevated temperature, disappearing completely by about 1

K. The raw magnetization signal also includes a large slowly

varying background, caused by magnetic impurities in the

magnetometer rotor.17,27 This background was removed us-

ing the following procedure: A polynomial of up to sixth

order was subtracted from the raw data to remove most of

the background; then the remainder was removed by assum-

ing that the mean position of the dHvA oscillations is inde-

pendent of field. In the few cases when the cancellation of

the eddy currents was incomplete, the residual eddy current

was ignored in the estimation of this mean position.

The dHvA oscillations are sharp and sawtooth-shaped at

high fields and low temperatures ~Fig. 1!, which indicates

that the 2DES is close to an ideal system and that the LLs are

very narrow. However the sawtooth observed is not infinitely

steep on the high-magnetic-field side as expected for a 2DES

with fixed ne , having d-function Landau levels separated by

energy gaps. The possible causes of this are discussed below.

B. The model

A numerical fitting was carried out based on the method

reported by Potts et al.,17 in which the DOS is assumed to

have the form

D~B ,E !5j
m*

p\2 1~12j !
2eB

ph
g~E !. ~1!

The first term represents a constant background DOS, and

the second term is the DOS of the LLs. j is the proportion of

TABLE I. Summary of results.

Sample

Illumination

state

Transport, 4.2 K

T ~mK!

Fitting parameters

ne

(31015 m22)

m
~m2/Vs!

Model ne

(31015 m22)

G

~meV!

60.05

j
60.15

S

60.05

T73 Before 4.4 50 50 Gauss 4.48 0.28 0.31 1.10

Lorentz 4.48 0.25 0.04 1.10

After 8.6 69 50 Gauss 8.15 0.27 0.14 1.10

Lorentz 8.15 0.10 0.11 1.10

T412 Before 3.1 78 190 Gauss 3.05 0.23 0.49 1.05

Lorentz 3.05 0.22 0.28 1.10

After 4.9 130 540 Gauss 4.98 0.39 0.23 1.05

Lorentz 4.98 0.34 0.00 1.10

1000 Gauss 4.98 0.37 0.22 1.05

Lorentz 4.98 0.33 0.00 1.10
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states making up the background, and g(E) describes

the shape of the LLs. We model the LLs as being either

Gaussian,

g~E !5

1

p,
2

1

A2pG
(
n50

`

expS 2

~E2En!2

2G2 D , ~2!

or Lorentzian,

g~E !5

1

~p, !2 (
n50

`
G

~E2En!2
1G2 , ~3!

in shape, where G is a width parameter. ,5(\/eB)1/2 is the

Landau radius, En5(n11/2)\vc is the energy of the nth

LL, and vc5eB/m* is the cyclotron frequency. G was al-

lowed to take the form G(B)5G0Bp with p50, or p5
1
2 , but

the field-independent form was found always to produce the

best fits for both Lorentzian and Gaussian models, so the p

5
1
2 case will not be discussed any further. This observation

is consistent with that of Potts et al.17 that a field-

independent Lorentzian gave the best overall fit, but not with

their finding that a field-dependent Gaussian gave an equally

good fit at low fields.

Assuming that the 2DES is an ideal non-interacting Fermi

system, in which spin splitting is ignored, the thermody-

namic potential per unit area V at the temperature T is given

by

V~B ,T !5kTE
0

`

dE D~B ,E !lnS 12

1

11expS E2EF

kT
D D ,

~4!

where EF is the Fermi energy. Under the assumption that the

electron density ne is fixed, the energy V is determined by

the position of the Fermi energy, which oscillates with the

magnetic field applied. The magnetization of the 2DES is

given by

M ~B ,T !52

]V~B ,T !

]B
U

EF ,T

. ~5!

The calculated magnetization using the two model DOSs is

fitted to the experimental data, treating ne , G and j as fitting

parameters, and assuming an electron effective mass of

0.0667me . A scaling factor S is applied to M and allowed to

vary within 610% of the calibration obtained from the cali-

bration coil. The effects of these parameters on the shape of

the fitted curve are as follows: ne controls the frequency of

the 1/B oscillations; S controls their amplitude; j controls the

relative slopes of the two sides of the sawtooth, particularly

noticeable at high magnetic fields ~when j50 the high-field

side has infinite slope!, and also the amplitude ~consequently

S and j cannot both be treated as free fitting parameters in

the same fit!; and G controls the rate of damping of the os-

cillations as B→0, and has a slight smoothing effect on the

sawtooth towards a sinusoidal form, an effect most visible at

low fields. Three parameter fits of ne , G and j or ne , G and

S produce reliable and repeatable results thanks largely to the

large number of oscillations present in the data, from these

millikelvin temperature experiments.

C. Numerical fitting results

Figures 2 and 3 show typical dHvA data for the two

samples and the results of fits using Gaussian and Lorentzian

broadening. For clarity, only one fit is shown per plot but the

results of all the fits are summarized in Table I. The fitted

carrier densities are in close agreement with those obtained

from transport. No significant improvement in the fit was

obtained by allowing population of the second two-

dimensional subband, for any of the data presented. To con-

firm this, the data ~interpolated to be evenly spaced in 1/B)

were Fourier transformed. In all cases the Fourier transforms

@an example is shown in the inset to Fig. 2~b!# consisted of a

single fundamental field plus harmonics; the carrier densities

obtained from these were in close agreement with the fitted

densities in Table I.

D. Discussion

1. Density of states

The LL widths summarized in Table I ~0.1–0.4 meV! are

much smaller than in the study of Potts et al.,17 demonstrat-

ing the improved quality of these heterojunctions. The LL

shape is described equally well by a Gaussian or a Lorentz-

ian function, with a width independent of magnetic field, the

quality of the different fits to each data set never differing by

more than 6%. This is consistent with Potts et al., who found

the best fit to be Lorentzian, B independent. The indepen-

dence of the width on B also supports the observations of

Refs. 7, 10, 13, and 16. In almost all cases in Table I we have

to invoke a significant background density of states between

LLs which is larger when the Gaussian shape is assumed.

FIG. 1. The magnetization of the d-modulation-doped sample

T73 recorded at 50 mK after illumination, as a function of the

perpendicular magnetic field. The oscillations become sawtooth in

shape at high field, but neither side of the sawtooth is abrupt, for

reasons discussed in the text.
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The proportion of states in this background, up to 49%, is

consistent with some of the earlier experiments in which the

background was attributed to the impurities and sample

inhomogeneity.6,8–10,16 However, it contrasts with the find-

ings of Potts et al., suggesting either that the constant back-

ground is associated with the higher sample quality, or more

likely that the relatively broad Lorentzians used to fit the

data of Potts et al. include a large number of states between

LLs without the need to introduce a background. The need

for less background in the Lorentzian case might also incline

us tentatively to favor this model. It should be noted that no

amount of adjustment of the other parameters can yield a

satisfactory fit to the data—only the inclusion of a non-zero

j achieves this.

As mentioned earlier, the dHvA oscillations are sawtooth

in shape at high B in these high-quality structures. The back-

ground density of states is introduced into the model in order

to fit the non-abrupt rise on the high-B side of the sawtooth

seen in the data. However there is another possible cause of

this feature of the data: an electron density ne , which oscil-

lates with B. This could occur if the 2DES were not isolated,

but instead were connected to a large reservoir of electrons

~in other words if the 2DES formed a grand canonical rather

than a canonical ensemble!. This possibility was proposed by

Shoenberg.22 In this case, the system is constrained to have

constant EF , rather than constant ne , and the result is that

the abrupt jump in the dHvA oscillation moves to the low

magnetic field side of the sawtooth. This has been confirmed

by Meinel et al.28 in an experiment in which ne is modulated

by applying a gate voltage to the sample. We do not observe

exactly this behavior in our experiments: both sides of the

sawtooth are nonabrupt, implying some variation of both ne

and EF . The mechanism by which electrons could move into

and out of the 2DES in our noncontacted samples is not

known, although we note that the in-plane component of B

might assist a tunnelling process between the 2DES and the

doped ~Al, Ga!As, an effect invoked by Boebinger et al.30 to

explain the enhanced coupling between parallel 2DESs in a

double-quantum-well structure, caused by an in-plane mag-

netic field. Recent observations of oscillations in the recom-

bination energy of electrons with photoexcited holes in a

d-modulation-doped heterojunction31 and analysis of cyclo-

tron resonance data32 have also been interpreted in terms of

such a transfer of charge.

FIG. 2. The magnetization of the d-modulation-doped sample

T73, as a function of inverse magnetic field recorded at 50 mK, ~a!

before illumination, and ~b! after illumination. The lines are theo-

retical fits to the data using the Lorentzian model density of states.

Values of the fitting parameters are given in Table I. The inset

shows the result of a discrete Fourier transform of the data in ~b!.

Peaks at the fundamental field 16.7 ~60.3! T, and its first harmonic,

are consistent with the fitted value of ne .

FIG. 3. The magnetization of the bulk-modulation-doped

sample T412, as a function of inverse magnetic field ~a! before

illumination at 190 mK, and ~b! after illumination at 540 mK. The

lines are theoretical fits to the data using the Gaussian model den-

sity of states. Values of the fitting parameters are given in Table I.
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2. Effects of illumination

It is well established from transport measurements that

illumination increases both ne and m, through the phenom-

enon of persistent photoconductivity. In this section we ex-

amine for the first time the effects of illumination on the

thermodynamic DOS of the LLs, and compare these with

transport measurements on the same samples. The funda-

mental difference between thermodynamic and transport

studies is that the former measure the properties of all the

states in the system, while the latter are sensitive only to

extended states.

From Table I, and from a visual inspection of the damping

of the data in 1/B , we find that the LL width of T73 is

reduced, while the mobility has increased, suggesting that

illumination has affected the extended states and localized

states in a broadly similar way. However, in T412 no such

similarity is found: the mobility increases by 67% on illumi-

nation, but the fitted LL width actually increases, by about

62%, an effect that once again is evident from a visual in-

spection of the raw data. This surprising result underlines the

fact that extended and localized states in these systems do in

general sample the disorder in very different ways—in this

case the illumination has reduced the disorder experienced

by the extended states ~the only type of state influencing the

transport mobility!, while increasing that experienced by the

localized states ~to which dHvA measurements are sensitive!.
We also observe that the induced eddy currents in both

samples virtually disappear after illumination. We suggest

that this is because the increased mobility increases the pro-

portion of the states in the LL that are extended, and hence

narrows the Hall plateaus and magnetoresistance minima,

weakening the eddy currents.

3. Odd filling factors

We expect to see dHvA oscillations due to the spin split-

ting of the Landau levels at high magnetic fields. However,

we find that these weak oscillations are masked by the in-

duced eddy currents in both samples before illumination, but

are visible after illumination. Figure 4 shows the odd-filling

factor oscillations at n53 and 5 in T412 after illumination.

An estimate of the exchange-enhanced g-factor can be made

by comparing the magnetization jump at n53 with that at

n54 ~for which the energy gap is assumed to be \vc). This

yields g*;4.8, enhanced by some 11 times compared with

its bare value, but still somewhat lower than the value of 7.3

reported in activated transport studies of exchange

enhancement.33 However if we follow the suggestion of that

study that the energy gap at even filling factors is also en-

hanced, by about 33% in samples of similar mobilities to

ours, then we estimate g* to be 6.4.

The odd-filling factor dHvA features in T73 are signifi-

cantly weaker, giving g*;2. This is probably a reflection of

the lower mobility of this sample, but contrasts strongly with

the observation of Wiegers et al.,27 that the odd dHvA peaks

were as strong as the even ones in a d-modulation-doped

heterojunction similar to T73.

IV. CONCLUSIONS

We have observed de Haas–van Alphen oscillations in

two high-mobility heterojunctions, at filling factors up to 52,

which tend towards the sawtooth shape of ideal d-function

Landau levels at high fields. The data fit equally well to

Gaussian or Lorentzian broadened density-of-states models

with widths independent of magnetic field and temperature,

and these widths are in the range 0.1–0.4 meV. In most cases

a constant background density of states between the levels

~of up to 49%! has to be introduced to produce a satisfactory

fit, the Lorentzian model requiring less background than the

Gaussian. After illumination, both samples show the ex-

pected increase in mobility and number density due to per-

sistent photoconductivity, and, in the d-modulation-doped

sample this is accompanied by a reduction in the fitted width.

Unexpectedly, though, the bulk modulation doped sample

shows an increase in width after illumination. Finally, we

observe de Haas–van Alphen oscillations at small odd filling

factors in both samples after illumination has removed the

induced eddy currents. Comparing the size of these with

those at neighboring even filling factors, we deduce that the

electron g factor is exchange-enhanced from its bare value

by up to 15 times.
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