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Magnetization measurements of high-mobility two-dimensional electron gases
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De Haas—van AlphefdHvA) oscillations are observed for Landau levélgs) with filling factors between
4 and 52, at temperatures in the range 50 mK to 1 K, in experiments on high-mobility @hAGA)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 as function. The small residual widtf~0.4 meV or lesifits 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.
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[. INTRODUCTION screening and LL coupling. A wider anB-dependent LL
width was predicted, which was consistent with some of the
A knowledge of the density of state®OS) of two-  earlier experimental studiés:**
dimensional electron systenDES subjected to high mag- Apart from the shape of the LLs, the existence of an ab-
netic fields is central to our understanding of suchsolute gap between two adjacent LLs was also questioned. It
systems.™ Techniques used to measure the DOS have inwas found that a constant DOS background had to be intro-
cluded photoluminescenéenagnetocapacitande?® specific  duced to resolve the discrepancy between the experimental
heat!’~*2 and magnetizatio® 1’ Perhaps the most promis- results and theorye.g., Refs. 8, 9, 13, and 14The back-
ing of these is magnetization, because it represents a minimground was argued to be the result of the long range of
perturbation to the system and is relatively easy to analyzescatterin§ and/or the presence of inhomogeneifies.
In a perpendicular magnetic fiel, the DOS of an ideal Extensive studies of dHVA oscillations in the magnetiza-
two-dimensional electron gas will split into a series of Lan-tion of 2DESs have been carried out theoreti¢all§* and
dau levels(LLs) which are of the form o functions, sepa- experimentally®~1"?1252&jnce the discovery of the integer
rated by%w.. Here w.=eB/m* is the cyclotron frequency quantum Hall effect. Stoner et al?> made the first convinc-
of an electron in the magnetic field. The magnetization isng measurement of dHvA oscillations in a 2DES by using a
predicted to oscillate periodically in a sawtooth manner as a@c superconducting quantum interference deWigQUID)
function of filling factorv, the de Haas—van AlphddHvA)  magnetometer. The shape of the LLs has since been exam-
effect. For an isolated 2DES the sharp jump occurs on théned quantitatively in the detailed torque-magnetometry stud-
high field side of each sawtooth. In reality the degeneracy ofes of Pottset al,!’ which suggested that the DOS consists of
each LL will be lifted because of impurity scattering and thea series of Lorentzian-broadened LLs withindependent of
electron-electron interaction, and information about these efB. At lower fields they found that Gaussian-shaped LLs with
fects can be obtained by measuring the shape of the DO$, width of I'«BY2 gave indistinguishable numerical fitting
from the deviation of the dHVA oscillations from their ideal results.
sawtooth form. Most of these early dHVA measurements were performed
Theories have suggested Gaus¥an elliptical'® shapes on multi-layer samples in order to enhance the extremely
for the LL DOS, and the short-range scattering theory ofweak dHVA signal. As a result, the line shapes and widths
Aoki and Andd predicted that the width' is proportional to  obtained may be influenced by interlayer inhomogeneities. A
BY2. However, early experiments found the LLs to be Gaussdramatic improvement in the sensitivity of the torque mag-
ian, but with widths larger than theoretical predicti§8. netometry technique in the last few years has enabled mea-
Some of these experiments suggested thatis B surements to be performed on single-layer samples. Wiegers
independent®***8while others argued thdt«BY28%as et al?’ reported sawtooth dHVA oscillations detected in
the theory of Aoki and Ando predicted, or thats related to  higher mobility single-layer samples. Using a modulated
B in a more complicated way*''? Lorentzian broadened SQUID technique, Meinekt al?® observed similar sharp
LLs were also proposeld.Das Sarma and Xfantroduced a  dHVA oscillations. However, no quantitative analysis of the
model, based on the theory of Ando and Muraygmich  LL shape of single-layer 2DESs has yet been reported.
takes account of long-range scattering when the Fermi en- In this paper we report the results of magnetization mea-
ergy lies in the tail of a LL by including self-consistent surements performed or-modulation-doped and bulk-
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TABLE |. Summary of results.

Transport, 4.2 K Fitting parameters
Ne m Model Ne r & S
lllumination  (X10®m™?) (M?IVs) (x10"®°m3?) (meV) +0.15  *0.05
Sample state T (mK) +0.05
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
modulation-doped GaA@l, Ga)As heterojunctions at tem- [ll. RESULTS AND DISCUSSION

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- Magnetization data were taken while the magnetic field
resolved oscillations enables us to accurately estimate the Livas swept in both directions and then added together and
linewidth, where a Gaussian or a Lorentzian DOS model iglivided by two, to minimize systematic errors and to cancel
assumed. eddy currents. The latter are induced by sweeping the mag-
It is well known that illuminating a sample changes thenetic field and reverse when the magnetic-field sweep direc-
transport properties of a 2DES, usually increasing both th&on is reversed. The non-equilibrium magnetization caused
number of electrons in the 2DES and their mobility. In thisby eddy currents is up to 50 times larger than the dHVA
paper we report the effects of illumination on the 2DES'ssignal for low filling factors at 50 mK but is much less robust
thermodynamic properties and show that they are stronglyo elevated temperature, disappearing completely by about 1
dependent on the profile of the modulation doping: whetheK. The raw magnetization signal also includes a large slowly

A. Extraction of dHVA oscillations from the raw data

the sample is bulk- os-modulation doped. varying background, caused by magnetic impurities in the
magnetometer rotdf-?” This background was removed us-
Il. EXPERIMENTAL DETAILS ing the following procedure: A polynomial of up to sixth

order was subtracted from the raw data to remove most of

The experiments were performed on a high-mobilitythe background; then the remainder was removed by assum-
o-modulation-doped GaA@kl, Ga)As sample designated ing that the mean position of the dHvA oscillations is inde-
T73 and a bulk-modulation-doped sample T412. Bothpendent of field. In the few cases when the cancellation of
samples were uncontacted squares of side 10 mm. The trange eddy currents was incomplete, the residual eddy current
port parameters electron density and mobility u for the  was ignored in the estimation of this mean position.
two samples, measured at 4.2 K before and after illumina- The dHvVA oscillations are sharp and sawtooth-shaped at
tion, are summarized in Table |I. high fields and low temperaturd&ig. 1), which indicates

The sample was mounted on a torque magnetometer. Dehat the 2DES is close to an ideal system and that the LLs are
tails of the technique have been described elsewtiefee  very narrow. However the sawtooth observed is not infinitely
experiment was carried out in the mixing chamber of a dilu-steep on the high-magnetic-field side as expected for a 2DES
tion refrigerator with a base temperature of less than 50 mKwith fixed r,, having &-function Landau levelseparated by

Magnetic fields of up to 15.5 T were applied, swept at ratessnergy gapsThe possible causes of this are discussed below.
from 1.87x10™* to 2.4x 10" * T/s. The normal to the 2DES

plane was tilted at 20° with respect to the magnet field di- B. The model

rection. The temperatures were controlled within the range . - .
50 mK to 1 K, and measured using a calibrated Ruthenium A numerical fitting vi/7a.s carried out based on the method
Oxide chip resistor mounted on the magnetometer. The i"u_report?]d ?y Pottet al,™" in which the DOS is assumed to
mination was carried out by exposure to red and/or infraretﬁ“’“"e the form

radiation from light-emitting diodes, until the changerip m* 2¢B

saturated. A coil on the magnetometer rotor provided an ap- D(B,E)zgmﬂl—g) EQ(E)' (D)
proximate calibration of the instrument’s sensitivity 10%),

which was used as a starting point for the fitting describedl'he first term represents a constant background DOS, and
below. the second term is the DOS of the LL&is the proportion of
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15 the position of the Fermi energy, which oscillates with the
i T73 after illumination, 50 mK magnetic field applied. The magnetization of the 2DES is
- i i by
o 1of A ,}". given
R oy \ \
z 1 1. / _0BT)
=. { . MBT)=-—2— . )
= | f \ T
~ " U i ! 1
.5 ° i B \ !"J ! The calculated magnetization using the two model DOSs is
§ [ , ‘ / ‘\ ' fitted to the experimental data, treating, I" and ¢ as fitting
5 Sr f \ ] parameters, and assuming an electron effective mass of
CE%D . A \] W/ 0.066M,. A scaling factorSis applied toM and allowed to
10 | !

vary within £10% of the calibration obtained from the cali-

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

-] I EFES NN WAPIIrN ST I B R the fitted curve are as followst, controls the frequency of

o 2z 3 4 5 6 7 8 the 1B oscillations;Scontrols their amplitudeg controls the
Magnetic Field (Tesla) relative slopes of the two sides of the sawtooth, particularly

FIG. 1. The magnetization of thé&-modulation-doped sample n_oticeablg Qt_high magnetic fieldwhenglzo the high-field
T73 recorded at 50 mK after illumination, as a function of the side has infinite slopeand also the ampllt.uc'j(esonsequently .
perpendicular magnetic field. The oscillations become sawtooth ip @nd & cannot both be treated as free fitting parameters in
shape at high field, but neither side of the sawtooth is abrupt, fol€ same fit andI' controls the rate of damping of the os-
reasons discussed in the text. cillations asB—0, and has a slight smoothing effect on the

sawtooth towards a sinusoidal form, an effect most visible at

states making up the background, aggE) describes low fields. Th_ree parameter fits af, I" andé or n., I' and

the shape of the LLs. We model the LLs as being eitherS produce reliable and repeatable results thanks largely to the

Gaussian, large number of oscillations present in the data, from these
millikelvin temperature experiments.

S (E-Ep? o
g(E)= 2 ﬁ 20 exp ———>pz | (2 C. Numerical fitting results
Tl n=

Figures 2 and 3 show typical dHVvA data for the two
or Lorentzian, samples and the results of fits using Gaussian and Lorentzian

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

% r results of all the fits are summarized in Table I. The fitted
= carrier densities are in close agreement with those obtained

9E) = 7 &, (E BT © ;

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 datdinterpolated to be evenly spaced irB}/

LL, and w.=eB/m* is the cyclotron frequency was al-  \ere Fourier transformed. In all cases the Fourier transforms
lowed to take the forni(B) =I'oBP with p=0, orp=3, but a3 example is shown in the inset to Figbd consisted of a

the field-independent form was found always to produce thgjngle fundamental field plus harmonics; the carrier densities

best fits for both Lorentzian and Gaussian models, sthe gptained from these were in close agreement with the fitted
=3 case will not be discussed any further. This observatioryensities in Table |.

is consistent with that of Pottetall’ that a field-

independentorentzian gave the best overall fit, but not with
their finding that dield-dependenGaussian gave an equally
good fit at low fields. 1. Density of states

Assuming that the 2DES is an ideal non-interacting Fermi The LL widths summarized in Table(0.1-0.4 meV are
system, in which spin splitting is ignored, the thermOdy'much smaller than in the study of Potisal,'’” demonstrat-

Eamm potential per unit ared at the temperaturg is given ing the improved quality of these heterojunctions. The LL
Y shape is described equally well by a Gaussian or a Lorentz-
ian function, with a width independent of magnetic field, the
1 quality of the different fits to each data set never differing by
E—Eg\ |’ more than 6%. This is consistent with Padtsal., who found
1+exp< KT ) the best fit to be LorentziarB independent. The indepen-
(4) dence of the width orB also supports the observations of
Refs. 7, 10, 13, and 16. In almost all cases in Table | we have
whereEg is the Fermi energy. Under the assumption that theo invoke a significant background density of states between
electron densityn, is fixed, the energy) is determined by LLs which is larger when the Gaussian shape is assumed.

in shape, wheré& is a width parametei = (%/eB)'? is the
Landau radiusg,=(n+1/2)h w. is the energy of theath

D. Discussion

Q(B,T)szfwdE D(B,E)In[ 1—
0
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FIG. 2. The magnetization of thé-modulation-doped sample ~ FIG. 3. The magnetization of the bulk-modulation-doped

T73, as a function of inverse magnetic field recorded at 50 (@K, Sample T412, as a function of inverse magnetic figd before
before illumination, andb) after illumination. The lines are theo- illumination at 190 mK, andb) after illumination at 540 mK. The
retical fits to the data using the Lorentzian model density of statedines are theoretical fits to the data using the Gaussian model den-
Values of the fitting parameters are given in Table I. The insetSity of states. Values of the fitting parameters are given in Table I.
shows the result of a discrete Fourier transform of the datd)in
Peaks at the fundamental field 16:70.3) T, and its first harmonic,

i - : but instead were connected to a large reservoir of electrons
are consistent with the fitted value nf .

(in other words if the 2DES formed a grand canonical rather
The proportion of states in this background, up to 49%, ishan a canoznlcal ensemhldhis possibility was proposed by
consistent with some of the earlier experiments in which theShoenberg? In this case, the system is constrained to have
background was attributed to the impurities and samplé&onstantEg, rather than constamt,, and the result is that
inhomogeneity:® 191 However, it contrasts with the find- the abrupt jump in the dHVA oscillation moves to thev
ings of Pottset al., suggesting either that the constant back-magnetic fielcside of the sawtooth. This has been confirmed
ground is associated with the higher sample quality, or mor®y Meinelet al*® in an experiment in which,, is modulated
likely that the relatively broad Lorentzians used to fit the by applying a gate voltage to the sample. We do not observe
data of Pottst al. include a large number of states betweenexactly this behavior in our experiments: both sides of the
LLs without the need to introduce a background. The neegawtooth are nonabrupt, implying some variation of bogh
for less background in the Lorentzian case might also inclin@ndEg . The mechanism by which electrons could move into
us tentatively to favor this model. It should be noted that noand out of the 2DES in our noncontacted samples is not
amount of adjustment of the other parameters can yield &nown, although we note that the in-plane componenB of
satisfactory fit to the data—only the inclusion of a non-zeromight assist a tunnelling process between the 2DES and the
¢ achieves this. doped(Al, Ga)As, an effect invoked by Boebinget al*° to

As mentioned earlier, the dHVA oscillations are sawtoothexplain the enhanced coupling between parallel 2DESs in a
in shape at higl in these high-quality structures. The back- double-quantum-well structure, caused by an in-plane mag-
ground density of states is introduced into the model in ordenetic field. Recent observations of oscillations in the recom-
to fit the non-abrupt rise on the highside of the sawtooth bination energy of electrons with photoexcited holes in a
seen in the data. However there is another possible cause éfmodulation-doped heterojunctithand analysis of cyclo-
this feature of the data: an electron densiy which oscil-  tron resonance datahave also been interpreted in terms of
lates withB. This could occur if the 2DES were not isolated, such a transfer of charge.
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2. Effects of illumination 8

It is well established from transport measurements that
illumination increases both, and u, 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 1B, we find that the LL width of T73 is 4T
reduced, while the mobility has increased, suggesting that
illumination has affected the extended states and localized o
states in a broadly similar way. However, in T412 no such Total magnetic field (Tesla)

similarity is found: the mobility increases by 67% on illumi FIG. 4. Raw data for T412, showing dHVA features at odd fill

nation, but the fitted LL width actuallincreases by about ing factors 3 and 5, from which the exchange-enhangfdtor can

0 L ’ . -
62%, an effect that once again is evident from a visual in be calculated. The data were recorded at 540 mK after illumination.

spection of the raw data. Th',s SurprISIng result underlines th%nder these conditions induced eddy currents are suppressed, al-
fact that extended and localized states in these systems dOlllI]'bugh the distortion of the sawtooth shape around4 is the

general sample the disorder in very different ways—in this,emnant of an eddy current.
case the illumination has reduced the disorder experienced
by the extended statéthe only type of state influencing the
transport mobility, while increasing that experienced by the
localized stateto which dHvVA measurements are sensitive
We also observe that the induced eddy currents in bot
samples virtually disappear after illumination. We sugges
that this is because the increased mobility increases the pro-

arb. units)
[ o] ~

~—

Torque
(=1

the lower mobility of this sample, but contrasts strongly with

the observation of Wiegest al,?’ that the odd dHVA peaks

were as strong as the even ones i-modulation-doped
eterojunction similar to T73.

portion of the states in the LL that are extended, and hence IV. CONCLUSIONS
narrows the Hall plateaus and magnetoresistance minima, o )
weakening the eddy currents. 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 id&dilinction
Landau levels at high fields. The data fit equally well to

We expect to see dHVA oscillations due to the spin split-Gaussian or Lorentzian broadened density-of-states models
ting of the Landau levels at high magnetic fields. Howeverwith widths independent of magnetic field and temperature,
we find that these weak oscillations are masked by the inand these widths are in the range 0.1-0.4 meV. In most cases
duced eddy currents in both samples before illumination, bué constant background density of states between the levels
are visible after illumination. Figure 4 shows the odd-filling (of up to 49% has to be introduced to produce a satisfactory
factor oscillations at=3 and 5 in T412 after illumination. fit, the Lorentzian model requiring less background than the
An estimate of the exchange-enhanggféictor can be made Gaussian. After illumination, both samples show the ex-
by comparing the magnetization jump at 3 with that at  pected increase in mobility and number density due to per-
v=4 (for which the energy gap is assumed tofhe;). This  sistent photoconductivity, and, in th&modulation-doped
yields g* ~ 4.8, enhanced by some 11 times compared withsample this is accompanied by a reduction in the fitted width.
its bare value, but still somewhat lower than the value of 7.3Jnexpectedly, though, the bulk modulation doped sample
reported in activated transport studies of exchangehows an increase in width after illumination. Finally, we
enhancement However if we follow the suggestion of that observe de Haas—van Alphen oscillations at small odd filling
study that the energy gap at even filling factors is also enfactors in both samples after illumination has removed the
hanced, by about 33% in samples of similar mobilities toinduced eddy currents. Comparing the size of these with
ours, then we estimatg* to be 6.4. those at neighboring even filling factors, we deduce that the

The odd-filling factor dHvVA features in T73 are signifi- electrong factor is exchange-enhanced from its bare value
cantly weaker, givingg* ~ 2. This is probably a reflection of by up to 15 times.

3. Odd filling factors
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