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The quantum oscillatory magnetization M(B) and chemical potential l(B) of a two-dimensional

(2D) electron system provide important and complementary information about its ground state

energy at low temperature T. We developed a technique that provides both quantities in the same

cool-down process via a decoupled static operation and resonant excitation of a micromechanical

cantilever. On InGaAs/InP heterostructures, we observed beating patterns in both M(B) and l(B)

attributed to spin-orbit interaction. A significantly enhanced sensitivity in l enabled us to extract

Rashba and Dresselhaus parameters with high accuracy. The technique is powerful for detailed

investigations on the electronic properties of 2D materials. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4929840]

Thermodynamic quantities such as the magnetization M
and chemical potential l are of great potential to investigate

the ground state properties of two-dimensional electron sys-

tems (2DESs).1,2 They enable insights into energy spectra

and the density of states (DOS) in a magnetic field B and can

be compared directly to theoretical calculations based on a

specific model Hamiltonian. However, accessing M and l
experimentally turned out to be challenging. Measurements

of quantum oscillations of M in 2DESs were performed with

SQUID3,4 or torque magnetometers.1,2,5 Operated in a quasi-

static mode, the latter techniques measured the static mag-

netic torque s¼M�B and featured a high sensitivity that

scaled linearly with the magnetic field B. The resonant exci-

tation of mechanical modes of microcantilevers was reported

to further enhance the sensitivity in M.6–8 The quasi-

statically detected quantum oscillatory magnetization M(B),

i.e., the de Haas-van Alphen (dHvA) effect, was shown to

exhibit beating patterns when the 2DESs exhibited spin-orbit

interaction (SOI).9 However, in AlGaAs-based systems, it

was possible to detect beatings only at high tilt angles of B,10

and in asymmetric InGaAs quantum wells (QWs) only a

single beat node was resolved at low tilt angles due to the

inherently small sensitivity of torque magnetometry at small

B.11 The chemical potential l of a 2DES was detected in sep-

arate experiments using nanostructured single electron tran-

sistors,12 or via magnetocapacitance measurements13 and

electrometry on bilayer 2DESs14,15 that were formed in dedi-

cated heterostructures. State-of-the-art measurements of l
revealed signatures of Wigner crystal formation in bilayered

2DESs16 and of quantum Hall ferromagnetism in bilayer gra-

phene.17,18 Still, SOI phenomena in quantum oscillations of

l lack detailed experimental investigations. SOI originates

from bulk and structural inversion asymmetries in zinc-

blende heterostructures. The interplay of corresponding

Dresselhaus (D) and Rashba (R) contributions, respectively,

is not universal. It rules the functionality and depends deci-

sively on the design of a specific heterostructure.19 While

samples with a dominant R-term are suitable for gate-

controlled spin manipulation,20 devices with equal R and D

terms could be used for effective spin filtering.21

In this letter, we present a micromechanical cantilever

setup that allowed us to access l(B) and M(B) on one-and-

the-same 2DES in the same cool-down process. We show

how l(B) is extracted from resonant gate voltage modulation

applied to an InGaAs/InP heterostructure that exhibits SOI.

We resolve quantum oscillatory behavior of l including two

nodes of the SOI-induced beating pattern. Applying a single-

particle model Hamiltonian, we find that both a dominant R

term as well as a small D term are required to model l(B).

The combined and simultaneous detection of l and M as pre-

sented here is, in particular, interesting for studies on quan-

tum Hall ferromagnetism for which l(B) has been reported,

but a direct measurement of the magnetic hysteresis M(B)

has not yet been accomplished. The integrated field-effect

electrode is relevant when the gate-controlled interplay of

D- and R-SOI22,23 is to be studied in l(B). The technique is

also of great potential for investigations on electronic prop-

erties of 2D materials.24

Rectangular mesas were etched from modulation-doped

10 nm-thick asymmetric In0.77Ga0.23As QWs grown on

(001)-oriented InP substrates by metal-organic vapor phase
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epitaxy [inset of Fig. 2(b)]. The QWs were strained and opti-

mized for, both, high electron mobility and dominant R-

SOI.25 Four diffused AuGe contacts and an Au top gate elec-

trode were integrated. The samples were thinned down to

�10 lm to reduce their weight and then placed on specially

tailored GaAs cantilevers in flip-chip technique [Figs. 1(a)

and 1(b)].26,27 These cantilevers contained a thin-film coil

used for calibration and Au leads on their top surface to con-

tact the 2DES [Fig. 1(b)]. The magnetization M of the 2DES

caused by the in-plane orbital motion of the electrons is per-

pendicular to the sample surface. A magnetic field B applied

at an angle a with respect to M causes a torque s¼M�B

and deflects the paddle from its zero-field position. We read

out the deflection with a fiber optics interferometer at a laser

wavelength of 1310 nm. The characteristic interference pat-

tern measured by a photo voltage UPD is sketched in Fig.

1(c). Calibration of the setup is carried out by applying a cur-

rent I through the thin-film coil on the cantilever, generating

a well-defined magnetic moment m¼ IAc (Ac is the area sur-

rounded by the coil).

For quasi-static measurements of M, we adjust the verti-

cal fiber position by means of a piezoceramic tube in a

closed feedback loop in order to maintain a constant distance

d. The point of operation is chosen to be one of the inflection

points of the interference pattern UPD (d). The static deflec-

tion of the cantilever is measured via the applied voltage at

the piezoceramic tube Upiezo. In addition to the static mea-

surement, we apply an oscillating gate voltage Ug ¼ Ug;0

þ dUg sin xt, which leads to a dynamic modulation of both

the electron number with amplitude dN ¼ Amð@n2D=@UgÞ
dUg (Am is the total mesa area) and the magnetization dM

¼ (@M/@N)dN, where N¼ n2D�Am. The transfer function

@n2D/@Ug is extracted from static measurements of the elec-

tron density n2D as a function of the applied gate voltage Ug.

The modulation of M is performed at an oscillation fre-

quency f¼x/(2p) slightly smaller than the resonance fre-

quency of the cantilever and leads to a periodic deflection of

the cantilever with amplitude dd. Using standard lock-in

technique, we measure dd via the amplitude of the oscillating

photo voltage UPD as sketched in Fig. 1(c). Low-pass filter-

ing of the static feedback loop is used to decouple the static

and dynamic measurements. The dynamic magnetization is

derived as @M/@N� dM/(dn2DAm). We emphasize that both

quantities, M and @M/@N, are measured simultaneously as a

function of the external applied field B in our approach. This

allows for a direct comparison of M and l. Different from

the techniques used in Refs. 6 and 8, we address the 2DES

properties by modulation of n2D in the chemical-potential

measurements such that the measured signal is not superim-

posed by background signals stemming from the substrate or

the cantilever itself. Measurements were carried out inside a
3He cryostat at a sample temperature of T¼ 0.6 K. The exter-

nal field B was applied using a 2D vector magnet with a ra-

dial field strength of 4.5 T, which allowed for a continuous

variation of a defined in Fig. 1.

For analyzing the data, we access the chemical potential

l via the Maxwell relation �ð@M=@NÞT ¼ ð@l=@BÞN . l is

then obtained via

l ¼ �
ð

@M

@N

� �
T

� dB: (1)

We model M(B) and l(B) by a fully quantum mechanical

approach including SOI contributions. For this, we assume a

2DES subjected to B at an angle a with respect to its surface

normal. The problem is formulated via the Hamiltonian

H¼H0þHRþHD with the R-SOI term HR ¼ aR

�h rxpyð
� rypxÞ and the D-SOI term HD ¼ bD

�h rxpx � rypyÞ
�

being

linear in wave vector k. Here, H0 ¼ p2

2m� þ g�lBr � B denotes

the unperturbed Hamiltonian with Landau and Zeeman

splitting (p ¼ �i�hrþ eA is the kinetic momentum with

B¼r�A, m* is the effective mass, r ¼ ðrx; ry; rzÞ is the

vector of the Pauli spin matrices, �h ¼ h=ð2pÞ is the reduced

Planck constant, and aR, bD denote the R and D constants).

Following Ref. 28, we diagonalize H in terms of eigenstates

jn;6i of H0 up to a finite nmax and extract the eigenvalues

En0 ðBÞ of H. Assuming a Gaussian level broadening C /
ffiffiffiffiffiffi
B?
p

and applying Fermi-Dirac statistics, we calculate l(B) and the

total free energy F(B) and derive the magnetization M¼�@F/

@B, as described in detail in Ref. 2. Here, we report on results

obtained on two different samples named #4069-5B and

#4069-5C that we prepared from the same heterostructure that

was used in Ref. 11.

The light curves in Figs. 2(a) and 2(b) present simulta-

neous measurements of M and @M/@N as a function of the

perpendicular field B? ¼ B cos a of sample #4069-5B, which

was recorded at a¼ 39.0�. M exhibits 1/B?-periodic dHvA

oscillations. A background of interconnected splines, which

varied slowly on the scale of the oscillation period, was

subtracted from the raw M data in order to extract its oscilla-

tory part. From the period in 1/B?, we extracted the electron

density n2D¼ 8.57� 1011 cm�2. The maximum visible filling

factor �¼ (hn2D)/(eB?) was �¼ 109. A single beat node

was identified at B¼ 0.63 T. For field values B< 0.33 T, the

magnetic signal of the 2DES is found to be below the noise

level.

FIG. 1. (a) Schematic side-view of the cantilever with a mounted sample.

The change in d due to the torque s¼M�B is read out by means of an in-

terferometer which forms between the cleaved edge of an optical fiber and

the cantilever (see enlarged sketch). (b) Top view of the cantilever with

electrical contacts and calibration coil. (c) Schematic photodiode voltage

UPD as a function of d. The working point for static operation as well as

the response dUPD in case of a cantilever oscillation with amplitude dd is

indicated.
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The oscillations in the dynamic magnetization @M/@N
were phase-shifted by a quarter of a period with respect to

the dHvA oscillations. We applied DUg¼ 5.6 mV at

f¼ 92 Hz, corresponding to Dn2D¼ 0.015� 1011 cm�2. This

value was chosen such that the modulation amplitude in

terms of the filling factor D� was smaller than 0.5, i.e.,

Dn2D< 0.5(eB?)/h at B?� 0.21 T. For this dynamic mea-

surement, oscillations were detected down to 0.21 T corre-

sponding to �¼ 168. The technique allowed us to resolve a

second beat node at B?¼ 0.3 T [see inset of Fig. 2(b)]. Using

Eq. (1), we then determined the oscillatory part of l from the

experimental data @M/@N [light curve in Fig. 2(c)]. We

shifted the curve by the zero-field Fermi energy given by

EF ¼ ðp�h2n2DÞ=m�. We determined the field positions of the

two beat nodes in l(B) by fitting envelope functions based

on low-order polynomials and finding their crossing points

as sketched in the inset of Fig. 2(c). The corresponding field

values exhibit error bars of 4 mT for the first and 3 mT for

the second nodes.

In our model calculations, we searched for values of the

field B at which ðEn0 � En0�1Þ ¼ ðEn0þ1 � En0 Þ, i.e., subse-

quent gaps of the energy levels were equal in size, and iden-

tified them as the theoretically predicted node positions. We

then applied a fit routine to adjust the SOI parameters aR and

bD until the calculated node positions matched the experi-

mentally observed ones. For the remaining calculation pa-

rameters, we used g*¼�4.45 and m*¼ 0.037.11 For the

modeling, we assumed that aR was dominant, as was previ-

ously reported for the heterostructure.30 Table I summarizes

the results of the fitting for three different tilt angles a. The

analysis yields a Dresselhaus contribution bD that is smaller

than aR (by a factor of 10). The given error bars reflect the

uncertainties in the node positions. Data analysis of sample

#4069-5C provides consistent results for aR and bD.

Furthermore, we simulated the curves for M and l by

the model Hamiltonian introduced above using the parame-

ters found for aR and bD in the previous fitting routine

[black curves in Fig. 2(c)]. The only free parameter that

we adjusted in the calculations was the level broadening of

C ¼ 0:83 meV=
ffiffiffi
T
p

to match the amplitudes in the experi-

ment. We stress that both model curves were obtained by

using one and the same parameter set. Note that the node

positions as well as the amplitude and shape of the oscilla-

tions of both experimental curves are reproduced quantita-

tively by the model calculations, except for the oscillation

amplitude Dl at small fields. This discrepancy between theo-

retical and experimental traces l(B) is attributed to residual

inhomogeneities across the wafer. It was not observed for

sample #4069-5C, where a smaller broadening parameter of

C ¼ 0:6 meV=
ffiffiffi
T
p

was used in the modeling (not shown). In

M(B), we were not able to resolve the second beat node pre-

dicted by the modeling [inset of Fig. 2(a)]. The noise level at

small B? was too large.

In the following, we discuss our findings and their impli-

cations. The presented measurement technique both enabled

simultaneous access to the thermodynamic quantities M and

l and offered an enhanced sensitivity for the dynamic mea-

surement of l. The enhanced sensitivity was attributed to an

increased amplitude dd as the modulation frequency was

close to the mechanical resonance frequency of the cantile-

ver. dd was larger by a factor of �15 compared to the quasi-

static operation.

The beat nodes in l(B) allowed us to determine R- and

D-SOI constants. We found bD� 0.1aR (bD was measured

with an accuracy of 20%). Model curves l(B) deviated from

the experimental data if only R-SOI was taken into account

(not shown), as suggested by sole magnetization measure-

ments on samples prepared from the same wafer.11 Our com-

bined experiments now show that both contributions are

TABLE I. Field positions of the first two beat nodes at different tilt angles a
measured for sample #4069-5B and extracted SOI-constants aR, bD. For the

calculation, we used g*¼�4.45, m*¼ 0.037m0, and n2D¼ 8.57� 1011 cm�2.

a (deg) Node 1 (T) Node 2 (T) aR (10�12 eV m) bD (10�12 eV m)

14.0 0.629 0.296 4.42 6 0.02 0.48 6 0.10

29.0 0.629 0.297 4.44 6 0.02 0.43 6 0.10

39.0 0.629 0.297 4.44 6 0.02 0.46 6 0.10

FIG. 2. Experimental traces (light curves) of (a) magnetization M, (b)

dynamic magnetization @M/@N, and (c) chemical potential l as a function of

B?. The curve in (c) derived from experimental data was offset by the theoret-

ical zero-field Fermi energy EF ¼ ðp�h2n2DÞ=m�. The amplitudes DM and Dl
are indicated exemplarily for �¼ 48. The left insets show blow-ups of the sec-

ond beat node. Fits of the envelopes were used to extract node positions

[inset in (c)]. Model curves for M(B) and l(B) (black) were calculated using

one and the same parameter set: n2D ¼ 8:57� 1011 cm�2; m� ¼ 0:037m0;
g� ¼�4:45;aR¼ 4:44�10�12 eVm; bD¼ 0:46�10�12 eVm; T¼ 0:6K, and

C¼ 0:83meV=
ffiffiffi
T
p

. The layer sequence and sketched conduction band edge29

(thick line) are shown in the right inset of (b).
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relevant and to be considered when aiming at spin-

manipulation based on similar structures. For a perpendicular

field orientation, the energy spectrum En0 ðBÞ does not depend
on the signs of aR and bD.31 This holds true for increasing tilt

angle a as long as the nodes do not shift to higher field values.

This condition is fulfilled in Table I. Following this, we report

absolute values of the SOI constants. A determination of the

relative sign of aR/bD by magnetometry would require an

experiment performed at large a as a function of u.32

M(B) and l(B) detected by our setup provide complemen-

tary insights into the 2DES’s ground state. M¼�@F/@B
probes changes in the free energy F, while l¼ @F/@N moni-

tors the evolution of the highest occupied states. l is not sensi-

tive to changes in the low-lying energy states. In a single

particle picture, the amplitudes of the quantum oscillations

DM and Dl are predicted to obey the relation DM/N¼Dl/B.1

This was shown theoretically to hold true also for interacting

electrons in the Hartree-Fock approximation.33 For the data

presented here, we experimentally confirm the validity of

this relation (cf. Fig. 2). However, if dynamic screening is

relevant, the relation DM/N¼Dl/B is predicted to become

invalid, and a strong enhancement of DM over Dl is

expected.4 Our technique allows to explore this discrepancy

experimentally.

In conclusion, we presented the simultaneous determina-

tion of magnetization M(B) and chemical potential l(B) of a

2DES using quasi-static and gate-modulated torque magne-

tometry. We reported beating patterns in both M and l
caused by spin-orbit interaction. The measurement technique

presented here provides a powerful tool for detailed studies

on electronic properties of low-dimensional electron systems

in semiconductor heterostructures and 2D materials.
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