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Magnetization Measurements of Magnetic Two-Dimensional Electron Gases
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We directly measure the magnetization of both the conduction electrons and Mn’* ions in
(Zn,Cd,Mn)Se two-dimensional electron gases (2DEGs) by integrating them into ultrasensitive

micromechanical magnetometers.

The interplay between spin and orbital energy in these magnetic

2DEGs causes Landau level degeneracies at the Fermi energy. These Landau level crossings result
in novel features in the de Haas—van Alphen oscillations, which are quantitatively reproduced by a

simple model.
DOI: 10.1103/PhysRevLett.86.4644

The quantum Hall effect in two-dimensional electron
gases (2DEGs) arises in large part from the interplay be-
tween delocalized, current-carrying states near the center
of each Landau level and localized states which lie be-
tween the Landau levels (LLs). Transport measurements
probe the localized states near the Fermi energy (Ey), but
provide very little direct information about the total density
of states (DOS) of a 2DEG. In contrast, measurements of
magnetization (or any other thermodynamic quantity) are
a powerful tool for exploring the total DOS of a degenerate
Fermi gas. Recent advances in high-sensitivity magne-
tometry have allowed magnetization studies of 2DEGs in
the quantum Hall regime, and have provided new insights
into the total DOS of 2DEGs formed in GaAs [1-4].

In this Letter, we employ newly developed microme-
chanical cantilever magnetometers [5] to study the magne-
tization of 2DEGs in a radically different physical regime
from the previous work. Here, the 2D electrons in a
(Zn,Cd,Mn)Se quantum well interact strongly with the
local magnetic moments of the Mn?>" ions via s-d ex-
change [6]. This produces a large conduction band spin
splitting that dominates over the cyclotron energy and cre-
ates repeated crossings of spin-split LLs with increasing
magnetic field. By measuring the 2DEGs’ magnetization,
we map out in detail its DOS under these circumstances.
This is of particular interest because the mixing of nearly
degenerate LLs is believed to play a crucial role in the
still unresolved question of the localization of 2DEGs in
small magnetic fields [7], as well as in the topology of the
quantum Hall phase diagram in multisubband systems [8].
We observe unusual features in the magnetization result-
ing from the LL crossings. The data agree with a simple
model based upon the disorder-broadened, single-particle
DOS and supported by complementary transport and opti-
cal measurements on the same samples.

The samples are grown by molecular beam epitaxy
(MBE) in two stages. The first stage, which ultimately
forms the micromechanical cantilever, is an insulating
GaAs/Aly7Gag3As heterostructure grown in a dedicated
III-V MBE chamber. It is capped and transferred in an in-
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ert atmosphere to a dedicated II-VI MBE chamber for the
growth of a symmetrically modulation-doped, 10.5 nm
wide, Znj..,Cd,Mn,Se quantum well, wherein 1/16
monolayer MnSe is deposited digitally for every seven
monolayers of Zngg7Cdg3Se (giving an average Mn
composition y ~ 0.009). Low temperature transport
measurements confirm the formation of a 2DEG in these
samples [9]. Mesas of the II-VI heterostructure are pat-
terned by optical lithography and a BClj reactive ion etch.
The exposed III-V heterostructure is then processed into
free-standing cantilevers, each of which supports a II-VI
mesa at its end [Fig. 1(a)] [4,5]. The levers are typically
~350 pwm long, 50 um wide, and 100 nm thick, with a
calculated torsional spring constant y ~ 3 X 107'> Nm.
The II-VI mesas are 40 X 100 wm? and dominate the
moment of inertia of the cantilever, lowering its reso-
nant frequency vy to ~400 Hz. At low temperatures
(T < 10 K) and in zero applied field, the cantilevers have
a mechanical quality factor @ ~ 2 X 10*.

The cantilever is mounted in the vacuum space of a *He
cryostat with an 8 T superconducting solenoid whose field
(B) is normal to the 2DEG to within a few degrees. The
cantilever’s displacement is detected by a fiber-optic in-
terferometer using ~30 nW from a 1310 nm laser diode.
Pointing the fiber near the base of the cantilever minimizes
unintentional illumination of the 2DEG. Since the can-
tilever is not metallized and the light is well below the
band gap of GaAs, very little power is coupled into the
cantilever/2DEG structure. We measure vy by driving
the cantilever at its lowest flexural resonance with a phase-
locked loop, the output of which is read by an oven-
stabilized frequency counter.

As the cantilever oscillates, the sample rotates relative
to B, and any anisotropic component of the sample’s mag-
netic moment results in an additional restoring torque on
the cantilever. This produces a shift in vy proportional to
02F /962, where F is the free energy of the sample and 6 is
the sample rotation relative to B. This torsional oscillator
approach offers a number of advantages: it provides maxi-
mum sensitivity for B applied normal to the 2DEG plane;
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FIG. 1. (a) Scanning electron microscope image of 100 nm
thick GaAs cantilever supporting 40 X 100 wm? magnetic
2DEG mesa. (b) Solid line: change in resonance frequency of
a cantilever containing a magnetic 2DEG vs applied field B.
Dashed line: fit to the paramagnetic Mn contribution. (c) Open
points: magnetization of the magnetic 2DEG, after subtracting
the smooth background. These aperiodic oscillations are
reproduced by the simulation (thick line) described in the
text. The top axis shows the positions of integers filling factor
v = nh/Be assuming n = 2.8 X 10" cm™2. Thin (dashed)
line: longitudinal (Hall) resistivity py. (px,) of a sample from
nearby on the same wafer. The p,, data has been multiplied by
a factor of 2 for clarity.

it provides excellent rejection of isotropic magnetizations,
including the majority of background signals; and it allows
us to measure samples ~10* times smaller than in previous
studies [1-3,10], diminishing the effect of nonequilibrium
eddy currents and gross sample inhomogeneities.

Figure 1(b) shows the change in resonance frequency
Awy as a function of B of a cantilever containing a single
magnetic 2DEG at T = 0.32 K. Small oscillations corre-
sponding to the de Haas—van Alphen (dHvA) signal of the
2DEG are superposed upon a smooth background due to
the paramagnetic Mn ions. This background (which is not
present in samples without Mn) [4] can be fit by calculating
[11] 0°F/36? for a spin—% ion with very weak single-ion
and g-factor anisotropy (the Mn?" ions are in a 6S; /2 state,
which is highly isotropic) as well as shape anisotropy. We
note that there are roughly 103 spin—% Mn ions for each
2DEG electron, but the ions produce a relatively small tor-
sional signal because of their weak anisotropy.

Figure 1(c) shows this data (open symbols) with
the smooth background subtracted and Awvy converted
into a magnetic moment M = Apy(B)/2Byvy(0) =

(A/B)d*F/36%, where A is the sample area. Note that,
for a magnetic moment of fixed orientation relative
to the sample, this is equivalent to the more familiar
form M = —AdF/dB. In contrast to the sawtooth shape
observed in high-mobility GaAs 2DEGs [3,4], the smooth-
ness of the oscillations implies that the disorder broadening
of the LLs is comparable to their separation. Also plotted
is the longitudinal resistivity p,, (dashed line) and Hall
resistivity p,, (thin line) measured on a sample taken
from nearby on the same wafer. Low-field (B < 0.5 T)
pxy data from this sample show n ~ 2.8 X 10! cm™
(and mobility ~8 X 103 cm?/V's). The positions of the
integer filling factors v assuming n = 2.8 X 10'! cm™?
are indicated in Fig. 1(c). The data show roughly one
oscillation per LL, indicating that they are spin resolved,
consistent with the large spin splittings known to occur in
these materials. However, the dHvA oscillations deviate
from the expected 1/B periodicity, particularly at lower
v. The observation of identical behavior in p,, shows
that the aperiodicity is not an artifact of the background
subtraction. This aperiodicity also does not result from n
changing with B, since the high-B (up to 8 T) p,, data
show the same slope as at low B (with quantum Hall
plateaux superposed), indicating that » remains constant
[12]. In addition, the precise quantization of p,, at v = 2
and v = 3 attests to the absence of parallel conductance
at low temperatures.

In addition to the anomalous magnetic-field dependence,
the dHvA oscillations in these magnetic 2DEGs also ex-
hibit an unusual variation with temperature. Magnetiza-
tion data from the same sample over the temperature range
0.32 < T < 6.0 K shows a striking shift of the extrema
to lower B with increasing T [Fig. 2(a)]. This trend is
strongest at higher v [Fig. 2(c)]; for example, the maxi-
mum at B = 2.5 T in 0.36 K data is shifted by a full pe-
riod in the 4.3 K data. The p,, oscillations (not shown)
have the same behavior, again ruling out artifacts due to
data reduction, while the p,, data show that the shifting of
the oscillations is not due to a change of n with either B
or T [9].

The B and T dependence of the dHvVA oscillations can
be understood by considering the unusual spectrum of LLs
in these magnetic 2DEGs, which results from the strong
s-d exchange interaction between the local moments of
the Mn ions and the spin degree of freedom of the con-
duction electrons. This interaction produces a spin split-
ting of the 2DEG (AE,) which is proportional to the
Mn polarization: AE; = EBs/{SupB/[ks(T + To)l}
where E, is the saturated conduction band spin splitting,
Bs)»(x) is the spin—% Brillouin function, and T is an empir-
ical correction reflecting the weak d-d exchange between
Mn ions [13]. Since the s-d exchange acts only on the
spin degree of freedom of the 2DEG electrons, we sim-
ply add its effect to the orbital quantization and assume
the absence of LL mixing. Figure 3 shows the magnetic-
field dependence of the spin-split LL centers for both a
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FIG. 2. (a) dHvA oscillations from the same sample as in
Figs. 1(b) and 1(c) over a range of temperatures. Lower field
data is shown on a magnified scale in (c). (b), (d) Calculated
magnetization for each of the temperatures in (a) and (c) using
the parameters from the fit in Fig. 1(c).

nonmagnetic GaAs 2DEG (AE; = g*ugB) and a mag-
netic 2DEG, where the energy for spin-split LLs is given by
Ep+ = ho(m + 3) = AE, (withm = 0,1,2...). Also
shown is the chemical potential (thick line) u = Ef in the
absence of disorder broadening. The principal difference
in the magnetic 2DEG is that AE| is larger than the cy-
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FIG. 3. Landau levels (dashed: spin down; solid: spin up)
and the chemical potential (thick line) for 2DEGs in (a) GaAs
and (b) a (Zn,Cd,Mn)Se magnetic quantum well in which
Eq =7.7meV, n=294X 10" cm™2, T =0.32K, and
To = 1.55 K. The effect of broadening is shown in (c).
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clotron splitting Ziw. and is nonlinear in B; this leads to
crossings of LLs. Figure 3(c) shows a more realistic cal-
culation of the DOS and p of a magnetic 2DEG, taking
into account the broadening of the LLs. When the LLs
cross near Ey, their overlap enhances the DOS. This fore-
stalls the passage of Ey from one LL to the next, producing
the observed aperiodicity in the dHVA oscillations. Since
the crossings are created by a temperature-dependent AE,
their positions shift with temperature, producing the un-
usual behavior in Figs. 2(a) and 2(c) [14].

A quantitative comparison between this model and the
data is provided by calculating the free energy,

F=nM—kﬂJfg@H{l+w%@é¥ﬂﬂd&
(1)

of the 2DEG, and from this M = (A/B)3’>F/36%. We as-
sume the DOS g(E) to be a series of Gaussians, each of
width T o B'/2 centered at each LL [1] and normalized so
that the total degeneracy of each LL is Be/h. w is calcu-
lated at each B by requiring that n remains fixed. The few
parameters in this calculation are tightly constrained by in-
dependent measurements: 7 is determined from low-field
pxy data (~2.8 X 10'! cm™2), while Tj and E, are de-
termined independently by fitting magnetophotolumines-
cence (PL) shifts to the form of AE;. Magneto-PL reflects
the spin splitting of the exciton, which in bulk undoped
(Zn,Mn)Se is 5.7 times the conduction band spin split-
ting [15]. In doped quantum wells, however, this factor
can range from 4 to 7.5 [16]. The saturation magneto-PL
splitting in our samples is measured to be 31 meV, im-
plying 4 < Eg, < 8 meV. These values are consistent
with time-resolved Kerr rotation measurements that di-
rectly measure the conduction band spin splitting on the
same samples. We determine 7y ~ 1 K from magneto-PL
data taken at 7 > 6 K in order to minimize the effect of
heating of the Mn ions.

Figure 1(c) shows a comparison of the lowest tem-
perature (0.32 K) dHvA data with a calculation of M
using Eg = 7.7 meV, Ty = 1.55K, and n =294 X
10" cm~2. The value of I' = 0.36 meV/T'/2 is chosen
to reproduce the relative amplitudes of the oscillations.
These parameters [identical to those used in Figs. 3(b) and
3(c)] give a faithful reproduction of the positions of the
oscillations at 7 = 0.32 K. The agreement between the
simulation and data (including the independent measure-
ments of Eg, n, and Tp) is remarkable considering the
unusual aperiodicity of the dHvA oscillations. By keeping
the values of AE,, Ty, n and I" fixed at the values given
above, we produce the temperature-dependent simulations
shown in Figs. 2(b) and 2(d). While the detailed shape
of the oscillations is not perfectly reproduced by the
calculations, the positions of all the extrema as well as
their temperature dependence are in striking agreement
with the data.
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This suggests that—despite the unusual behavior of
the dHVA oscillations—the total DOS of the 2DEG is
accurately described by our model that ignores LL mixing:
In other words, the positions of the LLs are not strongly
affected by the crossings. While small deviations of the
LLs from this model cannot be ruled out by the magne-
tization measurements, we have found that the same LL
model also reproduces the extensive transport data from
the same samples [9]. Since the extended states probed by
transport are much narrower in energy than the total DOS,
the modeling of transport data would be expected to be
very sensitive to deviations from the model.

In summary, we have used an ultrasensitive microme-
chanical magnetometer to gain new insights into the to-
tal DOS of a magnetic two-dimensional electronic system,
complemented by transport and optical measurements on
the same sample. Striking features in the data are explained
by a simple, noninteracting model for the DOS which in-
cludes the crossing of disorder-broadened LLs.

We are grateful to J. Gupta and I. Malajovich for
taking the optical data and to S. Crooker for assistance
with the numerical calculations. This work was sup-
ported by Grants No. NSF DMR-0071888, No. NSF
DMR-0071977, No. ONR N00014-99-1-0077, No. ONR
N00014-99-1-0071, and AFOSR No. F49620-99-1-0033.

*Corresponding author.
Email address: awsch@physics.ucsb.edu
[1] J. Eisenstein et al., Phys. Rev. Lett. 55, 875 (1985).
[2] A. Potts et al., J. Phys. Condens. Matter 8, 5189 (1996).
[3] S.A.J. Wiegers et al., Phys. Rev. Lett. 79, 3238 (1997);
1. Meinel et al., Phys. Rev. Lett. 82, 819 (1999).
[4] J.G.E. Harris et al., J. Appl. Phys. 87, 5102 (2000).
[51 J.G.E. Harris et al., Appl. Phys. Lett. 75, 1140 (1999).
[6] I.P. Smorchkova et al., Phys. Rev. Lett. 78, 3571 (1997).
[7] D.E. Khmelnitskii, Phys. Lett. 106A, 182 (1984); R.B.
Laughlin, Phys. Rev. Lett. 52, 2304 (1984); F.D.M.

Haldane and K. Yang, Phys. Rev. Lett. 78, 298 (1997);
S. V. Kravchenko et al., Phys. Rev. Lett. 75, 910 (1995);
M. Hayne et al., Phys. Rev. B 56, 10446 (1997).

[8] Y. Guldner et al., Phys. Rev. B 33, 3990 (1986); K.
Ensslin ef al., Phys. Rev. B 45, 11417 (1992); X.Y. Lee,
H. W. Jiang, and W.J. Schaff, Phys. Rev. Lett. 83, 3701
(1999); dHvVA oscillations were measured in a 2DEG with
LL crossings in R. A. Shepherd et al., Phys. Rev. B 60,
11277 (1999). However, the individual crossings were not
resolved.

[9] R. Knobel, N. Samarth, J. G.E. Harris, and D.D. Aws-
chalom, cond-mat/0103376.

[10] P. A. Crowell et al., Rev. Sci. Instrum. 67, 4161 (1996).

[11] J.G.E. Harris and D.D. Awschalom (unpublished).

[12] In samples with much lower Ef, n has been found to vary
slightly with B, as described in R. Knobel e al., Physica
(Amsterdam) 6E, 786 (2000). The much higher E; in
the samples studied here ensures that n is constant, as
confirmed by the high-field p,, data.

[13] D.D. Awschalom and N. Samarth, J. Magn. Magn. Mater.
200, 130 (1999).

[14] Aperiodic p,, oscillations which shift with 7 have been ob-
served in bulk (3D) diluted magnetic semiconductor (DMS)
crystals in which the constant E is pierced by LLs at ir-
regular and temperature-dependent intervals in B due to
the unusual LL behavior shown in Fig. 3(b). The case of
a 2D DMS system (as studied here) is quite different: in
2D, Ey is not constant. Instead, it is determined only by
n and the degeneracy per LL (Be/h). As a result, Ef
should pass through the LLs periodically in 1/B, regard-
less of the behavior of the LLs. The interpretation of the
aperiodicities as arising from the LL crossings at Ef is
supported by the fact that the p,, oscillations observed in
the magnetic 2DEGs in Ref. [6] are indeed periodic. In
those samples, the LL scheme was very similar to that
of the present samples [Fig. 3(b)], but E; was always be-
low the LL crossings.

[15] J. A. Gaj, Semicond. Semimet. 25, 275 (1988).

[16] S.A. Crooker, Ph.D thesis, University of California—Santa
Barbara, 1998; J. M. Kikkawa et al., Physica (Amsterdam)
2E, 394 (1998).

4647



