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Radiation-induced oscillatory magnetoresistance as a sensitive probe of the zero-field spin-splittin
in high-mobility GaAs ÕAl xGa1ÀxAs devices
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We suggest an approach for characterizing the zero-field spin splitting of high mobility two-dimensional
electron systems, when beats are not readily observable in the Shubnikov–de Haas effect. The zero-field spin
splitting and the effective magnetic field seen in the reference frame of the electron are evaluated from a
quantitative study of beats observed in radiation-induced magnetoresistance oscillations
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The recent discovery1 of novel nonequilibrium zero-
resistance states under photoexcitation might be counte
the latest surprise in the physics of the two-dimensional e
tron system~2DES!,1,2 which has provided topics of endu
ing interest such as the integral and fractional quantum H
effects ~QHE!.3 Unlike quantum Hall systems, where zer
resistance states coincide with a quantized Hall effec3,4

these new states are characterized by an ordinary Hall e
in the absence of backscattering.1,2 The remarkable
phenomenology1,2 has generated much excitement due to
possibility of identifying a new mechanism for artificiall
inducing vanishing electrical resistance, while obtaining
better understanding of QHE plateau formation and zero
sistance in the 2DES.5,6

While the reasons mentioned above have motivated th
retical interest,6 one might wonder whether the phenome
might also serve as an improved probe in a 2D problem w
a functional interest. Here, we suggest that radiati
frequency-independent beats observed in the microwa
induced magnetoresistance might serve as a sensitive in
tor of the zero-field spin splitting and the associated sp
orbit ‘‘Zeeman magnetic field’’ in the 2DES. The resultin
technique could help to advance research involving the m
surement, control, and utilization of the effective magne
field that appears in the reference frame of the electron
the high mobility GaAs/AlxGa12xAs 2DES.7,8

Mobile 2D electrons can experience, in their rest fram
an effective magnetic field that develops from a normal el
tric field at the semiconductor heterojunction interface due
the so-called Bychkov-Rashba effect.9 As this magnetic field
can, in principle, be controlled by an electrical gate, it h
been utilized in the design of novel spin based devices.8 The
Bychkov-Rashba term, proportional to the electron wa
vector k, is believed to account for most of the observ
zero-field spin splitting~ZFSS! in the narrow gap 2DES.8 In
the 2DES realized in wider gap GaAs/AlxGa12xAs, a bulk
inversion asymmetry~BIA ! contribution to the ZFSS, pro
vides an additional effective magnetic field asB→0.10–14

Although theory has suggested that the BIA term is stron
than the Bychkov-Rashba term in the GaAs/AlxGa12xAs het-
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erostructure 2DES,14 ZFSS in n type GaAs/AlxGa12xAs is
not easily characterized because its signature is often diffi
to detect using available methods. This has hindered s
tronics research in the GaAs/AlxGa12xAs system, which pro-
vides the highest mobility 2DES.

Typical investigations of ZFSS in the 2DES look for bea
in the Shubnikov–de Haas~SdH! oscillations that originate
from dissimilar Fermi surfaces for spin-split bands.15–17

However, the applicability of this approach requires the o
servability of SdH oscillations at very weak magnetic field
In GaAs/AlxGa12xAs heterostructures with two dimension
electrons, this is not easily realized, even in high qua
material. In addition, other mechanisms can, in princip
provide similar experimental signatures.16–18 Thus, a need
has existed for simple new methods of investigating the sp
orbit interaction in the 2DES characterized by a small ze
field spin splitting, to supplement the SdH, Raman scatter
electron-spin resonance~ESR! and weak-localization base
approaches.16,19–21In this light, the approach proposed he
has the advantages of simplicity and improved sensitiv
because the ZFSS ('20 meV) is determined through a com
parison of the spin splitting with an easily tunable, sm
energy scale set by the photon energy ('200 meV), unlike,
for example, the SdH approach which relates the ZF
('20 meV) to differences between two~spin-split! Fermi
surfaces with energy of order EF'10 meV in
GaAs/AlxGa12xAs.

Experiments were carried out on standa
GaAs/AlxGa12xAs heterostructure devices. Upon slow coo
ing in the dark, the 2DES exhibited a low electron dens
n(4.2 K)'1.531011 cm22. Subsequent brief illumination
by a light-emitting diode~LED! produced n(4.2 K)'3
31011 cm22 and a mobility m(1.5 K) up to 1.5
3107 cm2/Vs. Lock-in based four-terminal measuremen
of the resistance and the Hall effect were carried out with
sample mounted inside a waveguide, as it was excited w
microwaves over the frequency range 27< f <120 GHz. The
microwave power, estimated to be less than 1 mW, was s
the source and then reduced using variable attenuators.

Figure 1~a! illustrates the magnetoresistanceRxx observed
with ~w/! and without ~w/o! microwave excitation, in the
©2004 The American Physical Society04-1
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high mobility condition. Without radiation, weak magnetor
sistance is characterized by the absence of the SdH effe
B50.11 T at 1.3 K.@see Fig.1~a!#. Excitation of the speci-
men with electromagnetic waves induces oscillations
Rxx ,22,23 and a zero-resistance state over a broadB interval
in the vicinity of 0.1 T.1,2 Figure 1~a! shows that the three
deepest resistance minima occur about (4/5)Bf , (4/9)Bf , and
(4/13)Bf , where Bf52p f m* /e. In addition, a nonmono-
tonic variation in the amplitude of the resistance oscillatio
produces a beat at lowB @see Fig. 1~a!, inset#.2 In Fig. 1~b!,
resistance data are shown for a number of microwave
quencies. These data show, for the first time, that the be
the oscillatory resistance remains at a fixedB with a change
in f.

A line shape study was carried out in order to char
terize these oscillations. Over a narrowB window above
the beat, the data could be fit with an exponentia
damped sinusoid:Rxx

osc5A8exp(2l/B)sin(2pF/B2p), where
A8 is the amplitude,l is the damping factor, andF is
the resistance oscillation frequency.22 A line shape that
included the superposition of two such wave form

FIG. 1. ~Color online! ~a!: The magnetoresistanceRxx in a
GaAs/AlxGa12xAs heterostructure with~w/! and without~w/o! mi-
crowave excitation. With radiation,Rxx minima occur aboutB
5@4/(4j 11)#Bf , and follow this empirical rule through the bea
see inset.~b! Rxx oscillations are shown for a set off. The beat
remains fixed atB'0.024 T as theRxx oscillation frequency
changes withf.
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Rxx
osc5A8 exp(2l /B) @sin (2p F1/B2p)1sin (2pF2 /B2p)#

5Aexp(2l/B)sin(2pF/B2p)cos(2pDF/B), where F5(F1
1F2)/2 and DF5(F12F2)/2, proved unsatisfactory in
modeling the beat data because this line shape includ
phase reversal through the beat, unlike experiment. Thus
consider Rxx

osc5A exp(2l/B)sin(2pF/B2p)@11cos(2pDF/
B)#, which can realize beats without phase reversal.

Figures 2~a!–2~c! illustrate data obtained at a fixedf,
as a function of the power attenuation factor. Al
shown, is a fit to the data, using the line shapeRxx

osc

5A exp(2l/B)sin(2pF/B2p)@11cos(2pDF/B)#. Inspection
shows good agreement between data and fit, and a com
son of Figs. 2~a!, 2~b!, and 2~c! shows a monotonic increas
in the amplitude of the oscillations with increasing pow
level, that is reproduced by the fit parameterA, see Fig. 2~d!.
The oscillation periodd, whered 5 1/F, served to renor-
malize the inverse field axis, as in the lower abscissa,
Fig. 2~c!. The data plot vsB21/d shows that nodes occur i
the vicinity of B21/d 5 j, and B21/d5 j 11/2, where j
51,2,3,. . . , while Rxx minima transpire aboutB21/d
5@4/(4j 11)#21.

Representative data and fit at a pair off, see Fig. 3, show
that this line shape also describes the data obtained at wi
spacedf. A summary of the fit parametersF, DF, andl is

FIG. 2. ~Color online! ~a!–~c! Rxx oscillations are exhibited vs
B21 ~top axis! andB21/d ~bottom axis! with the power attenuation
factor as the parameter. Note thatd is the period inB21, i.e., d
5F21, where F is determined through a fit~see text!. ~d! The
fit-amplitudeA of the Rxx oscillations is plotted vs the power a
tenuation factor in decibels.
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presented in Fig. 4. The noteworthy features in Fig. 4 are~i!
F increases linearly withf, @see Fig. 4~a!#.1 ~ii ! The beat
frequencyDF'12.3 mT is independent off @see Fig. 4~b!#,
consistent with Fig. 1~b!. ~iii ! The damping parameterl, l
'65 mT, is also approximately independent off @see Fig.
4~c!#. Here, the exponential damping could be rewritten in
Dingle form, exp(2l/B)5exp(2p/vCtf)'exp(2pTf /B),
whereTf andt f represent a finite frequency broadening te
perature and lifetime, respectively, andp is approximately 1.
Note that l565 mT @Fig. 4~c!# corresponds to
Tf566 mK.22

The line shape, Rxx
osc5A exp(2l/B)sin(2pF/B2p)@1

1cos(2pDF/B)#, in our model can be understood by invo
ing four distinct transitions between Landau subbands n
the Fermi level, as cartooned in the inset of Fig. 3. Here,
spin-orbit interaction helps to remove the spin degener
of Landau levels asB→0. Thus, the terms~1! and ~2! rep-
resent spin preserving inter Landau level transitions, and
terms ~3! and ~4! represent spin-flip transitions. If th
oscillations originating from these terms have equal am
tude and share the samel, then one expects a superpos
tion of four terms: Rxx

osc5A8exp(2l/B)@sin(2pF/B2p)
1 sin(2pF/B2p)1sin(2p@F2DF#/B2p)1sin(2p@F1DF#/B
2p)#5Aexp(2l/B)sin(2pF/B2p)@11cos(2pDF/B)#, which
is the line shape that has been used here.

Here, the nearly equal amplitudes for the spin-flip and
spin-preserving transitions are attributed to the occurrenc

FIG. 3. ~Color online! Rxx oscillations are shown at~a! 54 GHz
and ~b! 116 GHz, along with a fit~see text!. The bottom and top
axis showB21/d, whered5F21. Inset to~a!: The line-shape fit
includes the contributions cartooned here. AsB→0, a zero-field
spin splitting produces an energy shift between the spin-up
spin-down levels.
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mechanisms such as the Bychkov-Rashba effect and
bulk-inversion asymmetry,9,11 which produce spin precessio
about an in-plane magnetic field.24 Under the influence of
such spin-orbit mechanisms, the effective magnetic-field
rection experienced by electrons changes with scattering,
this changing magnetic-field environment helps to mod
spin orientation with respect to the applied magnetic field
component of the microwave magnetic field, which is o
ented perpendicular to the static magnetic field, can a
serve to flip spin.

Thus, beats observed in the radiation-induced resista
oscillations appear as a consequence of a zero-field
splitting, due to the spin-orbit interaction.8–17,19,20One might
relateDF to the ZFSS by identifying the radiation-frequenc
changeD f that will produce a similar change inF, i.e., D f
5DF/@dF/d f#, whereDF is the beat frequency, anddF/d f
is the rate of change ofF with the radiation frequency@see
Fig. 4~a!#. Then, the ZFSS corresponds toD f 55.15 GHz or
ES(B50)5hD f 521 meV. From a study of the ESR at hig
magnetic fields, Steinet al.20 reported a ZFSS of 7.8 GHz
for n54.631011 cm22, which complements our resu
for n'331011 cm22. Theory suggests that, in th
GaAs/AlxGa12xAs heterostructure 2DES, both the BIA an
the Bychkov-Rashba terms have similar magnitudes, eve
the BIA makes the stronger contribution; the upper bound
the total ZFSS is'80 meV.14

Our ESR study near filling factorn51 in the quantum
Hall regime showed that the electron-spin resonance fi
BESR, varied asdBESR/d f50.184 T/GHz, which implies an
effective Zeeman magnetic fieldBZ5(dBESR/d f)D f
50.95 T. As the effective magnetic field due to the Rash
term is oriented perpendicular to both the direction of el
tron motion and the normal of the 2DES, while the BI
contribution lies along the direction of motion of electrons14

this evaluation ofBZ is associated with the magnitude of th

d

FIG. 4. ~Color online! Fit parameters obtained from this line
shape study of theRxx oscillations.~a! The resistance oscillation
frequencyF increases linearly with the radiation frequency.~b! The
beat frequencyDF is independent off, andDF'12.3 mT. ~c! The
damping parameterl appears to be independent off.
4-3
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vector obtained by adding these terms. Although this e
mate for theB→0 Zeeman magnetic field appears, at fi
sight, to be rather large by laboratory standards, the smag
factor in GaAs/AlxGa12xAs heterostructures implies a sma
corresponding spin splitting,ES521 meV, in comparison to
the Fermi energy ('10 meV). Thus, SdH beats would b
expected below the lowestB('0.2 T at 1.3 K! at which SdH
oscillations were observed in this material.
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