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Grating-induced cyclotron-resonance anomaly in GaAs/Al„Ga& „As heterostructures
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We have investigated the far-infrared (FIR) cyclotron resonance (CR) of a two-dimensional electron
gas (2DEG) in the presence of a grating coupler to excite plasmons in the 2DEG. We find that only
when the coupling between the 2DEG and the metal grating is strong enough to excite 2D plasmons at
8 =0, the CR shows the anomalous broadening and splitting reported by Schlesinger et al. [Phys. Rev.
B 30, 435 (1984)]. Our experiment demonstrates that the anomaly must result from excitation of the
2DEG by spatially periodic components of the FIR IIield and confirms their original suggestion that it is
of electro-electon interaction origin. However, to our knowledge there is still no theoretical explanation
for the anomaly.

I. INTRODUCTION

Anomalous broadening and splitting of cyclotron reso-
nance (CR) of the two-dimensional electron gas (2DEG)
in GaAs/Al Ga, „As heterostructures were observed by
Schlesinger et al. ' in their early far-infrared (FIR)
magneto-optical Ineasurernent. The experiment was done
on samples supposed to be homogeneous by sweeping the
FIR frequency with the external magnetic field (8) ap-
plied perpendicular to the sample surface. According to
Kohn's theorem, the FIR light can only excite CR of
bare electrons in the homogeneous 2DEG and neither
broadening nor splitting is expected. The observed
anomaly is considered a breakdown of the Kohn
theorem and has been attributed to the electron-electron
interaction in the 2DEG system. However, the nature of
the physical mechanism that made it possible for the FIR
light to access the electron-electron interaction effect in
the 2DEG is unclear. In fact, how to relate the excita-
tions of the interacting 2DEG system to the CR anomaly
still remains an unsolved problem long after the appear-
ance of several theoretical papers on this subject.

Recently, Liu et al. reported the observation of simi-
lar CR splitting in the 2DEG in a GaAs/Al Gai As
heterostructure in the presence of a lateral surface super-
lattice potential, which was generated by applying a bias
to a grid metal gate fabricated on the sample surface.
This experiment was done by sweeping the 8 field at fixed
FIR laser frequencies. Subsequently, Zhao et al. contin-
ued the study on similarly prepared grid-gate samples
and clarified, by using sweep-frequency measurements,
that the splitting is accompanied by broadening. It is ob-
served in samples without any bias on the gate, but not
observed in samples from the same wafer without the
grid gate. This result shows that the splitting is induced
by the periodic modulation of the FIR radiation incident
on the 2DEG by the grid metal gate.

We have since extended this study to samples with
grating metal gates, which are commonly used as a radia-

tion coupler to excite 2D plasrnons by modulating the in-
cident FIR radiation. ' Since the amplitude of the
spatially modulated component of the FIR radiation can
be monitored directly by the absorption intensity of the
2D plasmons, the CR anomaly can be quantitatively re-
lated to it. We find that the grating coupler can indeed in-
duce CR broadening and splitting and, as with the metal
grids, the anomaly is not observed in samples from the
same wafer without the grating coupler. The anomaly de-
pends strongly on the ratio of the grating period a to the
distance d from the metal grating to the 2DEG. The
larger the a/d ratio, the stronger are the 2D plasma ab-
sorption and the CR anomaly. We conclude from this re-
sult that the CR anomaly is directly related to the intensi-
ty of the spatially modulated component of the FIR radi-
ation at the 2DEG even though we have not been able to
identify the physical mechanism or electronic process
that gives rise to the anomaly. In this paper, we wish to
present our data with the hope that they will provide ad-
ditional constraints on and facilitate the search for a
correct understanding of this physical phenomenon.

II. SAMPLE STRUCTURE AND EXPERIMENTAL
DETAILS

Five samples with difFerent metal-grating periods (a)
made from three different wafers of GaAs/Alo 35Gao 65As
heterostructures are measured: (1) a =200 nm from
wafer M158 (M158G2), (2) a =300 nm from wafer M175
(M175G3), (3) a =200 nm from wafer M272 (M272G2),
(4) a =300 nm from wafer M272 (M272G3), (5) a =600
nm from wafer M272 (M272G6). The wafers are grown
by molecular-beam epitaxy (MBE) and their structures
and growth sequences are illustrated in Fig. 1. The dis-
tance (d) from the wafer surface to the heterointerface is
78, 51, and 20 nm for wafers M158, M175, and M272, re-
spectively. In Table I, we list a, d, the two-dimensional
electron density (n, ), and mobility (p) of each sample.
The measured surface-to-2DEG distance for each sample

0163-1829/95/51{19)/13174(7)/$06.00 13 174 Qc 1995 The American Physical Society



GRATING-INDUCED CYCLOTRON-RESONANCE ANOMALY IN. . . 13 175

M272

60A GaAs

M175

60A GaAs

M158

300A GaAs

4OA AI„Gai „As d=200A 40A AI„Gai „As

1 OOA AI„Ga i. „As

1p.m GaAs

xg 11A AI„Ga, „As d=510A

330AAI„Gai „As
2DEG

20A AIAs

GaAs Sl Sub
1p.m GaAs

GaAs Sl Sub

80A AI„Gai „As

d=780A
380AAI„Gai „As

20A AIAs

&Ij.m GaAs

GaAs Sl Sub

FIG. 1. Growth parameters of wafers M158, M175, and
M272.

from the slope of the n, versus gate voltage ( VG ) curve,
which is proportional to the capacitance of the wafer
structure, agrees well with the growth parameter d for
M158 and M175 within 15% experimental error. How-
ever, for M272, the distance measured is 30 nm (as indict-
ed in parentheses) instead of 20 nm from the growth pa-
rameter. We always use the measured surface-to-2DEG
distance in our calculations.

The grating pattern is fabricated by using x-ray lithog-
raphy' and the metal grating is 10 nm Ti/20 nm Al. The
width of the grating stripe is half of the grating period for
all samples. Ohmic contacts are made at the four corners
of each sample (-4X4 mm size). Three difFerent gate
structures are used on the three diferent samples to capa-
citively modulate the electron density. For M158G2 and
M175G3, the grating coupler is the gate. In order to en-
sure an effective electron modulation (for getting a good
enough absorption signal), a cross grating of 250 pm
period is fabricated on each sample surface by photol-
ithography for interconnecting the fine grating stripes.
For M272G2 and M272G3, a continuous Ti film of 18
nm thick is evaporated all over the grating stripes to pro-
vide a semitransparent gate which allows us to modulate
the electron density uniformly. For M272G6, a continu-
ous back gate is made to provide the uniform density
modulation. In this case, the sample is thinned to -60
pm thick and is mounted on the surface of a wedged insu-
lating GaAs substrate. A Ti film of -5 nm thick is eva-
porated on the front surface of the wedged substrate as
the back gate of the sample. The Ti film is specially
treated to enhance its sheet resistance from -300 Q to
-3 KQ in order to reduce its reAectivity and avoid in-

terference between the Ti film and the sample front sur-
face. Figure 2 is an illustration of the structure. All are
wedged by 3' to avoid light interference.

All samples were cooled to 4.2 K and the absorption
spectrum is taken by using a Fourier transform spectrom-
eter with an 8 T superconducting magnet. The carrier
density at VG =0 is determined in situ from the quantum
oscillations of the magnetoresistance of the 2DEG. In
order to increase the detection sensitivity, we use double
modulation' where the carrier density is modulated by
modulating the gate voltage from zero to the conduction
threshold Vz at the same time the FIR light is being
chopped. Thus, for M158G2 and M175G3, the observed
absorption spectrum is the difFerence between the absorp-
tion of the uniform 2DEG and the absorption of the 1D
wire array. Since the features from the 2DEG and the
1D wires are well separated in the spectrum, the absorp-
tion of the 2DEG can be identified unambiguously.

III. DATA

In this section, we present our experimental data in the
order of increasing a/d ratio of the samples starting with
M158G2.

A. M158G2 [a/d =(200 nm)/(78 nm)-2. 6]

In Fig. 3, we plot its absorption spectra at B =2.0, 4.0,
and 6.0 T. As a result of the double modulation, ' the
absorption features of the 200-nm-period 1D wire array
(below the horizontal line) are mixed with the 2DEG
spectra (above the horizontal line). The data are fitted us-

ing one oscillator for the CR absorption and one for the
1D wires. The fractional change in transmission is sim-

ply expressed as a function of the 2DEG conductivity o.,
and the conductivity o. ,o of the 1D wires

2/Fo
—[cT,(~)—cr iD(~) ],1+ E

with

e 2

cr, (co)= m* 1+(co—m, ) r,
and

TABLE I. Summary of sample parameters and experimental
results.

a/d ratioLow: High Sampl

Ti thin film back gate (&50A thick)

m thick

BG

ga

Samples M158G2 M175G3 M272G2 M272G3 M272G6

n, (cm )

p (cm /Vs)
a (nm)
d (nm)
a/d ratio
II

2.4x10" 2.2x10" 3 9x10"
1 000 000 500 000 60 000

200 300 200
78 51 20(30)
2.6 6 6
0 0.015 0.02
1 2.2 1.3

4.7X 10" 4.7X 10"
60 000 60 000

300 600
20(30) 20(30)

10 20
0.032 0.09

1.5 3

GaAs insulating substrate

FIG. 2. The back gate structure for the density modulation.
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FIG. 3. Absorption spectra from M1SSG2 taken at B =2.0,
4.0, and 6.0 T. The feature above each horizontal line is from
the uniform 2DEG (at Vz =0 V) and the feature below that is
from the 1D wire array (at VG & VT). The dashed curves are the
fits to a single oscillator for the CR and the 200-nm-period 1D
wire absorptions.

ne CO
o ID(~)=

m (co coiD) riD+co

Here, e is the electron charge, m * is the electron efFective
mass, co, (=eB/m *) is the CR frequency, co,D is the reso-
nance frequency of the 1D wires, n is the effective areal
electron density of 1D wires, ~, and ~ID are the electron
scattering times of the 2DEG and 1D wires, and c. is the
dielectric constant of GaAs. The resulting fits are shown
by the dashed curves in Fig. 3. It is clear that only a
sharp CR absorption is observed; neither the CR anoma-
ly nor the 2D plasmon with wave vector q =2m/a is.
seen in this small-a/d-ratio sample. The r, obtained
from fitting the spectra is 1 X 10 " sec, difFerent from ~,
(=4X 10 ") obtained from the transport mobility. This
difference results from the importance of small-angle
scattering in the CR. '

B. M1'7563 [a/d =(300 nm)/(51 nm) —6]

Figure 4 shows the absorption spectra taken at B =0,
1.5, 2.5, and 6.0 T. In this sample, the development of
CR broadening is apparent. As the B Geld increases from
low to high, the CR linewidth broadens, reaching a rnax-
imum at B =2.5 T, and then narrows for higher B. This
broadening in linewidth is not seen in samples from the
same wafer without the grating gate. Vhthin the instru-
mental resolution of 2 cm ', no linewidth oscillation as a
function of filling factor is observed in samples without
the grating gate. In Fig. 5, we plot the CR peak frequen-
cy with the grating gate (crosses) and without the grating
gate (solid line) together with the linewidth of the grating
sample (filled triangles) as a function of B.

In this sample, the grating a/d ratio is sufficiently
large that the q =2n. /a 2D plasmon is observed at B =0.
This is the weak peak at 47 cm ', indicted by the arrows
in Fig. 4. The plasma frequency with wave vector q is
given by

FIG. 4. Absorption spectra from M175G3 taken at B =0,
1.5, 2.5, and 6.0 T. The arrow indicates the q =2m/a 2D plas-
ma absorption induced by the grating coupler.

4m.e n,

m ~s[1+coth(qd)] g

' I/2

(4)

Using a =300 nm, d =51 nm, c.=12, and n, =2.2X10"
cm, we obtain co =46 cm ', in good agreement with

experiment. At B=2 T, level crossing of the
rnagnetoplismon with the second harmonic of the CR,
2'„ is observed. The filled circles in Fig. 5 are the B
dispersion of the 2D magnetoplasmon. The dotted curves
are the 2', and the co (B) (given by
co~(B)= [co&(0)+co,]' ).
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FIG. S. The B dispersion of the CR (crosses) and the 2D plas-
ma excitation co~ (filled circles) for M175G3. The solid line in-
dicates the CR positions measured from the sample from the
same wafer without the grating coupler. The straight dotted
line indicates 2', and the curved dotted line indicates co~(B).
The CR linewidth as a function of B is also plotted (filled trian-
gles).
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C. M272G2 [a/d =(200 nm)/(33 nm)-6]

Th /d tio of this sample is the same as the sampleea rai
in Sec. III B while the mobility is much lower &p

=
cm /Vsec compared to 500000 cm /Vsec). Figure 6
shows severa a sorp i1 b r tion spectra in the low-mobility sam-

at B =0. The observed co =74 cm ' is in good agree-
ment wit t e . cm

'
h h 75 5 m ' calculated from Eq. (4), using

11 —2a =200 nm, d =33 nm, c.=12, and n, =3.9X10 cm
In the presence of B, level crossing betwe en co (B) and
2', is resolved in the spectra, as indicated by the arrows
in the figure. a a onfi . D t on this level crossing (filled circles,
together with the CR linewidth (filled triangles) and t e
CR frequency (crosses) are shown in Fig. 7.
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D. M272G3 [a/d =(300 nm)/(33 nin) —10]

Fi ure 8 shows the absorption spectra of this large-
a/d-ratio sample of equally low mob' '

y.
igure s

ilit . CR broaden-
ing is observe as a uncb d f nction of B.The linewidth increases
as B increases, reaching a maximum atat B-4 T, and t en
narrows as increaB '

creases further. The CR (crosses) and its
linewidth (filled triangles) are plotted in Fig. . e

q =2m/a 2D plasmon is stronger in intensity than that
M275G3 and M272G2, as expected. Taking

a =300 nm, d =33 nm, and n, =4.7X10 cm, q.
=63 cm ', while the experiment gives co =62gives co = cm

cm ' The B dispersion of the plasmon, showing e
level crossing of 2', and co~ (B), is also plotted in Fig. 9.

K. M272G6 [a/d =(600 nm)/(33 nm)-20]

This sample has the largest a/d ratio. The absorption
spectra at B =0, 2.0, 3.0, 3.75, 4.0, 5.0, and 8.0 T are

in Fi . 10. At B =0, the 2D plasmon excitation,
h er than that observed from the other grating

samp es, is o serve
that the spatially periodic component of t eof the FIR radia-

M272G2
a=200nm
d=33IIIII

B (T)
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FIG. 7. The B dispersion of the CR (crosserosses and the 2D
(filled circles) for M272G2. The solid line in-plasma excitation e circ e

dicates eth CR positions measured from t e sample rom e
t dottedsame wafer without the grating coupler. The straight o

tes 2' and the curved dotted line indicates co~( ).
also lotted (filled trian-The CR linewidth as a function of B is also p otte e

gles).

tion at t e isthe 2DEG is indeed the strongest in this sample.
At B =2.0 T, one can see, in addition to the arge

k two small peaks on the high-frequency side of thepea, wo s
CR, which are from the level crossing of co

As B increases to 3.0 T, the CR broadens and only one
magnetop asmon pea i1 k 's seen on its high-frequency side.
AT B =3.75 T, the CR becomes very broad and only a

1 . The linewidth ofhi h-frequency shoulder is seen clear y. eig
the CR reaches a maximum at B =4.0 T andT and then de-

B f rther increases (seen in the 5.0 and 8.0 T
~. Th CR broadening is more significant in is

sample than in the other grating samples. The wea
shoulder seen in t eth B =3.75 T data indicates a splitting
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FIG. 6. Absorption spectra from M272G2 ta2 taken at B =0,
2 5 3.5, 4.5, and 8.1 T. The dashed curves are the fit to a single~ ) ~ )

oscillator for the CR only.
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FIG. 8. Absorption spectra from M272G3G3 taken at B =2.0,
4.0, and 8.0 T.
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FIG. 9. The B dispersion of the CR (crosses) and the 2D
plasma excitation (filled circles) for M272G3. The solid line in-
dicates the CR positions measured from the sample from the
same wafer without the grating coupler. The straight dotted
line indicates 2', and the curved dotted line indicates co~(B).
The CR linewidth as a function of B is also plotted (filled trian-
gles).

of the CR (marked by an arrow). The spectrum nearby is
asymmetric, and cannot be fitted by using the single-
oscillator model. In fact, if the two sides of the CR at
B =3.75 or 4.0 T are fitted together with two separate os-
cillators (as shown by the dashed curves), the difference
(dotted curve) between the experimental spectrum (solid
curve) and the fitted curve indicates that a third oscillator
is needed for a complete fit. In Fig. 11, we plot the 8
dispersion of the CR (crosses) and its linewidth (filled tri-
angles). The splitting is seen around B =4.0 T where the
CR reaches a maximum in hnewidth.

FIG. 11. The B dispersion of the CR (crosses) and the 2D
plasma excitation (filled circles) for M272G6. The solid line in-

dicates the CR positions measured from the sample from the
same wafer without the grating coupler. The straight dotted
line indicates 2', and the curved dotted line indicates co~(B).
The CR linewidth as a function of B is also plotted (filled trian-
gles).

IV. DISCUSSION

In this section, we discuss in some detail the relevance
of our experiment to the anomaly reported by Schlesinger
et al. ' First, we note that the integrated absorption in-
tensity in all our samples is found to be constant, in-
dependent of B and of the anomalous broadening and
splitting. In Fig. 12, we plot the integrated intensity of
each spectrum taken from sample M272G6 against the B
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FIG. 10. Absorption spectra from M272G6 taken at B =0,
2.0, 3.0, 3.75, 4.0, 5.0, and 8.0 T.
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FIG. 12. The integrated intensity of each absorption spec-
trum (total area of the spectrum) taken from the sample
M272G6 is plotted against B.
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field. It is clear that, within our experimental error, the
intensity is constant over the range of 8 we studied and
thus satisfies the sum rule. One may, therefore, conclude
that the observed anomaly must have its origin in the
2DEG. Secondly, the anomaly is not observed in our
samples from the same wafer without the metal grating,
and also not in the sample with a grating of small a /d ra-
tio, in which the amplitude of the periodic component of
the FIR field is negligible at the interface. No CR
linewidth oscillation as a function of filling factor is ob-
served in all our ungated samples within our instrumental
resolution of 2 cm '. This observation is consistent
with the result from our previous experiment on grid-gate
samples and also with the more recent CR experiments
on very-high-mobility samples, ' showing no such
anomalies. Including results from our samples not re-
ported in this paper, the filling factor for the linewidth
maximum can be anywhere from v=3 to 5, not necessari-
ly an integer, Thus the observed anomaly has a difterent
origin from that reported by Englert et al. and Chou,
Tsui, and Weimann. These observations, when taken to-
gether, further confirm the correctness of the original
suggestion of Schlesinger et al. that the anomaly is of
electron-electron interaction origin and its observation
results from a breakdown of the Kohn theorem. In our
samples, the breakdown of Kohn's theorem is caused by
the periodic metal grating fabricated on top of the sam-
ple. In their case, we believe, it is due to the oval defects,
which are common in GaAs/Alp 35Gap 65As heterostruc-
tures grown in those days.

The amplitude of the periodic component of the FIR
field at the 2DEG is related directly in our samples to the
intensity of the 2D plasma resonance observed at 8 =0.
We use I, the integrated absorption intensity of the plas-
ma resonance normalized by the 2DEG density, as a
measure of this field. The bottom two lines in Table I
summarize our results on I and 3, the strength of the
anomaly, given by

A =Av /bv,
where Av is the maximum linewidth. It is clear that the
observed anomaly correlates well with the strength of the
plasma resonance. This correlation is specially apparent
in the three samples having the same 2DEG mobility.
The large value of' A for M175G3 is due to its having a
higher mobility and, therefore, narrower initial linewidth.
On the other hand, we do not observe any linewidth
dependence of the magnetoplasma on the CR linewidth
broadening.

It is apparent from the above discussion that the anom-
aly must result from coupling of the 2DEG with the
periodic component of the FIR radiation field at the in-
terface. One distinct possibility is that the broadening is
the result of unresolved splitting due to the crossing of
the CR branch with a not-yet-identified plasma branch,
made accessible to the FIR by the periodic metal grating.
This interpretation is consistent with observation of split-
ting in our sample with the largest a/d ratio and also
with the fact that, at 8 below that for the broadening
maximum, the CR peak is lower than that observed in
samples from the same wafer without the grating, and

I~ 652E (200nm Grid)

+ M175B (300nm Grid)

EH M150 Etched Grid (200nm)

~ Schlesinger, et al

/'~ Ii g)

0 ~~r

0 /'

0 2 4

n (10 cm )

FIG. 13. SM vs n, data points for M175G3 (open diamond),
M272G2 (open triangle), M272G3 (open square), and M272G6
(open circle). Data from our grid sample M175BG, grid sample
652E, by Zhao et aI. (Ref. 8), etched grid M150, and the data by
Schlesinger et al. (Ref. 1) are also plotted together for compar-
ison. The dashed and solid lines indicate n and &n dependence,
respectively.

V. CONCLUSIONS

We have investigated the CR of the 2DEG in
GaAs/Alp 35Gap 65As in the Presence of a grating metal
gate, with a grating period of 200, 300, or 600 nm, which
is used as a radiation coupler to excite the 2D plasmons
by modulating the incident FIR radiation. We find that
only when the grating coupling is sufficiently strong to
excite 2D plasmons at 8 =0 does the CR show the anom-
alous broadening and splitting reported by Schlesinger
et al. The strength of the anomaly correlates well with
the strength of the plasma resonance. Our experiment
demonstrates that the anomaly must result from coupling
of the 2DEG with spatially periodic components of the
radiation field at the GaAs/Alp 35Gap 65As interface and
further confirms the correctness of the suggestion of
Schlesinger et aI. that the anomaly is of electron-electron

higher at high 8. The fact that the anomaly is much
weaker in the lower-mobility sample of the same a/d ra-
tio is also consistent with this conjecture. However, the
lack of any observable dependence of the crossing 8 field,
B~, on the grating periodicity can only be reconciled
with a magnetoplasma mode which is almost dispersion-
less in this small-q regime.

Finally, the functional form of the dependence of 8~
on n, is not yet clear. In Fig. 13, we plot the data from
our grating as well as grid samples together with those of
Schlesinger et aI. While Schlesinger et al. fitted their
data to a &n dependence, it is clear from the plot that at
this point we cannot yet be certain whether &n or n

should be preferred.
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interaction origin. A possible explanation, we believe, is
crossing of the CR with a magnetoplasma branch. How-
ever, there is no solid theoretical backing for the explana-
tion and, experimentally, we have not yet been able to
identify the magnetoplasma branch and establish the an-
ticrossing nature of the level structure, with the quality of
the 2DEG in samples available to us at the present.
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