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THz collective spin-flip excitation of a two-dimensional electron system
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Resistively detected electron cyclotron resonance and spin-flip excitation are studied on a two-dimensional
electron system of InAs. A THz spin-flip excitation is observed in the Faraday configuration and is found
strongly damped around odd filling factors, indicating a distinct many-body effect in a two-dimensional
electron system with a spin-orbit interaction.
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In the classical picture, conduction electrons of a semielementAz= akr depends on the spin-orbit parameteand
conductor placed in a magnetic fieRlfeel a Lorenz force the Fermi wave vectokg, which both can be controlled via
that drives the electron moving in the cyclotron orbit, while a front gate’ The potential significance of manipulating spin
the magnetic moment of the spin feels a torque that causesa the gate is best illustrated in the classic paper of Datta
the spin to precess. These motions resonantly interact withnd Das for a novel spintronic devicélp to now, however,
the electromagnetic radiation, with cyclotron resonai@®)  this highly interested subject has been only experimentally
frequency w.=eB/m* and electron-spin-resonan¢e&SR) indirectly investigated using the magnetotransport
frequencyw,= — vow, being typically in the THz and the technique*® and theoretically simply analyzed based on
GHz regime, respectivelyip=gm*/2m,<0 for most semi-  single-particle pictures. It is accompanied by huge
conductors They provide textbook examples of accurate de-controvers§ troubling the exploding field of semiconductor
termination of the electron effective masg and the Lande  spintronics.

g factor. In the quantum mechanical picture, CR is the inter- Of primary importance for a 2DES is the effect of the
Landau-level electric dipole transition withN=1 and electron-electron interaction. In the presence of a stiBng
AS=0, and ESR is the inter-Zeeman-level magnetic dipolefield normal to the 2DES layer, the Coulomb interaction
transition with AN=0 andAS=—1, whereN andSare the gives rise to the fractional quantum Hall effe@nd en-

Landau and spin quantum numbers, respectively. hanced Zeeman splittifigobserved in dc transport experi-

These are simplified pictures that neglect the nonparabgnents. For dynamic excitations, assuming a parabolic band
licity in narrow gap semiconductors and spin-orbit interac-without the spin-orbit interaction, the single-particle transi-
tion in semiconductors lacking an inversion center. In bothtions described above are replaced by collective excitations
cases, coupling between the orbital and the spin motion ofvith the dispersion relatiorts:
the electrons breaks the simple selection rules described
above. It results in a combined resonatGBR) with both Eanas(d)=ANw.—ASw,+ AEnA5(Q), 2
the Landau and spin quantum numbers changed, which can
be excited by either the electri&) or the magnetic ki) where the excited states are labeled/bi, AS, and wave
component of the radiation, typically with the THz fre- vectorq. For theq=0 excitations using the THz or the GHz
qguency. Electric dipole excited CBR withN=1 andAS radiation, many-body corrections for CR and ESR are given
= —1 was first observed by McComle¢ al! in bulk InSbin by AE 1 o(0)=AEp-4(0)=0, according to Kohn's
1967. It was ascribed to the nonparabolicity mechanisntheoreni® and Larmor’s theorem,which apply to transla-
characterized by a longitudinaE[B) polarization. Theory tionally and spin rotationally invariant systems, respectively.
predicts since then electric dipole excited CBR via theOn the contrary, no simple symmetry argument exists for the
mechanism of the spin-orbit interaction, which is allowed formany-body correctiod\E; _,(0) to the CBR afj=0. The
circular  polarizations with ELB (the Faraday shifted CBR is therefore labeled as the spin-flip excitation,
configuration.! It is, however, up to today unobserved, pos-which was first observed by Pinczek al1* using the inelas-
sibly due to its rather small matrix elem@rhat requires a tic light-scattering technique in a 2DES of GaAs where both
highly sensitive THz spectroscopic experimental technique.the nonparabolicity and spin-orbit interaction are negligible.

Recently, there is a growing interest in the spin-orbit in-Via a spectroscopic experiment one can measure not only
teraction in the two-dimensional electron syst&@DES. It  directly band splitting due to the spin-orbit interaction, but
has been found that in InGaAs/InAlAs heterojunctions, thealso get an easy access to many-body effects by analyzing
structure inversion asymmetry dominates the spin-orbit interescillator strengths. It is therefore highly interesting to search
action over the bulk inversion asymmetry, so that the spinfor a possible THz spin-flip excitation in a 2DES with the

splitting energy is given by spin-orbit interaction. The main challenge is to improve the
spectroscopic sensitivity to detect the usually very weak spin
|ﬁws|:{[ﬁ(wc+wZ)]2+(2AR)2}1/2_ﬁwC! (1) EXCItatIOHS

which approaches the Zeeman splitting enefigy, only at In this Rapid Communication, we report resistively de-
high B fields when# w >2|Ag|/(1—v,). Here the matrix tected CR and spin-flip excitation in a 2DES formed in an
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InAs quantum well. Unlike conventional absorption experi-
ment, this technlqge compl_nt_as magneto transport with N = 6.66 x 10 Cm-z
spectroscopy’ Its high sensitivity has been long demon- s

strated in the GHz ESRRef. 13 and THz CR(Ref. 14 T=22K
experiments by using microwave generators and far-infrared
lasers, respectively. We use in this work much weaker THz
source of a mercury lamp, which makes the experiment more
difficult but allows a better spectroscopic analysis due to its
broad bandwidth. We find clearly that the THz excitations in

an InAs 2DES are influenced by spin-orbit, electron-electron,
and electron-phonon interactions.

Our sample is an inverted-doped InAs step quantum well
with 40-nm Iy 75Al 5 »5AS cap layer. The step quantum well
is composed of 13.5-nm nGa ,AS, an inserted 4-nm
InAs channel, and a 2.5-nm-thick JrGa, ,sAs layer. Un-
derneath the quantum well is a 5-nm spacer layer of
Ing 76Al g 25AS on top of a 7-nm-wide Si-doped JrAl 25AS
layer. The sample is grown by molecular-beam epitaxy on a
buffering multilayer accommodating the lattice mismatch to
the semi-insulating GaAs substrate. A self-consistent
Schralinger-Poisson calculation shows that the 2DES is
about 55 nm below the surface, mainly confined in the nar-
row InAs channel® The carrier densitjNg and mobility . at g
2.2 K were determined by Shubnikov—de Haas measurement wave number (cm ')
to be 6.66<10' cm 2 and 150000 cHiVs, respectively.
An extremely long 2DES Hall bar with a channel width of C o ) . ) : i

two magnetic fields in comparison with conventional absorption

W=40 'U“.m and a tota_l length. of about 10 cm was defined spectra(thin lineg under the same experimental conditions using a
by chemical wet etching. The 2DES channel runs meandeiz

7 . Si bolometer. In addition to the CR, thick arrows indicate the weak
ing in a square of *4 .mn?' The extremely Iargt/W. ratio spin-flip excitations which are only observable using the high sen-
enhances the sensitivity of our measurement. Ohmic con.tacg%ve photoconductivity technique.
were made by depositing AuGe alloy followed by annealing.

Our experiment was performed by applying a dc current o .
of 4.5 A to the Hall bar and measuring the changes of thdadiation, the energy relaxation time of the photoexcited non-
voltage drop caused by the THz radiation. At fixed magneticequilibrium electrons and the heat capacity of the 2DES.
fields, the broadband THz radiation was modulated by the herefore, its sensitivity can be enhanced by carefully choos-
Michelson interferometer of a Fourier-transform spectrom-ng the experimental condition and the sample design. The
eter. Using the sample itself as the detector, the correspon#eak resonance, whose intensity is only about 0.8% of that
ing change in the voltage drop of the sample was ac couple@f the strong one, is only resolved in our highly sensitive
to a broadband preamplifier and recorded as an interferg®hotoconductivity spectrum.
gram, which was Fourier transformed to get the photo con- In Fig. 2a) we plot theB-field dispersion of both reso-
ductivity spectrum. The sample was mounted in a He crynances. Also shown is the magnetoresistaRgemeasured
ostat with a superconducting solenoid. A Si bolometer behindvithout the THz radiation with the same excitation current of
the sample allows us to measure the direct absorption and b5 «A. The open circles determined from the strong peaks
monitor the phase correction factor sometimes needed if thare easily identified as the CR with.=eB/m* that can be
signal was too weak. All data reported here were obtained adescribed (dashed ling using m*=0.039n,. The solid
2.2 K in the Faraday geometry. circles for the weak resonances are(fiashed cunjeto w,

Figure 1 shows typical THz photoconductivity spectra+ws using Eq. (1) with two fitting parametersAg
(thick lines measured at twa fields of 3.5 and 6.5 T. A =38 cmi ! andg=—8.7. The fairly good fit using a reason-
weak resonance is observed at the high-energy side of thable g factor for InAs encourages us to attribute it for the
dominant peak. For comparison, conventional absorptiotime being to the longly expected CBR. Later we will see
spectra measured using the Si bolometer under the same dkat its behavior is more complicated. Observing the THz
perimental conditions are plotted as thin lines. The absorpdipole-excited CBR in the Faraday configuration requires the
tional spectroscopy probes the high-frequency conductivitypin-orbit interaction, in accordance with the obtained zero-
of the 2DES so that the resonance intensity is limited by thdield spin splitting 22g=76 cmi %, which gives a spin-orbit
transition matrix element and the electron density. On theparametere=2.38<10 ! eV m that is comparable to that
contrary, photoconductivity of the 2DES is caused by themeasured early in similar samples using transport techrfique.
bolometric effect where photoexcitation of electrons effec-Using these parameters, we calculate the Landau feants
tively heats the 2DES, which changes its resistdfides  plot them in Fig. 2b) together with the dotted lines showing
resonance intensity depends on the absorbed power of tiiee Fermi level. The thin and thick arrows illustrate the CR

B=65T
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FIG. 1. THz photoconductivity spectfthick lines measured at
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A=38 i FIG. 3. (a)Photoconductivity spectra measured between 9 and
T; 300 9.8 T showing the splitting of CR due to the influence of optical
S phonons.(b) Normalized photoconductivity spectra measured be-
o 200 tween 4.3 and 6.5 T displaying damping of the collective spin-flip
excitation around’=>5. The dotted line is guide to eyes.
100
, observed? It is therefore appealing to ask the question how
0

0 5 4 p 8 10 12 many-body effect influences the CBR we observed.
B(T) Let us examine our data more carefully, in particular, let
us study why CBR is only observed in certd#afield re-

FIG. 2. (a) Resonance dispersions determined from the photogimes. At highB fields where the CR and CBR lie above
conductivity spectra and magnetoresistafige measured without - 200 cm 2, spectra are influenced by the reststrahlen bands
the THz radiation. The dashed line and curve are fits for the CR angs oy sample. In addition to the bulk phonon frequency of
CBR using a constant effective mass and @9, respectively. The GaAs and InAs indicated in Fig.(@, there are two phonon
dotted line is for CBR using Eq(2) and assumingAE; _ ;% v. ands for both 19,eGa, »AS and I 74Al AS layers, not

Dash-dotted lines indicate the optical-phonon energies of InAs an h . :

. own for brevity. The spectra are complicated due to both
GgAs.(b) Landau_ Igvels calculatgd using the band para_meters Obfesonant polaron eff & and an optical offed® As ex-
tained from the fit in(a). Dotted lines indicate the Fermi energy.

The thin and thick arrows illustrate the CR and CBR, respectively._?_rrt]ﬁ;sér\:\g ?Nplscgl;tr'][irllzglgg;?21CsFljbrrs]%aesg:?l?c?uergge%taoingdh9£f€13e

combined nature of the optical effect, band nonparabolicity,

and CBR, respectively. Note that the crossover of the Landaglectron-electron and electron-phonon interaction is interest-
levels with opposite spin at smaHfield regime is the char- ing for itself?* we would focus in this paper on CBR below
acteristic of the spin-orbit interaction. It should give rise to a200 cm ! where it is unambiguously observed free from any
beating pattern in th&,, curve' in a single-particle picture influence of optical phonons.
but is not observed in our sample. This phenomenon has The most intriguing part of the data is that at intermediate
been pointed out in a previous stddynd is now the major B-field regime between 3 and 7 T. As shown in Figg)2we
mystery questioning the strength of the spin-orbit interactioncan not determine CBR energies around filling facter5
Our results shed light on the mystery indicating clearly thatand 7. For a better analysis, we plot in FighBthe blown-up
missing a beating pattern does not simply mean that the spirspectra measured between 4.3 and 6.5 T araun&. All
orbit interaction vanishes. spectra are normalized using their CR so that we can directly

Up to now, we have discussed our data in a single-particleompare the intensity of the CBR without worrying about the
picture. Many-body effects, however, play an essential rolehange of the photoconductivity sensitivities at differént
in both the CR andR,,. As illustrated in Fig. &), the Zee- fields. We find clearly that the CBR disappears around
man gaps at odd filling factors are much smaller than theie=5. The same behavior is observed around7. It pro-
neighboring Landau gaps at even filling factors. The cleawides us with the strongest evidence that what we observe is
minima observed iR,, in Fig. 2(a) around odd filling fac- the collective-shifted combined resonance, i.e., the collective
tors are well understood as enhanced spin splitting due tepin-flip excitation, since theofyhas long predicted that at
exchange interaction between electr8rBesides, CR be- odd filling factors where the ground state of the 2DES is spin
tween different pairs of Landau levels should have differenpolarized, the collective spin-flip excitation decays into a
transition energies due to the band nonparabolféit@b-  magnetoplasmon and a spin wave that conserve spin, mo-
served is only a single CR, indicating a strong coupling duenentum, and energy. Our previous analysis using the single-
to electron-electron interaction which hybridizes individual particle picture coined in Eq1) is certainly oversimplified.
CR transitions, so that only their in-phase oscillation wasin detail, there are two difficulties to use the many-body
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picture described in Eq.2) to analyze our data. First, the low B field. However, we would leave this subject to further
spin-orbit interaction is not included, and second, even foexperimental study to check whether strong spin-orbit inter-
the simplest case of parabolic band, no precise relation adction damps collective spin excitations.

AE;_; with B field is available. To bypass the first diffi- We summarize our paper by pointing out experimental
culty, let us assume that the spin-orbit interaction is onlyarguments pro and con the single-particle picture of E&y.
important for data at lowB fields. For the second, we note and the many-body picture of E(R). Although both give
that in a recent inelastic light-scattering experiniénh the  rise to satisfactory numerical fits to the observed dispersion,
2DES of GaAs, Kuliketal. found that AE; 1v for  the single-particle picture based on the spin-orbit interaction
v<1. AssumingAE,_,=av holds also for higher filling  gypjains why a combined resonance is electric dipole active
factors, we are able to fit our dafdotted line in Fig. 2] iy the Faraday configuration, but cannot explain why it dis-

H _ _ —=1
using the parameterg—=—8.7 anda=3.2cm . Very  gnnears around odd filling factors: on the other side, the

likely, these parameters do not really describe our samplﬁqan . . . o .
i L ) 4 . y-body picture neglecting the spin-orbit interaction ex-
well as it looks like in the fit, however, it emphasizes the factplains why the spin-flip excitation is damped around odd

that to accurately determine tigefactor and spin-orbit pa- filling factors, but cannot explain why it is active in the THz

rametera, the electron-electron and spin-orbit mteractmnsregime_ To understand the spin effects in the 2DES of InAs

should be both taken into account. . : ; : :
. therefore calls for a unified picture including both interac-
In the many-body picture, magnetotransport measures the

collective excitation of the 2DES at— o, it is very tempt- tions.

ing to connect the mystery of the absence of low-field beat- This work was supported by the NEDO international joint
ing pattern inR,, with the fact that the THz spin-flip excita- program for spintronics, the BMBF through Project No.
tion disappears also in our photoconductivity measurement &1BM905 and the DFG through Grant No. SFB 508.
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