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Temperature dependence and mechanism of electrically detected ESR at the=1 filling factor
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Electrically detected electron spin resonafEBESR signals were acquired as a function of temperature in
the 0.3—4.2 K temperature range in an AIGaAs/GaAs multiple-quantum-well sample at=théilling factor
at 5.7 T. In the particular sample studied, the linewidth is approximately temperature independent, while the
amplitude exhibits a maximum at akioR K and vanishes with increased or decreased temperature. The
observed temperature dependence of the EDESR signal amplitude is compared to the theoretical temperature
dependence calculated assuming a heating model. The model ascribes the resonant absorption of microwave
power of the two-dimensional electron syst€2DES) to the uniform mode of the electron spin magnetization
where the elementary spin excitations at filling facior 1 are taken to be spin waves, while the short-
wavelength spin-wave modes serve as a heat sink for the absorbed energy. Due to the finite thermal conduc-
tance to the surroundings, the temperature of the 2DES spin-wave system is increased, resulting in a thermal
activation of the longitudinal magnetoconductance. The proposed heating model correctly predicts the location
of the maximum in the experimentally observed temperature dependence of the EDESR amplitude. These
results suggest that EDESR data can be used to discriminate between competing theories for the magnetic
ordering and magnetic excitations of a 2DES in the regime of the quantum Hall effect.

DOI: 10.1103/PhysRevB.67.165325 PACS nunider73.43.Lp

INTRODUCTION no reports describing the underlying physics and a mecha-

nism of the electrical response to ESR transitions. In particu-

The interplay between the electron-electron and electrofar, the temperature dependence of the EDESR amplitude

Zeeman interactions in a two-dimensional electron systeriémains to be described theoretically, although there is at

(2DES subjected to high perpendicular magnetic field andeast one previous discussion in the literature.

low temperature leads to a rich variety of phenomena per- This paper presents an experimental study of EDESR at
taining to the spin excitations and magnetic ordering of theilling factor v=1, where the electron-electron and electron

system. Electron spin resonan@®SR has the potential to SPIn Zeeman interactions produce an energy splitting in the

serve as a tool for directly probing the electron spin orde/density of states of the lowest Landau level. In the simplest
palitative description of the electronic transporvat1, the

anedaggrn eargnelﬁ‘:'st?ﬁ atltc;r;rtl)c;t :riyoﬂtglggid e??(/:its ;f;ggg(whtﬁgsmlﬂ—'ermi energy is located in the middle of the energy gap due
to the spin splitting, and the longitudinal conductividy,

lo is the magngtlc lengthof the sys'tem. n prlnmple, the vanishes a§ — 0. In EDESR, a perturbation of the equilib-
electr_on dynarmcs can be probed via extraction of'lth@r .rium electron spin polarization due to magnetic dipole driven
T2 spin relaxation times from ESR line shape analysis, iy fiy transitions produces a photoconductive response.
crowave power dependence, or pulséthe-domain meth- e 0.3_4.2 K temperature dependence of the signal ampli-
ods. However, there are serious technical difficulties thaf,je and resonance linewidth of EDESR has been measured
make direct microwave absorption detection of ESR quitg, 53 2DES in AlGaAs/GaAs quantum wells for=1 at 5.4—
problematic in the case of a 2DES due to the low electrors 7 T, The temperature dependence of the signal amplitude is
densities in single or even multiple GaAs{AlGaAs quan-  analyzed in detail using the concept of spin waves at filling
tum wells® It has been previously demonstrated that highfactor v=1. For comparison purposes, we also analyze the
sensitivity can be obtained if the ESR absorption is detecte¢gemperature dependence of the response on the basis of a
electrically via a change induced in the magnetoresistanceoninteracting electron spin polarization model. It was deter-
that can be observed under certain conditions in the regimmined in a previous study of the nuclear spin-orientation
of the quantum Hall effect.This electrically detected ESR dependence of magnetoconductance that the elementary spin
(EDESR method has been successfully used in the analysisxcitations in this sample involve single spin flips rather than
of the magnetic field dependence of the bare elecyon multiple spin flips as would be the case for Skyrmion—anti-
factor?~ the electron-nuclear interaction and nuclear-spinSkyrmion excitations(sample EA-124% The goal of the
relaxation rates as a function of filling facforand the present work is to determine if EDESR data can be used to
g-factor dependence on the top-gate voltagéthough a va-  discriminate between competing theories for the magnetic
riety of phenomena associated with EDESR in quantum Halbrdering and magnetic excitations of a 2DES in the regime
systems have been demonstrated previously, there have beginthe quantum Hall effect.
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FIG. 1. Block diagram of the experimental setup for EDESR ®)
measurements using the double-lock-in technique described in the
text.

SAMPLES AND EXPERIMENT

EDESR signals were detected from both multiple and
single Al _,GaAs/GaAs quantum well samples grown by
molecular beam epitaxy. These samples have mobilities be-
tweenu=4.4x10° and 1.2 10° cn?/V's and electron den-
sities per layer ofN = (7-25)x 10'° cm 2. Samples were
patterned with a conventional Hall bar with a 0.2-mm chan- PR . . .
nel width and a typical voltage probe separation of 1.5 mm. 0 1 2 3 4 5 6
The behavior of the EDESR in all of these samples was B, (D
found to be qualitatively the same. The experimental data FIG. 2 Tvoical R Bt ¢ le EA-124 aF
presented below were measured on sample EA-124 (leSK' T'h(a) 1ypical Re VS Bo trace fof sample BA--24 &

. . . =1.5K. The v=1 minimum occurs at about 5.7 Tb) Typical
>_< 300 A wide GaAs wells, AJ1G& dAS bamer;%. This par- AR, vs By response af = 1.5 K. The sample is tilted at 60° with
ticular sample has a 2D electron density per layemMQf  egpect to the external magnetic field. The EDESR signal appears as
=6.9x10'"cm 2 and a mobility ofu=4.4x10° cnP/V'S. 4 sharp peak 8,=5.47 T. The inset shows the ESR feature on an
The sample was mounted on a rotation stage, allowing thexpanded scale. The microwave frequency is 32 GHz, which at this
ESR condition to be obtained at a desired filling factor andmagnetic field corresponds tg|=0.418.
magnetic field. The EDESR signals were detected via a
change in the longitudinal resistanddR,, due to the spin set to 100us while the time constant of lockin #2 is set to
resonance absorption of the microwaves by the 2BE%As 300 ms.
described previousR? a double lock-in technique was used
to meas',ures' R.x- The s_chematic of the experimental setup is EXPERIMENTAL RESULTS
shown in Fig. 1. Lockin #1 is used to apply an AC current
[f;=537 Hz, 510"’ A (RMS)] to the sample in series Figure 2 presents a typicalR,, vs By curve together
with a 10 MQ resistor. The microwave system consists of awith the corresponding,, vs B trace, both of which were
YIG oscillator(Micro Lambda model MLOS 1392PAwvith a  acquired at 1.5 K. For this experiment the sample was tilted
tunable output of 10-18 GHz connected to a doubling amat 60° with respect to th®, field in order to bring thev
plifier (DBS model DB97-0426which produces a 15 dBm =1 magnetoresistance minimum to a field d,
level (into 50 () at the output. The microwave components =5.5—-5.8 T. This field range corresponds to an electron spin
were connected together using 3.5-mm coaxial connectorsarmor frequency of approximately 30 GHz, a frequency
and adaptergAnritsu K-connectors Lockin #2 is used to that is within the range of our microwave system. A peak in
control an absorptive-i-n diode modulatofGeneral Micro- AR, (By) is clearly apparent due to ESR transitions at a
wave model D195pfor square-wave modulation of the mi- field of 5.47 T. The EDESR signal is superimposed onto a
crowave field at a frequency df,,q—11.7 Hz. The micro- nonresonant background contributionA®&,, . For magnetic
waves are applied to the sample via a #0-3-mm-o.d. field sweep rates of 0.448 T/mitthe highest sweep rate
semirigid coax terminated 5 mm above the sample with attainable with our magngtthe EDESR signal is the same
wire loop. The output of lockin #1 is a signal proportional to for both the up- and down-sweep dependences in EA-124.
Ryx- The R,, signal contains an oscillatory component atFor slower sweep rates, however, effects due to dynamic
fmog Proportional toAR,,. The time constant of lockin #1 is nuclear polarizatioiDNP) and the Overhauser shift become

IX

AR _(arb. units)
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FIG. 3. ExperimentalAR,, vs B, curves shown at several se- E 18 . ¢ ; o T
lected temperatures, as indicated. The nonresonant background con-.§ [
tribution to AR,, has not been removed from this raw data. Both = 16} ® downsweep Ny
the ESR and the nonresonant background contributions to the signal O upsweep
exhibit maximum amplitudes at about 2.2 K. 14 . . - . + . : 4 .
0 1 2 3 4 5
noticeable. In the down sweep, the EDESR peak broadens T (K)

and exhibits diminished amplitude, while the signal acquired

on the up sweep is narrowed. These observations are consis- FIG. 4. Temperature dependence(@fthe ESR peak amplitude
tent with previously reported EDESR experiments involvingand (b) the ESR linewidth. The amplitude and linewidths were ex-
Overhauser shifts in GaAs/AlGaAs heterostruct§resAll tracted from the data shown in Fig. 3 after removal of the nonreso-
of the spectra presented in this paper have been recorded R@&nt contribution to théR,, vs By signal according to the proce-
the maximum sweep rate of 0.448 T/min. At this sweep ratedure described in the text.

the EDESR peak did not exhibit any effect due to DNP. The

ESR line position is given bjnvg=gugBges, Wherevyis  the raw data of Fig. 3 after removal of the nonresonant back-
the microwave resonance frequen®p ., is the magnetic ground as described above. It is apparent that the EDESR
field at which the resonance is observed, grid the bareg ~ amplitude measured in the vicinity of=1 has a pronounced
factor for single spin flips, which in EA-124 3= —0.418 at maximum at about 2 K, decreasing sharply at higher or lower
the magnetic field of interest. The nonresonant component deémperatures. As seen in Fig. 3, th&,, nonresonant back-
AR,, is an oscillating function of magnetic field whose main ground component behaves in a similar way, reaching a
features correlate wittR,,. Figure 3 shows the typical maximum at the same temperature as the ESR. This behavior
EDESR traces measured at different temperatures. Thesg in contrast with that reported in Ref. 5 where the disap-
data represent the rawR,, signals that include a nonreso- pearance of the EDESR upon lowering the temperature was
nant background contribution. In order to quantitatively ana-accompanied by a growth of the nonresonant background.
lyze the temperature dependence of the signal contributiomhe linewidth in Fig. 4 appears to be nearly independent of
due to ESR, the nonresonant background component wadsmperature. Assuming that the linewidth is inversely propor-
removed using the following procedure. First, the portion oftional to the spin-spin relaxation tinig,, as in conventional

the raw AR, trace in the region of the EDESR peak was ESR detection by direct microwave absorption, then it may
deleted. Using the eye as a guide, several sample points welpe concluded thét, is independent of temperature over the
inserted into the missing region to facilitate interpolation oftemperature range of interest. We have also measured the
the background signal. A standard sixth-degree polynomidiilling factor dependence of the ESR amplitu@ constant

fit to the background signal was obtained and then subtracte@mperaturgin the vicinity of =1, as shown in Fig. 5. The
from the original raw data to obtain the component due tdilling factor was varied by incrementally rotating the sample
ESR absorption. The pure EDESR trace was found to bat a fixed microwave power and frequency. Despite the ap-
reasonably insensitive to the particular positioning of thepreciable scatter in the data points, it is apparent that the
manually inserted sample points and is well described as BEDESR signal maximum occurs closete- 1. Furthermore,
Gaussian line shape function. A standard Gaussian fit wasg change in sign of the EDESR is observed for filling factors
then performed on the EDESR trace to obtain the line widthbelow 0.94 and above 1.08. In general, the EDESR has been
and signal integral of the resonance peak. The signal integrédund to have the same sign as the slopdrgf (T) at the

will be referred to as the EDESR amplitude for the remain-same filling factor. The EDESR amplitude decreases upon
der of this paper. Figure 4 presents the temperature depemoving away fromy=1 where it is positive and exhibits its
dence of the EDESR amplitude and linewidth obtained frommaximum value, passes through zero at the critical points on
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FIG. 6. () Temperature dependence R{,(By) in the vicinity

of v=1 atBy=5.7 T. (b) Arrhenius plot of InR,,) vs 1T at the
v=1 minimum, which yields a spin splitting &E/kg=7 K.

experiment wherein the temperature dependend®, pfs fit
to the Arrhenius law:

4.8 52 5.6 6.0 6.4
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FIG. 5. (a) The EDESR amplitudeAR,,, is plotted as a func- ) ) )
tion of filling factor, », in the vicinity of »=1 atT=15K. The  he prefactorR, is related to the sample resistance in the
EDESR exhibits a maximum at roughly=1 and changes sign for limit AE<kgT. The gapAE is usually determined from the
v<0.94 andv>1.08. The sign of the EDESR is correlated with the Slope of a plot of InR,,) vs 17T.
sign of the temperature dependencdRgf, supporting the proposal To begin, it should be recognized that th& obtained by
that the EDESR mechanism involves a heating effémtCalibra-  fitting Eq. (1) to the temperature dependence of the longitu-
tion of the filling factor for part@). The curves represent segments dinal resistance is not the same energy gap associated with
of Ry(Byp) in the vicinity of »=1 for each tilt angle. To obtain the EDESR transitions. According to Larmor’s theorem, the
ESR signal as a function of filling factor the sample was incremen-electron spin Larmor frequendgand the frequency of optical
tally rotated for each ESR measurement. The microwave frequencitansitions in generaidoes not depend on Coulomb interac-
was chosen to produce an ESR peak at 5.65 T, as indicated by thRyns. In a spin-wave system, the microwave field couples
vertical line. only to the k=0 magnetic exciton, where, according to
_ o _ Kohn's theorent} the center-of-mass motiofwith k=0) is
both sides of thes=1 minimum whereRy, is temperature ynaffected by electron-electron interactions, so th&(k
independent, and then Changes Sign at both h|gher and |0Wg0):gMBBO The activated transport experiment, on the
filling factors. Finally, Fig. €a) presents a typical activated other hand, deals with excitations that produce charge carri-
temperature dependence R{, at v=1 in sample EA-124. ¢rs via ionization processes. Hence, magnetoresistance mea-
The activation energy gap determined from this datee  suyrements probe the larddimit of the excitation dispersion
Fig. 6(b)] is 7.0 K, while the single-electron spin Zeeman re|ation corresponding to a well-separated electron-hole pair.
interaction at 5.7 T is equivalent to a 1.6-K gap. The tem-The energy level splittings of the 2DES subjected to a per-
perature dependence of the EDESR amplitude, which will b§endicular magnetic field are usually expressed as a sum of
presented in Fig. 9, exhibits a maximum near 1.7 K. the electron spin Zeeman and the electron-electron Coulomb
terms:
DISCUSSION

AE=mhw.+Am Bo+AE(K,Bp). (2
We now propose a mechanism for EDESR whereby exci- ¢ 9heo ok.Bo

tation of ESR produces a change in the longitudinal magne Eg. (2), m=1 for magnetoplasmons amd=0, Am;=1
toresistanceAR,,. In the simple density of states model for for spin waves, where, is the cyclotron frequency ansiE,
a 2DES atv=1 the longitudinal magnetoresistande,,, (k,Bg) is the energy contribution due to the electron-electron
passes through a minimum when the chemical potential iteraction'® Accordingly, the energy gap probed by thermal
located midway between the maxima in the density of stateactivation of transport av=1 is AE=gugBo+AE. (k
corresponding to the spin-up and spin-down configurations—,Bg). For the magnetic fields pertaining ic=1 in our
of the lowest Landau leveN=0). The standard method for GaAs/AlGaAs quantum well samples, the Coulomb term in
measuring the spin gap\E, is by an activated transport the k—< limit is much greater than the Zeeman term. For
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example, |g|ugBo/kg=1.57 K at 5.7 T,AE, (k—»,B, In accordance with Kohn's theorem, onks=0 spin-wave
=5.7T)/kg=162 K. The experimentally measured gap of modes couple to the microwave field, and the spin resonance
AE/kg=7 K in sample EA-124 is substantially smaller than €nergy will occur only when the photon energy of the micro-
the theoretical gap of an ideal 2DES, presumably due to th&ave field equals the single-electron Zeeman energy
inclusion of finite z extent, the influence of disorder, and 9#8Bo- In our model, the temperature change of the 2DES
well-to-well variation in electron density in multiple quan- 'S due to the deposition of the resonant microwave energy
tum well samples such as EA-134Under our experimental into thek=0 excitation. Thus, we need to find a relationship
conditions, the spin gap measured by thermal activation o%eg\évszrr'];rlﬁepgt\gvseerr\?ebdsz[]b;ndggﬂe;fgit'fn of the uniform
Ry« is much greater than the Zeeman gap corresponding t . ; S o
ESR transitions induced by a spatially uniform microwave At low microwave field, the dynamics of the magnetiza

- ! . tion of a ferromagnetic system can be approximately de-
field (relative to the magnetic lengthTherefore, a proper  gqijheq 1y the classical torque due to an effective magnetic
description of EDESR av=1 in the quantum Hall state >

must incorporate electron correlation effects. The eIementar];}eld Ber (Ref. 16:

neutral excitations have been analyzed in the literature as dMm . - o
quantizedspin wavegi.e., magnonsor equivalently aspin gt =~ Y(MXBgy) +dissipative term, (7)
excitons'>'* An important feature of these charge-neutral _ o
excitations is that they occur with a conserved wave vegtor Where y=gug/f is the electron %rom_agnetlc ratio. Ac-
and the excitation of a spin-wave mode corresponds to ex¢0rding to Bloembergen and Wang,T, in ferromagnetic
actly one electron spin flip which is distributed over many€Sonance is interpreted as the rate of energy transfer from
spins the uniform mode to the spin-wave modes. Thus energy dis-
' . : ipation can occur either by direct spin relaxation to the lat-
Our proposal '_S that EDESR can be cc_mceptuallzed as fice or by transfer to the short-wavelength modes followed
two-step process: (1) the resonant absorption of microwave

hotons with ener B, and (2) a resultant increase in by relaxation to the lattice. This point will be discussed in
Fhe internal energg(%g:Bhgating of the 2DES which pro- more detail below. In the continuous wave EDESR experi-

ducesk— excitations that are detected via a changRjg ment, a linearly polarized, fixed-frequency microwave field

according to Eq(1). Our model incorporates the dispersion with amplitudeb; is applied to the sample. This field can be
raing L. P . P decomposed into a left and right circularly polarized compo-
relation for a 2D spin-wave system at=1 which has been

derived independently by Bychkast al2 and Kallin and nent, where the component resonant with the precessing

Halperin2s magnetization has the formB;=(3b; coswt,3b; sinwt,0).
Additionally, the microwave field is square-wave modulated
g2 -\ 12 - K2| 2 at vyo~12 Hz. The EDESR spectrum is recorded by sweep-
AE(K)=gugBo+ —(—> 1—e X '0/4|0(_0” ing the external magnetic field through the resonance. In or-
4megelp| 2 4 der for a demodulation signal to appear at the output of the

lockin, the AR,, response must follow the square-wave
modulation of the microwave excitation. The appearance of a
signal therefore indicates that the steady state is obtained on
a time scale short compared tovl{~83 ms. The other
relevant time constant isy= Cs/Kpam, Where 1, is the
1/ Ly rate of energy transfer out of the 2DES to the surroundings.
AE(x)/kg=0.27B,+ 688111~ Io(x)], (4 For an order of magnitude estimate of this parameter we
refer to the heat capacity measurements of a 2DES in GaAs
wherex=Kk?3/4, lo=h/eB,, andB, is the component of quantum wells aroundv=18 which suggest thatre

the applied field perpendicular to the plane of the 2DES. At<1/y,,,4under our experimental conditions of field and tem-
thermal equilibrium the average number of magnons excitegerature.

Here, k is the magnitude of the wave vector ahglis the
modified Bessel function of the first kind. For computational
purposes Eq(3) can be simplified to

in the modek is given by the Planck distribution: It should be noted that in our search to optimize the
signal-to-noise ratio we tried a wide range of microwave

1 radiation modulation frequencies. The lowest modulation

Nk:m- 5 frequency tried was 1 Hz: the highest was about 30 Hz. For

all frequencies in this range the qualitative behavior of the
£_DESR and its temperature dependence was found to be
absolutely the same, even though the amplitude of the
EDESR signal at a given temperature as well as the form of
the nonresonant background signal could slightly vary with
. the modulation frequency. Such effects are attributed to
E N.= 1 f 1 d2k phase shifts due to frequency-dependent capacitance cou-

k= (27)2 AE(K/KgT _ 1 L .

(2m)* Jo (e ) pling in our experimental setup.
To continue, we must make several assumptions regarding

_ 1 (= 1 the manner in which the EDESR signal is obtained. First, we

=— AECOTKaT dx. (6) _ A :
mlg Jo (€ B —-1) assume that the “slow-passage” regime, whehé/dt=0, is

The total number of modes per unit area is equal to the tot
number of spingper unit are@acontributing to the magneti-
zation in a 2D layer:
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maintained during the field sweep. While the electron spin
relaxation timesT; and T, set the time scale for the steady 1.0+
state to be achieved, these relaxation times have never bee
measured directly for a 2DES at~1. However, two-

- spin waves

dimensional electrof; values on the order of 10 s have 09}

been measured in GaAs quantum wells at low temperature

(~5 K) in the high-field regime by all-optical based mea- ~

surements of time-resolved electron spin resonandéese v

measurements provide some evidence that the spin relaxatior noninteracting electrons

times are at least several orders of magnitude shorter than the 07

microwave modulation period, even at the lowest tempera-

tures in our study. Moreover, the slow-passage assumption is

supported by the observation that both the line shape and gg}

amplitude of the ESR peak are insensitive to slight variations T

in the magnetic field sweep rate, and in addition, we note that 0.0 05 1.0 15 20 25 3.0

the recorded line shape is symmetric. T (K)

The steady-state transverse, complex magnetization,

given by FIG. 7. Theoretical temperature dependence of the spin polar-
ization,P,(T), atv=1 andBy=5.7 T for a 2DES in GaAs consist-

yM,b,/2 ing of either noninteracting electror{&€q. (12)] or spin waves

00— wt1yAB 2’ ®  [Eq. ).

Mg

is related to the susceptibility by=x'—ix"=Mg/(b;/2),  Equations(11) and(12) are plotted as a function of tempera-
where x” represents the loss by the sample &, is the  ture in Fig. 7.

full width of the resonance curve at half maximum. Thus, The on-resonance microwave power absorbed by the
) 2DES isH=ﬁBNSPZy2b§/4ABl,2, whereP, is responsible
v Y"MABy2 9 for the temperature dependence, can now be calculated. The
X'(@)= (w—wg)?+ Y*(AB2)? " EDESR line width obtained for EA-124 at 5.7 T and 1.5 K

o ) yieldsAB,,,=20+=3 mT. As is evident from Fig. 4, the reso-
At sufficiently low microwave power, we may make the ap- nance linewidth is nearly temperature independent over the
proximation M,~MZ* [the low-power criterion S temperature range studied. Although in our experimental ar-
(vb1)?T;T,<1 assuming a Bloch-Bloembergen dissipationrangement there is no way to calibrate the transverse micro-
term in Eq.(7)]. The steady-state microwave power absorbedyave field at the sample, as a rough estimate we take the
per unit area of the 2D electron spin system may be calcugpper limit to beb;=1 mT. The power absorbed from the

lated from microwave field by the spin system at spin resonance at 5.7 T
and 1.5 K: in the spin-wave modgl=6.6 mw/nt, while
= d_Q: 1., b2 (10) in the noninteracting electron mod@=1.7 mwWi/nt.
dt  aX “Pr Now that we have an expression for the microwave power

. absorbed, a heat equation can be written:
On resonance, this simplifies =M $%biw/(2AB1)).

The magnetizatioM$? can be expressed in terms of the dU, dT
thermal equilibrium electron spin polarizatid?,(T) = (N, at - Ssat
—N)/(N;+N,), where N, and N, are the numbers of
spin-up and spin-down electrons. Hence the total magnetizaxs indicated in Fig. 8T, is the temperature of the bafFy is
tion per unit area iMZ{T)=29ueNsP,(T). Two different  the temperature of the spin wave system, Knds the ther-

=P Kp(Ts—Tp). (13

models for the two-dimensional electron systemratl will  mal conductance that determines the rate of heat flow to the
be considered. In the first, the thermal equilibrium spin po-syrroundings. The steady-state temperature can be obtained
larization of the spin-wave system is calculated ff8m by settingdU,/dt=0, yielding
2 _ _
PAT)=| 1= - 2 Ni. (11) AT=Ts=To=PIKs. (14
s k

_ . . o This establishes the relationship between the change in tem-
whereN; is the electron spin density arktkNy is given by  perature of the spin-wave system and the microwave power

Eq. (6). For comparison, the second model to be consideregissipated into the spin system by magnetic resonance
is the spin polarization of a noninteractifgaramagnetic  absorption.

electron spin system: According to Eq.(1), the variationAR,, must be the re-
sult of a change in the temperature of the current carriers,
P’(T)=tank( ‘JMBBO) _ (12) which are the magnetic excitations wikh-c. For an infini-
z AkgT tesimal temperature changd,
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microwave | = 1o
absorption P =dQesy | dt -
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°
oaoo 00

Kb FIG. 9. Experimental data showing the temperature dependence
of the EDESR amplitudéafter removing the nonresonant contribu-
tion to AR,,) at 5.7 T. Data points represented by the solid circles

7/ //////////////
B th T correspond to spectra recorded with a magnetic field down sweep,
a ' £b while open circles represent data recorded with magnetic field up
////////////// /// sweeps. The=1 state is characterized by an activation energy gap

of AE/kg=7 K, as determined from the Arrhenius plot in Fig. 6.
FIG. 8. Electrical circuit diagram equivalent showing energyThe solid curves represent calculations for a 2DES assuming either

flow from the microwave field to the spin-wave system and thermafoninteracting electronsolid curve: see Eq12)] or a spin-wave
bath. As explained in the texy is the power absorbed by the ~ Model[dashed curve: see EQLY)].
=0 excitations, whileK,, is the thermal conductance from the
sample at a steady-state temperafly¢o the thermal bath at tem- the temperature dependence of the EDESR response. One
peraturery, can see immediately from E¢l) that the slopal R, /dT is
maximized at a bath temperatukgT,= AE/4 and vanishes
asT,—0 or T,—o. A similar behavior is observed in the
temperature dependence of the EDESR response, as shown
in Fig. 9. The experimental EDESR amplitude has a maxi-
mum at about 1.7 K in a sample state where el acti-
AR, =Ro[exp — AE/2kgT) — exp — AE/2kgTy) . vatiqn gap igAE/kB=7 K. Therefore, a heating model is
16)  consistent with the experimental data.
Finally, the possibility that saturation of ESR contributes
A second assumption in our model is that the electron spio the decrease in EDESR signal with decreasing tempera-
system(all spin-wave modess describable by a single tem- ture needs be considered. The condition for saturation is
peratureT. This assumption is difficult to verify because (yb;)?T;T,>1. Inserting our previous estimates df;
even in the steady state it still might not be possible to as=1mT, T,=T,~3%x10 °s, we obtain ¢b,)?T,T,=2
cribe a single temperaturg to all spin-wave excitations. X 10 4. Thus it appears that saturation effects can be ruled
The distribution of energy among the spin-wave modesut. Future experimental work will entail a complete micro-
reached in the steady state will result from a competitionvave power dependence study as well as a micro-
between the rate of energy transfer between spin waves amwgave modulation frequency dependence as a function of
the spin-wave system-to-thermal bath energy transfer rategemperature.
To analyze this situation in detail is a difficult theoretical To calculate the steady-state temperature increase of the
problem that has yet to be addressed for a 2DE$=al. = 2DES from Eq.(14), a value for the thermal conductance to
Nevertheless, it is possible to proceed if we make the simthe surrounding thermal bath is needed. Rather than attempt-
plifying assumption that a steady state is obtained under ESRg to calculateK,, we will use a value that is self-consistent
excitation thatcan be described by a single temperatlig with the experimentally observed increase in the resistance at
The idea of heating of the spin-wave system through thél.5 K and 5.7 T according to Eql). The increase iRy,
resonant microwave absorption and redistribution to khe corresponds to a temperature changy@~10 mK. This
#0 modes by various scattering mechani$hieads natu- steady-state temperature change, together with the esti-
rally to a heating mechanism for th, detection of ESR. mate of the power dissipated, allows an estimation of
This model predicts an increase Ry, due to an increase in the thermal conductance. For exampli=p/ATqg
the spin temperature, in agreement with our experimenta&0.66 W K * m~? for the spin-wave model. Assuming that
data. Furthermore, the model also can be used to calculat¢, remains roughly constant over the temperature range

oRw=R At y{ AE )5T 15
o= R &R 2T, (13

or, more generally,
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0.3—4.2 K and using Eq14), the temperature dependence of of the signal a§ — 0 is predicted by a heating mechanism in
ATgs can now be calculated. The theoretical temperature deeither the independent electron or spin wave models for the
pendence of the EDESR amplitude for both the spin-wave@DES. This is in contrast to the conclusion reported
and noninteracting models is plotted in Fig. 9. The modelpreviously? where data showing the decrease in the EDESR
based on spin waves assumes the theoretical té&utif Eq.  amplitude with decreasing temperature were interpreted as a
(4) where AE (k—>)=68BY2. The qualitative agreement depolarization of ther=1 state at low temperatures due to
of either model with the experimental data confirms the vathe correlation effects. The proposed heating model correctly
lidity of the heating mechanism for EDESR. Our theoreticalpredicts the location of the maximum in the experimentally
model indicates that the position of the maximum ESR re-observed temperature dependence of the EDESR amplitude.
sponse depends primarily on the activation energy 4&p It also correctly predicts that the signal should vanish as the
determined from transport, but as is also evident from Fig. 9temperature is increased or decreased. Although microwave
electron correlation does affect the position of the maximunsaturation effects have been excluded in the signal reduction

and the shape of the temperature dependence. at the lowest temperatures of the present study, future experi-
mental work will entail a complete microwave power depen-
CONCLUSIONS dence study as well as a microwave modulation frequency

, i dependence. The results of the present study demonstrate

The electrically detected electron spin resonance amplingyy experimental EDESR studies can, under appropriate
tude and linewidth have been measured as a function of bot,ngitions, provide data that can be used to discriminate be-
temperature folf =0.3—4.2 K and filling factor in the vicin-  tween competing theories for the magnetic ordering and

ity of »=1 in a 2D electron system in GaAs quantum wells. magnetic excitations of a 2DES in the regime of the quantum
The EDESR signal is observed as a sharp peakRp, when  Ha| effect.

the photon energy of the microwave field is resonant with the
Zeeman energy splitting associated with the lmfactor of

the electron. The EDESR linewidth is nearly constant in the
temperature range studied, while the EDESR amplitude has a
maximum atkgT~AE/4, where AE is the exchange en- This work was supported by NSF grant DMR-0106058
hanced spin gap determined from thermal activation of transand the University of Florida. A portion of this work was
port at v=1. While the position of the maximum in the conducted at the National High Magnetic Field Laboratory.
EDESR amplitude is sensitive to the nature of the excitation§he NHMFL is supported by NSF Cooperative Agreement
atv=1, the occurrence of a maximum and the disappearanddo. 0084173 and by the State of Florida.
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