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High-field spin resonance of weakly bound electrons in GaAs
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Electron spin resonand&SR of shallow donor electrons in-type GaAs has been observed by means of
direct detection of microwave absorption at magnetic fields of 6—11 T. The ESR structure is smeared out over
a magnetic field range of up to 1 T. The line shape is strongly asymmetric and depends on the magnetic-field
sweep direction. These unusual features are assigned to microwave-induced nuclear polarization under ESR
conditions, leading to strong effective nuclear fie{@erhauser shift The ESR curves show a signature of
nuclear magnetic resonance if an additional radio-frequency field is applied. The observed ESR line shape is
well reproduced by numerical simulation. Furthermore, the Lapdactor of weakly localized electrons in
GaAs has been accurately determinge=(—0.464+0.002 atB=0).[S0163-182807)00636-X

[. INTRODUCTION tively in terms of a model simulation, implying a typical
longitudinal nuclear spin relaxation time in the second range.
Current knowledge of spin-dependent properties ofMoreover, the experiments allow us to determine precisely
conduction-band states in GaAs-based materials has been #e Landeg factor of shallow donor electrons.
tablished essentially on the basis of optical pumping
experiments;* the observation of cyclotron resonance split- Il. SAMPLES

ting at high magnetic fields,and measurements of the dc )
conductivity response to microwave excitation of a two- A number ofn-type GaAs samples, grown under different
dimensional electron ga@DEG).®~¢ When combined with conditions and with different donor concentrations, have

theoretical models, these methods permit a rough estimatigh®en €xamined. Clear and qualitatively the same ESR signals
of the corresponding factor (—0.44+0.02 in the bulkand ~ ha@ve been found at low temperatures (1245 K) for sev-
they have underlined the importance of the coupling of theeral samples wnE relatlvelyolow concentration of neutral do-
electron spins to the nuclear spifan effective hyperfine Nors — (2.6<10' cm *<Np=<2.7x10"cm™%).  These
field of up to 5.3 T can be expectbdThese conclusions are Samples were either grown by liquid-phase epitaxy and un-
now genera”y accepted, a|th0ugh they remain in Contradicmtentlona”y doped with reSldual.SulfUr dpnors or bulk |ﬂgOt
tion with early experiments reporting conventional detectiond"own and intentionally doped with tellurium. Table | shows
(by microwave absorptiorof electron spin resonan¢eESR ~ the parameters of the samples.

in n-type GaAs'® Although pure ESR methods usually give

access to direct and precise information about spin properties Ill. EXPERIMENTAL SETUP

of the investigated system, conventional ESR spectroscopy . . .
seems to be hardly applicable to GaAs since the expected The experiments have been performed using a sens_mve
resonance field falls out of the range of standard ESR spe yroadband (46 (_30 GHz) ESR spectrometer compmed with
trometers and their sensitivity may not be sufficient to detecf s'up(.arconductmg magnet that supplies a maximum mag-
the broad lines. GaAs is one of the most widely investigatedw"t'C field of 16 T. The microwave sources are composed of

and applied semiconductor compound, whereas the eleé{_quartz-stabilized Y1Gyttrium iron garnek oscillator work-

tronic g factor, an essential parameter to test the band!"9 & 10-15 GH.Z_ and an actjve frequency quadrgplerwith a
structure model, remains experimentally rather poorly deterg'OI'd'st"’Ite ampllfle_r. The microwaves are fed into a frg-
mined in this material. Physics of ESR in GaAs is expecte uency tunable cylindrical c_a_wty and the reflected power is
to involve unique effects of dynamic nuclear spin polariza—measurEd by a_phase-sensmve he_terodyne detgcnon system
tion since the small value of the electromjcfactor implies that allows for simultaneous detection of absorption and dis-
that the Zeeman energy is comparable with typical interacPerston n the sample. We apply a magnetic-field modulation

tion energies between electronic and nuclear spins.
In this paper the direct observation of ESR in a series of
n-type GaAs samples at high magnetic fields is reported. To Growth

TABLE I. List of the n-doped GaAs samples.

Carrier concentration

our knowledge, this is the first ESR study of electrons boun - B _3

to shallow donor sites in GaAs. A very unusual line shape i%ample technique No—Na (em ) n dopant
observed. This is assigned to the effect of dynamic nucleat LPE 6.6x 104 S (residua)
polarization(DNP) as confirmed in ESR experiments under B ingot 2.5x10% Te
additional radio-frequency irradiation corresponding to con-C ingot 6.5< 10* Te
ditions of nuclear magnetic resonari®MR). The main fea- p ingot 2.6x10% Te

tures of the observed ESR response are understood qualita
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FIG. 2. Dispersion signal from sampkein the presence of an
additional radio-frequency field at three different frequencies. The
vertical arrows indicate the NMR field of°As. The microwave

8.4 ' 8.6 8.8 9.0 92 94 frequency and power are 46.63 GHz and2 dB. Temperature is

1.6 K. The NMR frequencyf/field ratio is 7.290.03 MHz/T, in

BT] agreement with the literature value f6tAs (7.292 MHz/T).

FIG. 1. Typical derivative ESR signal of shallow donors in IN contrast to usual saturation effects. All the samples inves-

GaAs obtained al =1.4 K and 52.02 GHz microwave frequency tigated show a very similar behavior. .

from sampleA. Data are shown at different microwave powers, It is important to note that in addition to the signal com-
where 0 dB corresponds ts 1 mW at the cavityy” andy’ are, Ponentin phase with the modulation field, there is a_Iso an
respectively, the absorption and the dispersion part of the signaPut-of-phase componerthot shown hergat a modulation

The arrows indicate the sweep direction. Note that magnetic sudrequency as low as 14 Hz. The out-of-phase signal becomes
ceptibilities are presente@ linearly scaled ESR signal would show Stronger if the modulation frequency |s_Iowered. This md"
power-independent traced he field modulation frequency and am- cates the presence of a slow process in the sample, with a

plitude are 14 Hz and 6 mT peak to peak. The magnetic-field sweepharacteristic time in the range of seconds.
rate is 0.3 T/min. One would expect that the signal shape should depend on

the magnetic-field sweep rate. However, due to experimental

technique and measure derivative ESR lines. The microwavstrictions (long-term stability of the setup and limited
sweep rate of the superconducting magnef could vary

cavity is placed in a closed tube filled with helium exchange ) .
gas, with the ensemble installed in a helium bath cryostatt,he sweep rate only in the range between 0.05 and 0.5 T/min,
Where the signal shape remains almost unchanged.

Vr;l]g'cz el? t\;lvri?hwi;gu;teg 'Qntizesgﬁm'ttﬁgag?tg;a ?;eco;r;ths The appearance of slow process suggests a contribution of
gnet. yog P, P uclear spins to the observed ESR response. This is clearly

varied from 1.4 to 10 K with good stability. The sensitivity o jgenced in ESR measurements under additional radio-
of the setup is between 1@nd 10 spins per 0.1 mT of ESR frequency irradiation corresponding to NMR conditidsse

linewidth. Fig. 2. At the NMR resonance field of°As, a jump or a dip
in the ESR line is visible. Similar though weaker signatures
IV. EXPERIMENTAL RESULTS of NMR have been observed when saturating fiéa or
, _ "'Ga nuclei.
Figure 1 shows the ESR response of lightly dopetype The dependence of the ESR signal on experimental pa-

GaAs at different microwave powers. Surprisingly, the lin€yameters is very unusual. We have found that lowering the
shape is asymmetric and strongly depends on the magnetigicrowave power, increasing the temperature, and decreas-
field sweep direction. However, it is reproduced exactly INing the microwave frequency and magnetic field have similar
subsequent field cycles. This behavior cannot be due to thgffects on the signal shape, which are to narrow the hyster-

well-known passage effects, as the time-reversal symmetrysjs structure and to decrease the intensity. Figure 3 shows
conditions for spin systems obeying the Bloch equations argye temperature effect.

not fulfilled.**

In each sweep direction, the ESR response appears rather V. INTERPRETATION
suddenly at a certain magnetic figldere 8.94 T) and after-
ward a decay of the signal is observed, which is broader at
high microwave power. A remarkable feature is that the ESR Most of the striking features of the ESR signal can be
susceptibility noticeablylecreasesit low microwave power, qualitatively understood. The scalar hyperfine interaction

A. Qualitative picture
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FIG. 4. Signal enhancement by DNP: The individual ESR lines
(dotted form an inhomogeneously broadened ligashed but by

DNP and the Overhauser shift, the lines are accumulated at one
T=22K position, corresponding approximately to the current figddlid
line).

T=27K
WV‘TMW‘TMA“’W. wave power: We believe that the width of the initial ESR

dy'/dB

8.4 8.6 8.8 9.0 9.2 9.4 line (before the field sweegps at least several tens of mT due
to inhomogeneous broadening caused by statistical orienta-
B(T] tion of nuclear spins as well as by fluctuations of the electron

g factor* The homogenous linewidth of an individual elec-
FIG_. 3. Temperature dependence of the ESR signal in safple trgn is likely to be only a few mT. Medium to high micro-
The microwave frequency and power are 52.02 GHz ai@ dB.  \yave power accumulates the ESR lines of individual elec-
Increasing temperature has a similar effect as decreasing microwa\(ﬁ)nS, as all of them follow the external field. Thus DNP
power. The signal intensity decreas@sore than expected from enhances the susceptibility and may even be necessary to
Curie law) and the width of the hysteresislike structure dec:reases.rm‘ke ESR observable. This effect is illustrated in Fig. 4.

. - Lo This picture is confirmed regarding the behavior of the
Al-S between nuclear spirisand electron spin$ plays an  ESR signal when experimental parameters are varied: In Sec.
essential role, but the hyperfine structure is not resolved, a8/ \we mentioned that lowering the microwave power, in-
the 1s wave function of a shallow donor electron in GaAs creasing the temperature, and decreasing the microwave fre-
extends over~ 10° nuclei (Bohr radiusag=10 nm, which  quency and magnetic field have similar effects on the signal,
shrinks® to about 7 nm in a magnetic field of 10.THow-  \hich are to narrow the hysteresis structure and to decrease
ever, when the nuclei are polarized, the hyperfine interactioghe intensity. This indicates less effective DNP, which can
shifts the ESR line by an effective nuclear filldl (Over-  indeed be expected. Higher temperature increases the nuclear
hauser shift B,, reaches 5.3 T at full nuclear polarizatidn. and electronic spin relaxation rates and tends to destroy

The essential point is that the nuclei become polarized byyNP. At lower magnetic fields, the increasing overlap of the
the microwaves, but only while the electron spins are in resogonor wave functiott enables hopping of the electrons and
nance, and the nuclear pOlarlzatlon in turn shifts the ESRhe frequenﬂy Changing nuclear Surrounding may also op-
resonance fieldOverhauser shift This interaction between pose DNP. Efficient electron hopping is probably also the
line pOSition and nuclear p0|arizati0n leads to a SituatiOWeason Why no ESR is observed in Samp|es with carrier con-

where the ESR line moves synchronously with the externatentrations above #&cm~2 and/or at temperatures above 3
field over a certain range, once the initial resonance field hag

been crossed. The mechanisms of microwave-induced DNP
are discussed later. So far, three main experimental features
can be explained() The asymmetric ESR signal shape is
due to the microwave-induced Overhauser shift, which oc- In spite of the large hysteresis structure, the electrgnic
curs only after crossing the initial resonance fieldashed factor can be determined with good precision when fixing the
vertical line in Fig. 1. (ii) High microwave power drives the initial position of the ESR line in the center between the
nuclear polarization far out of thermal equilibrium, thus theonset fields of the signal for the two sweep directions. Figure
ESR response is broader than at low powin If a nuclear 5 shows the magnetic-field dependence of ghéactor for
species is saturated by NMR, the ESR signal tends to go tdifferent investigated samples. A common behavior is ob-
zero as the line snaps back towards its initial position. How-served in spite of different sample parameters such as carrier
ever, if the NMR occurs in the vicinity of the initial ESR line concentration, growth process, and dopant nature. By ex-
position (second curve in Fig. )2 the nuclear polarization trapolation we obtain the zero field value of
recovers afterward and a dip is observed instead of a jumg= —0.464=0.002. It falls in the range of previously re-
towards zero. ported data for conduction electroh$,though the accuracy
From these qualitative considerations, one can also undeis remarkably increased. Our error specification is very con-
stand why the ESR susceptibility decreases at low microservative and corresponds to the difference between the two

B. Electronic g factor
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FIG. 5. Field dependence of the electrogidactor of shallow
donor electrons in GaAs. The negative sign has been taken over

from literature(Ref. 1. FIG. 6. Model used for computer simulation of the line shape:

(a) The allowed ¢v;) and forbidden \,,w3) ESR transitions be-

. ) . . . tween energy levels of aB=1/2 electron with negativeg factor
signal onset fields, thus including eventual systematic errorg, 4 5 singld = 1/2 nucleusfor simplicity) with a positiveg factor.

by choosing the center of this field range. An almost negli--ther levels corresponding to different nuclei are indicated as
gible correction due to thermal polarization of the nuclei also-yashed levels.”(b) ESR line positions at fixed frequency and the
has been taken into account. The magnetic-field dependenggresponding direction of the Overhauser shift induced by DNP.
of the g factor is found to be 0.00520.0005 T, in agree-
ment with recent measuremehsnd with calculations for
bulk GaAs and similar to values reported in a 2DEG for the
lowest Landau level.

whereT,, andy, are the transversal spin relaxation time and
the gyromagnetic ratio of the electron, respectively. The ob-
served ESR absorption signal is thus proportional to

C. Computer simulation

For a more quantitative description of the observed ESR _Ri [
line shape, we develop a simple model combining two well- Z 9(B=Bo+By). @
known mechanisms of DNE:1 (i) For the case of conduc-

tion electrons in metals or semiconductors, or in liquids, ) ) _ . )
saturation of the allowed ESR transitions [see Fig. 63)] The problem is to determine the evolution of g during a

with Am,=0 polarize the nuclei through flip-flop relaxation SWeep of the external magnetic figd In order to limit the
w, due t0S,|_ andS_I, terms of the scalar hyperfine number of unknown parameters, we describe the spatial dis-

interactionAT- . (ii) For the case of fixed impurities, the {ribution of the nuclear spin polarizatiop(r) around an

anisotropic hyperfine interactiofhere the dipole-dipole in- €lectroni centered at =0 using a single variabl@; . The

teraction admixes the stategng,m;) and|mg,m;=1) by  Overhauser shift is simply given = —5.3 TXp;, if we

the amo_un'u a_md thus enables _forb_idden ESR transitions ~ choosep; to be the weighted average p(F) over the vol-

a_md w3 including a nuclear spin flip. Be_zcause_ of the addi- ;me of the electronic wave functiop(?):

tional nuclear Zeeman energy, the forbidden lines are satel-

lites of thew; transition[Fig. 6(b)]. They are very effective

in DNP, but too weak to be observed directly in the ESR R R

response, as the transition probability is onky?4compared pi:f [ (r)|?p(r). 3

tow;. We believe that the system of shallow donors in GaAs

at low temperatures is an intermediate case of reduced elec-

tron mobility, allowing for both mechanisms of DNP. Now we assume for simplicity that the DNP of nuclear spins
In the numerical simulation we consider a system of 100¢contributing top; can be described by an effective admixture

electrons with individual ESR resonance fieBs, distrib-  coefficienta (dipole-dipole interactionand by an effective

uted in a Gaussian shape with a full width at half maximumnuclear spin relaxation rate Ty, (via spin flip-flop pro-

AB. Each electrori “sees” an individual effective nuclear Cesses including an electron spin flipn the frame of this

field B!, that shifts the resonance Bj—B!,. We assume that Strongly simplified model, neglecting) the spatial depen-
the ESR absorption ling(B) of a single electron is a dence of the different DNP and spin relaxation mechanisms,

Lorentzian: (ii) different spin relaxation times of the nuclear speciiis),
nuclear spin diffusion(iv) effects due to electron hopping
T between the donor sites, arfid) complications due to spin
g(B)= Yel2e ' (1)  1=3/2 of the involved nuclei, we obtain the following rate
{1+ (TpeyeB)?} equation for thep; :
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high microwave power are also correctly reproduced. How-
ever, the poor simulation of the dispersion part indicates the
limits of our simplified model. Therefore, the parameters
used in the simulationT,e=10"28s,T;,=10 *s,T;,=1s,
a?=1.5x10"13 and AB=50 mT) should be considered
only as rough estimation®rders of magnitudeof the exact
30dB values.

& On the other hand, the field position of the curves is very
sensitive to theg factor assumed for the simulatigihere
g=—0.4163). However, we prefer to determine théactor
from the raw data as described in Sec. V B in order to illus-
trate that the quantitative simulation is not necessary to de-
termine this value rather accurately. Higher precision, ob-
tained by the numerical simulation, could be meaningless
-30 dB A because of possible systematic errors in the many-parameter
fitting procedure.

In the frame of an extended model including nuclear spin
diffusion and electron hopping, the observed line shapes
B[T] could possibly be reproduced exactly. Our measurements
could then be used to determine the numerous parameters
FIG. 7. Line shape obtained by numerical simulation based orinvolved precisely, provided some of them are measured in-
Eg. (4), at a microwave power of-18 dB and—30 dB. Higher dependently by different experiments.
microwave power heats the sample and would require changes of
the model parameters. Note the signal enhancement with respect to
a simulation with DNP disable¢totted.

dy"/dB

8.4 8.6 8.8 9.0 9.2 9.4

VI. DISCUSSION

Regarding the estimated electron spin relaxation times,
one has to keep in mind that we deal with an electron system
with reduced mobility. Hopping between the donor sites de-
termines the electrical conductivity and may be responsible

dpi_ 1
E__T_ln P—Po

1—SE
Yn

q . . L.
2 o2 i 7n i for the shortT,, time. In contrast to the high-conductivity
+% 2mKqa”yeBy ETg( B—Bo 1+ Ye +By regime,T;, can be much longer thaf,,.
Concerning the nuclear spin relaxation time, it is interest-
5 o2 i o i ing to note that the value estimated from our experiments
_Eq 2mkqa”yeBi€erg| B—Bo 1_7,_8 +By ). (Ti~1 s atT=1.4 K) is consistent with optical measure-

ments involving nuclei close to a shallow donor site in GaAs
(4)  (Ref. 17 (80 ms in the center of the donor wave funcfion
Pout it is remarkably short compared to values reported for
nuclei close to a 2DEG in GaA®ef. 18 or for those inter-
acting with strongly delocalized electrons in other bulk
materialst® In these latter cases, relaxation times easily ex-
ceed tens of minutes. The effects of localization of the elec-
tron are to create an inhomogeneous nuclear polarization,
with high relaxation rates in the vicinity of an electron, and
g2 T T t(_) make cross relaxation.o.f electron and nuclear sﬁ'fmx-_
o= Ve_ 1ile’2e _ 5) ringa relaxation more efﬁment due to a longer correlation
1+[Taeye(B—Bh+BH)12+ y2BA T1Tse time1>170On the other hand, if the electrons and the nuclear
spins are almost completely isolaten,,, is very long, as
The yJ are gyromagnetic ratios of the nuclear spegewith reported for Si:P° A certain electron mobility, correspond-
the average valug,=X x4y . T1e andT,e are the longitu- ing to an energy bandwidth of the order of the electronic
dinal and transversal electron spin relaxation tinBasis the ~ Zeeman energy, is necessary for efficient Korringa
microwave magnetic field in the cavity, distributed over therelaxation™® In any case, the fact that the nuclear spin relax-
sample according to the field pattern, and=tanh(A\E/2kT) ~ ation rates vary by orders of magnitude depending on
is the thermal electron spin polarization, whex& denotes Whether the electronic states involved are localized or ex-
the electronic Zeeman splitting. tended may be essential when studying the nuclear spin re-
The evolution ofp; during a sweep of the magnetic field laxation in the presence of a two-dimensional electron gas in
with a superimposed modulation is calculated numericalljthe regime of the quantum Hall effe???
and the simulated ESR signal in phase with modulation from
the direct ES_R trf';msitimw1 i_s shown in Fig. 7. The simu- VIl. CONCLUSION
lated absorption line shape is very close to the measured one
and most of the unusual effects such as the broadening of the In summary, we have observed electron spin resonance of
hysteresis structure and the signal enhancement by DNP atectrons localized on shallow donors in GaAs, using an in-

The subsequent terms on the right-hand side correspond
Wy, Wy, and ws transitions, respectively. Different nuclear
speciesq with relative concentrationg, are distinguished,
where q is "As, ®Ga, or "Ga andX«k,=1. p, is the
nuclear polarization in thermal equilibrium asds the ESR
saturation parameter
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house 46-60 GHz spectrometer. The unusual shape of thdzation of the involved electronic states.

ESR response is well understood in terms of dynamic

nuclear polgrization as confirmed by the combined ESR/ ACKNOWLEDGMENTS

NMR experiments and reproduced in model calculations.

The electrong factor has been determined with good preci- We are grateful to G. Denningé€Stuttgarj for very fruit-
sion, which can be useful to increase the accuracy of bandul discussions. The LPE grown sample has been provided
structure and effective-mass-approximation models of GaAdyy E. Bauser(Stuttgar}. The work of M. S. has been sup-
The experiments indicate that spin-dependent properties iported by “DAAD-Doktorandenstipendium aus Mitteln des
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