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We have studied nuclear effects on electron spins in lightly doped n-GaAs bulk and quantum well samples
using optically detected magnetic resonance, with the optical detection done via Kerr rotation. The
magnetic resonance signal allowed us to measure the electron T; lifetimes and g-factors. We observed
strong dynamic nuclear polarization, which was controllable via nuclear magnetic resonance techniques.

We measured the nuclear spin relaxation time (T;) by monitoring the changing Overhauser field in time,
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and were able to perform combined electron and nuclear resonance.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Applications in spintronics and quantum information require
electron spin states which can be manipulated and have good spin
properties [1]. Long spin lifetimes are essential to prevent loss of
information encoded in the electrons’ spin. Electron spins in GaAs
are good candidates for spin qubits, as has been shown by the long
spin lifetimes previously reported for electrons in bulk n-type GaAs
[2-6], electrons in GaAs-related self-assembled quantum dots [7],
and electrons in gated GaAs [8-13] and GaAs-related [14] nanos-
tructures.

Electron spin resonance techniques (ESR), including optically
detected magnetic resonance (ODMR), provide a well-established
tool for studying and manipulating spins [ 15,16]. As opposed to the
now-standard technique of time-resolved Faraday or Kerr rotation
[17], which observes the precession of spins in the transverse
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plane of the Bloch sphere, ESR induces transitions between the
spin-up and spin-down eigenstates and under the right conditions
can make coherent rotations of the spin vector possible, for
example, to observe Rabi oscillations and spin echoes.

Despite early success in p-type materials [ 18], ESR of electrons
in n-type GaAs has proven more elusive. n-type material is de-
sirable from a quantum information point of view, because only
with added dopants can the spin lifetime extend beyond the opti-
cal lifetime. Aside from recent experiments in gated quantum dots
[19,20], the increased hyperfine interaction between electrons and
nuclei that is present when electrons are localized has seriously
impacted ESR experiments in GaAs. Thus, the only ESR experi-
ments in bulk n-GaAs of which we are aware are high-field mea-
surements by Seck et al. [21], and Kennedy et al. [22], where the
electron-nuclei interaction substantially impacted the resonance
lineshapes, and low-field measurements by Colton et al., where de-
liberate steps were taken to remove that interaction [23,24]. The
objectives of this work were to perform ODMR of electrons in n-
type GaAs at moderate fields as a necessary prerequisite for coher-
ent spin rotations, and to study and control the nuclear effects on
the electron spins.

2. Material and methods

The samples described in this paper are ann = 3 x 10" cm—3
GaAs layer, and a multi-quantum well (QW) sample modulation-
doped atn = 3 x 10'° cm~2. The quantum well sample has wells of
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2.8,4.2,6.2,8.4,and 14 nm [25]; all of our results reported here are
from the 14 nm well, which was selected by tuning our probe laser
to the optical transition of that well. These two samples have been
studied by several groups which have reported on the exciton and
trion fine structure [25], as well as spin properties of the electrons
in the two samples [22,24,26,27].

Spin resonance experiments require an initial spin polarization,
a modification of the spin polarization, and a continual detection of
the spin polarization as the spins are being modified. We initialized
the spins via thermal effects: the samples were placed ina 1.5-1.9
T magnetic field and cooled to 1.4-1.5 K. The magnetic field causes
the electron spin states to split by AE = |g|ugB; simple two-
level Boltzmann statistics predict the polarization of electron spins
to be tanh(|g|upBex /2ksT) = 14%-20% for typical experimental
conditions.

We used microwaves at about 10 GHz to cause transitions
between the two spin states when the resonance condition is ful-
filled: hf = |g|ugB. This changes the overall electron spin polar-
ization. A custom variable-frequency microwave cavity was used
to enhance the microwave field at the sample with a typical loaded
Q-factor of about 1800 [28]. The microwaves were chopped at fre-
quencies ranging from 1 to 100 kHz.

The electron spin polarization was monitored through Kerr ro-
tation (KR), the rotation of the angle of polarization of a linearly
polarized probe beam in response to the magnetization or spin po-
larization of a sample. The probe polarization is measured with a
polarizing beam splitter and two balanced diode detectors. The sig-
nal from the balanced detectors is sent to a lock-in amplifier, us-
ing the microwave chop frequency as its reference. KR is measured
in reflection geometry but is otherwise similar to Faraday rotation
in transmission [29]. The probe laser was tuned to 807.5 nm for
the QW sample, to be resonant with the QW optical transition; it
was tuned to 821 nm for the bulk sample to be a few nm below
the band-edge transition. When the electron spins are under res-
onance, the change in spin polarization is seen as a change in the
KR. This detection technique is similar to that of Kennedy et al. [22]
except our use of a cw rather than pulsed laser allows for a more
precise tuning of the probe beam energy.

3. Results and discussion

In spin resonance experiments, the peak position yields the g-
factor: |g| = hf/ugB; and the peak width yields the T, spin life-
time: T, = /(g usBnaif—widen)- Fig. 1 displays typical ODMR peaks
of our two samples, with deduced QW g-factors of —0.444 and
—0.346 for the bulk and QW samples, respectively (negative signs
taken from the literature). The bulk value is consistent with other
measured values by our group and others [18,22,24]. The QW value
matches the value given by Snelling et al. [30]; the apparent dis-
agreement of our g-factor and that of —0.29 measured by Kennedy,
et al. for this same sample and quantum well - using time-resolved
KR [27] - is likely explained by the difference betweeng,, and g, in
quantum well samples as outlined by Malinowski and Harley [31].

The T} spin lifetimes deduced from Fig. 1 are 6 ns and 9 ns
for the bulk and QW samples, respectively. These are consistent
with theoretical predictions for localized electrons dephasing from
frozen fluctuations in the nuclear hyperfine field [32], and indicate
that effects from the electron-nuclear interaction play a dominant
role in the behavior of electron spins in these samples at these tem-
peratures and fields. They also indicate that little inhomogeneous
g-broadening is occurring.

The electron-nuclear interaction arises from the hyperfine cou-
pling, H = AS-1[33]. This interaction creates an effective magnetic
field seen by the electrons, often called the “Overhauser field”:
By = A(l)/gus, where (I) is the average nuclear spin and A is
the hyperfine coupling constant. This Overhauser field adds to the

QW at 8.6049 GHz Bulk at 11.7930 GHz

Normalized ODMR Signal (A.U.)

- LR g 4

1.70 1.75 1.80 1.85 1.90 1.95
Magnetic Field (T)

Fig. 1. Typical ODMR scans for each sample. The quantum well data was taken with
11 dBm microwaves at 8.6049 GHz and a 0.10 mW probe laser at 807.5 nm. The
bulk data was taken with 22 dBm microwaves at 11.7930 GHz and a 0.2 mW probe
laser at 821.0 nm. Although the peak positions are close together, the g-factors are
very different—as is evidenced by the very different frequencies needed to resonate
the spins at this field. The g-factors are —0.444 and —0.346 for the bulk and QW
samples, respectively.

externally applied magnetic field such that Byyy = Bext + Beg.
Variation in the Overhauser field from electron to electron is pre-
cisely what causes the dephasing which limits the T; values given
above. The Overhauser field also creates a shift in the external
field needed to induce spin flips, as the resonance condition be-
comes hf = |g|ug(Bex: + Befy). Because the Overhauser field is
proportional to (I), a shift in ODMR peak position is evidence of
dynamic nuclear polarization (DNP), and is also a direct measure
of the amount of nuclear spin polarization.

The electron-nuclear interaction causes the nuclei to become
polarized when the electron spins are taken out of equilibrium [34].
Both the quantum well and the bulk sample displayed DNP; as seen
in Fig. 2(a), it occurs with higher laser powers, where the probe
laser injects more and more unpolarized (non-equilibrium) elec-
trons and ceases to be a probe. Local inhomogeneity in the nuclear
polarization, likely caused in part by the Gaussian profile of the
probe laser beam, is manifested as broadening of the ODMR peak
for medium powers. The flattening of the peaks at the highest laser
powers indicates that electrons are being pinned in resonance: the
Overhauser field is increasing at the precise rate at which the exter-
nal field is decreasing (the field is swept downward), keeping the
spins continually in resonance. DNP-related shifting and broaden-
ing of the peak also occurs with increasing microwave power; see
Fig. 2(b). The peak shift could be towards lower or higher fields,
depending on whether the nuclear-related By is aligned with or
against the external field. In general, we observed more DNP effects
in the bulk sample than in the QW sample under similar condi-
tions. This indicates a stronger nuclear interaction, likely meaning
the electrons are more localized in the bulk sample (localization
caused by donor impurities) than in the QW sample (no donor im-
purities present), and is consistent with the longer T, value mea-
sured for the QW sample.

Since the Overhauser field is proportional to (I), successive
measurements of the peak position can be used to observe the re-
laxation of the nuclear spins. To do this in the bulk sample we first
polarized the nuclei by pumping the sample with a 25 mW circu-
larly polarized laser at 781 nm. This caused the ODMR peak to shift
by 435 mT, the sign depending on the pump laser helicity. The
ODMR peak position changed back to equilibrium with a charac-
teristic relaxation time of 2.7 min, which is the nuclear T, time; see
Fig. 3. The technique of measuring the nuclear T, via shifted ODMR
peak positions was also used by Schreiner et al. for undoped and
p-type GaAs structures; their relaxation times ranged from 6.8 to
50.8 min [35]. The shorter relaxation time that we measured is in-
dicative of the stronger electron-nuclear interaction that occurs in
n-type samples because of the increased electron localization.
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Fig. 2. ODMR of the quantum well sample at 8.6 GHz. When DNP becomes
significant, the ODMR peaks typically broaden and shift as is evident at the higher
probe laser and microwave powers. (a) Probe laser power dependence. (b) Inset:
Microwave power dependence, 1% duty cycle. Main figure: Summary of peak
positions and widths versus microwave power.
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Fig. 3. The ODMR peak positions of the bulk sample at 10.5 GHz, after pumping
by a left or right circularly polarized pump beam (labeled LCP and RCP). The peak
positions shifted back to equilibrium as the Overhauser field relaxes, providing
a time-resolved measure of the nuclear polarization. The characteristic nuclear
spin relaxation time (T;) was 2.7 min. The microwave and light powers were kept
low so as not to perturb the nuclear polarization during the field sweeps. Inset:
Representative ODMR peaks at various times after LCP pump laser.

By shifting and broadening the electron spin resonance, DNP
seriously impacts the manipulation of electron spins. One tactic
which has been previously employed by our group and others to
reduce the effect of DNP is to continually “reset” the polariza-
tion of the nuclear spins via nuclear magnetic resonance (NMR)
[18,23,24]. That was done in these experiments by adding a split
Helmbholtz coil to our resonant cavity. The coil was driven with rf at
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Fig. 4. Bulk sample ODMR peaks with varying NMR powers (function generator
voltages shown). With sufficient rf (bottom curve), the dynamic nuclear polariza-
tion could be eliminated, shifting the ODMR peak back to its equilibrium position.
Peaks are vertically offset for clarity.
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Fig. 5. Changes to the bulk sample Kerr rotation (electron spins) as the rf was
scanned. As the nuclear polarization changed at the NMR conditions, the electron
spins changed in response. Inset: As the rf was stepped through the 7°As resonance
either upward (dashed) or downward (solid), the signal abruptly increased as the
ODMR peak shifted back to equilibrium.

13, 18, and 23 MHz (at 1.76 T), the resonance frequencies for 7>As,
9Ga, and 7' Ga, the three nuclear isotopes in our sample. We typi-
cally used a function generator to sweep the rf from the lowest to
the highest frequency, repeated at about 20 Hz, and an rf amplifier
between the function generator and our NMR coil. The nuclei could
be depolarized via just a few seconds of applied rf, rapidly relaxing
a DNP-shifted ODMR peak back to the equilibrium peak position.
In many cases, applied rf could be used to prevent the nuclei from
dynamically polarizing in the first place (see Fig. 4), although con-
ditions such as high probe beam and/or microwave powers some-
times made it impossible to completely remove the DNP effects.

We also observed the electron-nuclear interaction via the nu-
clear resonance, by setting the microwaves and magnetic field
to the electron resonance condition and scanning the rf through
the three NMR frequencies. This is similar to the traditional op-
tically detected electron-nuclear double resonance, ODENDOR,
set-up. As the NMR conditions were met, the nuclear spin polar-
ization changed, which then caused the electron spin polariza-
tion to change, and was detectable through a change in the KR of
the ODMR peak; see Fig. 5. Note that in the figure the >As peak
shows three sub-peaks, as is expected from the quadrupole split-
ting. However, the precise peak separation was not reproducible
and is likely a complex result of feedback between electron and
nuclear spins during the scan; a quadrupole splitting of 50 kHz for
75As would indicate substantial strain [36], for which there is no
other evidence in our bulk sample.
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The inset to Fig. 5 illustrates another double resonance tech-
nique where we first polarized all three nuclei, shifting the ODMR
peak away from equilibrium. We “reset” the nuclear polarization
of the two Ga nuclei, leaving the 7>As nuclei still polarized. We
then monitored the ODMR signal while stepping through the 7>As
NMR frequency. When those nuclei were resonated, the ODMR
peak shifted back to the equilibrium field position which we were
monitoring, giving an abrupt increase in signal.

4. Conclusions

In summary, we have used Kerr rotation to measure electron
and nuclear spin properties in two n-type GaAs samples. We have
measured g = —0.444 and T = 6 ns for electrons in a bulk sam-
pleand g = —0.346 and T, = 9 ns for a 14 nm quantum well.
Dynamic nuclear polarization caused by the electron-nuclear hy-
perfine interaction was significant - once polarized, the nuclear
spins relaxed with a characteristic time of 2.7 min - but was con-
trollable by resonating the three nuclear isotopes.

Acknowledgement

This work was supported by NSF grants 0419501, 0456074, and
0802831.

References

[1] For two reviews, see D.D. Awschalom, D. Loss, N. Samarth (Eds.), Semiconduc-
tor Spintronics and Quantum Computation, Springer, Berlin, 2002;

R. Hanson, D.D. Awschalom, Nature 453 (2008) 1043.

[2] RIL Dzhioev, K.V. Kavokin, V.L. Korenev, M.V. Lazarev, B.Ya. Meltser, M.N.
Stepanova, B.P. Zakharchenya, D. Gammon, D.S. Katzer, Phys. Rev. B 66 (2002)
245204.

[3] J.S. Colton, T.A. Kennedy, A.S. Bracker, D. Gammon, Phys. Rev. B 69 (2004)
121307(R).

[4] J.S. Colton, M.E. Heeb, P. Schroeder, A. Stokes, L.R. Wienkes, A.S. Bracker, Phys.
Rev. B 75 (2007) 205201.

[5] K.-M. Fu, W. Yeo, S. Clark, C. Santori, C. Stanley, M.C. Holland, Y. Yamamoto,
Phys. Rev. B 74 (2006) 121304(R).

[6] S.M. Clark, K.-M. Fu, Q. Zhang, T.D. Ladd, C. Stanley, Y. Yamamoto, Phys. Rev.
Lett. 102 (2009) 247601.

[7] A. Greilich, D.R. Yakovlev, A. Shabaev, AlLL. Efros, LA. Yugova, R. Outlon, V.
Stavarache, D. Reuter, A. Wieck, M. Bayer, Science 313 (2006) 341.

[8] T. Fujisawa, Y. Tokura, Y. Hirayama, Phys. Rev. B 63 (2001) 081304(R).

[9] R. Hanson, B. Witkamp, L.M.K. Vandersypen, L.H. Willems van Beveren, J.M.
Elzerman, L.P. Kouwenhoven, Phys. Rev. Lett. 91 (2003) 196802.

[10] J.M. Elzerman, R. Hanson, L.H. Willems van Beveren, B. Witkamp, L.M.K.
Vandersypen, L.P. Kouwenhoven, Nature 430 (2004) 431.

[11] R. Hanson, L.H. Willems van Beveren, L.T. Vink, ].M. Elzerman, W.J.M. Naber,
F.H.L. Koppens, L.P. Kouwenhoven, LM.K. Vandersypen, Phys. Rev. Lett. 94
(2005) 196802.

[12] J.R. Petta, A.C. Johnson, J.M. Taylor, E.A. Laird, A. Yacoby, M.D. Lukin, C.M.
Marcus, M.P. Hanson, A.C. Gossard, Science 309 (2005) 2180.

[13] S. Amasha, K. MacLean, L.P. Radu, D.M. Zumbiihl, M.A. Kastner, M.P. Hanson,
A.C. Gossard, Phys. Rev. Lett. 100 (2008) 046803.

[14] T.Fujisawa, D.G. Austing, Y. Tokura, Y. Hirayama, S. Tarucha, Nature 419 (2002)
278.

[15] C.P.Poole, Electron Spin Resonance: A Comprehensive Treatise on Experimen-
tal Techniques, 2nd ed., Dover, New York, 1983.

[16] T.A. Kennedy, E.R. Glaser, Magnetic Resonance of Epitaxial Layers Detected
by Photoluminescence, in: Identification of Defects in Semiconductors,
in: Michael Stavola (Ed.), Semiconductors and Semimetals, vol. 51A, Academic
Press, 1998, (Chapter 3).

[17] J.M. Kikkawa, D.D. Awschalom, Phys. Rev. Lett. 80 (1998) 4313.

[18] C.Weisbuch, C. Hermann, Phys. Rev. B 15 (1977) 816.

[19] F.H.L. Koppens, C. Buizert, KJ. Tielrooij, .T. Vink, K.C. Nowack, T. Meunier, L.P.
Kouwenhoven, L.M.K. Vandersypen, Nature 442 (2006) 766.

[20] K.C. Nowack, F.H.L. Koppens, Yu.V. Nazarov, LM.K. Vandersypen, Science 318
(2007) 1430.

[21] M. Seck, M. Potemski, P. Wyder, Phys. Rev. B 56 (1997) 7422.

[22] T.A. Kennedy, J. Whitaker, A. Shabaev, A.S. Bracker, D. Gammon, Phys. Rev. B
74 (2006) 161201(R).

[23] J.S. Colton, T.A. Kennedy, A.S. Bracker, D. Gammon, ].B. Miller, Phys. Rev. B 67
(2003) 165315.

[24] ].S. Colton, T.A. Kennedy, A.S. Bracker, ].B. Miller, D. Gammon, Solid State
Commun. 132 (2004) 613.

[25] J.G. Tischler, A.S. Bracker, D. Gammon, D. Park, Phys. Rev. B 66 (2002)
081310(R).

[26] R.L Dzhioev, V.L. Korenev, .A. Merkulov, B.P. Zakharchenya, D. Gammon, ALL.
Efros, D.S. Katzer, Phys. Rev. Lett. 88 (2002) 256801.

[27] T.A. Kennedy, A. Shabaev, M. Scheibner, A.L. Efros, A.S. Bracker, D. Gammon,
Phys. Rev. B 73 (2006) 045307.

[28] ].S. Colton, L.R. Wienkes, Rev. Sci. Instrum. 80 (2009) 035106.

[29] For a review article on the topic, see D.D. Awschalom and N. Samarth, Optical
Manipulation, Transport and Storage of Spin Coherence in Semiconductors,
chapter 5 of Ref. [1].

[30] M.J. Snelling, G.P. Flinn, A.S. Plaut, R.T. Harley, A.C. Tropper, R. Eccleston, C.C.
Phillips, Phys. Rev. B 44 (1991) 11345.

[31] A. Malinowski, R.T. Harley, Phys. Rev. B 62 (2000) 2051.

[32] LA. Merkulov, ALL. Efros, M. Rosen, Phys. Rev. B 65 (2002) 205309.

[33] F. Meier, B.P. Zakharchenya (Eds.), Optical Orientation, North Holland,
Amsterdam, 1984.

[34] A.W. Overhauser, Phys. Rev. 92 (1953) 411.

[35] M. Schreiner, H. Pascher, G. Denninger, S.A. Studenikin, G. Weimann, R. Losch,
Solid State Commun. 102 (1997) 715.

[36] DJ. Guerrier, R.T. Harley, Appl. Phys. Lett. 70 (1997) 1739.



