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Coherent Propagation of Spin Helices in a Quantum-Well Confined Electron Gas
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We use phase-resolved transient grating spectroscopy to measure the propagation of spin helices in
a high mobility n-GaAs/AlGaAs quantum well with an applied in-plane electric field. At relatively low
fields helical modes crossover from overdamped excitations where the spin-precession period exceeds the
spin lifetime, to a regime of coherent propagation where several spin-precession periods can be observed.
We demonstrate that the envelope of a spin polarization packet reaches a current-driven velocity of
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107 cms™! in an applied field of 70 Vem™!.
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The properties of materials in which the electron’s spin
is strongly coupled to its motion are receiving increasing
attention in a variety of contexts. From an applications
point of view, spin-orbit (SO) coupling provides a mecha-
nism by which spin polarization lifetime and mobility can
be controlled by applied electric fields. From a basic
science perspective, SO coupling introduces many of the
phenomena usually associated with time-reversal breaking,
such as spin precession [1], nonuniversal [2,3], and quan-
tum Hall effects [4,5], without the need for large externally
applied magnetic fields.

In systems without inversion symmetry, the SO interac-
tion energy is a linear function of the electron wave vector,
k, and the coupling can be viewed as a Zeeman interaction
between the spin of the electron and a momentum-
dependent effective magnetic field, b(k). SO interactions
that are linear in k generate a variety of unique nonequi-
librium transport properties in both dilute electron gases
and degenerate Fermi liquids. In the single-electron
regime, the spin of a ballistic electron precesses coherently
about b(k), undergoing a full period of rotation after
propagating a length /; that is inversely proportional to
the coupling strength. The ability to control the strength of
the coupling with an externally applied electric field, and
consequently /g, is the basis of the proposed spin transistor
[6]. In the Fermi liquid regime, the spin polarization, S,
and charge density, n, are collective properties that are
coupled by the SO interaction. The nonequilibrium dynam-
ics of the system are described by four normal modes for
each wave vector, with normal mode coordinates that are
admixtures of the four degrees of freedom: n and the three
components of § [7-10].

In the case of two-dimensional SO systems, such as
semiconductor quantum wells, oxide interfaces, and thin
metallic films, b(k) is confined to the conducting plane. For
isotropic planes or high-symmetry directions, the four
normal modes break into two pairs. One pair describes
the coupling of the current to an in-plane component of
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spin, the other describes the coupling of the remaining in-
plane component to the out-of-plane spin, S,. The normal
mode solutions to this latter pair of equations are two
helical spin polarization waves, with an opposing sense
of rotation. The lifetime of the helix whose sign of rotation
matches that of a ballistically propagating electron is
enhanced by the SO coupling, while the lifetime of the
other helix is reduced. The lifetime-enhanced helix with
wavelength equal to /; becomes a conserved quantity when
the two contributions to b(k), known as the Rashba [1] and
Dresselhaus [11] terms, are equal [12], reflecting a recov-
ered SU(2) symmetry at this special point in parameter
space [9]. Spin helices with strongly enhanced lifetimes
have been observed by transient grating spectroscopy [13]
and subsequently imaged by Kerr microscopy [14].

For a Fermi sea at rest with respect to the lattice, the
modes described above are overdamped, that is spin den-
sity fluctuations decay exponentially, with a lifetime that
depends on the distance in parameter space of the SO
Hamiltonian from the SU(2) point [9,10]. However, it has
been predicted that helical modes become underdamped
coherent excitations in a drifting Fermi sea [15,16], as
would result from an electric field applied in the plane,
for example. In this regime, the spin polarization helix
propagates at least one wavelength before it decays and
the local spin density acquires an oscillatory component.
This form of coherent propagation is essential in order for
spins to ultimately play a role in information processing.
As the theoretical predictions are based on simplified
models that neglect electron-electron and electron-phonon
coupling, it is an open question as to whether such modes
exist in real, interacting many-body systems.

GaAs quantum wells are ideal model systems in which to
detect coherently propagating spin helices, for several rea-
sons. First, the optical orientation effect in III-V semicon-
ductors enables photoexcitation of nonequilibrium waves
of spin density by interfering two orthogonally polarized
beams at the sample surface-yielding a so-called transient
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spin grating [17]. Second, the strength of the SO coupling in
GaAs is such that the micron-scale pitch of helices with
enhanced lifetime is well matched to the wavelength of the
1.5 eV photons that are needed to generate the nonequilib-
rium spin density. As a result of this matching, the ampli-
tude of the spin polarization can be measured by diffracting
a probe beam from the transient grating. We use optical
heterodyne detection to measure the phase as well as the
amplitude of the diffracted probe [18-20], as the former is
sensitive to the translational motion of the spin helix [21].
Finally, and crucially for the experiments reported here, the
combination of low carrier density and high mobility below
70 K enable the generation of large drift velocities with
minimal Joule heating.

Phase-resolved transient grating measurements were per-
formed on 9 nm wide n-doped GaAs/AlGaAs quantum
wells, grown by molecular beam epitaxy on a semi-
insulating GaAs (001) substrate (VB0355). To simplify
the spin Hamiltonian, we fabricated symmetric quantum
well structures such that the Rashba interaction is near
zero and the Dresselhaus coupling dominates (8; =
3.4 X 1073 eVA [21] see Supplemental Material [22]).
The two-dimensional electron gas (2DEG) channel was
defined by mesa etching, and Ohmic contact was made by
annealing NiGeAu to the sample. After patterning, the
GaAs substrate was mechanically lapped and chemically
etched to allow for optical measurement in transmission
geometry. Silicon donors were symmetrically doped in the
center of each barrier, yielding a carrier density 1.9 X
10" cm™2 and mobility 5.5 X 10° cm®>V~!s™! at 5 K.
Spin density waves with out-of-plane polarization and
wave vector, ¢, along the [110] crystal axis were photo-
injected by 100 fs pulses from a Ti:sapphire laser focused
to deliver an intensity of 80 nJcm™2. Drift motion of the
2DEG parallel to g was induced by in-plane electric fields, E,
applied parallel to ¢, with variable strengthup to 70 Vcem ™!,

Following pulsed photoinjection, the amplitude and
position of spin density waves were sensed by mixing the
diffracted component of a time-delayed probe beam
with a beam of transmitted pulses in a Si photodiode. If
the spin wave propagates uniformly with velocity v, the
photodiode output signal V() will be proportional to
S.(q; 1) cos[p(1) + ¢yl where ¢ is the time delay between
the arrival of the photoinjection and probe beams,
S.(g;t) is the amplitude of the wave, ¢(r) = q - vt is
the phase shift caused by translation of the wave along
the direction of its wave vector, and ¢yq =27A/d is
an adjustable phase proportional to the path length
difference between the transmitted and diffracted beams.
For a spin wave that propagates uniformly with
exponentially decaying amplitude, the photodiode signal
will have the form of a damped oscillation, that is,
V(1) ~ S.(q;0) exp[—y(g)t] cos(q - vt + ).

Figure 1 shows the time evolution of a ¢ = 1.07 X
10* cm™! spin wave, photoinjected into the 2DEG held
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FIG. 1 (color online).
ing for various applied electric fields at ¢ = 1.07 X 10* cm
and T = 10 K. The black dotted lines show the decay of the
amplitude in zero field (the negative of the amplitude is shown as
well as a guide to the eye). The red solid and blue dashed curves
are the spin grating with ¢4 set to 0 and 7/2, respectively.

Time evolution of a transient spin grat-
-1

at 10 K, as recorded with the technique described above.
The dotted lines illustrate the exponential decay observed
when the applied electric field is zero. (Both the amplitude
and its negative are shown as a guide to eye in interpreting
the signals observed with nonzero field.) The red solid and
blue dashed curves are the signals recorded with nonzero E
and ¢4 set to 0 and /2, respectively. The oscillations
that appear with application of E clearly demonstrate
coherent propagation of spin density waves. Roughly
speaking, each period of the oscillations corresponds to a
translation of the transient spin grating by one wavelength.
The drift velocity can be estimated directly from the raw
data; for example, at E = 17.2 Vem™! the period is of
order 250 ps, during which time the spin wave shifts by
approximately 6 microns, corresponding to a drift velocity
of ~2 X 10° cms™!. Even at this relatively low electric
field, the velocity of the current-driven spin texture is quite
large, as compared, for example, to driven domain walls
in ferromagnets where the typical maximum velocity is
~10* ems™! [23].

Closer inspection of the curves in Fig. 1, particularly at
higher fields, indicates additional structure is present that
cannot be described by a single damped sine or cosine
function. To better understand the origin of these features,
we Fourier transform the data from time to frequency
domain; the real part of the transform of the ¢4 =0
(red solid curves) is plotted in Fig. 2. As is apparent from
the spectra, the structure in the time domain reflects the
fact that there are actually two propagating modes at this
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FIG. 2 (color online). The real part of the Fourier transform of
the in-phase component of S.(¢) for various E at 10 K, as a
function of frequency, f. Two peaks (indicated by the red down
and blue up arrows) are observed for each value of E. Each peak
frequency is the inverse of the time required for a spin helix to
propagate a distance equal to its wavelength.

wave vector, which become more clearly resolved with
increasing E.

Figure 3 illustrates how the spectra shown in Fig. 2 vary
with wave vector. For each value of ¢, two modes are seen,
again most clearly resolved at the highest field. The inset
of each panel shows the increase of the frequency of the
two peaks with increasing E. The interpretation of the two
collective modes observed with nonzero E follows directly
from our understanding of the modes with E = 0. The out-
of-plane polarized spin wave that is photogenerated at
time delay zero is an equal weight superposition of the
two oppositely oriented helical normal modes [24]. In
zero field, as stated previously, the two photoinduced
helices decay exponentially, with different lifetimes.
When photoinjected into a drifting Fermi sea our results
show that both helices propagate coherently, but at differ-
ent velocities, yielding the two resonant frequencies for
each wave vector.
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FIG. 3 (color online). The three panels show the Fourier trans-
form of S.(7) as a function of f for several values of E at T =
30 K, for (left to right) ¢ = 0.34, 0.59, and 1.07 X 10* cm™!.
Inset: the frequencies of the two peaks as a function of E.

In Fig. 4(a), we plot the frequencies, f., of the two
modes as a function of wave vector for E = 64 Vcem ™!,
Both helices disperse linearly and with very nearly the
same slope, in qualitative agreement with theoretical
predictions for the modes of a drifting 2DEG in the pres-
ence of SO coupling [15,16]. In particular, Kleinert
and Bryksin (KB) [15] obtained a dispersion relation
of the form, 27f+(q) = iy«(q) + v (g = qy), where v,
is the drift velocity, y. are the helix decay rates, and g is
the wave vector at which the lifetime of the SO stabilized
helix is maximal. The KB dispersion relation is somewhat
unusual, as it predicts that the longer-lived, (— ), helix is
stationary when g = ¢, and actually propagates in the
direction opposite to the 2DEG for g < ¢g,. However,
the propagation of the helical pattern is not equivalent to
the velocity of the envelope of a packet of spin polariza-
tion. For example, a helical pattern of noninteracting lo-
calized spins in an applied magnetic field will appear to
propagate with v = w;/q, where hw; is the Zeeman
energy, whereas an envelope of spin polarization would
be immobile.

Applying the usual analysis of wave packet motion to
the KB dispersion relation shows that it is the quantity
dw/0q (where w = 27 f), rather than the frequencies of
the modes themselves, that determines the group velocity,
v,, at which a spin polarized wave packet will propagate.
In Fig. 4(b), we plot v, as a function of E, as determined
from the average value of dw/dq for the two modes. The
group velocity increases linearly at first and then begins to
saturate with further increase of E, nevertheless reaching
~107 ecms™! at 70 Vem™!, which is approximately the
Fermi velocity. In the linear regime at low E, the spin
mobility p; = v,/E =~ 25X 10> cm? V™ !'s™!, which is
roughly half of the electron mobility as determined from dc
transport methods. This difference is consistent with the
observation [21] that v, /v, depends on the photoinjected
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FIG. 4 (color online). (a) The dispersion relations of the reso-
nant frequencies associated with the two helical modes, f., at
E=64 Vcm™! and T = 30 K. The solid lines are a linear fit.
(b) The group velocity v, of the spin packet as a function of the
applied E field at ¢ = 1.07 X 10* cm™! and 7 = 10 K. The
dashed line is the extrapolation of the linear response regime
atlow E, ie., v, = u k.
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electron density, An, approaching unity only in the limit
that An/n — 0.

Our results demonstrate that overdamped modes of a
spin-orbit coupled 2DEG in GaAs crossover to coherently
propagating helical waves when the spin-precession period
becomes smaller than the spin-relaxation time, which for
our sample occurs in the presence of modest electric fields
~0.2 V applied across a 200 micron channel. In the
Dresselhaus-coupled system studied here, electron spins
precess ~3 full revolutions within the 200 ps polarization
lifetime, during which time a wave packet of spin polar-
ization will propagate ~25 microns. These results suggest
that controlling the coherence length of spin transport, with
large dynamic range, can be achieved by adding Rashba
SO coupling via out-of-plane electric fields. For example,
a X50 variation of helix lifetime as a function of electric
fields applied by asymmetric doping has been demon-
strated [13] and, in theory, this dynamic range can be
exceeded with fields applied by an external gate electrode.
Finally, the phenomena that we have observed in semicon-
ductor quantum wells should arise in all inversion breaking
SO systems, of particular interest are those in which
stronger coupling implies nanoscale precession lengths
and precession rates in the terahertz regime.
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Science, Office of Basic Energy Sciences, Materials
Sciences and Engineering Division, of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231. Sample growth and processing and some of
the transport measurements were performed at the Center
for Integrated Nanotechnologies, a U.S. Department of
Energy, Office of Basic Energy Sciences user facility at
Sandia National Laboratories (Contract No. DE-AC04-
94AL85000).

[1] Y.A. Bychkov and E.I. Rashba, J. Phys. C 17, 6039
(1984).

[2] J. Sinvoa, D. Culcer, Q. Niu, N. A. Sinitsyn, T. Jungwirth,
and A. H. MacDonald, Phys. Rev. Lett. 92, 126603 (2004).

(3]
(4]
[51

(6]
(71
(8]
(91
[10]

[11]
[12]

[13]

[14]
[15]
[16]

(17]

(23]

[24]

246603-4

S. Murakami, N. Nagaosa, and S.-C. Zhang, Science 301,
1348 (2003).

C.L. Kane and E.J. Mele, Phys. Rev. Lett. 95, 226801
(2005).

M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann,
L. W. Molenkamp, X.-L. Qi, and S.-C. Zhang, Science
318, 766 (2007).

Y. A. Datta and E.I. Das, Appl. Phys. Lett. 56, 665
(1990).

A.A. Burkov, A.S. Nunez, and A. H. MacDonald, Phys.
Rev. B 70, 155308 (2004).

E. G. Mishchenko, A. V. Shytov, and B. 1. Halperin, Phys.
Rev. Lett. 93, 226602 (2004).

B. A. Bernevig, J. Orenstein, and S.-C. Zhang, Phys. Rev.
Lett. 97, 236601 (2006).

T.D. Stanescu and V. Galitski, Phys. Rev. B 75, 125307
(2007).

G. Dresselhaus, Phys. Rev. 100, 580 (1955).

J. Schliemann, J. C. Egues, and D. Loss, Phys. Rev. Lett.
90, 146801 (2003).

J.D. Koralek, C.P. Weber, J. Orenstein, B. A. Bernevig,
S.-C. Zhang, S. Mack, and D.D. Awschalom, Nature
(London) 458, 610 (2009).

M.P. Walser, C. Reichl, W. Wegscheider, and G. Salis,
Nat. Phys. 8, 757 (2012).

P. Kleinert and V. V. Bryksin, Phys. Rev. B 76, 205326
(2007).

L. Yang, J. Orenstein, and D.-H. Lee, Phys. Rev. B 82,
155324 (2010).

A.R. Cameron, P. Riblet, and A. Miller, Phys. Rev. Lett.
76, 4793 (1996).

G.D. Goodno, G. Dadusc, and R.J. D. Miller, J. Opt. Soc.
Am. B 15, 1791 (1998).

A. A. Maznev, K. A. Nelson, and J. A. Rogers, Opt. Lett.
23, 1319 (1998).

N. Gedik and J. Orenstein, Opt. Lett. 29, 2109 (2004).
L. Yang, J.D. Koralek, J. Orenstein, D.R. Tibbetts, J. L.
Reno, and M. P. Lilly, Nat. Phys. 8, 153 (2012).

See Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.109.246603 for a dis-
cussion of the current-voltage properties and SO coupling
parameters of the sample.

S.S.P. Parkin, M. Hayashi, and L. Thomas, Science 320,
190 (2008).

C.P. Weber, J. Orenstein, B. A. Bernevig, S.-C. Zhang, J.
Stephens, and D.D. Awschalom, Phys. Rev. Lett. 98,
076604 (2007).


http://dx.doi.org/10.1088/0022-3719/17/33/015
http://dx.doi.org/10.1088/0022-3719/17/33/015
http://dx.doi.org/10.1103/PhysRevLett.92.126603
http://dx.doi.org/10.1126/science.1087128
http://dx.doi.org/10.1126/science.1087128
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1103/PhysRevB.70.155308
http://dx.doi.org/10.1103/PhysRevB.70.155308
http://dx.doi.org/10.1103/PhysRevLett.93.226602
http://dx.doi.org/10.1103/PhysRevLett.93.226602
http://dx.doi.org/10.1103/PhysRevLett.97.236601
http://dx.doi.org/10.1103/PhysRevLett.97.236601
http://dx.doi.org/10.1103/PhysRevB.75.125307
http://dx.doi.org/10.1103/PhysRevB.75.125307
http://dx.doi.org/10.1103/PhysRev.100.580
http://dx.doi.org/10.1103/PhysRevLett.90.146801
http://dx.doi.org/10.1103/PhysRevLett.90.146801
http://dx.doi.org/10.1038/nature07871
http://dx.doi.org/10.1038/nature07871
http://dx.doi.org/10.1038/nphys2383
http://dx.doi.org/10.1103/PhysRevB.76.205326
http://dx.doi.org/10.1103/PhysRevB.76.205326
http://dx.doi.org/10.1103/PhysRevB.82.155324
http://dx.doi.org/10.1103/PhysRevB.82.155324
http://dx.doi.org/10.1103/PhysRevLett.76.4793
http://dx.doi.org/10.1103/PhysRevLett.76.4793
http://dx.doi.org/10.1364/JOSAB.15.001791
http://dx.doi.org/10.1364/JOSAB.15.001791
http://dx.doi.org/10.1364/OL.23.001319
http://dx.doi.org/10.1364/OL.23.001319
http://dx.doi.org/10.1364/OL.29.002109
http://dx.doi.org/10.1038/nphys2157
http://link.aps.org/supplemental/10.1103/PhysRevLett.109.246603
http://link.aps.org/supplemental/10.1103/PhysRevLett.109.246603
http://dx.doi.org/10.1126/science.1145799
http://dx.doi.org/10.1126/science.1145799
http://dx.doi.org/10.1103/PhysRevLett.98.076604
http://dx.doi.org/10.1103/PhysRevLett.98.076604

