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We demonstrate the operation of a quantum spin pump based on cyclic radio-frequency excitation of a
GaAs quantum dot, including the ability to pump pure spin without pumping charge. The device takes
advantage of bidirectional mesoscopic fluctuations of pumped current, made spin dependent by the
application of an in-plane Zeeman field. Spin currents are measured by placing the pump in a focusing

geometry with a spin-selective collector.
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Using electron spin to encode information in semi-
conductors holds promise for integrating computation
and storage [1] and, in coherent systems, is expected to
provide significantly increased immunity from environ-
mental decoherence compared with conventional charge-
based electronics [1,2]. Among the needed elements for
any spin-based electronic system is a device that gener-
ates a spin current, the analog of a battery in conventional
electronics. Candidates for such devices include injection
schemes based on magnetic semiconductors [3,4] and
ferromagnetic metals [5,6], ferromagnetic resonance de-
vices [7], and a variety of spin-dependent pumps [§—14].

In this Letter, we demonstrate the operation of such a
quantum-dot-based spin pump —including the ability to
pump pure spin without pumping charge — using a gate-
defined lateral quantum dot fabricated on a GaAs/
AlGaAs heterostructure. Pumping of charge using cyclic
gate voltages applied to a phase-coherent dot has been the
subject of numerous investigations (mostly theoretical) in
the past several years [15-20]. Quantum pumps are
closely related to classical charge pumps using Coulomb
blockade [21,22] as well as higher-frequency mesoscopic
photovoltaic effects [20,23—25] and photon-assisted tun-
neling [26]. A recent proposal by Mucciolo, Chamon, and
Marcus (MCM) [8] considered a quantum-dot-based
charge pump in the presence of sizable Zeeman splitting,
and showed that such a device would function as a phase-
coherent spin pump. An important feature of the MCM
proposal is that it remains operational regardless of
whether the pumped current arises from adiabatic pump-
ing [15-18,20], mesoscopic rectification [18,27,28], or
photovoltaic mechanisms [20,23] as long as the fluctua-
tions of pumped current are larger than the average, so
that both positive and negative current can be generated
and controlled by external parameters such as device
shape or applied magnetic flux.

In order to realize the spin pump device experimen-
tally, radio-frequency (rf) sinusoidal voltages were ap-
plied to two shape-defining gates of a quantum dot,
producing a dc current through the quantum dot due to
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a combination of adiabatic pumping and rectification
effects. As discussed in detail below, while pumped
charge can be measured directly across the device, mea-
suring the pumped spin is more subtle, and in the present
setup is detected using an electron focusing configuration
with a quantum point contact operating as a spin detec-
tor [29,30].

Because of quantum coherence, the direction of the
pumped current is a mesoscopically fluctuating quantity
with zero average. In the absence of an external magnetic
field, B) = 0, the two spin states are degenerate and the
pumped currents for spin-up (/;) and spin-down (/) are
identical, fluctuating together as control parameters are
swept (this is also the case for mesoscopic rectification
[28]). In this zero-field case, pumping induces a net
charge current I, = I; + I} # 0, but no net spin current,
I, = I; — I, = 0, as illustrated schematically in Fig. 1(a).
For sufficiently strong in-plane magnetic fields, gugB) >
(kT, T'), spin-up and spin-down pumped currents are un-
correlated. Here, I' is the level broadening due to escape
and dephasing, g ~ —0.4 is the electron g factor, and up
is the Bohr magneton. In this high-field case, pumped
charge is composed of independent contributions of /; and
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FIG. 1. Schematic illustration of how mesoscopic pumping
fluctuations plus Zeeman splitting can give rise to independent
fluctuations of charge current /. = I; + I} and spin current /; =
I; — I}, based on Ref. [8]. (a) At By = 0 one has I; = I}; hence
I, = 0. (b) At large in-plane fields, By > (kT, I) (see text), spin
degeneracy is lifted, I; is uncorrelated with 7}, and in general
I, # 0. In this case, one may even have a pure spin pump when
I, # 0 while I, = 0.

© 2003 The American Physical Society 258301-1



VOLUME 91, NUMBER 25

PHYSICAL REVIEW LETTERS

week ending
19 DECEMBER 2003

I, [Fig. 1(b)], and in general a nonzero spin current exists.
In practice, it is straightforward in this regime to tune the
charge current to zero (using a gate-defined dot shape or a
small applied perpendicular magnetic flux) resulting in a
pure spin current.

To detect the presence of a spin current, we take
advantage of a spin-sensitive electron focusing geometry
(Fig. 2, inset), which allows the pumped current to be
focused into a collector quantum point contact (QPC), as
shown in Fig. 2. In moderate in-plane fields, By =3T,
the collector QPC has been shown to act as a spin-
sensitive detector whenever its conductance g, is tuned
(by gate voltages) to g, < le?/h [29,30]. In this spin-
sensitive regime, the base-collector voltage reflects the
polarization of the current impinging upon the collector
QPC. As a control, when the collector QPC is non-
spin-sensitive, which is achieved — even in high fields —
by setting g. = 2e?/h, the base-collector voltage signal
reflects the total charge current impinging on the collec-
tor QPC.

The complete system, comprising the quantum-dot
spin pump plus the QPC-focusing test structure, was
fabricated on a GaAs/AlGaAs two-dimensional electron
gas using e-beam patterned CrAu depletion gates and
nonmagnetic (PtAuGe) Ohmic contacts. The high-
mobility material (u = 5.5 X 10°cm?>V~!s7!) was
useful for obtaining good focusing but is not necessary
for the operation of the spin pump itself. This mobility,
and sheet density n = 1.3 X 10" cm~2, gave a mean-
free path of 45 um. The quantum dot, which has an
area of A~ 0.1 um?, is typically operated with one
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FIG. 2 (color). The base-collector voltage as a function of
perpendicular magnetic field, B, . The first (green dot) and
second (red dot) focusing peaks in the base-collector voltage
occur when the spacing between the emitter (quantum dot) and
the collector (QPC) is a multiple of the cyclotron diameter. To
find the focusing peaks, a current bias of 1 nA was applied
across the dot. Inset: Electron micrograph of the dot/focusing
device, with added circuit and schematic trajectories. Electrons
emitted from the quantum dot emitter, “E,” follow ballistic
trajectories through the base region, “B,” into the collector,
“C.” The ac voltages Vg and Vg are applied to shape-
defining gates.
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fully open channel in each of its point contact leads,
Sleadl ~ 8leadz ~ 2€2/ .

Focusing was first tested and calibrated using a
current-bias configuration (I, = 1 nA). Results are
shown in Fig. 2. Next, two sinusoidal signals at 10 MHz
with controllable phase difference, ¢, were applied (via
synchronized Agilent 33250 synthesizers) to two of the
confining gates of the dot: Ve (f) = Vg + V; sin(wi),
Veate2(t) = Vo + V, sin(wt + ¢). Applying ac gate volt-
ages of 70 mV (comparable to the characteristic gate-
voltage scale of gate-induced mesoscopic conductance
or pumping fluctuations (see Fig. 3) induced a dc cur-
rent through the dot on the scale of ~10-100 pA, mea-
sured using an Ithaco 1211 current amplifier with input
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FIG. 3 (color). (a) The pumped charge current at By =4 T
and ¢ = 37/2 as a function of dot shape, controlled by dc gate
voltage V.. Traces at slightly different collector QPC settings,
both with g. = 1e?/h (gray and black) are similar, and are
also similar to the traces with g. = 1e¢?/h (green and blue).
Inset: Pumped current as a function of the phase ¢ between
Voael and Vgyer. (b) Collector voltages (measured relative to
the base region), 8V, =V, —(V,), on the second focusing
peak under the same conditions as corresponding traces in
(a) [31,32]. For spin-insensitive collector QPC, g, ~ 2¢*/h
(gray and black), collector voltages track pumped current,
indicating that the voltage measures the total charge current.
For spin-selective collector QPC, g. < 1e2/h (green and blue),
the collector voltages are uncorrelated with pumped current
and from traces at g. ~ 2e2/h.
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impedance ~20 ) (much lower than the Ohmic contact
resistance of ~1 k(). The rf applied to the gates was
modulated at 11 Hz to allow lock-in detection of both the
pumped current, measured through the base-emitter cir-
cuit, and the voltage across the collector QPC.

The sinusoidal dependence of pumped current on ¢,
I(¢p) ~ 1, sin(¢) [Fig. 3(a), inset] is consistent with both
adiabatic quantum pumping [17,19] and capacitively
coupled rectification [28]. However, the fact that the
magnitude of current is typically larger than 1 electron
per cycle ( = 1.6 pA at 10 MHz) suggests that the pumped
current is dominated by rectification rather than adiabatic
pumping. Again, this does not affect the performance of
the spin pump.

Figure 3 shows pumped current and collector volt-
ages at B =4 T for both spin-selective and nonselec-
tive settings of the collector QPC, as a function of dc
voltage on one of the shape-defining gates of the quantum
dot. The point contacts of the dot were each set at 2¢2/h,
the pumping amplitude was V; =V, = 70 mV, and the
phase was ¢ = 37/2. A linear background signal due
to rectification has been subtracted from the collector
voltage data in Fig. 3(b), 8V. = V. —(V.), where V.
is the collector voltage and (V,) is its average over the
trace [32].

The data in Fig. 3 illustrate our main experimental
observation: when the collector QPC is set to g, =
2¢?/h, and hence is not spin selective, the collector
voltage closely follows the pumped current. In contrast,
when the collector QPC is spin selective, g. = le?/h, the
collector voltage appears unrelated to the pumped total
charge current. Moreover, small changes to the collector
gate voltage in the spin-selective region, g, = le?/h,
produce different degrees of spin filtering giving collector
voltages with uncorrelated mesoscopic fluctuations
(Fig. 3, blue and green circles). The observation that the
collector voltage on a focusing peak is uncorrelated with
total current only when the collector point contact is spin
selective indicates that a spin current —fluctuating inde-
pendently from the total current —1is being generated by
the pump.

One may readily identify in Fig. 3 several zeros of the
total current. At these points, the pump operates as a pure
spin pump, producing tens of spins per cycle, with zero
net charge being pumped. At these points, spin-up and
spin-down currents are pumped in opposite directions,
producing zero net charge current through the dot, but a
nonzero spin current measured by the spin-sensitive col-
lector QPC.

The corresponding control experiment, shown in Fig. 4,
demonstrates that at B = 0 collector voltages show es-
sentially identical fluctuation patterns regardless of the
collector QPC setting. This behavior is expected when the
quantum-dot pump produces no spin polarized current
and the collector is not spin sensitive. In this case, the
collector voltage simply reflects the total pumped current.
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FIG. 4 (color). Collector voltage as a function of dot shape for
B =0 at two different collector QPC settings, with g. =
le?/h and g, ~ 2¢?/h [31,32]. Unlike the situation at B =
4 T, the collector voltage is not sensitive to the conductance of
the collector QPC. This is anticipated as there is no spin
selectivity of the collector QPC nor is there a pumped spin
current from the dot.

In summary, we have demonstrated a mesoscopic spin
pump using an ac driven phase-coherent quantum dot in a
Zeeman field. Spin current —including pure spin current,
without any charge current —is detected using a spin-
sensitive focusing technique [29,30]. While this ex-
periment required the application of a sizable in-plane
magnetic field, one can expect similar results using per-
manent magnets microfabricated along with the quantum
dot. This would be particularly effective in materials with
a larger g factor than GaAs. It is of interest to clarify how
spin-orbit coupling affects the operation of the pump
[13]. We speculate that in strong spin-orbit materials it
may be sufficient to break time-reversal symmetry with a
small applied field (on the scale of a few flux quanta
through the dot, typically of order 0.01 T for a square-
micron dot area). These interesting extensions await fur-
ther experimental investigation.
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Cross coupling between the collector QPC voltage and
the gates of the emitter dot causes current and voltage
curves Figs. 3 and 4 to shift small amounts horizontally
(<20 mV). The current traces are easily brought into
alignment with small horizontal shifts, done by eye; the
corresponding collector voltage traces are then shifted
horizontally by the same amount as their respective
current traces.

In this three-terminal geometry, rectification due to rf
gate voltages gives rise to dc currents across the dot,
with mesoscopic fluctuations as a function of dot shape
(as discussed in the text), as well as dc voltages across
the collector, which do not depend on dot shape. The
later rectification effect gives rise to a nonzero (V.. that
varies with collector gate-voltage settings but does not
depend on the dot gate voltages. Note that this offset,
removed in Figs. 3 and 4 by shifting collector voltages
vertically, does not affect correlations between collector
voltages as a function of dot shape at different settings of
g, or correlations between pumped current and collector
voltage.
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