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Experimental Observation of a Generalized Thouless Pump with a Single Spin
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Adiabatic cyclic modulation of a one-dimensional periodic potential will result in quantized charge
transport, which is termed the Thouless pump. In contrast to the original Thouless pump restricted by the
topology of the energy band, here we experimentally observe a generalized Thouless pump that can be
extensively and continuously controlled. The extraordinary features of the new pump originate from
interband coherence in nonequilibrium initial states, and this fact indicates that a quantum superposition
of different eigenstates individually undergoing quantum adiabatic following can also be an important
ingredient unavailable in classical physics. The quantum simulation of this generalized Thouless pump in a
two-band insulator is achieved by applying delicate control fields to a single spin in diamond. The
experimental results demonstrate all principal characteristics of the generalized Thouless pump. Because
the pumping in our system is most pronounced around a band-touching point, this work also suggests an
alternative means to detect quantum or topological phase transitions.
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In 1983, Thouless discovered that the charge transport
across a one-dimensional lattice over an adiabatic cyclic
variation of the lattice potential is quantized, equaling to the
first Chern number defined over a Brillouin zone formed by
quasimomentum and time [1]. This phenomenon, known as
the Thouless pump, shares the same topological origin as
the quantization of Hall conductivity [2—4] and may thus be
regarded as a dynamical version of the integer quantum
Hall effect [5]. In the ensuing years, the Thouless pump was
investigated extensively [4]. Up to now, several single-
particle pumping experiments have been implemented in
nanoscale devices [6-9]. Most recently, the Thouless pump
was observed in cold atom systems [10,11]. On the
application side, the Thouless pump has the potential for
realizing novel current standards [12,13], characterizing
many-body systems [14—18], and exploring higher dimen-
sional physics [19].

In Thouless’ original proposal and almost all the follow-
up studies, the initial-state quantum coherence between
different energy bands, namely, the interband coherence in
the initial states, is not taken into account. As a fundamental
feature of quantum systems [20,21], quantum coherence
is at the root of a number of fascinating phenomena in
chemical physics [22-24], quantum optics [25-29], quan-
tum information [30], quantum metrology [31-33], solid-
state physics [34,35], thermodynamics [36—40], magnetic
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resonance [41-43], and even biology [44—46]. Therefore, a
question naturally arises as to how the pump will behave
if the interband coherence resides in the initial state.
A theoretical analysis of this issue is outlined in Fig. 1,
where Q, and Q, represent pumping contributed by

FIG. 1. Illustration about how interband coherence in the initial
state leads to the generalized Thouless pump of duration 7. Band
dispersion relations are plotted via energy and quasimomentum
variables E vs k, and 7 represents the time scaled by 7. (a) With an
initial state being an incoherent mixture of states from different
bands, the nonadiabatic correction to the band populations is of
the order of 1/7?. The resultant pumping Q, + Q) is a weighted
sum of the contribution from each band. (b) With an initial state
having interband coherence, the pumping operation induces a
population correction of the order of 1/T, whose effect accu-
mulated over T yields a pumping term Qjpc that is 7 independent
and continuously tunable.
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individual bands, and Qppc is fueled by interband coherence
[47,48]. In contrast to the conventional Thouless pump where
the pumping components Q, and Q,, are determined by the
Berry curvature of each filled band, the generalized Thouless
pump is featured by the component Qgc that can be
continuously and extensively controlled. The main aspects
of Oipc are experimentally investigated in this work.

Consider a one-dimensional two-band insulator subject
to time-dependent modulations. Its Hamiltonian in the
quasimomentum space is

wsink

H(k,7) = [cos ¢(7)o, + sing(7)o,]

oycosk+0
+ A, (1)
Throughout, 7 = ¢/T is the scaled time with ¢ being the real
time and 7 the duration of one pumping cycle, k € (—x, 7]
is the quasimomentum, 6, ,, . are the Pauli matrices, and 7 is
set to 1. The instantaneous spectrum of H(k, 7) is gapless at
k=0(k =n) when and only when §, = =68, (6, = &,).
One pumping cycle can be realized by slowly varying ¢
from O to 2z. In a lattice representation, the parameters o,
and 8, represent the respective bias in the nearest-neighbor
hopping strength and energy between two internal states.

For a general initial state with equal populations on
quasimomenta k and —k on each band, the pumped amount
of charge Q over N adiabatic cycles can be found from the
first-order adiabatic perturbation theory (APT) [47-50],
where QO = N(Qrp + Qipc) + Ong» With

Ot —/ dePnn|T 0/ dTka (2)

1 [z 2Im(p,,,, (n|0;|m))
=— [ dk
Ome =5 / ) > E L

m.n(m<n) =0

1
X/ dr(vmm - vnn)’ (3)
0

and Ong being a nongeneric term that does not build up
with the number of pumping cycles (hence not of interest
here) [51]. That is, only Qpp and Qg represent contri-
butions from pumping over each adiabatic cycle. In above
m and n are band indices, ,T)) represent an instanta-
neous eigenstate of H(k,7) with the eigenvalue E,,(k, 1),
pmn(k,7) and wv,,,(k,7) refer to matrix elements of the
density operator and the velocity operator v(k,7) =

Oy H (k,7) in representation of |m(k, 7)), and QEZ) is the
Berry curvature of the nth instantaneous energy band of
H(k,7). The component Qpp (= Q, + Q,, in the case of
Fig. 1), representing a weighted integral of the Berry
curvature, was found previously by Thouless [1]. The
component Qgc, namely, the charge pumping induced

by interband coherence in the initial state, is responsible
for the generalized Thouless pump and will be our focus
here. Analogous to the conventional Thouless pumping,
Orpc arises from an accumulation of small nonadiabatic
effects over one pumping cycle. As sketched in Fig. 1, the
initial-state interband coherence plays a crucial role in
generating the underlying nonadiabatic effects. The term
Ompc is found to be nontopological and can change
continuously. As indicated by Eq. (2), Qigc depends on
(n|0,|m)|,—o and the band gap. For a pumping parameter
¢(7) as in our two-band model depicted in Eq. (1), one has
(n|0,|m)|,—o ~ [d¢(7)/dr]|,—y, which can be controlled by
the switching-on rate of a pumping protocol. The band gap
in our model can be altered via tuning &,/6, and Q¢ can
even diverge logarithmically as the band gap is tuned to
approach zero [51].

The generalized Thouless pump can be experimentally
realized on a qubit system because the insulator’s
Hamiltonian in Eq. (1) is also the Hamiltonian of a qubit
in a rotating field parametrized by k and ¢. That is, by
mapping the two-band insulator’s Hamiltonian to that for a
qubit in a rotating field, we can experimentally demonstrate
the generalized Thouless pump using a single spin [52]. To
highlight the contribution from Qjgc, in our experiment the
initial state is properly designed such that Qtp = Ong = 0;
i.e., the traditional Thouless pumping and the nongeneric
term Qg have no contribution. To demonstrate the
sensitivity of Qpc to the switching-on rate of the pumping
protocol, namely, [d¢(7)/dr]|,_y, we consider a linear
ramp ¢(7) =2zt and a quadratic ramp ¢(7) = 277>,
One directly sees that the latter choice with zero switch-
ing-on rate will make Qgc = 0 within the first-order APT.
To demonstrate the dependence of Qg on the band gap,
we implement the Hamiltonian in Eq. (1) with a varying
band gap.

A negatively charged nitrogen-vacancy (NV) center in
diamond is used in the experiment. As shown in Fig. 2(a),
the NV center is composed of one substitutional nitrogen
atom and an adjacent vacancy [53-56]. In our experiment,
an external static magnetic field around 510 G is parallel to
the NV symmetry axis. Such magnetic field enables both
the NV electron spin and the host '“N nuclear spin to be
polarized by optical excitation [57,58]. As illustrated in
Fig. 2(b), microwaves generated by an arbitrary waveform
generator drives the transition between the electronic levels
|mg = 0) and |m; = —1) which compose a qubit, and the
level |m; = 1) remains idle due to large detuning [59].
The Hamiltonian of the qubit in the laboratory frame is
H'™ = wy0./2 + f(t)o,, where the term f()o, delineates
the effect of the microwave field. The expectation value of
the observable o, can be read out via fluorescence detection
during optical excitation. All the optical procedures are
performed on a home-built confocal microscope, and a
solid immersion lens is etched on the diamond above the
NV center to enhance the fluorescence collection [60,61].
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FIG. 2. Experimental system and method. (a) NV center in
diamond. (b) Electronic ground state of a negatively charged NV
center. The energy splitting depends on the magnetic field which
is parallel to the NV axis in this experiment [59]. The two levels
|mg =0) and |m; = —1) are encoded as a qubit which is
manipulated by microwaves (MW). (c) Pulse sequence for qubit
control and measurement. The ellipsoid surface represents the
parameter space and the sphere represents the Bloch sphere.

In our work, the experiment for different & is performed
separately in different runs of experiment. The pulse
sequence for each k is sketched in Fig. 2(c). At first, the
qubit is polarized to the state py = (1 + 0,)/2 by a laser
pulse [see the green bar in the preparation section in
Fig. 2(c)], and then the initial state p(k,0) needs to be
prepared. To optimize Qigc in the experiment, the initial
density matrix p(k, 0) at individual values of k is designed
such that its associated Bloch vector is perpendicular to
the direction of the field that yields H(k,0). This choice
is again illustrated in Fig. 2(c). Specifically, p(k,0) is
chosen as [1 + n(k) - 6]/2 with the unit vector r(k) along
the direction (=8, cosk —,,0,wsink) except that n =
(0,0,1) at a band touching point. This choice also makes
O1p and QOng vanish [51]. To prepare such an initial state,
we apply a resonance microwave pulse with the temporal
dependence f(t) = w; cos(wgt + @iy;), Where the time ¢
starts from zero, w; is the Rabi frequency, and the initial
phase ¢, is set as —z/2 (x/2) if 8, cos€ + 5, > 0(< 0).
The duration of the pulse is f,,; = @/w;, where « is the
inclination angle of n(k). The orange bar in the preparation
section in Fig. 2(c) represents this pulse.

Upon initial-state preparation, the qubit is left to evolve
under H(k,7), namely, in the presence of a field whose
transverse and longitudinal magnitudes are given by w sin k
and J; cos k + &,, respectively. The field is then rotated
around the z axis according to ¢(7), with ¢(7) understood
as the azimuthal angle. This rotating field is implemented

by applying a microwave pulse with f(7) = wsink cos
[(wg — 81 cosk — &)t + ¢p(7) + ¢y], where ¢ starts from
zero and the initial phase @; = wgt;,; is used to match
the phase of the first pulse. In Fig. 2(c) this pulse is depicted
by the blue bar in the evolution section. In a frame with
the initial azimuthal angle ¢; and rotating around the
z axis with the angular frequency wy— 0;cosk — 0o,
relative to the laboratory frame, the bare Hamiltonian
HY is transformed, via the rotation transforma-
tion operator e il(@=dicosk=d)rtlo:/2 1o our target
Hamiltonian H(k, 7) under the rotating wave approxima-
tion. The parameters adopted in our experiment are
@ =27 x20 MHz, 6, =27z x 10 MHz, and &, between
0 to 2z x 20 MHz.

The evolution governed by H(k,7) lasts for some
duration ¢, € [0, T] (with the corresponding scaled time
7, €[0,1]), and then the velocity v(k,z,) needs to be
measured. As shown in Fig. 2(c), the measurement pro-
cedure begins with a microwave pulse (the magenta bar).
This pulse is described by f(7) = @, cos(wot + @1 + @u+
®fin ), With 7 starting from zero, ¢y = (wo— &, cosk—38,)1,+
¢(z,), and @, = —7/2 (x/2) when cosk > 0 (< 0). The
duration of the pulse is t5, = f/w;, where f is the
inclination angle of the direction of w». This resonant
microwave pulse, which steers the direction of v(k,z,)
to the +z direction, is followed by a laser pulse [the right
green bar in Fig. 2(c)] together with fluorescence detection.
The fluorescence is collected via two counting windows
represented by the two red bars in Fig. 2(c). The former
window records the signal while the latter records the
reference [51]. The fluorescence collection amounts to
the measurement of o, and the effect combined with the
microwave pulse is equivalent to the observation of
v(k,z,)/||v||, where ||v| is the spectral norm of v.

The above sequence is performed for a series of
7, €[0,1], and is iterated at least a hundred thousand
times to obtain the expectation value. One can then get
(v(k,7))/||v|| as a function of z. Numerical integration over
7 based on these experimental data, multiplied by |||,
yields the experimental value of g(k) =T [} (v(k.7))dr,
the pumped charge contributed from a certain k. This
procedure is repeated for different values of k € [0, z].
Some experimental data with 7' = 1 ps and ¢(r) = 2zt are
instantiated in Fig. 3. The pattern of the normalized
velocity (v(k,7))/||v|| depends strongly on &,/8,, and so
does the shape of ¢(k). In particular, there is a significant
charge transport for §,/6; ~ 1 and k = =, i.e., near the band
touching point.

Because of the symmetry considerations, it suffices to
let our measurements cover half of the first Brillouin zone
to extract the pumped charge Q = [ q(k)dk/(2x) =
J&Fq(k)dk/z [51]. As illustrated by the orange curve and
data points in Fig. 4(a), the pumped charge Q first rises and
then declines as the parameter §,/6; sweeps from 0 to 2.
The parameter §,/6; also determines the band gap as
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FIG. 3. Normalized velocity expectation values and pumped

charge per each k. (a), (b) Normalized value (v)/||v|| vs k and 7 for
5,/0; =0 and 1, respectively. Experimental data (calculations
based on the Schrodinger equation) are on the right (left). The red
curves in the experimental figures are guides to the eye to clarify
the patterns in the color map. These guidelines are the crest lines in
the patterns of the calculated (v) /|| v||. (¢) Pumped charge g (k) per
each synthetic quasimomentum k for several values of &,/5;.
Symbols (curves) represent the experimental data (the calculation).

sketched in Fig. 4(b). Though the ramp time 7 = 1 us is
still not in the true adiabatic limit 7 — oo, the pumped
charge Q for T = 1 us as a function of §,/8; bears strong
resemblance with the theoretical curve for T — oo obtained
using the first-order APT, with their differences well
accounted for. In particular, the theoretical logarithmic
divergence of Q as 8§,/6; - 1 [see the gray curve in
Fig. 4(a)] implicitly requires T — oo as the condition to
apply the first-order APT. The actual observed pumping for
a finite 7 = 1 us is thus not expected to shoot to infinity.
In addition, the peak of Q is not precisely at §,/5, = 1, but
has a rightward shift. In this linear ramp case, a non-
perturbative theory can be developed [51]. The theoretical
shift of the peak of Q as a function of §,/6; is found to be
27/(6,T), in good agreement with our observation. This
clearly indicates that the observed peak shift is merely a
finite-7" effect. For a shorter ramp time 7 = 0.5 us as
depicted by the green curve and data points in Fig. 4(a),
the pumping peak slightly goes lower again and shifts
further away from the exact phase transition point

(@) 5 77 . . .
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FIG. 4. Transported charge Q and band gap vs 5,/8;. (a) The
symbols and curves represent experimental data and theoretical
results, respectively. The orange symbols and curve are for the
linear ramp ¢(z) = 2zt with T = 1 us. The green symbols and
curve are for ¢p(r) = 2zt with T = 0.5 us. The grey theoretical
curve corresponds to ¢ () = 2zz with T — oo. The blue symbols
and curve correspond to the parabolic ramp ¢(z) = 277> with
T =1 ps. Error bars represent +1 s.d. (b) In the two-band model,
the band gap is |6, — &;].

6,/8, = 1. Overall, the two pumping curves with 7 =
1 us and T = 0.5 us have a remarkable overlap with each
other, thus supporting that to the zeroth order of 1/T, the
outcome of the generalized Thouless pump is independent of
T. We next investigate another pumping protocol ¢(z) =
277> with T = 1 us. The initial switching-on rate of this
pumping protocol now vanishes. In this case, we observe
negligible pumping, as evidenced by the blue curve and data
points in Fig. 4(a). The results for the two different protocols
confirm that the generalized Thouless pump can be exten-
sively tuned by varying the switching-on rate of a pumping
protocol. Finally, one may note the differences between
experimental results and the simulation results [orange,
green, and blue solid curves in Fig. 4(a)] based solely on
time-dependent Schrodinger equations. The experimental
errors are mainly due to the imperfection of the microwave
pulses. Nevertheless, in the presence of the experimental
errors, our experimental results have demonstrated all
principal features of the generalized Thouless pump.

In conclusion, by incorporating interband coherence into
the initial state as a powerful quantum resource, we are able
to go beyond the traditional Thouless pump. Using a single
spin in diamond, we have experimentally demonstrated a
novel type of quantum adiabatic pump, which is extensively
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and continuously tunable by varying the switching-on rate of
a pumping protocol. The tunability of our generalized
Thouless pump is reminiscent of the famous Archimedes
screw, where water is pumped via rotating a screw-shaped
blade in a cylinder and the amount of pumped water can also
be changed continuously [62—64]. Furthermore, because the
coherence-based pumping in our system is most pronounced
around a band-touching point, it may provide an alternative
means for the detection of band touching and hence quantum
or topological phase transition points. Our work thus
enriches the physics of adiabatic pump and coherence-based
quantum control.
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