Demonstration of geometric diabatic control of quantum states
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Geometric effects can play a pivotal role in streamlining quantum manipulation. We demonstrate a geometric
diabatic control, that is, perfect tunneling between spin states in a diamond by a quadratic sweep of a driving
field. The field sweep speed for the perfect tunneling is determined by the geometric amplitude factor and
can be tuned arbitrarily. Our results are obtained by testing a quadratic version of Berry’s twisted Landau-Zener
model. This geometric tuning is robust over a wide parameter range. Our work provides a new basis for quantum
control in various systems, including condensed matter physics, quantum computation, and nuclear magnetic

resonance.

Tunneling is an exotic yet ubiquitous quantum phe-
nomenon. To control quantum states, a common strategy
known as adiabatic control avoids it by moving a large en-
ergy barrier slowly. Another ubiquitous feature of quantum
physics is geometric effects [1]. A well-known example is the
geometric phase [2] that a particle acquires during an adia-
batic motion. However, geometric effects are not restricted by
adiabaticity. Even during diabatic tunneling events, geomet-
ric effects take place and lead to grave consequences in the
dynamics.

The simplest system that demonstrates the marriage of
tunneling and geometric effects is the twisted Landau-Zener
(TLZ) model introduced by M. V. Berry, which describes a
particle in two quantum states driven by an external field [3].
In the original untwisted Landau-Zener (LZ) model [4-7],
when two energy levels change in time, quantum tunneling
across an energy gap A occurs depending on the speed of
the change [Fig. 1(a)] [8, 9]. The tunneling probability P
depends on the sweep speed F' [Fig. 1(c)]; P = 0 in the
adiabatic limit (/* — 0), while P is unity in the diabatic
limit (|F| — o0). Such speed-dependent tunneling has been
demonstrated in various systems [10—16]. In the TLZ model,
the driving field has a “twist” and the adiabatic to diabatic
transition is geometrically modulated [17, 18]. Recently, the
importance of the geometric effects has been recognized not
only in equilibrium [19] but also in nonequilibrium [20-23].
The TLZ model, which possesses a new nonequilibrium tun-
ing knob on top of the LZ model, should be widely applied to
materials engineering [24, 25] and quantum controls [26-29].
Despite a few experiments [30-33], the opportunity of utiliz-
ing such geometric tuning for quantum control has long been
overlooked, and their robustness remains unexplored.

Here, using an electron spin in a diamond, we realize and
test an ideal TLZ model with a quadratic twist [24] that mani-
fests perfect tunneling and nonreciprocity over a wide range of
gap and twist parameters. We measure the tunneling probabil-
ities with high precision and obtain an average of 95.5 % un-
der condition where perfect tunneling occurs. The condition
of perfect tunneling can be smoothly tuned by adjusting the
curvature of the quadratic sweep. These geometrical effects
are robust beyond the framework of the existing theory [24].
This geometric diabatic control is ubiquitous and can be ap-
plied to various quantum systems.

As a geometric diabatic control, we aim to realize perfect
tunneling (P = 1) and change the state at the same time. The
Hamiltonian for the TLZ model in the natural units is defined
as [24],
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where 6; (j = «,y, and 2) is the Pauli operator, b =
(ba by, b.) = (m,vq,1/2kv?¢?) is a driving field. We
change the parameter ¢ in time as ¢ = —F (¢t — T/2) be-

tween time ¢ = 0 and ¢ = T with a dimensionless sweep
speed F. This is a quadratic version of the original TLZ
model [3], and A = 2m is the gap, 2v(> 0) is the energy
slope. Figure 1(b) depicts the initial and final fields as a solid
red arrow (t = 0) and a dotted red arrow (t = T'), respec-
tively. The b, component, which depends quadratically on
time, induces a “twist” of the field. This twist appears in
the trajectory of the field [the solid red line in Fig. 1(b)], and
its strength is determined by the geodesic curvature . Sit-
uations in which the spin and driving field are always kept
parallel or antiparallel are adiabatic; situations that deviate
from this are diabatic. The diabatic geometric effect is cap-
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FIG. 1. Comparison of the Landau-Zener (LZ) transition and the
twisted Landau-Zener (TLZ) transition. (a) Tunneling at level anti-
crossing. (b) Sweeping of the driving field. The fields at ¢ = 0
and t = T for the LZ/TLZ model are indicated by solid and dashed
blue/red arrows, respectively. (c,d) Predicted LZ transition probabil-
ity (c) and TLZ transition probability (d) as a function of the speed
F'. (e,f) Dynamics of the field (black arrow) and spin (blue arrow)
in the LZ model in the adiabatic (e) and diabatic (f) limits [Also see
(b,c)]. (g,h) Dynamics of the field (black arrow) and spin (red arrow)
in the TLZ model at I' = Fpr (g) and F' = —Fpr (h) [Also see
(b,d)]. The solid black line indicates the field amplitude in the zy
plane in (e,f) and in the yz plane in (g,h). The origin of each arrow
corresponds to the field amplitude at each instant.

tured by the geometric amplitude factor [3] (also known as
the quantum geometric potential [17] or shift vector [25])
Ri2(q) = —A11(q)+ Az2(q) +04argAi2(q), where the Berry
connection is defined by A,;(q) = (n(¢)|i0,|l(¢)) using
the instantaneous eigenstate |n(q)) satisfying H(q) |n(q)) =
E,(q)|n(q)). The tunneling probability P from |1) to |2) is

given by [24],
T FR15(0)\?
()]

P =~ exp

where R12(0) = vk holds in the present model. Equa-
tion (2), referred to as “TLZ formula” in this work, is de-
rived using a twisting coordinate transformation [24], and it
recovers the LZ formula when | = 0 [Fig. 1(c)]. We stress
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FIG. 2. Demonstration of the TLZ transition at m = 0.5 MHz. (a)
Measurement sequence. Laser and microwave pulses are used for
initialization and readout of the NV center. (b) Dependence of tun-
neling probability P on speed F'. The square and dots indicate ex-
perimental result, solid black lines indicate the TLZ formula [Eq.(2)],
and vertical dotted black lines indicate ' = Fpr. The blue dashed
lines at the top and bottom panels indicate the LZ formula [TLZ with
R12(0) = 0]. (c) Tunneling probability at ' = Fpr in the range of
k| = 0 ps to k| = 1 ps. The error bars indicate 65 % confidence
intervals estimated from the shot noise of PL measurement.

that TLZ formula is approximate in contrast to the LZ formula
which is asymptotically exact. Figure 1(d) shows the behavior
of the transition described by the TLZ formula when ), > 0.
P is nonreciprocal to the sign reversal of the speed F' corre-
sponding to the field sweep direction [25]. In Eq. (2), the gap
A in the LZ model is effectively shifted to A 4 Z82(0) py
the geometric amplitude factor [17, 24]. In particular, when

the speed is,
Fer = —2A/R15(0) 3)

the effective gap closes, and the tunneling probability satu-
rates P ~ 1. We call this behavior “perfect tunneling” [24],
and the speed at which P is maximized is referred to as the
“PT condition”. In contrast to the LZ case, the quantum state
changes during the diabatic transition from the initial state
[1(¢ = FT/2)) to the final state |2(¢ = —F7T'/2)), and thus
allows us to realize geometric diabatic control of the quantum
states. Our main purpose is to extensively test the behaviors
predicted by the TLZ formula [Eq. (2)].

We realize the TLZ transition with an electron spin of a
single nitrogen-vacancy (NV) center in a diamond [12, 13,
34]. We use the NV center’s mg = 0 and mg = —1 states as a



two-level system and manipulate it with microwave pulses. In
a suitable rotating frame [see Supplementary Materials (SM)],
the Hamiltonian is expressed as (S;: S=1/2 spin operators),

H, = fr|cos(¢mw)Sz — Sin(gbmw)gy} +

where fr is the Rabi frequency corresponding to the mi-
crowave field amplitude, ¢y, is the microwave phase, and
faet 1s the detuning between the resonance frequency and
the microwave frequency. We generate a microwave pulse

\/ 02+ b2, ¢mw = —atan(b,/b,), and

faer = f(f b, (t')dt', so that Eq. (4) reproduces the driving field
b in the TLZ Hamiltonian [Eq. (1)]. This conversion to the
S=1/2 system in MKS units corresponds to making the fol-
lowing changes to each parameter; m — m™m, v — 7o, and
K| — K/ (see SM). We adjust the sweep duration 7" consid-
ering the coherence time and available microwave parameter
ranges. Figure 2(a) shows the measurement sequence. We use
green laser pulses and photoluminescence (PL) measurements
for spin initialization and readout. We prepare the initial and
final states using rectangular microwave pulses after and be-
fore the laser pulse to match the instantaneous field direction
with the projection direction. The obtained PL intensity is
precisely converted to a tunneling probability using reference
PL intensities of mg = 0 state and mg = —1 state [35].

We show our experimental results obtained when the gap
parameter is fixed as m = 0.5 MHz. Without loss of gener-
ality, we investigate the probability P [Eq. (2)] by selecting
the energy slope v to (10 MHz)? and adjusting only the di-
mensionless speed F'. First, we set k| = 0 us to address the
conventional LZ model. The blue dots in the middle panel of
Fig. 2(b) show the experimental result. The lower the speed
(F — 0), the lower the transition probability P, and the be-
havior is symmetric between positive and negative speeds. It
agrees well with the LZ formula (solid black line), and proves
that our system reproduces the LZ model with high accuracy
(for more detail, see SM).

We then address the TLZ transition when k) = +0.2 us
shown in the top panel of Fig. 2(b). The experimental result
(red dots) is asymmetric in /' — —F' and becomes higher for
I < 0 than for F' > 0. P reaches maxima in the vicinity of
the predicted PT condition (¥ = Fpr) indicated by the ver-
tical dashed line. Specifically, as shown in Fig. 2(c), we find
P = 95.5 + 1.3 %, on average, in a range of Ky = 0.0 us
to k) = 1.0 ps. The bottom panel of Fig. 2(b) shows the re-
sults when ] = —0.2 ps. Compared to the x| = +0.2 pus
case [the top panel of Fig. 2], it shows totally inverted behav-
ior to the speed F'. These behaviors are qualitatively different
from the LZ transition (dashed blue line), and well reproduced
by the TLZ formula without any adjustable parameters (solid
black line). These are our central results, proving that the tun-
neling probability is successfully modulated by the geodesic
curvature x| of the driving field, resulting in perfect tunneling
and nonreciprocity. The fact that perfect tunneling, which has
only been possible in the extreme fast speed limits of the LZ

satisfying fr =

model, is achieved even at finite speeds is essentially new in
the long history of the LZ physics.

Here, we give an intuitive picture of the perfect tunnel-
ing phenomenon. Figure 1(g) shows the driving field (black
arrow) and spin (red arrow) dynamics at /' = Fpr. The
quadratic sweep produces adiabatic dynamics in the initial
stage (¢ ~ 0), and diabatic dynamics near the gap minima
(t ~ T'/2). Near the gap minima, the x component of the driv-
ing field b, i.e. the gap itself (b, = m), causes spin precession
and rotates the spin around the z-axis. When the PT condition
is fulfilled, this rotation of the spin is synchronized with the
counterclockwise twist of the field (also around the z-axis),
and the transition to the excited state is achieved smoothly.
Thus a spin flipping is realized [Fig. 1(g)]. When the sweep
direction is reversed (F' = — Fpr), as shown in Fig. 1(h), the
clockwise field twist cannot synchronize with the spin preces-
sion. This geometric motion near the gap minima increases
the effective gap A+ % and prevents tunneling. More gen-
erally, the observed nonreciprocity is analogous to the well-
known selective absorption of circularly polarized light, but
in the non-perturbative regime.

As described above, the spin flips during the perfect tun-
neling. In terms of quantum control, spin-flip can also be
achieved differently using the Rabi oscillation and the adia-
batic control (or its shortcut[36]). The driving field and spin
are orthogonal, parallel, and antiparallel in the Rabi oscilla-
tion, the adiabatic control, and the TLZ model, respectively.
This difference in the restriction of the driving field to the
spin direction makes difference in control speed, robustness,
and implementability. Our geometric diabatic control is an ef-
fective means of increasing the versatility of quantum control
(see SM).

Next, we study the validity of the TLZ formula [Eq. (2)]
when the twist becomes stronger; the higher-order terms ig-
nored in the derivation of the TLZ formula increase, and
the precession is no longer perfectly synchronized with the
quadratic twist. We investigate the tunneling probability ob-
tained at m = 0.5 MHz for a curvature range from | = 0 s
to x| = 3 us. The left middle panel of Fig. 3(a) shows the ex-
perimental result, representing a clear nonreciprocal behavior
to the speed F'. As k) increases, the PT condition approaches
zero. A similar trend is observed in the TLZ formula shown
in the left top panel of Fig. 3(a), indicating that this character-
istic is consistent with fpy = — #A(O). This result proves that
the speed of the quantum control is tunable by the geodesic
curvature ;| of the driving field.

For a more quantitative comparison, we show a cross-
section at x| = 1.4 us in the left panel of Fig. 3(b) [white line
in the middle panel of Fig. 3(a)]. The experimental result (red
dot) exhibits P ~ 1 near Fpr = —0.045 in good agreement
with the TLZ formula (solid black line). On the other hand, in
(negatively) large speeds F' < Fpr, P decreases almost expo-
nentially in the TLZ formula [24], whereas the change is grad-
ual in the experimental result. This deviation becomes promi-
nent as the gap parameter m and/or the curvature x| are larger.
The right panels of Figs. 3(a,b) show the corresponding data
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FIG. 3. The gap parameter and curvature dependence of the TLZ
transition probability. (a) The left (right) panels denote the results
at m = 0.5 MHz (m = 2.0 MHz). The solid black (dashed green)
line indicates the PT condition in the TLZ formula (simulation). (b)
Tunneling probability at x = 1.4 ps [white line in the middle panel
of (a)]. The black arrow in the right panel indicates the PT condition.

sets obtained with a larger gap parameter (m = 2.0 MHz).
The PT condition in the experiment (red dot) shifts to the left
from what the TLZ formula (solid black line) predicts [black
arrow on the right panel of Fig. 3(b)]. The maximum P is then
slightly suppressed from unity.

We obtain exact solutions by numerical simulations (see
SM) to discuss this deviation. The simulation results are
the bottom panels of Fig. 3(a) and the dashed green lines in
Fig. 3(b). They reproduce the experimental results satisfacto-
rily over the entire speed range. The solid black and dashed
green lines in Fig. 3(a) show the perfect tunneling conditions
obtained by the TLZ formula and the simulation, respectively.
The results show that the larger gap parameter m and cur-
vature K| become, the exact PT condition shifts toward the
(negatively) large speed side. Our precise measurements re-
veal that the higher-order terms are essential for quantitatively
understanding the TLZ transition.

As shown above, we find that nonreciprocity and high tun-
neling probability at finite speed always persist even when the
TLZ formula is invalid. Thus, we conclude that these geo-
metric effects are robust. Introducing a field twist can be a
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FIG. 4. Sweep speed dependence of transition probability of the gap-
less (m = 0.0 MHz) system. (a) The LZ transition (x = 0). The
inset is a schematic of the energy change. (b) The TLZ transition
(FUH =2.5 /J,S).

ubiquitous method of adjusting tunneling probabilities at arbi-
trary speeds, making the present TLZ model a new framework
for quantum control at various energy scales. When applied
to quantum materials, such control induces nontrivial proper-
ties such as the nonreciprocity of DC current and photocurrent
[24, 25].

In the case of an infinitesimal gap (m = 0.0 MHz), the
TLZ formula predicts a counter-intuitive behavior, i.e., tun-
neling is suppressed as we increase the speed. Since this is
relevant to the study of laser field driven dynamics in Dirac
and Weyl semimetals [24], we study this situation in detail.
The energy change is shown in the inset of Fig. 4 (a), which
mimics the situation where electrons in the valence band ac-
celerated by the electric field are excited through the Dirac
(Weyl) point into the conduction band. Here, the LZ model
and the TLZ model correspond to the case where the driving
fields are DC and AC electric fields, respectively. We examine
the LZ model and observe that it yields P ~ 1, as shown in
Fig. 4 (a). This is a straightforward phenomenon caused by
the complete reversal of the field in the y axis. We then exam-
ine the TLZ transition at k) = 2.5 ps as in Fig. 4(b). The high
tunneling probability near the adiabatic limit /' ~ 0 is con-
sistent with Fpy = —i’;’? = 0 (for m = 0). This behavior,
where the probability decreases with increasing sweep speed,
is opposite to the LZ transition at a finite gap [Fig. 2(b)]. This
counter-intuitive result is caused by the monocyclic nature of
the quadratic twist, where the initial and final fields point in
the same direction. It is qualitatively reproduced by the TLZ
formula (solid black line) and is perfectly reproduced in the
simulation (dashed green line).

We experimentally confirmed the nonadiabatic geometric
effects of nonreciprocity and perfect tunneling in the quadratic
TLZ model over a wide range of parameters. Specifically, we



showed that we could utilize the geometric effects to control
the quantum state dynamically. Geometric diabatic control
can be applied to control systems of various energy scales,
from nuclear spins to quantum materials. An important chal-
lenge to improving this method is to find a way to enhance
the tunneling probability and bring it even closer to 100 %.
We think this is possible by engineering the shape of the field
twist to cancel the higher-order terms ignored in the derivation
of the TLZ formula.
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