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Measurement plays a quintessential role in the control of quantum systems. Beyond initialization and readout
which pertain to projective measurements, weak measurements, in particular through their back action on the
system, may enable various levels of coherent control. The latter ranges from observing quantum trajectories
to state dragging and steering. Furthermore, just like the adiabatic evolution of quantum states that is known
to induce the Berry phase, sequential weak measurements may lead to path-dependent geometric phases.
Here we measure the geometric phases induced by sequences of weak measurements and demonstrate a
topological transition in the geometric phase controlled by measurement strength. This connection between
weak measurement-induced quantum dynamics and topological transitions reveals subtle topological features

in measurement-based manipulation of quantum systems. Our protocol could be implemented for classes
of operations (e.g., braiding) that are topological in nature. Furthermore, our results open new horizons for
measurement-enabled quantum control of many-body topological states.

DOI: 10.1103/PhysRevResearch.4.023179

I. INTRODUCTION

The geometric phase is a part of the global phase gained by
a cyclic path of a quantum state, which only depends on the
trajectory enclosed by the motion in parameter space and not
on the traversal time [1,2]. A frequently mentioned example
is the Pancharatnam-Berry phase that emerges from adiabatic
evolution of the system Hamiltonian [3,4]. It was suggested
that the Pancharatnam phase can be viewed in the framework
of strong quantum measurement back action [S]. The latter
[6-11] is the inevitable disturbance brought by measurement
on a certain quantum system. One example thereof is the
projection of a quantum state onto an eigenstate of a strongly
measured observable. More generally, weak measurements
only partially modify the quantum state. In either case, strong
or weak, the accumulated disturbance due to a sequence of
measurements can result in closed path motion of the quantum
state. For a spin 1/2 system the resulting geometric phase is
half the solid angle subtended by the path in parameter space
[4,12]. While such measurement-induced geometric phases
have been observed in optical systems [5,13], a recent theo-
retical study [14] has pushed this insight to a new qualitative
perspective: The emergence of geometrical phases is accom-
panied by a topological transition [15,16]. In this article we
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utilize a superconducting transmon circuit to demonstrate and
characterize this measurement-induced topological transition.

II. WEAK-MEASUREMENT-INDUCED
GEOMETRIC PHASES

We consider a series of variable strength measurements on
a pseudospin half system. For the spin initialized in a state
|6, ¢ = 0), given by polar and azimuthal angles 6 and ¢ of
the Bloch sphere, a series of measurements along axes with
fixed 6 and with ¢ ranging from O to —2x [Fig. 1(a)] has
the potential to drag the state along the geodesic lines be-
tween the axes of consecutive measurements (these geodesic
lines, in general, do not retain fixed ). This trajectory results
in a geometric phase y related to the enclosed solid angle
[17-19]. In the limit of continuous strong measurements,
X = % x 2w (1 — cos8). However, for weak measurements,
the state lags behind the advancing measurement axis and only
partially moves along the geodesic line [Fig. 1(a)]. With an
additional final projective measurement used to close the path,
the surface formed by the set of trajectories along different
latitudes either “wraps” [Fig. 1(a)] or does not “wrap” the
Bloch sphere [Fig. 1(b)]. This property of wrapping or not
wrapping cannot be changed by continuous deformations of
the set of all trajectories and is linked to the respective topo-
logical invariant—the Chern number, which is the equivalent
of the winding number for two-dimensional (2D) surfaces.
The transition between these two regimes is controlled by the
measurement strength and can be represented by a jump in
the Chern number [14]. In Fig. 1(c), we display the predicted
geometric phase x versus the polar angle 6 for the extremal
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FIG. 1. Measurement-induced topological transition. (a) A se-
quence of measurements along a fixed latitude drags the state on
a trajectory displayed on the surface of the Bloch sphere [arrows
indicate the back action of the measurements for the first two and
last (of six) measurements for one latitude]. When an additional,
final projective measurement closes the path (green arrow), the state
acquires a geometric phase () ). Considering all latitudes, these tra-
jectories form a closed surface winding around the Bloch sphere.
(b) Weaker measurements result in smaller back action on the state;
as a result, the trajectories form a closed surface that does not wrap
around the Bloch sphere. (c) Dependence of the geometric phase
on the polar angle 6 for the measurement sequences with measure-
ment strengths slightly below (blue dashed line) and above (black
dashed line) the critical value. The black solid line shows the case
of infinitely strong measurements, the blue solid line represents zero
measurement strength, and faint lines indicate intermediate measure-
ment strengths. The values of x for @ = 0 and 6 = 7 must differ by
a multiple of 2. This difference cannot be changed by continuous
deformation of the dependence of x on 6. Thus the behaviors above
and below the transition are topologically distinct. The insets illus-
trate the origin of the transition. For sufficiently strong measurements
the equatorial trajectory circumnavigates the Bloch sphere while for
weak measurements it does not.

cases of strong measurement, zero-strength measurement, and
near the topological transition.

III. SELECTIVE MEASUREMENTS

In order to probe the predicted topological transition,
we choose the first three energy levels of a superconduct-
ing Transmon circuit [20] embedded in a 3D aluminium
cavity [21] as our experiment platform [Fig. 2(a)]. In the
dispersive limit [22,23], where the cavity frequency o is far
detuned from the quitrit transition frequencies w;, the Jaynes-
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FIG. 2. Experiment setup. (a) A superconducting Transmon
qutrit is dispersively coupled to a high quality factor microwave
cavity. (b) A coherent state probe acquires a qutrit-state (|g), |e),
or | f))-dependent displacement on the //Q plane. (c) The dispersive
interaction results in a state-dependent cavity transmission, allowing
for measurements that resolve one state while leaving the other two
unresolved. (d) The measurement is quantified via the frequency-
dependent dephasing rates of each two-level subspace of Transmon
states. The green arrow indicates the operating probe frequency,
which corresponds to a selective measurement of the | f) state, which
preserves the coherence in the {|g) , |¢)} subspace. A typical Ramsey
measurement is shown in the inset.

Cummings Hamiltonian becomes

Ho = fioala+ Y fiojl )Gl + Y Rgjl) (lafa, (1)
J J

where a'a is the cavity photon number operator, |j) are the
energy eigenstates of the Transmon with energies fiw;, and &
are the interaction energies between the cavity eigenstates and
Transmon energy levels | j), and we consider the lowest three
energy levels, j € {g, e, f}. The effect brought by such inter-
action energies /i§; can be viewed as a qutrit-state-dependent
shift on the cavity frequency, enabling quantum nondemoli-
tion weak measurements of the circuit energy states.

As is shown in Fig. 2(b), when the cavity is probed with a
coherent state, the output signal distributes on the quadrature
space of the electromagnetic field (/, Q) depending on the
cavity transmission at the measurement frequency. The setup
is operated in the strong dispersive regime where the cavity
linewidth « < &;. Figure 2(c) illustrates that a weak probe
of the cavity near the |f) resonance will be transmitted only
if the circuit is in the |f) state. Therefore the measurement
distinguishes the state |f) from both |e) and |g) but does not
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FIG. 3. Experimental sequence (a) Measurements along an arbitrary axis (solid arrows) are composed of rotations before and after
measurement along the z axis (dashed arrows). Partial (projective) measurements are indicated in blue (red). (b) The full experiment consists of
a sequence of six measurements in the qubit manifold at decreasing azimuthal angles ¢. (c) The geometric phase, yx, and interference contrast,
¢, are determined from the final interference pattern between |g) and |e), where P(g) is the probability of obtaining outcome g from the final

projective measurement, I,.

distinguish |e) from |g). The selective nature of this measure-
ment architecture allows us to reserve one energy level (e.g.,
|g)) as a quantum phase reference in order to determine the
global phase accumulated by a state in the {|e) , | f)} manifold.

In the limit s >> k the Kraus operators [9] associated with
a probe near the | f) resonance are given by

T o~ (r—r0)/207 0 0
M =52, e 0 @
T 20 0 0 e—r2/202

inthe {|f), |e), |g)} energy eigenstate basis. Here r represents
the output signal’s location on the 7/Q plane, ry is the mean
output signal when the transmon is in the energy eigenstate
|f), and o is the variance of the output signal. A Kraus oper-
ator both gives the probability distribution of a measurement
outcome (P(r) = |MZ(’) [¥) |?) and characterizes the measure-
ment back action on the state (|y) — M |)). Applying
such a measurement pulse of duration 7 reduces coherences
between pairs of states characterized by dephasing factors
eXP(—VefT) = eXP(—VrT) = exp(—125) and exp(—yeeT) =
1 [24].

We characterize the strength and selectivity of the mea-
surement by examining the dephasing rates of each pair of
states. We drive the cavity with a weak probe and perform
Ramsey measurements on each pair of levels to determine
the dephasing rates v, Ve, Yqs-in €ach of the two-level sub-
spaces. In Fig. 2(d) we display these measured dephasing rates
versus probe frequency. The data show enhanced dephasing
at each qutrit-state-dressed cavity resonance, as expected. We
further observe larger background dephasing related to the | f)
state which is due to the reduced charge noise insensitivity
of the higher transmon levels [20]. A cavity probe at fre-
quency wp /2w = 5.6715 GHz, therefore, allows us to realize
measurements on the {|e), |f)} manifold while preserving
coherence within the {|g), |e)} manifold. The measurement
strength (y.r7) can be tuned via the duration of a single
measurement.

IV. GEOMETRIC PHASES

We now focus on the quantum dynamics of the qubit
formed by the {|e), |f)} manifold, reserving the state |g) as
a phase reference. Since the dispersive measurements merely
provide measurement in the energy basis of the qubit, cor-

responding to the z axis of the Bloch sphere, we utilize
additional rotations to perform measurement along any arbi-
trary axis of the qubit [25]. One example of these rotations
is shown in Figure 3(a) for cases of projective and partial
measurements.

Figure 3(b) displays the experimental sequence. To form
closed path measurement-induced trajectories, we first ini-
tialize the qutrit in the state o< |g) + |6, ¢ = 0), where |0, ¢)
specifies the qubit state in the {|e), |f)} manifold in terms
of polar and azimuthal angles. We then apply a sequence of
six measurements at fixed 8 and with decreasing ¢ chosen to
wrap the Bloch sphere. Finally, we use rotations and a projec-
tive measurement (which closes the path along the shortest
geodesic [26,27]) and determine the geometric phase. This
final stage of the protocol involves the following steps: (i) The
first rotation is applied such that the state |6, ¢ = —27) is ro-
tated into |e). (ii) We then apply a 7 /2 rotation to interfere |g)
(the reference state) and |e) (which acquired a measurement-
induced phase) followed by (iii) projective measurement of
|g) [28]. The resulting geometric phase, x, and interference
contrast, ¢, are determined by the phase and amplitude of the
interference in the {|g) , |e)} manifold [Fig. 3(c)] [29].

The closed paths that acquire a specific geometric phase are
associated with specific trajectories, resulting from specific
sequences of measurement readouts, implying the need for
postselection. This postselction is implicitly enforced via the
measurement architecture that preserves the coherence in the
subspace {|g) , |e)} while destroying coherences with |f). As
an example, consider the regime of a very strong measurement
where |rg| > o. Here there are effectively two measurement
outcomes, r ~~ ro and r >~ 0, with back action projecting onto
| f) or the {|g) , |e)} manifold, respectively. When the outcome
is “null,” r ~ 0, the population in the {|g), |e)} manifold is
preserved, ultimately contributing to the interference used to
infer the geometric phase. In this case, there is back action
on the {le),|f)} subspace corresponding to a segment of
the closed trajectory. However, when the outcome is r ~ r,
the population in the {|g), |e)} manifold is eliminated, so
that no contribution of the trajectory to the off-diagonal term
between |g) and {|e), | f)} remains. Thus, only with a series
of measurement outcomes r >~ 0 (null-outcome path) can the
resulting geometric phase be observed while the other paths
are naturally excluded from interference, which brings the
present protocol in agreement with that of Ref. [14]. The
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FIG. 4. (a) The geometric phase under varying measurement
strength (y,s7) gained with sequential measurements along different
latitudes of the Bloch sphere for polar angle 0 — m. The black
(blue) arrows mark measurement strengths above (below) the tran-
sition. (b) The corresponding contrast of the interference vanishes
at the transition. (c) The geometric phase along fixed measurement
strengths before the transition (blue lines), where the set of trajecto-
ries does not wrap the Bloch sphere, and after the transition (black
lines) where the set of trajectories wraps the Bloch sphere.

postselection probability in Ref. [14] is mapped onto the
interference contrast c. As discussed in the Appendix, such
selection occurs for any measurement strength, effectively
giving the null-outcome path geometric phase without any
postselection on specific sequences of measurement readouts.

In order to probe the topological transition we record
the geometric phase x and interference contrast ¢ for dif-
ferent trajectory latitudes and measurement strengths. The
results are displayed in Fig. 4 and show good agreement
with the simulation results shown in Fig. 1(c) at measurement
strengths above, below, and near the topological transition. In
the limit of strong measurement, exp(—y,y7) — 0, the mea-
surement back action is sufficient to allow the quantum state
to follow the measurement axis leading to a monotonically
increasing geometric phase with a polar angle [as sketched in
Figs. 1(a) and 1(c)]. In the infinitely weak measurement limit,
exp(—y.rt) — 1, there is no measurement back action; hence
there is no observed dependence of the geometric phase on the
polar angle. Between these two limits we encounter the topo-
logical transition, which appears as a 2z phase winding about
a singularity point. In particular, we observe that, as a func-
tion of the measurement strength, the phase along 6 = 7 /2
exhibits an abrupt jump of size 7w [cf. Fig. 4(c)] right at the
singularity point, in agreement with the theory predictions [cf.

Fig. 1(c)]. Exactly at this point the phase is ill-defined, which
can only happen if the contrast vanishes, which we indeed
observe [cf. Fig. 4(b)]. This jump corresponds to the critical
measurement strength that drags the state halfway around the
Bloch sphere [cf. the insets of Fig. 1(c)]. Near the transition,
the state after the final projection involves averaging over
trajectories that either encircled the Bloch sphere, acquiring
a geometric phase of 7, or those that did not, acquiring zero
geometric phase. This leads to the observed vanishing con-
trast.

V. CONCLUSION

We have investigated measurement enabled quantum dy-
namics where the dynamics carry a topological character.
Despite the stochastic nature of these weak measurement
dynamics, the resulting geometric phases feature a robust
and sharp transition which is immune to nonuniversal de-
tails of the platform. A salient feature of our protocol is
that right at the transition point, coherent features of the
measurement-induced phase are washed out, underscoring
the role of fluctuations at the critical transition point. While
our single qubit experiment has simple topology, our work
advances the possibility that many body systems with non-
trivial topology might also exhibit such robust topological
transitions. Such investigations would reveal the interplay be-
tween the topological nature of many-body phases and the
measurement-induced dynamics. This suggests the possibil-
ity to utilize such topological effects for protected quantum
information processing.
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APPENDIX

1. Stabilizing higher Transmon states against charge noise

Although a superconducting Transmon circuit is designed
to reduce the charge noise sensitivity of the |e) state exponen-
tially in the ratio between Ej/h = 13.015 GHz and Ec/h =
285 MHz [20], the third energy level | f) may still be affected
by charge noise. We observe both increased dephasing asso-
ciated with the |f) state [Fig. 2(c)] and abrupt transitions in
the |f) energy and associated fluctuations. We stabilize the
experiment against these fluctuations by tracking the Ramsey
pattern in the {|e) , | f)} manifold and sorting the acquired data
in a postprocessing step.
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FIG. 5. Cancellation of relative dynamical phases. The observed
interference phase (a) and contrast (b) for a reference experiment
with fixed ¢ = 0, showing that the dynamical phase is smooth and
effectively canceled through appropriate rotating frames.

2. Calibrating dynamical phase accumulation

The quantum evolution in our experiment that takes place
over ~us of evolution is associated with the accumulation of
large dynamical phases (on the order of 10* radians). This
dynamical phase is measured in a rotating frame associated
with microwave generator used to perform Transmon rota-
tions. This results in an effective cancellation of the dynamical
phase. To confirm this cancellation, we perform a reference
experiment at each data point using rotation sequences with
fixed ¢ = 0 instead of the sequential ¢ = [0, —2x]. The ref-
erence experiment makes use of the same number and strength
of sequential measurements at one point on the latitude in-
stead of winding around the z axis. Figure 5 shows that this
relative dynamical phase is smooth and a fraction of one
radian, confirming that the dynamical phase does not appre-
ciably contribute to our observed topological transition. The
premise is that, while no geometric phase is accumulated,
the dynamic phase gained is the same as in the actual ex-
perimental protocol. The phase singularity lying at 6 = 7 /2
(cf. Fig. 4) further confirms that the dynamic phases do not
affect the measurement-induced dynamics in our protocol, cf.
Refs. [30,31]. The observed stripe features in the reference
phase and contrast are likely due to residual dynamical phase
associated with the anharmonicity of the Transmon.

3. Selective averaging theory

The Kraus operator of the selective measurement as a
function of the output signal’s position on the IQ plane r is
given by

W (r) 0 0
M = 0 Y@ | o , 3)
0 0 | v

written in the {|f), |e), |g)} basis, assuming unit quantum
efficiency. Where @(r):d%zle_(’_"})z/z"z and W(r) =

o}

1/%zie’(’ ’/20% ith as defined in the main text. Starting

a

from an initial qutrit state |¢;) = al(,e) le) + aﬁg) |g), an initial
rotation Rg produces a target initial state at a chosen latitude
in the {|e) , | f)} manifold while maintaining the |g) state as a
phase reference. Subsequently a sequence of measurements is
performed at axes Rz le) with the last measurement P,, being
projective onto the {|g), |e)} manifold, leaving us with the
final system state

|67) = PeeRo | [ (RIMIVR)R] |3) )
k
for a certain series of measurement outcomes
{I‘],l‘z, ey Tk }

Eventually, the geometric phase x and its contrast ¢ are
extracted from the ensemble through the interference between
state |g) and state |e), with operator A = X, —iX, = 2 |g) (e|,
where

0 010
=10 0|1 ] == )
0 110
and
cet = / (BrlAldy) . (©6)
Q

Here 2 represents all the combinations for values of {ry}.
Since the operator A already projects |¢;) onto the {|g), |e)}
manifold, we note that the final projective measurement P,
can be skipped in actual experiment.

Given the initial state |¢;) = al@ le) + afg) |g), after a se-
quence of measurements with outcomes {ry}, the system is
still in pure state |¢) = a'({re}) le) + @' (Iri}) |g). Since
all the rotation operators R, are in the {|e) , | f)} manifold, the
coefficient of the reference state |g) becomes

df(rnh) = [ [ woa®. (7)
k
Using Egs. (4) and (6), the extracted geometric phase becomes

ce = 2/9 (Drlg)lelds) = 2/961;'9*({”‘})(6 1¢5)
= 2(e|f ]_[w*(rk)afg)* Ios)
2y
= ZaEg)* (e] f 1_[ W (r )P Ro 1_[ (thMz(,rk)Rk)R(Jg i)
Q7 k

=24 (e| f Ro[ [ (Rjw* )M RORS 16:) . (8)
£ %

Here we note that the whole ensemble is a weighted average
over various measurement outcome sequences {r;}. For weak
measurements, a null outcome corresponds to a certain proba-
bility distribution of measurement readouts r;. The weighting
with W(r;) enforces the correct distribution among the states
that contribute to the interference.

Finally we have

ce™ =2a™" (e| Ro [ [ (RIMLRO)RG 1p0) . (9)
k
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with the integrated effective Kraus operator

\If(r) 0 0
M, = / vl 0w | o
¢ 0 0 | v
Jo V¥ @) 0 0
= 0 Jo Y)W (r) 0
0 0 NAGIIG)
()P 01]0
= fQ 8‘) ” 1 ‘ 0 — lele),\f)} @j{\gﬂ’
0 01

(10)

where MZ{ 191/} i the null outcome path partial measurement
operator on the {|e), |f)} manifold (just as the one consid-
ered in Refs. [14,30,31]), and 181 is the identity operator on
state |g).

Hence even though the measurement readouts in our
setup are continuously distributed, the effective back action
of the measurements corresponds to null outcome partial
measurements in the {|e), |f)} manifold. Thence no explicit
postselection of measurement readouts is required.

4. Experimental setup

The experiment comprises a superconducting Transmon
circuit embedded in a three-dimensional aluminum mi-
crowave cavity. The Transmon energies Ej/h = 13.015 GHz
and Ec/h =285 MHz produce transition frequencies
Wee/2m =5.12487 GHz and w.r/2m = 4.80788 GHz.
The cavity linewidth «/2m = 0.841 MHz. The dispersive
interaction between the Transmon and the cavity shifts
the cavity frequency from its bare resonance frequency
Wpare /2T = 5.6724 GHz to a state-dependent frequency,
we/2m = 5.6861 GHz, w,/27 = 5.6743 GHz, and wy /27 =
5.6715 GHz. Three microwave generators are employed to
control and measure the system; one generator addresses the
Transmon transitions through single sideband modulation,
another contributes the measurement at frequency wy, and
a final generator operates at wpae to produce a state readout
through the Jaynes-Cummings nonlinearity technique [28].
The qubit/cavity is embedded in copper and magnetic
shielding and cooled to a base temperature of 10 mK in
a dilution refrigerator. The input line is subject to 70 dB
of attenuation and lossy low-pass microwave filtering. The
output stage is filtered and passes through three cryogenic
circulators before amplification with a HEMT amplifier.
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