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S. Filipp." " J. Klepp,'

'Y, Hasegawa,' C. Plonka-Spehr,’

U. Schimidt,* P, GeltenbomR and H. Rauch’

'Atominstitur der Osterreichischen Universitdten, Stadionallee 2, A-1020 Vienna, Austria
Depariment of Physics, ETH Zurich, CH-8093 Ziirich, Switzerland
lmmul Laue Langevin, Boite Postale 156, F-38042 Grenoble Cedex 9, France
APhysikalisches Institut, Philosophenweg 12. 69120 Heidelberg, Germany
(Received 25 August 2008; published 22 January 2009)

The geometric phase has been proposed as a candidate for noise resilient coherent manipulation of
[ragile quantum systems. Since it is determined only by the path of the quantum state, Lhe presence of
noise fuctuations alfects the geomelric phase in a different way than the dynamical phase. We have
experimentally tested the robustness of Berry’s geometric phase for spin-1/2 particles in a cyclically
varying magnetic held. Using trapped polarized ultracold neutrons, it is demonstrated that the geometric
phase contributions to dephasing due to adiabatic field fluctuations vanish for long evolution times.
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The rapidly increasing capability to control and measure
quantum states on a single particle level (see, e.g., [ 1] and
references therein) demands for decoherence free systems
and robust manipulation techniques. In order to enable
high-precision quantum measurements {2] or quantum in-
formation processing [3]. a system should be decoupled
from the environment except for precisely controllable
interactions. As part of the quest for reliable quantum
gates. the geometric phase has atracted renewed attention
due 1o its potential resilience against noise perturbations.

In short, the adiabatic evolution of a quantum system
returning after some time (o its initial state gives rise to an
additional phase factor, termed Berry phase [4]. The pecu-
liarity of this phase lies in the fact that its magnitude is not
determined by the dynamics of the system, i.e.. neither by
energy nor by evolution time, but purely by the evolution

path from the initial to the final state. A vast number of

experiments have verified its characteristics in various
systems {3]. Several extensions, for instance to nonadia-
batic, noncyclic, nonunitary, or non-Abelian geometric
phases have been investigated {6]. For closed quantum
systems. the geometric phase is theoretically well under-
stood and experimentally verifed. However, for open
quantum systems, the situation is different in that no

general framework has found approval yet. Concepts of

for mixed state evolutions have been
troduced theoretically [7-91 and inspected experimen-
tlby [10- 73] Adso dephasing induced by the g#ometric
phise his been studied theoretically for several settings
PE b Potentind advantages of geomelric quantum gates
For quantuns information processing have been a lapic of
recent anvestigation [18-20) Furthermore, high-fidetity
geonmetiic gates are currentdy used i jon taps {1 sug-
gesting Berry's adiabatic geontetric phase as a ("u\«*orah]e

geomeltric phases

chotce Tor gquantum ste manipulations, I [2700 3 is
calevlated that the contribution of the geomelric plnm o
dephasing are path-dependent like the geometric phase
et sind that they diminish for fong evolution times
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In this Letter, we consider the situation of an adiabatic
evolution of a spin-1/2 system and explicitly test the
influence of slow fluctuations gi#o the Berry phase. By
analyzing the influence of evolution time on the geomelric
dephasing using an ultracold neutrons setup [23], we show
that the Berry phase is robust against adiabatic fluctuations
in the driving field, when the evolution time is longer than
the typical noise correlation time.

Consider a spin-1/2 particle exposed to slowly varying
magnetic fields. The Hamiltonian

H(D = —pud - Bl = —plé - Bylt) + o K(0] (1)

describes the coupling of a particle 1o the magnetic tield
Br) by its spin magnetic moment u. The magnetic field
has magnitude B{r) = IB ), and its direction points along
the unit vector 7i(r) = [cosHr), sind(r) sine(r), sind(r) %
cosp(N]". & = [0, o,. .| denote the Pauli matrices
and K{7) stands for an additional fluctuating magnetic field
along the x-axis. Let [s,(r) denote the time-dependent
spin eigenstates of H(¢). Il the system is initially in an
eigenst: 0D, it will stay in an eigenstate during an
adiabatic evolution of the B-field. In other words, the
B-field direction and the polarization vector of the parti-
cles’ spin §(r) coincide for all times, where $(1) = Ti[ 7 -
pl1)] for the system heing in the state described by the
density matrix p(r}. In spherical coordinates,

sU) = s[eos@r). sind{r) sindh (1), sin®{r) coseht )] (2)

I fength s l\| re )l’cxuul\ the deyree ol polarization. For
|

a pure state plr) == s s (0], we have s = | but in
general, mluauu)n.\ \Mlh Lhc environment ledad 1o mixed
states with reduced s <2 T as discussed below.

Within the admhalm Appm\mmtmn where 9(1) = J{;
and (1) = {1}, a cvelic variation of the B-field uml(h
nates #r) and (1) leads only o a change ol the phase of
the initial state 5. {(0)) alter the evolution. The final state
s ATYY == o7 bl o

and a geometric (b))

(0N Compri\’c a dynamical (b,

e Al

phase. ¢ Vi is deter
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mined by the integrated instantaneous energies E(f) =
— s 0ld s BOOs (. I depends explicitly on the dy-
nmics of e state transport. [n contrast, the geomeltric
phase oo, s determined only by the solid angle ) enclosed
by the path of the stater ¢, = =€/2 for a spin-1/2
particle. 11is independent of energy and time. In particular,
the B-fickd we have used in our experiment traces out a
path with constant § and varying ¢(1) € [0, 277]. Without
fluctuations |K'(r) = Q. the geometric phase evaluates to
Py = ] = cosd).

Field fluctuations in x-direction during the evolution are
represenled hy the term o K(1) (with equivalent results
holding also for isotropic noise involving ., terms {22]).
Fluctuations in the Larmor frequency w; = 2uB/h are
then given by 2u K (1)/h, which denotes a Gaussian and
Markovian noise process with intensity o3, and correlation
time /1L e noise bandwidth I'. We assume an upper
cutoff frequency of the noise Iy, << @ such that the feld
fluctuations are adiabatic with respect to the Larmor [re-
quency. Later in the experiment, this is achieved by adding
adequately designed noise to the field. Consequently, the
variations i the path, and therefore in ., lead to variations
m the geametric phase. The random geometric phase ¢, is
Gaussian distributed with mean value equal to the noise-
free case. (i) = Y. Hs variance o3 (T) depends on the
evolution time 77 and ix given by [22]

. LSt N IT — 1 4 o 17 3
o, Ty = Doy - T . (3
Wy -

The dependence on the factor sin® & has been (ested in {24].
A lurther intriguing property is that for evolutions. which
are stow relative to the noise Ructuations (7> /1), the
varianee ol the seometric phase drops 1o zero for Jong

evoluton thnes as the expression in Fyg. (1) reduces to
o, AT 7 L 125]0 This contrasts the behavior of the vari-
ance of the dynamical phase that increases lincarly in time.

I our expertment, we have used neutrons as a precisely
arupuiable spin- s 2 quanuon system. Exposure 1o 4
magnenc field feads 1o Zeeman energy splitting of 24,8
with /e 9.06 10T 1T T The experimental setup
oshoswa o Pias b and more details can be found in {23,
Neatrans we puided Trom the ultracold veatron source
the A Dieh fux reactor through magnetized o polariza
ton totbes which vive o degree of polarization S ahout
‘ Fhen dow Kinetie en
sy prodnbis penctration trough the walls of the boule.

GO b the sropaee bottle cil e

Prunimg aovpnead storaee e of 10 s the spin orvientation of
the ditute 1 neutron/om®) pas of practically noninter-
actng spin bl particles can be arbinawily maniputated by
magnete telds produced by 3D Helimholtzcoil setp
toamipulation). The eesulting spin polurization is subse
quenthy analvzed by a combination of a fast adiabatic
wotlipper 99 cicieneyy and the polarization: (oils
botore B the deecton temptiving s A full storage evele

of iy maopudaton, and ciptsing Jasts about 70 s,
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FIG. 1 (color online).  Experimentul setup. see text,

Here. we focus on the manipfflation stage: First. we have
compared the initial 10 the final polarization after a cyclic
variation of the magnetic guide field |B(0) = B(T)] with
the neutron spin initially aligned with the static magnetic
guide field in the negative z-direction. To find identical
inttal and final polarization, the adiabaticity condition
requires a rate of change of the B-field much smaller
than the Larmor frequency w; of the system. Within the
accuracy ol the experiment, this applies for a typical rate of
change less than =0.2w, . which sels the upper limit for
the following measurements.

Second. a Ramsey-type interferometric scheme similar
to [17] has been employed tor the measurement of Berry's
phase. As shown in Fig. 2. the actual evolution of the
B-Tield is preceded by a 7/2-pulse induced by a rf-lield
inv-direction with amplitude 1.6 T, duration 10.7 ms and
a frequency resonant with the magnetic guide field B, (0} =
=10 uT. Swarting from the eigenstate |, (01, this gener-
ales anequal superposition of spin-up and spin-down
states, [ (ON = [ls (ON + [s.(0D]/V2. A subsequent
adiabatic and cyclic B-field evolution of duration 7 indu-
ces arelative phase between the stales of (7)) = ¢, +

- The resulting spin polanzation S0 can be analy zed by
7 2opulses. which are offset in phase by o or 90
relative 1o the preparatory o/ 2-pulse. A further w-tlip
canbepnduced with high etlicieney by the subsequen:
Fast adiabatic m-lipper. Together with the final projecine
measurernent along the positive S-direction. this gives o
complete sel ol measurements of the *v. * v and
polarization companents. In this way. the linal spin stie
is churacterized with an efficiency close o 1004 The
initial degree of polunzaton s, = [§(0) is typrcally 754
Buring the evolution, s, is reduced mainly due to static
field inhomogencities across the storage volume-  even
without temporal Muctuations, e Tor K 0 (23]
Local variations i the B-field magnitude cause variatgons
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FIG. 2 (color online). Pulses for the B-field (x- - and
c-direction) for measuring the geometric phase: A 7/ 2-pulse
is followed by a cyclic B-field evolution. A subsequent 7r-pulse
thips the spin such that the preceding evolution can be compen-
sated (B[ ] The resulting spin state is determined by the
polarization analysis (PA). Measuring the geomelric phase &,
involves a change of the rolation direction while keeping the
magnitude lixed (8,[¢, D). ldentical Auctuations are generated in
v-direction (K) for measuring geometric dephasing.

in the Zeeman-energy splitting. Consequently, the relative
phases in the final spin superposition states of the individ-
ual neuwtrons are randomly distributed, which leads—on
average-—to dephasing. This causes a further loss of po-
larization (T') = sqe™ 172 Ty = 847(40) ms has been
measured by polarization analysis after free precession
of the spin superposition state in a 10 uT magnetic field.
This sufficiently exceeds typical evolution times of 500 ms.

To measure the geometric phase dY=-Q/2 for
Kiry = 0. the magnetic guide field pointing initially in
the negative z-direction is rotated about the v-axis. ic..
B (1) = =B (0)sin{wr) and B. = B.(0) cos(er) with con-
stant [B(r)] (see Fig. 1) An additional offset field B, in
y-direction generates a conical section traced out by the
magnetic field vector and—in the adiabatic limit—also by
the spin polarization vector. The enclosed solid angle () =
il = cost) is determined by the cone angle 0 =
an 'R /B, To climinate contributions from the dynami-
cal phase b, we invoke a spin-echo scheme [28.29). The
aceordmy - evolution path of the spin-up  component
N AU A F T Y (] of the superposition state on
the Bloch-wphere s iltustrated i Fig. 3, Depending on
the rotation direction. the solid angle enclosed by the path
on the Tower hemisphere 4, = =0 Thus. if the direction
of rotation i reversed after @ w-pulse and the field ampli-
ide vhept constant, the genmetric phuse doubles—&lue 1o
while the
dyaianicd phase caneels. Both the accumulaion of e

dependence on e divected solid angle

reamelvie phase and the cancellation of the dynamical
phise i been measured using the pulse sequence drawn
me b dor D200 s The solid angle 2 is varied by
choosing ditfferent B oltset fields. The ratio w/w,

Jwicla, 0017

I Fieo s the measured geometric phise & is plotied as

chsures adiabaticity of the evolution,

dtunction ol G The Jit o the measured data yields (/1(,3 E
QST L which s i oood agreement with the expeeted
ot 80 Residual dynnical phase contributions,

which are not compensated by the spin echo. ure measured
to be 0.22 rad. These are determined by the phase differ-
ence in the final polarization between the spin-echo with
identical evolution (Fig. 2 for B,{¢,]) and without evolu-
tion at all [B_(r) = const, B,() = B.(r) = 0].

For testing the stability of the geometric phase, we
generate field fluctuations K(t) [c.f. Eq. ()] with
Lorentzian power spectrum [26], a bandwidth of T =
100 rad s™" and intensity o3 = 4 T2 as the mean square
deviation of the fluctuations. We apply a smooth
rectangular-shaped window function 1o the noise in the
time-domain to avoid nonadiabatic and noncyclic effects.
To test the time dependence of the variance of the geomet-
ric phase crf,)g(T) given by Eq. (3). the evolution time T is
changed from 7' =35 ms to 7 = 250 ms. The dilferent
fluctuations in subsequent storage cycles lead 1o different
phases ¢ of the final state. But since the noise is identical
for both first and second part of the spin-ccho, these
difference can only originate in the geomelric phase. The
dynamical phase cancels as belg# in the Nuctuation-free
measurements. The average over several storage cycles,
Le., several noise patterns, gives a further shrinking of the
length of the polarization vector s(T) of the final state
additional to the unavoidable polarization losses discussed
above: In fact, for Gaussian distributed ¢, we obtain
(cosp) = exp[~ a3 /2] cos(p) in Bq. (2). Consequently,
the purely geomeutric dephasing gives 5AT) = (T =
expi={40 (T /2}. where the factor 4 is due 1o the
particular type of measurement |30 and small fluctuations
in ¢ are neglected. To separate the unavoidable polariza-
tion losses from the geometric dephasing, the geometric
phase has been measured with and without fuctuations and
the ratio of the corresponding degrees of polarization

(a) (b}
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FIGD S tealor onlines 1ai Path taced oat by e spueup state
St on the Bloch-Sphere while following the adiabate changes
i the magaoetic ficld Afer the At cvele Cpath 122383 the state
veetor is flipped (57 — 5y and taces out the path 456 on the
lower hemisphere for the second. echo cyele. (hy Measured
geometriv: phase &, (iilted circles). I the sense of totation i
notreversed alter the echo pulse. all accumulated phases cancel
apart from remaming dynamical contributions b tsolid rectan
gles). Ideally, this vields the saine phase as 1 ere were no
B-lield evolwion at all (dhy-open circles).
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F1G. 4 (color online).  The variance (r'(-’,w(’l') of the geometric
phase as a function of the evolution time T in a fluctuating
magnetic field. The variance decreuses for longer evolution times
following closely the theoretical prediction in Eq. (3) (solid line).
The inset shows the increase of the degree of polarization o
relative to the noise-free evolution.

e (T) =5 (T /s(T) gives the variance of the geometric
phase o, . For each value of 7, 300 different noise real-
izations have been performed, where a sequence of six
storage cycles forms the polarization analysis. In Fig. 4,
we have plotted the decrease of rrf,)g as a function of the
evolution time 7 and fixed noise-free geometric phase
&y = —2.56 rad. The inset shows the corresponding in-
crease in Lhe relative degree of polarization »,. Error bars
stem from the limited number of noise realizations. The
solid Tine indicates the theoretical predictions given by
Eq. (3) for the adjusted experimental parameters without
free parameters. Because of the fow-pass filtering of the
coils and nonadiabatic corrections, the datapoint al T =
35 ms deviates from the theory curve by 3. We have also
verified that the mean geometric phase remains unaffected:
]((7),\,) = =0+ 0.1 rad, where (r/—).,\,'} denotes the geo-
melric phase averaged over the different values of 7.

In summary, we have measured the stability of the
adiabatic geometric phase with respect 10 magnetic field
fuctuations as a function of evolution time. A spin-echo
technique ullowed for the observation of the purely geo-
metric part of the dephasing of the quantum state. The
acyuired data show very good agreement with theoretical
predictions and demonstrate the vanishing influence of
geometric dephasing for stow evolutions. Clearly. when
considerong quantnm gates. a compromise has (0 b

between e superior noise restfience hut stower execution
e compared to dy namical phase vates, B Unis contest
seneralizcd settings mvolving nonadiabatic - geometric
phises |31 provide an interesting perspective lor future
expermental efforts. In the adiabatic regime. the results
presented above demonsurale that the geometric phase can
mdeed  heasefnd for high-lidelity quantum state
mampulaions
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