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Observation of off-diagonal geometric phases in polarized-neutron-interferometer experiments

Y. Hasegawd, R. Loidl,> G. Badurek! M. Baron? N. Manini? F. Pistolesf* and H. Rauch

IAtominstitut der Gterreichischen Universitan, Stadionallee 2, A-1020 Wien, Austria
2Institut Laue Langevin, Bte Postale 156, F-38042 Grenoble Cedex 9, France
SDipartmento di Fisica, Universitali Milano, Via Celoria 16, 1-20133 Milano, Italy
and INFM, Unitadi Milano, Milano, ltaly
“4European Synchrotron Radiation Facility, BeiPostale 220, F-38043, Grenable, France
(Received 13 December 2001; published 24 April 2002

Off-diagonal geometric phases acquired in the evolution of a spin-1/2 system have been investigated by
means of a polarized neutron interferometer. Final counts with and without polarization analysis enable us to
observe simultaneously the off-diagonal and diagonal geometric phases in two detectors. We have quantita-
tively measured the off-diagonal geometric phase for noncyclic evolutions, confirming the theoretical predic-
tions. We discuss the significance of our experiment in terms of geometric pftasdiagonal and off-
diagona) and in terms of the quantum-erasing phenomenon.
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[. INTRODUCTION of nondegenerate eigenstatds) [11]. The phase of suitable
combinations of these cross products turns out to be a well-
Consider the dynamics of a quantum system governed bgefined geometric object, even when the conventional “diag-

a parametrized Hamiltonian. When the parameter is varie@nal” geometric phase is undefined. With respect to diagonal

along a curve, a normalized eigenstate, with energy eiger[:groducts, these cross products carry complementary geomet-

value E(s), acquires, in addition to the standard dynamicalric information on the evolution af,]d' a(_:cordingnly, S“Ch geo-
phase given by exp-i/)[E(S)ds], a phase factor. This ex- metric phases have been termed “off-diagonal.” This formal-

) ) o L ism was applied successfully to a deformed-microwave-
tra phase is called “geometric,” since it is independent of the,ogonator experimenit2,13.

Hamiltonian, of the energy of the eigenstate, and of the rate Neutron optical experiments, based on interference of
of the evolution, and depends only on the sequence of quamnatter waves, have provided elegant demonstrations of the
tum states. This geometric phase was observed by Pancharéundations of quantum mechani¢$4,15. In particular,
nam in an interference experiment with polarized light in theneutron-interferometry experiments have made an impact for
1950s[1]. Berry then formulated the geometric phase formore than two decadg¢46—19. Among them, those with a
adiabatic transport along a closed cutie., cyclic evolution ~ Polarized incident beam served as an ideal tool to investigate
[2]), attracting considerable interd@]. The concept of the Properties of a spin-1/2 systef0]. For instance, starting

geometric phase introduced by Berry was generalized, foff®™ spinotr szljgperpositi(?[ﬁ21,2%, éioublg-relsor?ance flipper
instance, to nonadiabatief] and noncyclic[5] evolutions. experimentq 23], geometric and dynamical phase measure-

M . s | id f ohvsical ph ments[ 24,25, and noncyclic Pancharatnam phase measure-
any experiments in a wide range or physical phenomeng,q ,; [26] were accomplished. In addition to the interfero-

were reported to determine the geometric pl@§ein par-  meqric method, the geometric and dynamical phases are more
ticular, the geometric phase for the most basic and fundayrecisely measured with the use of a neutron polarimeter
mental example, the two-level system constituted by the ney27]. A neutron interferometer with coupled interference
tron spin 1/2, was measured in early neutron experimentﬁ,ops was used to create and to measure the spin-
[6,7]. The geometric phase can play an important role inndependent geometric phase in a sort of double-slit experi-
quantum-information processing: a controlled phase gatement[28].
which requires conditional quantum dynamics, was demon- In this paper, we describe a neutron-interferometric ex-
strated in a nuclear magnetic resonance experiment with theeriment that clearly exhibits and quantitatively measures the
use of a conditional geometric phask9]. off-diagonal geometric phase acquired by noncyclic spinor
The Berry-Pancharatnam geometric phase is the phase efolutions of a spin-1/2 system. An incident polarized neu-
the scalar product of the parallel-transported initial and finatron beam splits into two beam paths and each spinor is
states (V'(s;)|¥/(s,)) [2,10. It may happen that the rotated to induce appropriate spinor evolutions. With the help
parallel-transported state is orthogonal to the initial state: irpf a polarization analysis, the noncyclic off-diagonal geomet-
this case the geometric phase is undefined. Recently, the cofie phase emerges straightforwardly as the shift of the inten-
cept of the geometric phase has been extended to the phasiey modulation, whereas the measurement without polariza-
factors coming froncrossscalar product§¥(s;)|¥(s;))  tion analysis allows the observation of the diagonal
geometric phase, i.e., the noncyclic Pancharatham phase.
Our data confirm theoretical predictions on the off-diagonal
*Present address: Laboratoire de Physique et Neation des geometric phase, illustrating its role for generic evolution
Milieux Condenss, Centre National de la Recherche Scientifique,and its special significance when the diagonal geometric
B.P. 166, F-38042 Grenoble Cedex 9, France. phase is undefined. In addition, we discuss the quantum-
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eraser phenomenon for these experiments. A brief report advolution of the stateaccording to parallel transportSpe-

part of the experimental results has been published prevekifically, U=U(s,) governs the evolutiofi? = (s)) of | ¥ )

ously[29]. to the final values, of the evolution parametes; according
to

IIl. PRINCIPLE OF THE EXPERIMENT . +
[¥=(s))=U(s)[¥7), (4)

A. Off-diagonal geometric phase of spin-&2 system

Consider two nonorthogonal quantum stafes) and with the parallel transport condition on the phases along the
. , : luti h that the followi tion holds:
|¥,). The standard interferometric way to measure theevO ution such that the following equation holds

phasey of the scalar product¥ | ¥, )=exp(y) | (¥,|¥,)| is (P*(9)|VJ¥*(s)=0. 5)
to superpose the two states, inserting a controlled extra phase
factor expiy): In this way, the(nongeometriz dynamical phase vanishes
B . identically along the evolution. The choice AfandB that
| W) =exp(ix)| W)+ [¥y). @ permits one to measurgS"_ interferometrically is the fol-
The resulting interfering intensity lowing:
I =(W|W)=(W |V )+(Py|Py) A=P(|[¥7)) U™t B=P(¥)U, (6)
+2(W | W y)|cog x—y) (20 whereP(]W))=|¥~)(¥| is a projection operatdrepre-

senting a neutron spin polarizeand U~ ! is the reversed

oscillates as a function of the phase angl&he offset of the evolution with respect ta.

cosine oscillation of measures, and the amplitude of these In the present work, we consider only precessions around

osmllauons.m(_aasures the c_xverlh[slf,l\[f,,)l. the Z direction, determining a unitary time evolution
The basic interferometric concept sketched here can be

applied to compare states evolving in time according to a p(iw,_t
ex

given dynamics. The most basic quantum system isSan 2 0

=1/2 spinor. In this paper we use neutron interferometry to U(t)= .
measure the phases acquired by the neutron spin state pre- 0 exp< _ ﬂ
cessing under the action of suitably arranged magnetic fields 2
and polarizers. A beam of neutrons initially in a pyde™) . . . _ _
:[g%sg%)] polarization state is split and, along the two paths Wheréw,_is the Larmor frequency: with this special choice,
undergoes different transformations represented by two linSPinors restricted to th&-y plane (¢=m/2) are parallel
ear operators and B (represented by 22 unitary matri- ~ ransported byJ. I+n addition, even for ¢+ m/2), the extra
ces, before the two phase-coherent beafg)=A|w*)  dynamic phasedp =—dp =(w, t/2)coss introduced by
and|¥,)=B|W¥*) are brought together at the final counter. happen to cancel exactly in the prod(@}, and are therefore
By choosingA andB suitably in the setup it is possible to immaterial fory3"_ .
measure the recently proposed off-diagonal geometric phase Under the action of this choice of evolution operators, the
[11] for the evolution of two states according to a given €xpected intensity
:an:jtg][iyr/]g&/ok:;tlon operatod. The off-diagonal phase factor | = lexpti )| W)+ W) ®)

expi Y ) =W U[P WP |U|PTY), (3  can be computed in accordance with E2). Applying ex-

. plicitly the unitary evolutionU of Egq. (7), the interfering

where®(2)=2/|z], |¥ ") =[20%] is the spinor orthogo- states |¥)=P(|W ))U~ ¥ ") =i sin(§)sin(w t/2)|¥ )
nal to|¥*), andU is the unitary operator representing the and | ¥ )=P(|¥~))U|¥ )= —|¥,) combine to give

) H (7)

|
=W |U[e )W [UTHW )+ (P U W (WU ) +2 R explix)(W U8 (W |U[P )]

=2 sirf(9)sir(w t/2) — 2 sirf( 8)sirf( w, t/2)coq )

=2 sirf(9)sir(w t/2)[1+cog xy— 7)]. 9)
|
This derivation illustrates that the inverse evolutldn® ful- geometric phas@&“_ of Eq. (3) as a shift in the interfering
fills the role of eliminating allu dependencgapart from a  amplitude.
global factor sif(w t/2)] in the noninterfering amplitude, The comparison of Eq99) and (2) indicates thatyi“,

while letting the phases of the off-diagonal matrix elements= 7, an equation representing the phase relatidn )=
of U combine in the correct way to have the off-diagonal —|¥,). We have recovered here the result of Rgfl],
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where it was shown that faany evolution (not necessarily
restricted to precessions around thedirection the off-
diagonal phasgx?rﬁ_ of the two-state system must equal
This is a consequence of the relatively restrict dynamics of
the two-state system. Systems with a larger number of de-
grees of freedom are expected to show a more intricate pat-
tern of diagonal and off-diagonal phases, depending explic-
itly on the states considered and on the evolution path.

B. Experimental strategy with the use of the neutron
interferometer

Equation(8) describes mathematically the following ex-
periment. A neutron beam, fully polarized to the incident
spinor | ™), is split (the two terms sum then appropriate
spinor rotationsU and U~ %, in addition to the auxiliary
phase shift ofy, act on the two paths. The two beams are
brought together and finally the intensity is measured with
the polarization analysis orthogonal to the incident spinor
(the projector factor The unitary evolution is realized by the
magnetic field in the+ 2z direction. The inverse precession
U~ 1is simply obtained by applying a reversed field to one of
the two arms of the interferometer.

We draw the reader’s attention to the fact that, when th
spin analysis is not performed\&U,B=U"1), Eq.(8) re-
duces to

FIG. 1. Schematic representation of the spinor evolution on the
Poincaresphere to illustrate the off-diagonal geometric ph&ds’”)
evolves to| ;) with the corresponding orthogonal statds ) to
W, ). All states and geodesics are in one plane. The shaded surface

orresponds to the off-diagonal geometric phase. #s@id angle
yields a phase shift ofr.

— ; -1 +\]2
| =[[expix)U™*+U]¥ o) to twice the geometric surface enclosed by the loop on the
=[[[exp(ix)+U20)]|W )% (10 Poincafesphere.
Initially, we take the incident spindi’ *) pointing in a
This exhibits another possibility for observing the diagonaldirection tilted by6 from +2 in the2-y plane, and then let a
part of the geometric phase, i.e., the noncyclic Pancharatnaf@gnetic field parallel ta rotate it by an angler= w, t. The
phase, simply by bypassing the final spin analysis in th&rthogonal spinof¥ ~) points the opposite way at each time
experiment. Note, however, the presence Wf2t)=UU anDg the fvolutlon. In_Flg. 1 we reprgsent the lnltlal spinor
= U2 in Eq.(10), indicating that the measured phase refers td ¥i )=|¥™) (bold solid arrow evolving to [¥{") (bold
a path undergoinguice the precession angle experienced bydashed arrojvunder the action of the magnetic field, thus
the actual neutron spin of either split beam. defining the trajectory™.. . The diametrically opposed evo-
lution of |[¥~(t)) from |W; ) to |¥;) gives the trajectory
I'_. For any«, the initial and final states lie in a unique
plane, except in the special case= 0° mod 360°, for which
A completely general geometric interpretation of the off- yﬂ, is undefined, since the off-diagonal elementdJofan-
diagonal geometric phase was given in R&f] in terms of  ish. For any other value aof, the geodesic&,_ andG_.
geodesic(shortest path connecting two points, associatedndicated in Fig. 1 are uniquely determined.
with null geometric phasen the projective space. The off- The shaded area surrounded by, G,_, I'_, and
diagonal geometric phasgrk can be represented as an inte-G_, equals one-half of the off-diagonal geometric phase.
gral over the surface bounded by the four pdthétrajectory By recognizing the equivalence of the shaded area with the
of the state|¥;))+G;, [geodesic path fronjj‘l'j(sz» to  half sphere surrounded by the sequence of the four geodesic
| (s1))] + T (trajectory of the statg¥)) + Gy; [geodesic  pathsG,,, G, _, G__, andG_,, it is clear that this
from |W,(s,)) to |¥(sy))]; similarly, the diagonal geomet- shaded area equals half the spherical surface, ime(jrizle-
ric phase, for instancajr, is given by a surface enclosed by pendently ofe). This illustrates the constant valyé™ =7
the two pathd”; + G;; [geodesic fromW(s;)) to |¥(s;))].  taken by the off-diagonal geometric phase, as discussed in
In the special case at hand of a two-state system, th8ec. IlA. The Poincaresphere representation also shows
projective space is conveniently represented by the Poincatwow the off-diagonal geometric phase is especially signifi-
(unit) sphere, for two main reasons. First, this mapping carcant when the diagonal geometric phase is ill defined. The
ries over the metric so that any projective geodesic igliagonal Berry-Pancharatnam phage is represented in
mapped on a spherical geodesic, i.e., the shortest path coRig. 1 by the spherical sector betweEn andG, ;. This
necting two points. Second, the integfa] over the surface sector becomes ill defined fa#=90° and«=180°, since
bounded by a closed path in projective space that gives th&, , is then arbitrary. Nevertheless, the off-diagonal geo-
geometrical phase acquired along such a path reduces simpiyetric phase is deduced independently of both geodesics

C. Poincare sphere description
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Phase Shifter(y) H-Detector

/>/\ FIG. 2. Schematic view of the experimental
setup to observe the off-diagonal geometric
phase. An incident polarized neutron beam splits
into two beam paths in the interferometer and

/2 Spin Tumer each spinor is rotated to induce appropriate

{/  Heusler spinor evolutions A posteriori spin analysis al-

Crystal lows the observation of the off-diagonal geomet-
ric phase. A measurement without spin analysis

;

Spin Rotator I
()

Skew-Symmetric / /' Larmor

Neutron Interferometer " Accelerator reveals the diagonal geometric phase.
O-Detector
G,, and G__; therefore its value remains well defined. fections of the setup, the interferometer was first adjusted to
Incidentally, in this special case the geodesic p&hs and  accept only spin-up polarized neutrons, ile:,z), with the
G_ ; reduce to single points. spin rotatorF turned off. The fraction of thé+z) compo-
nent was measured to be 0.92 with the use of the spin turner.
Ill. EXPERIMENT Since the present measurement demands the polarization of
A. Setup the incident beam to lie in the-Z plane, the spin rotatdf

was turned on to tune the polar anglef the spin direction.
The experiment was carried out at the perfect-crystal-The magnetic guide field was optimized B,=18 G to
interferometer beamlin&18 at the high-flux reactor at the avoid additional depolarization. The measurement with the
Institut Laue Langevir(ILL) [30]. A schematic view of the use of the Larmor accelerator revealed that the fraction of the
experimental setup is shown in Fig. 2. Before falling on adesired component was reduced to 0.87, which was still high
skew-symmetric triple-Laue interferometer, the incident neu€enough to accomplish the measurements. Nonessential
tron beam was collimated and monochromatized by the 228pinor precessions are induced by the guide field all through
Bragg reflection of a Si perfect crystal monochromatorthe beam trajectories. Nevertheless, the commutability be-
placed in the thermal neutron guide H25. The wavelengthween the operators for the essential spinor rotatjdhand
was tuned to give a mean valug,=1.92A (AN/\g U~ tin Eq.(8)] and the nonessential rotatiofistroduced by
~0.02). This incident beam was slightly separated in angl¢he guide field allows compensation for these nonessential
with the use of the spin-dependent birefringence of neutronsotations behind the interferometer, with the use of the Lar-
on passing through prismatically shaped magnetic fields orimor accelerator.
ented in the vertical direction, i.e., perpendicular to the beam The essential unitary evolutionsandU ~* were realized
trajectory definingz [31]. The beam cross section was con-in the experiment by setting the magnetic fields in the two
fined to 8<8 mn? and a spin rotatoF was inserted to tune identical spin rotators in an antiparallel direction, i.e., in the
the polar angles of the incident spinor. The interferometer =2 directions. In practice, a pair of spin rotators | and Il was
was adjusted to give 220 reflection in a nondispersive arinserted in the split beam paths. These spin rotators were
rangement relative to the monochromator, picking up neutdentical dc coils except for the current directions, i.e., the
trons polarized in one direction. A pair of water-cooled directions of the induced magnetic fields. They were con-
Helmholtz coils produced a fairly uniform magnetic guide nected in series to give the same strengths of the magnetic
field Byz across the interferometer. An isothermal box en-fields in the=xZ direction. Each coil was made of an 8-mm-
closed the interferometer to achieve reasonable thermal emide and 0.5-mm-thick anodized Al band, where the hydro-
vironmental isolation. A magnetically saturated Heusler crysgen in the insulator was replaced by deuterium to avoid
tal together with a Larmor accelerator and a rectangular spirsmall-angle scattering, would onto a water-cooled Cu frame.
1/2 turner enabled spin analysis, i.e., the selection offhese coils induced 180° spinor rotations when operated at
neutrons with certain polarization directions, for one of the9.8 A, dissipating about 0.6 W each. The rotation angle
two interfering beam$32]. This O beam was used to ob- =t was tuned by adjusting the current and possibly by
serve the phase shift due to the off-diagonal geometric phasehanging their polarities. Special attention was paid to elimi-
In addition, we measured the intensity of the other interfernating both heat and vibration transmission to the interfer-
ing (H) beam without spin analysis to show the phase shifometer.
due to the diagonal geometric phase. Interferograms were obtained in two detectors by rotating
In order to estimate depolarization, the efficiency of thea 5-mm-thick parallel-sided Al plate as a phase shifter. The
spinor rotations in the spin-analyzing part, and other imperdetectors were placed downstream of the interfe@ngeam
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(a) (b)
Analyzed O-Beam H-Beam
0=90° 0=90°
wo
T ’ 0=90°
% W=67° g Wzmo
o ] 57, Originall & . g P
g ‘ 8 . SN\
g‘:‘ ‘? Original
g Z
4 L W-er’
= 5
o=-90°
moo
-360 -180 0 180 360 -360 -180 0 180 360
Phase Shift,y (degree) Phase Shift, y (degree)

FIG. 3. Typical interferograms for the polar angle of the incident polarizatien90°, with various spin rotation angles The center
figure shows the originalg=0°). Curves are least-squares fitg). Obtained by thé® beam with spin analysis. All patterns get a phase shift
of 180° with respect to the original when the spinor is rotated, resulting from the off-diagonal geometric(ph@dsained by théd beam.
The patterns show phase shifts of 0° or 180°. These shifts result from a noncyclic Panchdchagamal phase.

in the forward direction behind the spin-analysis system, andpin rotators. This contrast dropped in some situations to
directly in theH beam in the reflected direction without a about 30%, mainly due to thermal disturbances. We repeated
spin analysis. These two detectors enabled us to measutlee same measurements at least three times to ensure that the
simultaneously the properties of the diagonal and off-results were reliable.

diagonal geometric phases. For each phase-shifter position,

two intensities were measured: typically with the spin rota- B. Interferograms

tors I and Il turned orimeasuring time 10)sand with the In the first experiment, the polar angle of the incident
spin rotators turned offmeasuring time 20)s This proce-  o|arization was tuned t@=90°, which shows the most
dure gave simultaneously two interferograms with and withcharacteristic property of the off-diagonal geometric phase.
out spinor rotations, thus avoiding instabilities producing Un-The spin rotators | and Il were tuned to give rotatioms
desired phase shifts between the two measurements. =45°, +67.5°, +90°, ~180°, and+225°. The Larmor ac-

In measuring the interferograms, we determined the phasgelerator was adjusted so that 180° precession was induced
shift, given by the phase shifter, to have the same value at thg analyze the spinor orthogonal to the incident one. In ad-
same position, when the coils are not activated. In practicegition, the nonessential precession by the guide field was
the imperfect polarization of the beam enabled us to recordompensated. Figure 3 shows typical interferograms for sev-
interferograms even for the unaffected beam, i.e., withoueral spinor rotation angles, together with the original inter-
spinor rotations, where no modulation is expected from thderogram @=0°) as a reference. The curves are least-
theory. The contrast of the interference oscillations, obtainedquares fits.
by theO beam, was typically 64% for the empty interferom-  In the interferograms of th® beam[Fig. 3(a)], where the
eter, and was reduced to about 40% after inserting the dualff-diagonal geometric phase is expected to appear, all pat-
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(a) (b)
Analyzed O-Beam H-Beam
0=60° 0=60°
li T T 1 T 1 1 T T 1
o~ —_ o=90°
~—b o
.g .E /W
=
Nt o ) ‘
‘? *z:‘ Original =, / % /
= Z NOTE e .
§ 8 o=-90
5 =
0=-180°, »
l=-180°
S lo=-225°
0m-225° N M-/
-360 -180 0 180 360 -360 -180 O 180 360
Phase Shift, x (degree) Phase Shift, x (degree)

FIG. 4. A series of interferograms fer=60° with variousa, accompanied by curves of the least-squares(fitbtained by thé beam
with spin analysis. The patterns get a phase shift of 180° to the original when the spinor is rotated, resulting from the off-diagonal geometric
phase.(b) Obtained by theH beam. The patterns get shifted variougigrtly due to the diagonal geometric phase, or rather due to the
noncyclic Pancharatnam phase.

terns with spinor rotations are reflected. This confirms thehanges of the spinor wave function witt360° spinor ro-
phase shift of 180° due to the off-diagonal geometric phaseations(i.e., for «= +180°), as resulting from the # peri-

In addition, one sees that the amplitude of the oscillationsdicity of the spin-1/2 wave function.

has its maximum a&r= 180° and that it falls gradually when In a second series of measurements, the angle character-
a departs from 180°. This arises from the fact that, withizing the incoming polarization was varied, o= 135°, 60°,
increase of the spinor rotation angle, the orthogonal compoand 30°. At each polar angle, we induced spinor precessions
nent to the incident spinor increases umtid= 180° and then «=+90°, =180°, and+225°. The Larmor accelerator was
decreases. In contrast, interferograms of théeam[Fig.  adjusted to analyze the spinor orthogonal to the incident one.
3(b)] show phase shifts of 0° or 180°. These shifts resultTypical interferograms are shown in Fig. 4 for spinor rotation
from the Pancharatnam phase, or from a noncyglie di-  angle «=60° together with the original interferogramy (
agonal geometric phase, since the dynamical phase or the0°) as a reference. The curves are least-squares fits. Here
parallel-transport variant phasds;, are zero in these par- also, theO beam[Fig. 4(a)] shows a phase shift of 180° due
ticular circumstances. It is worth noting here that no interferto the off-diagonal geometric phase as the theory predicts,
ence oscillations emerged when the spinor rotation angle whereas thed beam[Fig. 4(b)] indicates a gradual shift of
==+90°. In the vicinity of this point, a phase jump from 0° the oscillations. In this case, this shift is not due to a pure
to 180° is expected to occur, which is characteristic for cir-noncyclic diagonal geometric phase, but to a combination of
cuits around phase singulariti¢33]. We will discuss this the noncyclic dynamical and geometrical phases, or rather
lack of oscillation in more detail with regard to the signifi- the noncyclic Pancharatnam phase. The sign changes of the
cance of the off-diagonal geometric phase as well as thepin-1/2 wave functions with=360° spinor rotations, i.e.,
quantum eraser in Sec. IV. In addition, one sees here the siga=*+180°, are also seen.
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C. Evaluation of off-diagonal geometric phases ization, are indicated as dashed lines in Fig. 5. The better
In the previous subsection, the variations of the interfero29reement between predicted and observed results justifies
grams qualitatively showed the effect of the off-diagonalpOSter'O” these considerations and the experimental results.

geometric phase. Here, the noncyclic off-diagonal geometric
phase is quantitatively derived from the experimental data. IV. DISCUSSION

The shift of the oscillations optained by tla b_eam is ex- A. Off-diagonal matrix elements and phases

actly the measure of the off-diagonal geometric phase, when ] ] ) )

one extracts it as the shift from the original interferogram It is instructive to show the unitary evolutidd with the
(a=0°). The observed off-diagonal geometric phases atl tz}_ spinor basis, WhICh will cla_mfy the_ significance _of the
various spinor rotation angles are plotted for the cases  duality measured in the experiment, i.e., the off-diagonal
—135°, 90°, 60°, and 30° in Fig. 5. Fa#=30° and & properEy. Th_e transf_orr_natl_on o_f the b§15|s from thez) to
—90°, the amplitude of the oscillation was too small to givethe [W*) spinor basis is given in matrix form by

a reliable value; thus these cases were discarded. The theory cos{ 0) sin( 0)

2
show good agreement with the theory. Slight deviations from T= . (11

the value of 180° seem systematic, and we suppose them to —sin(f cos{ f)
2 2

be due to the imperfect polarization. Theoretical calculations
the experiment, accounting for the effect of the actual polarWith this transformation matrix, the unitary evolution reads

predicts a shift of 180° for all cases. The experimental results 2

of the off-diagonal geometric phase as should be observed in

cog — | +i cosé sinf — —isin@sinl —
2 2 2
U'=TUT 1= . (12)
—isin@sin _th co —w"t —icosésin —th
isings 5 > >

Equation (3) yields expi{y2" +(dg+ D)} spin analysis and thel beam without spin analysis in our
=®(U’, U’ _), and the present experiments measured exexperiment. With respect to wave-particle duality, this spin
actly the value ofb(U’ , U’ ), which is deduced from the analysis can modify the path information, yielding a recov-
off-diagonal elements of the unitary evolutioH . We recall  €ry of the interference fringes: this is an example of the
that in our setup the sum of the dynamical phases, or th&0-called quantum eras¢8l,34. We define the quantum
parallel-transport variant phase® +®;,=0. Therefore, ~€raser here simply as the phenomenon where the wave prop-
the valued (U’ . U’, ), representing the phase of the prod- erty, i.e., interference, can be reestablished by modifying the

uct of the off-diagonal elements, directly corresponds to thd2i information in the interfering beam after recombining
off-diagonal geometric phasg®" ' he beams. This quantum eraser was observed in our experi-
: it

The off-diaconal metric ph has its areatest im rment, for instance, in the case é&=90°. Interferograms
tanceewohe:n ?r?g d?aggr?al Zegrﬁet?isceph?se Sisgu(rewt’:llleef?ned pioeébtained by theO and H beams are plotted for the spinor
with the 180° spinor rotation in the case of the polar angle O{Otau_on angIQSa=67 , 907, a_nd 180° in F'Q- 7._Here, the

the incident polarizatiord=90°. In our setup, th&i beam path information was labeled in the neutron’s spin degree of

without spin analysis allowed us to observe the diagonal eltreedom' Thus, the V'S'b'“t'es.Of thel beam (without spin
ement of the geometric phase only for a doubled spinor ro2nalysis were reduced according to the degree of this label-
tation angle 2. Figure 6 shows the intensity modulations in IN9: In particular, no mterfer.ence oscillation was exh|p|ted in
the measurements of the diagonal and off-diagonal geometrff® case of complete labeling by the orthogonal spinars (
phases when the relevant spinor rotation angle is 180°. The 90°). On the contrary, oscillations with visibilities as high
modulations of the diagonal and the off-diagonal compo-2S the originalwithout the spinor rotgtlo)rwere obtglned for
nents were obtained by thébeam witha = —90° and theD the O beam by completely unlabeling the path information

beam witha= — 180°. It is clearly seen that, even when the with the use of an appropriate spin analysis. This complete

diagonal one is undefined due to the absence of the oscilldrodification of the path information, i.e., complete quantum
tion, the off-diagonal geometric phase is defined, and carrie€asing, can also be interpreted as postselection of the sub-

the geometrical information associated with the evolution ofenSeémbles that exhibit perfectly visible fringes from the en-
the state. sembles with reduced visibility.

B. Quantum erasing C. Alternative geometrical description

As shown above, both off-diagonal and diagonal geomet- The experiment presented in this paper is based on two
ric phases were recorded with the use of @deam with  separate evolutions of a single quantum state. The choice
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£ o : : : : ‘ FIG. 6. Intensity modulations obtained by t@eandH beams to
=00 200 100 a(degree) 100 200 300 illustrate the significance of the off-diagonal geometric phase, for
180° spinor rotation. While thel-beam intensity shows no interfer-
ence oscillations due to the undefined diagonal geometric phase, the
g ¥ P . O-beam intensity shows a remarkable oscillation since the off-
%” 270 | '/ i diagonal geometric phases has a definite value.
© E 180 _z & I I N j;——" _
E L o W) =B[¥")=P(|¥ ))U|¥"). (14)
% o . , L ‘ The first(unitary) part of these evolutions is thea preces-
300 200 -100 0 100 200 300 sion, represented by the paths andI';, on the Poincare
(degree) sphere of Fig. 8. The subsequent projecti®{$¥ ~)) are
represented by the geodesic linsandG,,. The standard
5 360 , , - , Berry-Pancharatham geometric phase is usually defined in
§, , 6=30° terms of a single state, which is compared to itself at the
S 270 ¢ beginning of the evolution. That is realized in practice by
é 150 N S N T taking eitherA or B to be the identity. We consider the
@ 3 ,x? i L straightforward generalization of letting bothandB be the
§9 % }’ ! 1 nontrivial operators of Eqg13) and (14). The generalized
% L,/’ Berry-Pancharatham geometric phase acquired in this direct
O 0 200 100 o o0 200 300 (two-state evolution is therefore
ol(degree)

exp(inP)=<I>(<‘l’|l‘lfu>)

FIG. 5. Observed off-diagonal geometric phase for various polar

= (W HUIW )Y {UIY ), (15

anglesé of the incident polarization. In the case of an ideal experi-
mental situation, theory predicts the off-diagonal geometric phase
of 180° except for the poink=0°, where it is undefined. Dashed '\ hare we have put curly brackets in order to indicate the
r_nes ?rﬁ the_ t:weoretlcaltpredlctlons with effective incident polarlza-States on which the unitary evolution is originally acting, and
'ons faken into account. have used the fact that)( *)"=U. This geometric phase is
represented by the shaded area surrounded by the two paths
[Eq. (6)] of different evolutionsA and B for the state along starting off at|¥*) and rejoining atW¥ ~) in Fig. 8 (passing

the two paths is a technical device to measure the inner prodhrough|\1f|> and|¥,), respectively. In our experimental

uct (3) yielding the off-diagonal geometric phase of a ficti- circumstances, the solid angle bounded by this loop results in
tious system of two spins which evolve under the action of a) =27+ 2« cosé, which translates into a geometric phase
single unitary dynamicdJ. Of course, the same measured 8= ( 7+ « cosé).

phase could also be interpreted directly in terms of geometric These relations are applicable under the condition that
properties of the actual system under observation. In thigealizes parallel evolution. However, in our experiméor

section we discuss briefly this alternative interpretation org= 7/2) this is not the case; extra dynamical phases contrib-
the Poincaresphere. ute as follows:

The spectrometer is set up to measure the interference
between the two evolved kets

(W) =AW T)=P(¥ " )U H¥T),

exli (y2"+ ®p—dp)]

(13 =Q{(PT|UHW ) (PT{UITT)}. (16

052111-8



OBSERVATION OF OFF-DIAGONAL GEOMETRT. . . PHYSICAL REVIEW A 65 052111

(a) () ©)
2 40000 ————————— 3 40000 —————————— 3 40000 ————————————————
=] [Non-analyzed H-Beam (0=67°) 2 INon-analyzed H-Beam (0=90°) § [Non-analyzed H-Beam (0=180°),
= B = F |
S 30000|- 230000 1 £ 30000 | 1
§ W § Festscoasesotiotg, jnooveture, § o
2 2 T 2 1
2 20000 - % 20000 - %20000 |
Q@ o Q
5 30009 g 30009 g 30009
= g T & = )
g g [ ste 50, . g
2000, | 42000%, | 7 N ™ "1 2000 2,
< N < <
10008 W {10008 000
Analyzed O;Beam % Anglyzed O-Beam % 7Ana.lyzed O-Beam g
1 Il L L L L L 0 9 1 1 1 1 L 1 0 9 5 1 f L L 0 §
360 -180 0 180 360 & 360 -180 O 180 360 & 360 -180 O 180 360 &
Phase shift, % (degree) Phase shift, y (degree) Phase shift,  (degree)

FIG. 7. Intensity modulations obtained by teand H beams to illustrate a quantum eraser for the polar angle of the incident spinor
6#=90° and spinor rotation angles=(a) 67°,(b) 90°, and(c) 180°. When the path information is labeled in the neutron’s spin degree of
freedom, the visibilities of the oscillations are redudétibean). In contrast, when this labeling is erased with the use of spin analysis,
oscillations with high visibilities apped© bean).

By replacing the values of the dynamical phaség': quences of differently oriented magnetic fields. It would be
+ (a/2)cosh, we obtain the observed phase difference of essential importance to guarantee parallel transport of the
BPL ! — P! = (7+ a cosO) — (a/2)cosl states, or a way to explicity compensate for spurious dy-

Y D p=(mta )= (al2) namical phase contributions. If this could be realized, it

—[—(al2)cosh] =, (170 would be possible to “decouple” the paths of the two spinors
S " on the Poincaresphere, and thus to investigate a much
which is indeed the value expected fgt" . broader space of possible “relative phases” of the two evolv-

It is worth noting that the dynamical phase difference foring vectors. In this case, however, the effective space of
the two evolving states doewot disappear in this “direct- states visited describes the coherent evolution of two spins at
evolution” interpretation of our experiment. On the contrary, two different locations(the two interferometer’s pathslts
the observed phasg®™_is interpreted as the combination of dimensionality is four, as the space is spanned by the four
a geometrical pary®F plus a dynamical padb,—®p . This  states labeled by spin up and down in the first region, and
sheds light on the key mechanism on which our single-spin up and down in the second region. Accordingly, an ex-
interference experiment is based. We remind the reader that
the definition of the off-diagonal phase would imply the si- | +2)
multaneous evolution of pair of orthogonal states under the
action of the same Hamiltonian: that would in principle re-
guire a double-interference experimdntl]. The carefully
tailored compensation of the dynamical phases of our experi-
ment eliminates one of the interference conditions, providing
a way to measure the off-diagonal phase in terms of the
standard interference phase of a spin-1/2 system.

D. Generalizations

The formalism outlined in Sec. Il suggests that, in addi-
tion to the measurement of “canonical” geometric phases, it
should be possible to extend the interferometric technique | +x)
presented in this work to measure other geometric properties
of neutron spin evolutions. The choi¢é) is a very special
one, strictly constraining the motion of the two spinors to
remain orthogonal at all times. This is indeed required to
measure the geometric properties of the evolution of the
whole set of basis stat¢sere| ¥ (t)) and|¥ ~(t))] accord-
ing to a single dynamlcs' operatbr. ' FIG. 8. Schematic representation of the spinor evolution on the
However, one could rightfully let one spinor path evolve gpin sphere to illustrate alternative interpretation of the off-diagonal
under the action of some dynamical operatfar example geometric phase: a combination of the geometric and dynamical
precession around 2-oriented magnetic field while the  parts.|W*) evolves to|W,) along the trajectony’; and to| W)
other spinor evolves according to a completely different dy-alongI’, and ends up 4 ~) along the geodesic pati®& andG, .
namics (an X-oriented magnetic field, spyMore complex The shaded surface corresponds to the geometric part of the off-
paths on the Poincarsphere could be investigated by se- diagonal geometric phase.
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periment of the kind outlined here can access a more comnstantly equal tar in a two-state system. The combined use of
plicated set of diagonal and off-diagonal phases, since a fouthe outgoing spin analysis together with the incoming polar-
state system has a richer range of degrees of freedom thared beam extended the range of the experimental condi-
the spin-1/2 system. Obtaining satisfactory control over theséons: our experimental setup permitted us to measure a wide
phases could have potential applications in the field of quanrange of phenomena, including ther 4eriodicity of the
tum information. spin-1/2 wave function and the noncyclic Pancharatnam
phase. Furthermore, the results illustrate the significance of
V. CONCLUSION the off-diagonal geometric phase, especially when the diag-
. ) _ _onal geometric phase is undefined. We discussed our experi-
In summary, we have exploited spin-polarized neutron inment in terms of the quantum-erasing phenomenon, where
terferometry to observe the off-diagonal geometric phasene wave property is reestablished by the modification of the
The essential spinor evolutions were realized by the use q{ath information after recombining the beam in the interfer-
two spin rotators, keeping the directions of the magnetiGometer. We propose further directions for the investigation of
fields antiparallel, and the polarization analysis was mad@eometric phases in neutron interferometry.
after the interferometer. We built a setup insensitive to all
(npngeometri_}: d_ynamical phases. Final counts with and ACKNOWLEDGMENTS
without polarization analysis enabled us to directly observe
both off-diagonal and diagonal geometric phases in two de- We thank R. Ghler for providing needed equipment. This
tectors for noncyclic evolutions. In particular, this experi- work was supported by the Austrian Fonds zud&aing der
ment provides a direct quantitative measure of the off-Wissenschaftlichen Forschur{§roject No. F151Band the
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