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Quantum phase modulation is achieved in a metallic nanoring with a FeNi /Cu /FeNi �ferromagnet/normal-
metal/ferromagnet� layer. Both frequency and amplitude of Aharonov-Bohm oscillation are found to be modi-
fied with respect to the magnetization configurations, indicating that the phase modulation originates from the
spin-orbit scattering induced by the magnetization of the ferromagnets. Such phase modulation is “crossover”
phenomena between mesoscopic magnetism and microscopic quantum interference effects, which provides
fundamental knowledge upon quantum spin transport.
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Quantum phases of charged particles have intensively
been investigated in mesoscopic structures, and have re-
vealed interference and oscillatory behavior induced by an
external field application. For instance, electrons traveling
along semiconductor �and normal metal� rings threaded by a
magnetic flux acquire a quantum dynamical phase, produc-
ing interference phenomenon such as Aharonov-Bohm �AB�
and Altshuler-Aronov-Spivak �AAS� effects.1–5 In addition,
when a spin of electron rotates during its orbital motion
along the ring-shaped path, the electron acquires an addi-
tional phase contribution known as the geometrical phase
�Berry phase�.6–8

Recently, prominent phenomenon in virtue of a geometri-
cal phase has been predicted by studying electron transport
under an inhomogeneous magnetic field; the geometrical
phase can drive a persistent current.9,10 Pioneering experi-
ment has been performed with using a spin-orbit scattering in
two-dimensional electron gas �2DEG� semiconductor, which
also strongly couples spin and orbital motion and introduces
the spin rotation.11 For metallic rings, it has theoretically
been pointed out that electrons can sense the geometrical
phase even when an effective exchange field is induced by
ferromagnets.12 However, no results have been reported on
the correlation between the geometrical phase and the pres-
ence of the ferromagnets to date. Interestingly, as oppose to
general belief that ferromagnets destroy any quantum phase
effects due to their complex dephasing mechanisms, an os-
cillatory behavior of resistance in a permalloy nanoring has
been observed,13 and an effect of ferromagnetic ordering in a
GaMnAs semiconductor has been detected experimentally.14

Such an AB oscillation in a ferromagnetic ring has been
studied theoretically, suggesting that a dynamical phase can
exist under a special condition that a ferromagnetic ring pos-
sesses perpendicular anisotropy.15,16

The purpose of this paper is to further explore the effect
of ferromagnets upon the electron quantum phase by using a
metallic nanoring, consisting of a trilayered FeNi /Cu /FeNi
structure known as a current-in-plane �CIP� giant magnetore-
sistive �GMR� spin valve. Electron transport in this system is
confined mainly in the Cu layer, and is affected by an inho-
mogeneous magnetic field as well as spin-dependent interac-
tion at the FeNi /Cu interfaces, both of which originate from

the magnetization of the FeNi layers. Electrons are, there-
fore, expected to sense both geometrical and dynamical
phases during the transport. In the CIP spin valve, magneti-
zation configurations of the two ferromagnetic layers can be
controlled to be either parallel or antiparallel, and accord-
ingly the contribution of the geometrical phase can be
changed and detected as a modulation of the dynamical
phase �AB oscillation�. Our results demonstrate that both the
AB amplitude and frequency modulate with respect to the
magnetization configurations, confirming that the phase
modulation is realized in such a metallic nanoring and is
induced by the existence of the ferromagnets.

The samples were in the form of an electron interferom-
eter, consisting of the CIP-GMR spin-valve structure with
wires �arms� attached to the ring edges �see the inset of Fig.
1�a��. These structures were fabricated from an
Fe19Ni81 �20 nm� /Cu �10 nm� /Fe19Ni81 �5 nm� trilayer by
using a combination of electron beam lithography and lift-off
techniques.17 The sample was then mounted in a 3He-4He
dilution refrigerator in order to perform quantum transport
measurement with using a conventional four-probe method.
An external magnetic field was applied with a tilting angle �
from the arm axis to control the magnetization configurations
and to retain a magnetic flux penetrating inside the nanoring
as schematically shown in Fig. 1�b�. Here, the angle � was
fixed to be 60 deg and the magnitude of the field Bext was
changed at the rate of 0.1 mT /sec.

Figure 1�a� contains magnetoresistance data for both the
magnetizing and demagnetizing processes at 250 mK. Dur-
ing the magnetizing process, the magnetoresistance exhibits
discrete changes in the range 0.2�Bext�0.6 T, signaling
considerable magnetoresistance �GMR �1.5%�. When Bext
�0.6 T, on the other hand, the magnetoresistance gradually
decreases and almost saturates at Bext�2 T �anisotropic
magnetoresistance �AMR� �1.2%�. Since these magnetic be-
haviors are found to be the same as those for the unpatterned
trilayer, the magnetization configurations in the interferom-
eter are determined by GMR and AMR hereafter. With in-
creasing the external field from negative saturation, the par-
allel magnetization configuration along the ring transforms
into the antiparallel configuration due to the magnetization
reversal in the thinner layer,17 and finally changes back to the
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parallel configuration but along the external field �see the
upper figures in Fig. 1�b��. On the other hand, the magne-
toresistance in the demagnetizing process only exhibits
AMR, meaning that the magnetization gradually rotates into
the film plane and is curved along the circumference �the
lower figures in Fig. 1�b��. Such an AMR behavior is simi-
larly observed in the magnetoresistance at 4.2 K �Fig. 1�a��.

In our experiment, the AB oscillation is evaluated
by calculating the resistance difference �R=R�250 mK�
−R�4.2 K�, which enables us to subtract the contribution of
AMR and system noise as follows:

Rmag�250 mK� = RAB + RGMR + RAMR + RN,

Rdemag�250 mK� = RAB + RAMR + RN,

Rdemag�4.2 K� = RAMR + RN,

where RAB, RGMR, RAMR, and RN represent the resistance
contributions of the AB effect, GMR, AMR, and system
noise, respectively. The �R is displayed in the inset of Fig. 2,
where a periodic oscillation is clearly found to be superim-
posed on a slowly fluctuating background for both magnetiz-
ing and demagnetizing process.18 Fourier power spectrum for
corresponding �R exhibits a reproducible peak at 22 T−1,

and the peak frequency is found to be slightly smaller than
an expected AB frequency range 24�1 /�Bext�45 T−1,
based on conventional estimation.2,5,13 The feature is con-
firmed in the other three magnetoresistance traces, showing
the reproducible 22 T−1 peak. It should be pointed out that
the conventional estimation neglects the existence of the
magnetization M, which generates an internal field opposite
to the external magnetic field and leads to complex
magnetic-field dependence of the AB oscillation. This small
but clear shift of the frequency from the estimation is, there-
fore, a signature of the modulation of the electron quantum
phase, which is induced by the ferromagnet magnetization.

To further investigate the modulation of the electron
quantum phase, a wavelet analysis is carried out for �R
=Rdemag�250 mK�−Rdemag�4.2 K� and the wavelet transfor-
mation w�1 /�Bext ,Bext� of the �R is calculated using the
following formula:

w = �
−�

�

dx
1

���Bext�
�	 x − Bext

�Bext

�R�x� , �1�

where � represents the wavelet mother function �Gabor
function�.19 W= �w�2 corresponds to the power of local oscil-
lation around Bext with the frequency �1 /�Bext.

Figure 3�a� shows a contour plot of the power W for the
trilayered nanoring, demonstrating both destructive and con-
structive phase modulations. Under a strong field Bext
�1.2 T, the W exhibits a considerable magnitude at the fre-
quency 1 /�Bext�22 T−1 as observed in Fig. 2. With de-
creasing the Bext from 1.2 T, the brighter area gradually
changes its position. The frequencies of brighter area are
observed at 0.6, 0.4, and 0.15 T for 30, 40, and 50 T−1, re-
spectively. The frequency modulation accompanies a reduc-
tion of the oscillation amplitude down to Bext�0.4 T. The
oscillation amplitude in 1.2�Bext�2 T is estimated to be
1.2�10−3e2 /h in the conductance unit, while those at both
0.6 T and 0.4 T to be 0.6�10−3e2 /h. Surprisingly, in the
weak field range Bext�0.15 T, the amplitude is enhanced to
be 1.0�10−3e2 /h and another oscillation frequency is
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FIG. 1. �Color online� �a� Magnetic-field dependence of the re-
sistance, exhibiting both discrete changes originating from GMR
�1.5%� and gradual decreases with increasing the Bext due to AMR
�1.2%�. The inset shows both a SEM image and a schematic illus-
tration of the trilayered nanoring structure. The outer diameter Do

and inner diameter Di of the ring are measured to be 500 and
400 nm, respectively, within �5% accuracy. �b� Magnetization
configurations under the representative field application for both the
magnetizing �upper figures� and demagnetizing processes �lower
figures�.
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FIG. 2. �Color online� Fourier power spectra calculated from
�R=R�250 mK�−R�4.2 K� in the range 1.2�Bext�2.0 T, showing
a large peak at 22 T−1. The solid and broken lines correspond to the
spectrum for �Rdemag and �Rmag, respectively. The oscillations in
the �R and Fourier-filtered curves are also shown in the inset. Here,
the background offset is subtracted by adjusting the �R for Bext

=0 to be zero.
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emerged around 30 T−1, indicating a different contribu-
tion appears in the oscillation. On the other hand, the W
for a single-layer Cu nanoring �Do=560 nm, t=40 nm, T
=150 mK� exhibits no such features as shown in Fig. 3�b�.
The AB frequency in the nonmagnetic Cu nanoring is con-
stant ��70 T−1� in the entire range of the applied field,
showing good agreement with the expected AB frequency
62� �1 /�Bext��77 T−1. The AB amplitude conserves the
magnitude of 1.6�10−2e2 /h. These results clearly indicate
that the quantum oscillations are modulated by the introduc-
tion of the magnetization with an out-of-plane component.

Magnetization configuration modulates the AB frequency,
indicating that electrons acquire an additional phase. In the
CIP-GMR spin-valve structure, the primary carriers are con-
sidered to be the s-like majority and minority spins origi-
nated from the Cu layer, which sense an inhomogeneous
field or encounter spin-dependent scattering at the FeNi /Cu
interfaces. These are possible sources to induce the geometri-
cal phase to the electron spins in the nanoring. On the con-
trary, the conventional dynamical phase cannot explain the
frequency modulation, since the applied magnetic field peri-
odicity is different from �h /e� /S where S is the surface of the
ring under the presence of ferromagnetic layers. In addition,

the dynamical phase does not include a reduction of the am-
plitude in the frequency modulation.

To discuss the origin of the phase modulation, the reduc-
tion of the AB amplitude is analyzed as follows. In the de-
magnetizing process, the majority spins are less affected
from spin-dependent scattering at the interfaces. Since the
magnetizations of the ferromagnetic layers are aligned paral-
lel �Fig. 1�b��, the majority spins have similar band in the
entire sample, resulting in a flat potential. However, as dem-
onstrated in the magnetoresistance and the magnetization
configurations �Fig. 1�, even majority spins are subjected to
AMR at FeNi /Cu interfaces, which is originated from the
spin-orbit scattering in magnetic metals.20 Theoretically, the
spin-orbit scattering is known to modify the flux dependence
of the dynamical phase.21 Recently, a similar effect has been
observed in a semiconductor system with using an intrinsic
spin-orbit scattering under a large magnetic field
application.22 The spin-orbit scattering at the interface is,
therefore, the origin of the phase modulation. This is consis-
tent with the fact that the magnitude of oscillation amplitude
becomes larger in 1.2 �Bext�2 T, since the magnetizations
align parallel and the contribution of AMR �i.e., spin-orbit
scattering� becomes smaller. Although it is not clear at
present whether the phase discussed here is identical to the
geometrical phase, the observed phase modulation strongly
suggests the role of the magnetizations onto the quantum
phase effect.

Finally, we discuss the enhancement of the oscillation am-
plitude in the weak field, which provides striking information
regarding the phase modulation. In a strict sense, the quan-
tum transport in a metallic system should be argued in terms
of quantum corrections with using a cooperon and a diffu-
sion propagator.23 The cooperon represents an interference
effect and is immediately demolished under the presence of a
magnetic flux, whereas the diffuson represents the diffusive
motion of the electrons and survives under a magnetic field.
The former typically induces the AAS �h /2e� oscillation,
while the latter induces the AB �h /e� oscillation,16 which
means that the larger amplitudes in the weak field corre-
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FIG. 4. �Color online� Fourier power spectrum deduced from
�R=Rdemag�120 mK�−Rdemag�4.2 K� in the weak field range
�Bext � �0.15 T. The �R and the Fourier-filtered curve, in which the
background are subtracted, are also shown in the inset. The asym-
metry of the �R originates from the hysteresis of the magnetization
curve.
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FIG. 3. �Color online� Contour plots of the W�1 /�Bext , Bext� for
the cases of �a� the trilayered nanoring and �b� the single-layer Cu
nanoring. The brighter area represents the larger magnitude of the
W, while the darker area denotes the smaller W. The corresponding
�R is also shown at the bottom of each figure, which shows the
local oscillation characterized by the W. The boundary of the AB
oscillation is drawn as dashed lines in each figure. The brighter area
observed below 10 T−1 is due to the background fluctuation.
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sponds to the contribution of the cooperon. The contribution
of the cooperon is confirmed by the magnetoresistance mea-
surement performed at lower temperature �120 mK�. Figure
4 shows the Fourier power spectrum deduced from the mag-
netoresistance in the range �Bext � �0.15 T with revealing two
distinct peaks at 42 T−1 and 70 T−1. As shown in the inset of
Fig. 4, the h /2e oscillation is visible in the weaker field
range �Bext � �0.04 T, however, it immediately becomes in-
distinguishable under the stronger field. In general, the inter-
ference effect given by the cooperon is considered to be
dominant within the dephasing length LB��12�	 /eaB�,
where a is the width of the ring.16 The dephasing length in
our sample is roughly estimated to be 1.2 
m by using the
film-normal component of the applied magnetic field Bext�
�0.04 sin�60° � T, since the contribution of magnetic do-
mains is negligible in this small range of magnetic field.
While the circumference of the ring is estimated to be in
the range 1.2�L�1.6 
m, which is comparable to the LB.
Thus, the cooperon can survive under our experimental con-
dition.

In conclusion, low-temperature magnetoresistance in a tri-
layered nanoring unambiguously shows the influence of fer-
romagnets upon the Aharonov-Bohm �AB� oscillation. The
wavelet analysis reveals the detailed field-dependence of the
AB oscillation, presenting clear distinction from that of a
single-layered nonmagnetic nanoring. The frequency in-
creases and the amplitude decreases with decreasing an ex-
ternal field, which is contrary to the conventional flux depen-
dence of the quantum dynamical phase. Fourier analysis
further demonstrates that different oscillation components
are superimposed to the magnetoresistance in a weak field,
which proves the existence of the quantum interference.
These results suggest that the trilayered nanoring system is
ideal for systematic investigation of the influence of ferro-
magnets upon electron quantum coherence.
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