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Aharonov-Bohm oscillation in a ferromagnetic ring
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Aharonov-Bohm effect in a ferromagnetic thin ring in diffusive regime is theoretically studied by calculating
the cooperon and diffuson. In addition to the spin-orbit interaction, we include the spin-wave excitation and the
spin splitting, which are expected to be dominant sources of dephasing in ferromagnets at low temperatures.
The spin splitting turns out to kill the spin-flip channel of cooperon but leaves the spin-conserving channel
untouched. For the experimental confirmation of interference eftietcribed by cooperohsuch as weak
localization and Aharonov-Bohm oscillation with peribfPe, we need to suppress the dominant dephasing by
orbital motion. To do this we propose experiments on a thin film or thin ring with magnetization and external
field perpendicular to the film, in which case the effective field inside the sample is equal to the external field
(magnetization does not add)ufhe field is first applied strong enough to saturate the magnetization and then
carrying out the measurement down to zero field keeping the magnetization nearly saturated, in order to avoid
domain formationgnegative fields may also be investigated if the coercive field is large ehough

DOI: 10.1103/PhysRevB.69.054420 PACS nuni®er75.47—m, 73.23=b, 72.25-b, 72.15.Rn

Quantum electron transport in mesoscopic systems hasource of dephasing. The splitting turns out to suppress spin-
been intensively studied for this couple of decades. Typicaflip channel of cooperon and diffuson but spin-conserving
phenomena are weak localizattdnand Aharonov-Bohm channels survive. Here cooperon is a particle-particle propa-
oscillation® both arising from the interference of electron 9ator, which represents the interference effect, and Diffuson
wave function. Many experiments have been carried out ol the particle-hole propagator representing the diffusive
various nonmagnetic metals and semiconductors. Althoug otion.” Third, ferromagnets generally contain domains and

S o ! us it is not always easy to identify magnetic structure. In
Lhe effetct d(')f dm?grzjett';h'rpw”ries r'ln trorr'nm?glnei'ﬁ frl?stlsv "33 ddition, domain walls may also cause depha$ihephas-
heen S 'tJbIe n Ie d € t% ag et Ct fe as ¢ € tse €S g due to domain structures can be easily avoided by apply-
ave not been expiored in the context or quantum transpogh, 5 magnetic field larger than the saturation figtd, In

untll very recently’ .7 One of the reasons may be that .then nostructures with strong perpendicular anisotropits,
dephasing mechanism in ferromagnetic metals was believed jj *“he coercive field. Hysteretic behavior of ferromag-
to be much more efficient and complex than nonmagnetigets’ with large perpendicular anisotropies should allow to
cases with, as a result, complete destruction of interferencegaduce the external field without affecting the magnetic state,
However, these apparent disadvantages are not always Crfown to zero and even to negative valuesX —H_). From

cial, as discussed briefly in Ref. 6, where it was indicatedhis point of view, hard magnets with very shagguarelike

that Aharonov-Bohm effect should be observed in ferromaghysteresis loops would be suitable to study electronic coher-
nets. The first complexity is the existence of the internal fieldence in ferromagnets.

(related to the magnetizatipi which generally can lead to The first experimental study of the Aharonov-Bohm effect
dephasing even in the absence of the applied magnetic fielth ferromagnetic metals was carried out quite recehtly,
The field depends much on sample shape. Here, we considathere the Aharonov-Bohm oscillation was observed on a
an ultrathin ring with sufficiently high perpendicular anisot- permalloy ring in the presence of an applied field=o8 T.

ropy so that the magnetization is perpendicular to the ring. InmThe Fourier transform of the conductance exhibits a peak
this case, the total field in the sample is simply equal to thecorresponding toh/e oscillation. This oscillation period
external field Bo= ugH. In fact, the effective field inside the seems to be due to the interference of a single electron
sample isB=By+M+B’, whereB’'=puoHp denotes the propagatof The oscillation period ofh/(2e) (called
field produced by the surface magnetic charge. The total fielltshuler-Aronov-Spivak oscillatiol!) was not seen. We be-

B satisfies the Maxwell equatioN,- B=0, and thus its com- lieve this could be because of external field3 T, which
ponent perpendicular to the plane is continuous across thills the cooperon(see below (In the nonmagnetic case,
surface of the ring; i.e.B=B,, or B'=—M. Hence the similar vanishing ofh/2e oscillation by applied field was
effect of M on the orbital motion can be neglected. This wasobserved®). The “dephasing length” was estimated there to
pointed out in Ref. 8. Second, the spin splitting due to effeche ~5000 A (Ref. 7, which, being obtained from the corre-
tive exchange interaction with the local spin, which arisedation of conductance, would correspond to the length scale
from the s-d mixing, needs to be taken account of as aof diffusion (particle holg, which is not affected by the mag-
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netic fieldB, [Eq. (17)]. Note that this length scale is not the tron ¢, and R. We consider the equation of motion of the
dephasing length in a strict sense. The true dephasing lengthgoperon in this ring, but first without spin-orbit interaction,
where the interference is lost, is given by the Cooperon masspin waves and spin splittifig

[Eq. (15)], and is estimated to be much shorter in the pres-

ence of external field of ~3 T (shorter than Lg ) , 1 , ,
= \/12(fi/eaBy)~200 A [see Eq.(4)] for a ring of widtha D(-iV—-2eA)"+ P Co(r—r")=8%r=r’). (D
=400 A).

In the case of Ni wires, the resistivity measured down toHere D= (ke /m)?(7/3) is the diffusion constant#(is the
20 mK was shown to be explained by the enhanced electrorelastic lifetime and =, (VD7,=¢ ) is the dephasing time
electron interaction due to the diffusive motitwhich in-  due to inelastic scattering from nonmagnetic sources, e.g.,
dicates that diffuson channel exists, but no clear sign oklectron-electron interaction and phonons. The applied mag-
cooperon channel was observed. Thus, at present, althougietic fieldBy, is in z direction, i.e., perpendicular to the ring.
experiments suggest the existence of diffuson in ferromagwe consider the case where the magnetizatibnis also
nets, there is no indication of the electron coherence represerpendicular to the ring and constant inside the ring. It is
sented by cooperons. We would like to stress neverthelesmportant to note here that in this configuration with a thin
that the Aharonov-Bohm oscillation observed in Ref. 7 is arring, the total fieldB=B,+ M+ B’ is identical outside and
important first milestone in the study of electron interferenceinside the ring, sinc® - B=0 requires the continuity d (in
effects in ferromagnetic systems. other words, the field3’ due to surface magnetic charges
The aim of this paper is to give a thorough description ofcancels the effect df1). ThusB=B, and the vector poten-
Aharonov-Bohm effect in a ferromagnetic thin ring in diffu- tial is identical to that in the nonmagnetic cages (By/2)
sive regime, by calculating the cooperon and diffuson. Con{—y x,0). The equation is thus rewritten as
ductivity and conductance fluctuation in a ferromagnetic ring

was briefly considered in Ref. 5 in the context of effect of 1 1 JieB eBy) 2

: ; . ; ; 2 2 0 2 -2
domain walls, where the spin splitting and spin-wave excita- ar+ F&r+ 5~ T&H— (T) r‘=-€¢
tion were neglected. We here include, as well as the spin- r

orbit interaction, the spin-wave excitation and the spin split- 1

ting, which are expected to be dominant sources of XCo(r—r")=—=28%r—r"), 2
dephasing in ferromagnets at low temperatures. Spin-flip D

scattering by single localized spifsimilar to those of mag- \yhere targ=y/x. The boundary condition in-direction is
netic impurities in nonmagnetic metalsiust be suppressed given by (9Co/dr)|, —ra (a2 =0 (open boundary Since we
by the strong ethange intergcti_on in.the ferromagnet. IN3ssume a<(d, :Jﬁli(aui’]iform mode contributes in
stead of that, spin-wave excitation with long wavelength,_girection. The equation for this uniform mode is obtained

would be important. In fac_t, spin waves turn out to _result inby integrating Eq.(2) over r from R—a/2 to R+a/2, for
strong dephasing effect if gapless. In reality, this effect. R+a/2

2 2\ — 2_p2 2
should be suppressed by perpendicular magnetic anisotroégéatuii’rre:ééel_tj/afR*a’zdrr =R°+a’/12. The equa-
and/or by the application of an external fildg (as well as
finite system size In zero field, the spin-wave gap depends ®
on crystal-field symmetry and parameters. In a first approxi- aﬁ—4i —au—4<
mation we will simply assume that it is given b, Réo
=hy(H,+Bg/ug), whereH, is the anisotropy field ang 1
is the gyromagnetic ratio. Dephasing due to spin wave can be =~ Dab s(u—u'), ©)
neglected ifkgT<Ay, and therefore the effect could be

tuned from sample to sample by changing the anisotropyhere u=R0, ¢=mR?B, [¢/do=eByRY(2%), and ¢,
energy, or on a given sample by changing the applied field=p/e js the flux quanturh The dephasing length with the
This will allow to study dephasing effects by spin waves, if offect of the orbital motion caused 1By, is thus given by the

the h/(Ze) oscillations (AItShUIer-AronOV'Sinak oscilla- same expression withol as in nonmagnetic Ca%e
tions) were to be observed in a ferromagnet. We believe that

this will be the case because, contrary to previous 1
experiments<;*2 we suggest low-field experiments in ultra- €¢‘ZE€¢‘2+1—2
thin ferromagnets with perpendicular anisotropy. In this case,

as we argued above, the field coherence lehgtshould not  The on-site amplitude of the cooperdwithout spin-flip
be affected by the magnetizatidfs of the ferromagnet, and  scattering, C,(0), is thus obtained as

therefore should be as large as in non-magnetic material. In

¢
Rag

2
) —MZ}CO(U—U’)

2

eaB
h

4

low applied fieldB,, Lg*x1/By should be long enough so 1 o 1

that h/2e oscillation (cooperon would be observed. Co(0)= ——— > ., (5
We consider a ring with mean radi®&and widtha (i.e., mablD (=== 1 0—2 ¢ 2+€ =

the outer and inner radii arB+a/2 and R—a/2=R,, re- R2 bo ¢

spectively, and thickness. The width and thickness are
assumed to be smaller than the coherence length of the eleahere€ runs over integers.
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We now include the spin-orbit coupling, scattering by spinThe scattering by spin waves is represented by the second

waves, and spin splitting;

¢}, e+ 283>
q,k

H =2 iNgo(kxk)
k,k’

S alcl
ag Cy 4 q0 = Ck

=+

+gMY clocy. (6)
k

term, wherea® =a' anda™ =a are spin-wave operators. As-
suming low temperature, the spin-wave interaction is in-
cluded only at the linear order. The last term represents the
spin splitting proportional to the magnetization. The spin-flip
processes by spin waves result in new channels in
cooperof® The spin splitting results in a dephasing in the
total S?=0 channef* The full cooperon wittH’ included is
obtained as*°

12L,%=L3?)

1 ” 1
C(O)=—— > +
abLD (==« | 1 2 1
—((5—2— +L2 —(
R? bo R?
where
1/eaB\? 1(1 1 1
L=t 2+ | ———| +=| —+—+—/|,
VR ) T\ g T,
1/eaB)\? 1 4
Ly 2=, 5| ——| +5 .
12\ 7 D,
1/eaB)\? 1 4
—2_p—2, — |79 -
Ls?=t,"+ 5| — SR (8)
SO

and Ly,*=gM/D. Here 1ft=2mvAZ (k' xk)%), where

n=X,Y,z, bracket denotes the average over configuration,
is the density of states, andrty, is the spin-flip rate due to
spin wave. We have assumed that{l# 1/7¥,. There is na
component in spin-wave scattering at the present lowes
order calculation[see Eg. (6)]. Spin-flip contribution,
1/75,(=1/7L,), is obtained as

1
+
sinhBw, O €ctq™ @),

22

= q

%zzwsf (9)

sw

where 8=1/(kgT) and quAg+Aq2 is the spin-wave en-
ergy,A4 andA being the spin-wave gap and stiffness, respec

()

2
+L,72

¢ 2
0—2—| +1L32
$o

¢
(—2—

+4L,,°
¢o

E

2
whereq;.=kg+ \/kZFiZmA , Qo+ =Kg— \/kzFiZmAg and
A, is the area of the ringWe approximated the projection of
three-dimensional Fermi wavelength onto the planépby)
SincerAk§>Ag, the integral is dominated by the contri-
bution from the region close to the lower limit. We thus
obtain

VZDJZ

=47k,

: 1y

Tow

where vop=v/(kgb) is the two-dimensional density of
states. The effect of spin wave is thus different in two cases;
hyH >kgT and% yH,<kgT. In the first case of strong an-
isotropy, the spin-wave excitation is negligible KgT
<hvyH,, irrespective of the external field. In the second
case with small anisotropy, the dephasing by spin wave is
controlled by the external field, it is suppressedkiT
t_SﬁyBO/,uO. Hence in this case, the oscillation would be
visible only at high-field region and would vanish at small
field 71 yBo/wo=<kgT. For the observation of Aharonov-
Bohm oscillation, large anisotropy energy is of course favor-
able.

We note that spin waves can be extremely dangerous if
gapless. In fact, in the gapless case, long-rangeQ) con-
tribution in Eq. (9) is given by 1#’S‘Woc2q1/q3, which di-
verges (<L in the two-dimensional cageThis is compared

tively' The gap is written in terms of the magnetic anisotropyto the phonon case, where the contribution is finite due to the

energy H, and the external fieldB,, as Ag=7%y(H,
+Bg/ug). The spin-wave stiffness is roughly given As
=J/kZ , whereJ is the exchange coupling between the local-
ized spins. The integration oveq is treated as two-
dimensionalthis is allowed ifkg T<J/(keb)?). The integra-
tion is carried out as

1 S¥
T A
sSw -

f‘hr gqdq 1
a5 SiNhBwg \/(Qi:_qz)(qz_qgt) ,
(10

05442

linear energy dispersion and an extra factor proportiong| to
from coupling constant¥. Divergence of 17, indicates that
the linear approximation breaks down, and more sophisti-
cated calculation including higher-order contributions is
needed to treat the gapless case correctly. Here we will not
go further in this direction, since in reality there is generally
a gap.

The Cooperon is directly related to the quantum correc-
tion to the conductivity ad\ o= — 2/7e?DC(0)3. Noting ¢
in Eq. (7) runs over all integers, it is seen that the conduc-
tanceG=abo oscillates as a function of magnetic flg® ¢

0-3
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with the period ofA ¢/ po=1/2, orABy= ¢o/(27wR?). Note is strong in nonmagnetic metals, does not appear in ferro-
that the magnetizatioM does not affect this oscillation pe- magnets.[Anti-localization arises from spin-flip processes
riod. The oscillation appears also in the conductance fluctuagiven by the last term in Ed7).] The cooperon which ap-
tion as a function of magnetic fielbr correlation function pears in the fluctuatiorG’(0), is given by’

between different magnetic fieldsThe fluctuation is given

as
L
sinh—
4 b ’ _ ' 1
(AG(BO)AG(BO+bO)>zﬁDi[c'(0)+D'(0)], ¢(O=2app" L d+API2\ ] (19
w2 R cosh— —cog 47— ——
(12) I—l ¢O

whereC’(0) is the cooperon connecting electrons with dif- 5. ] .
ferent field B, and Bo+by), which is defined by Eq(7), whereA ¢=by7R~ is the flux due to the field difference, and
but with ¢=mR?(By+bo/2) andL;’s defined by Eq.(8)
with By replaced byBy+by/2. Diffuson contributionD’(0)
is similarly given by the right-hand side of E(), but with ,_p .., 1l[ea
¢=mR?by andL;’s defined by Eq(8) with B, replaced by L =6, 5\ 7
bo/2 (see Egs.(15) and (17) below. (The diffuson is a °(15)
particle-hole propagator which carries zero electric charge,
and soD’(0) is not affected by the fiel&, coupled to the
center-of-mass motion. Similarly, Diffuson is obtained as

Let us look into each dephasing mechanism in ).
The nonmagnetic pait¢p would be identical as in the non-

magnetic systems, i.e., the contribution is mainly from the sinhh

electron-electron interaction at low temperattireésay, T 1 L7

<1 K). Experimentally¢ ¢ is estimated to be & 2um in Al D' (0)=2pplt ] R (16)

and Ag! which is long enough for submicron rings. The cosh——cos(4w ¢ )

spin-orbit interaction may be different in magnetic case, but L7 bo

is estimated in Ag aé.,= 1/\/D 75,~0.47um.*® Now turn to

dephasing of magnetic origin. The dephasing length due tgyhere

orbital effect,Lg=12(fi/eaB) [the last term of Eq(4)]

can be short for a strong field; Far=400 A andBy,=1 T, _, 1 [eaky2 2 1(1 1 1

Lg=570 A. ButLg can be easily controlled to be long L1 *=¢, *% 77 o TT+T7+TT . (1)
SO SO SW

enough by choosin®, to be small. In nonmagnetic case,
clear oscillation pattern is observed B5=<0.02 T In fer-
romagnetic case, such small-field experiment must be done NO;N Ivve ?ﬁsur\‘;:/e thaf|¢ ta?hd €so_are longer tttha.n the
after saturating the magnetization by a strong fi@hdorder sample lengthL. We neglect the spin-wave scattering, as-

to avoid domain formation The dephasing length due to suming low temperatureskBTsA_g. _For a ring of L
vol I ion phasing 9 . =1.5um and a=400 A, magnetic fieldB, as large as

spin splitting is given byLy =k *Vike€(er/A). This can o o3g'T (at which Lg~L) kills the cooperonsC(0) and

be short; in dirty case dfe£=10~100, even if the splitting ¢’ (0). Hence no Aharonov-Bohm oscillation appears in the
of s electron istg; times smaller than that of electron  conductance itself foB,=0.038 T. Only the fluctuation of
(A4/er~0(0.1) and soA/ep~0.001), we havey=k:'  conductance shows oscillation due@d(0). In contrast, at

% (100~300). So the splitting is one of the dominant very small field(after saturating the magnetizatiorall of
sources of dephasing in ferromagnetic systémsd the spin  ¢(0),C’(0), andD’(0) survives, and oscillation will be
flip channel[the last term in Eq(7)] can be neglected. Thus seen in bothG and(AG(By) AG(By+by)).

only the Cooperon in the vanishing total sp € 0) chan- In Ref. 7, the dephasing length was estimated to be
nel survives, which is calculated dafter the summation 5000 A under the field of 3—4 T. This is too long if we
over {) consider it as dephasing length of cooperan)( since the
orbital effect atB,=3 T would be strong enough to kill the
sink‘_i coherence at the length &f;~200 A. In our opinion, the
1 1 length above corresponds to the length scale of diffutipn
C(0)= Ly (13

" 2abD L which is not affected byB,, and further studies seem to be
COS'?_— —005( A o needed to confirm the coherence represented by cooperon.

! 0 In conclusion, we have shown that interference
It is important to note here that due ttq,, the antilocaliza- effects in conductance [h/2e oscillation or the

tion effect, which is expected when the spin-orbit interactionAltshuler-Aronov-Spivak (AAS) effecf] should be
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observed in ferromagnetic films or rings, provided the mag+that it is easily tunable by a magnetic field. After the paper
netization is perpendicular to the surface and the sample isad been accepted, we found that dephasing by spin wave
thin enough so that the perpendicular demagnetizing fielavas calculated recently in Ref. 18.

cancels the magnetization contribution B (Hp=—M). G.T. is grateful to Ministry of Education, Culture, Sports,
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