PHYSICAL REVIEW B VOLUME 60, NUMBER 21 1 DECEMBER 1999-I

Berry phase and its induced charge and spin currents in a ring of a double-exchange system
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A ring of double-exchange system is investigated to explore the Berry phase acquired by the interplay of
localized and conduction electrons. The competition between the double-exchange ferromagnetism and the
superexchange antiferromagnetic coupling from the localized electrons leads to a phase transition from a
ferromagnetic state to a spin spiral state. The spin spiral state acquires a nonzero Berry phase along the ring,
and induces both charge and spin currents simultaneously. It is predicted that both the Aharonov-Bohm effect
and Aharonov-Cashier effect will be exhibited spontaneously in the sy§&0163-18209)01442-3

Doped manganite perovskite, such as; L&LaMnO;,  rents can be induced spontaneously in the spin spiral state, in
was the first metallic ferromagnetic oxide extensively studiedvhich the nontrivial geometric phase is accumulated. We
in the 1950s and has renewed recent research interests sirexpect that the contemporary nanotechnology makes it pos-
the discovery of colossal magnetoresista(@®IR) effect. In  sible to observe this quantum phase effect experimentally.
the system, usually called double-exchange system, conduc- Consider a clean ring of double-exchange system consist-
tion electrons move in the background of the spin configuing of N sites andN, electrons in the absence of external
ration of localized electrons. Strong Hund'’s rule couplingelectromagnetic field. The momentum of an electron in the
between the conduction and localized electrons in the sam@ng is
Mn ion forces the electrons to form high spin states, and R
makes the conduction electrons more mobile between the P+eAlc+uoxélc,
pairs of sites where the two localized spins align to
parallel™ The hopping termt;; between the two sites is
determined by the two-spin configuration:

whereA is the vector potential induced by an electric current
and£& is the electric field induced by a spin current. We point
out that although the above term essentially represents spin-
P P orbit coupling which had been addressed bei‘z_ﬁré? being
t; = —t| cos=cos= +sin=sin—e (4-4)| (1) significantly different from Refs. 11-13, the spin-orbit inter-
. 2 2 22 action considered here is related to the electric field induced
. . . by the spin current, which is supported by the Berry phase
where the localized spins are parametrized by polar ajles aqiteq from the Hund's coupling between the conduction
and ¢; . It is noted that the Berry phase is acquired whenghq |ocalized electrons in the double-exchange system.

3 .
¢i# ¢;.” Alot of theoretical efforts are made on the mecha-jence the Hamiltonian to describe the ring is written as
nism of ferromagnetism and anomalous transport properties

of the systems. However, a profound understanding of this N _ .
phase is highly desirabfe? Since the Berry phase comes H=—t >, (e!@™N(as*facc! ¢ ), +H.c)

from the strong interplay of electrons, it is anticipated that it n=lc

will play an important role in the double-exchange system, J

especially when the route of the electron motion is closed. — S Sun oot e TiAED Sh S
Accumulation of the quantum phase in multiconnected 2 oo ' n

geometry produces a quantum interference effect via the 2

Aharonov-Bohm (AB) and/or Aharonov-Casher(AC) + ) .
effect3®7 Persistent currents in connection with AB, AC, Cn.o andc, , are the creation and annihilation operators of

and Berry phases in one-dimensional rings have been studié@nduction electron at sita with spin o(==*1), respec-
extensively’~2® In particular, the AC effect, which is in- tVvely. Sy, i the localized spin operator at site The con-
duced by the conventional spin orb80) in the presence of duction and localized electrons are coupled strongly by
disordet or external eletric field? on persistent currents in Which is positive according to the Hund's rulé.,g
mesoscopic rings were elucidated. Besides, it was found that P*%/®o andf = DL/ Do= of oc whered”B=§A-dl is
Zeeman interaction between the electron spin and the textutbe AB magnetic flux andb C=(oule)f(exdl)-z is the
couples spin and orbital motion in textured mesoscopic ringsAC flux with ®,=hc/e as the flux quantum. The last term in
and results in a Berry phase; as a consequence, the systdm. (2) is a tiny antiferromagnetic interaction between local-
supports persistent charge and spin currétita explore the  ized electrons. Note that the energy eigenvalue is a periodic
physical consequences of the Berry phase in(Egwe here  function of f5g (or foc) with a period of 1° It is thus suf-
consider a ring of double-exchange system. Starting from ficient to consider only the range of 1 fogg (or foc).
Kondo-like Hamiltonian, we derive an effective Hamiltonian  In the double-exchange system, the exchange integral be-
by utilizing the projection technique. We investigate the ABtween conduction electrons and localized electrons is so
and AC effects and find that persistent spin and charge cuistrong that the spins of conduction electron and localized
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electrons at the same site are parallel and form a state with @
spin-(S+1/2). Mathematically a relevant effective Hamil- oor
tonian can be derived approximately from Eg) by intro- 025 ,
ducing the projection operatbr 000k — . z
P:]r: 2 (PrT)U'O"C;,a'Cn,a" ’ (3) ® 0.50 - R frg=fac=0
o0’ . N,=71
where o
400F 00 TTTrtereceesece-ol...
N Sy Oper T (S+1)8,, . ' : : .
(Py)oor= (b)
25+1 100 L ieeecccassnaann
with Enygz(l—cl’_ocn,_g)cn,a. To simplify our problem 075 | . - i
further, we parametriz&, by polar angles, and ¢,, and g ‘
takeS/(2S+ 1)~ (S+1)/(2S+1)~1/2, which becomes ex- g o%r —_———
act in the largesS limit. In this approximation, we obtain an ® ]
effective Hamiltoniar, 03 , fpg=fac=0
N.=70
N 000 —
Hofr=— >, (tha! jan+H.C) ! 1 1 1 1 .
n=1 0.00 0.02 0.04 0.06 0.08 0.10
‘JAF
+JAF; (Sin 6y, Sin 641 COS = bn1) FIG. 1. Order parameterg and ¢ versus the strength of the
antiferromagnetic exchange interactidge in the cases ofa) N,
+c0s#,, oSOy 1), (4) =71 and(b) Ne=70.
of the ring with the periodic condition, whedg=jAS?, P
ar
o 0. Eg= — €| cOS ECOS(ﬁ(Iﬂ_—)\))
t_ i : it
an—cos?cw+S|n7e"’5ncn,l

+sir? gco{%(F_nLgb—)\)”

+ JaeNg(sSir? 6 cos¢+ cos 6), (7)

and

th=t cos%cos%e‘(ZW’N)(fAB”AC)
where eo=2t sinNe@/N)/sin(@/N), fage (fQ—3,fQ+1),

and face (FQ—1,fQ+ 1), with 3 and fQ being deter-
mined by minimizing the energy in Eq7) for given 6 and

¢. In EqQ.(7), \=0,1/2 correspond to theddandevennum-
HereA ¢n=¢n— ¢n..1. If we neglect the AB and ATC Phases per of electrorN,, respectively. The energy unit is setttm

in Eq. (4), the hopping terms go back to EQ). ' anda s paper. Physicallyg and¢ characterize the orientation of
operators satisfy the anticommutation relation and are oo spin for localized electrons, and depend on the AB and
spinless fermion. Physically, the spin of conduction electrons, - f,xes. Differentd and ¢ characterize different spin or-

is frozen to align to the localized spin, ang describes the o5 of the systemd=0 represents a ferromagnetic state;

charge degree of freedom of electrons. The cost of transfor(%&0 and 0<¢<m a spin spiral statep=/2 and ¢=

; T T - '
mation fromc; , to «; is that the renormalized hopping ma- - . 4 antiferromagnetic stat@0 or 7/2 and¢=+m a

trix acquires a quantum phasep, which plays an important - canted ferromagnetic state.

+Sin%Sin%ei[(27-r/N)(fAB—fAC)+A¢n] .5

role in the present problem. In the absence of external AB and AC fluxes and the
For a homogeneous system we take=6 andA¢n=¢.  gntiferromagnetic couplingg, the ground state is ferro-
The eigenvalues of Ed4) are obtained as magnetic as expected by double-exchange mechanism. Order
parameters) and ¢ versusJ,e are plotted in Figs. (& and
E,= — 2t/ co& fcos<2—w(| + |:+)) (b) for N=100 andN.=71,70, respectively. The reason we
2 N chooseN./N~0.7 is that the metallic ferromagnetic phase

<0.5 With the increase ofl,r the ground state evolves
from a ferromagnetic phase to a spiral phase, and further
+ Jap(sir? 0 cosd+cog 6), 6) approaches to an antiferror_nagne?ic phase. I_n pa_lrtic_:ular, near
Jar~0.01, ¢ and ¢ experience jumps, which indicate a
whereF.=f g facandl=0,£1,+2. ... phase transition from the ferromagnetic phase to the spiral
The ground energy of the effective Hamiltonian wiklh ~ phase. Whe®d ,r increases furtherp approachest 7 and 6
electrong Eq. (4)] is obtained, tends to bew/2, which indicates that the spin spiral state

} of R;_,RMnO; occurs in the range of interval G

.n26 {277
+si ECO W(I+F‘+¢)
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evolves to an antiferromagnetic state. It is worth noting tha(f,c=0) and¢=0, the charge current is independentéof
there is no phase transition between these two states. Intesnd reduces to the result of tight-binding modiéfl only the
estingly, <0 for No=71 (odd numbey, while >0 for  AC effect is consideredf(,g=0) and¢ =0, the spin current
Ne=70 (even numbgr Actually, forodd N, andF_=0 the s also independent af. Actually, both# and ¢ depend on
states with¢<0 and>0 are degenerate for the energy in the AB and AC fluxes and are determined by minimizing the
Eq. (7). Foreven N or F_+#0 the states with different signs total energy.
of ¢ are no longer degenerate. The signfoflepends on the In reality, the ring is quasi-one-dimensional and the elec-
AB or AC flux F_ and\. Consequentlyg>0 is expected tromagnetic energies induced by the AB and AC fluxes
for even N. Physically, the double-exchange ferromag-should be taken into accoutit’**> These electromagnetlc
netism is predominant for a small antiferromagnetic couplingenergies can be written a&ag= (1/28)fAB and Exc
Jae . With the increase of g, the competition between the =(1/20)f,ic, whereB=£c2/e2<D§ and L is the inductance
ferromagnetic double-exchange and the antiferromagnetief the ring andC= u?LR/87%a%?c2.1%415 Thus the total
coupling drives electrons forming a spin spiral state, and agnergy of the ring is
antiferromagnetic state eventually.

As is well known, the nonzero AB and/or AC fluxes in- Er=Ey+Eas+Eac- (10
duce charge and/or spin currents in a ring, which in turn

" , . By minimizing the total ener , We obtain a set of equa-
stabilize the fluxes. The induced currents are given by y g 9 d

tions to determingdy, ¢ and the current- mduceb‘A) and

e JIE, fi:
¢ 27Tﬁ &fAB €
c =Sin#p(cosF;—cosF,) +JaeNe Sin(26,) (cos¢gy—1)=0,
B 15 520 (27 - 2
——m co Esm W( +—N\) (11a
21 2
LS © sm( (F_+d— )\)) ®) Wesmz—ssz JapNg Sir? 6 singy=0, (11b)
o f(c)
| _1 & —e(co§ SinF,+sir? — ssz) 280,
s 4 &fAC N B
(119
15 2 0 (27T(F )\)) ©
=————|cos =sinl —(F,.— 2 f
2 sin(@/N) 2 N Wwe c0§ smFl sir? — smF2>+%C=O,
0 2
—sinzzsin(W(F_Jr(b—)\)) , ) (11d
where F;=(27/N)(f{+f—\) and F,=(27/N)(f{}
respectively, where 15=[2etsinNem/NJNi and 15 —f{%+ ¢o—\). The AB and AC fluxes can be expressed

=[2t sin(Nam/N)]/N. If only the AB effect is considered approximately as

(o) (27IN)2€g( N — ol2)Sir? Oy+ (1IC)[ N — g SINP(65/2) ] (12
AB 2 _ 2 )
(27IN)% €, Sir? 6p+ (1/B+1/C) + (1/BCeq) (N/277)

(0 (27IN)2€q( po!2)SIr? o+ (1IB)[ N cOS 5/2) + (pg— \)SINP(6o/2) ] 13
AC™ 2 > ,
(27wIN)?€q Sir? 6+ (1/B+1/C) + (1/BCeq) (N/277)

which indicates that the quantum phagecan sustain both are plotted in Fig. &), from which it is seen that there is a
AB and AC effects. By ignoring the electromagnetic ener-competition between AB and AC effect$ ‘(I3>O andf(°)
gies generated by the persistent current, BesC—, itis ~ <0). WhenJ,r increasesf'} and f{< tend to saturation.
easy to obtainf{E~\—¢/2 and f{2~ po/2. For general The saturated values df% andf(c) depend on differenB
cases, we solve the set of HG4) numerically. andC. In a typical mesoscopic systelﬁ,< B, and therefore
Figure 2a) presents botld, and ¢, dependence afapin - f{Q<f(Q) 1410

different cases. Their behaviors are almost independeBt of  The charge and spin persistent currents verkys are
andC in the interested range. With the increaselgf, the  plotted in Figs. 2c) and (d). Both currents vanish fod,g
ground state evolves from the ferromagnetic phase to thel0.01, but jump to finite values far,>0.01. In the cases
spiral phase, and to the antiferromagnetic phase eventuallpf 1/B=1/C=0, |I. decreases with increasing &fr due to
The current-induced AB and AC fluxes as a functionJgf ~ the competition betwee Cg, fff%, and ¢,. | also shows a
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FIG. 3. ForN.=70 (even number (a): Order parametef, and
¢ versusdar; (b): the current-induced AB and AC fluxes versus
Jar; (0): the charge current versdge; (d): the spin current versus

‘JAF'

FIG. 2. ForN.=71 (odd numbey, (a): Order parameteé, and
¢ versusag; (b): the current-induced AB and AC fluxes versus
Jag; (©): the charge current versudgg; (d): the spin current versus
Jar.
trons in the system acquires a Berry phase via the Hund’s
electromagnetic energy is taken into accountBEA/C coypling between these electrons and the qualized electrons.
~0.2 and 1B=0.2 with 1C=0.4), I, and I, increase This produc,es an observable quantum effect in a closed route
quickly atJ,g~0.01 and tend.to saturation whose value de'(r)rjogé?cttl‘rlznpsharsneogsogégllgct?(jeaflgf;:;?:‘ro?r?L':ﬁlee;ji)xucbhlz?ge
perI]tdiz ?12t£j ?r?gt ﬁg,tkzisfaescj\gﬁ.n N, the phase shifts a exc_hange ferror.nagnetislm in the system, the supe_rexchange
half flux quantum’ k=1/2). As a result’ the topological ef- antlferromagnetm couplmg frqr_n_ the localized SPINS also
fect may change as shown in Fig:éa)@—(d,). Since the sign of pIay; an important role in stab|l_|;|ng the magnetic structure.
& is opposite to that foN,=71 (odd numbex. the current- A spin sp'lral statg can be stabilized for a molderate antifer-
induced AB and AC effeects are affected éven though th [omagnetic co upling and bOt.h charge and Spin currents can

. ' %e induced simultaneously via the geometric Berry phase in
ground state properties do not change. It can be seen froW1is state, which is a piece of physics emerging from the
Fig. 3(b) thatfffg andf(A% change in opposite directions to present a’nalysis. This current-induced topological effect is
those forNe=71. fif} and fif may still be nonzero in the expected to be observable in mesoscopic systems, which
ferromagnetic stateJ(,r<<0.01), which sustains the charge might provide a new way to investigate the magnetic struc-
and spin currents as shown in Figscj3and (d). ture in such double-exchange materials.

In summary, we have addressed an effective Hamiltonian
for a ring of double-exchange system from an electronic This work was supported by a RGC grant of Hong Kong,
model by considering both the Aharonov-Bohm andand by a CRCG research grant at the University of Hong
Aharonov-Casher effects. The motion of conduction elecKong.
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