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Transient electric current through an Aharonov-Bohm ring after switching of a two-level system
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The response of the electronic current through an Aharonov-Bohm ring after a two-level-system is switched
on is calculated perturbatively by use of a nonequilibrium Green function. In the ballistic case the amplitude of
the Aharonov-Bohm oscillation is shown to decay to a new equilibrium value due to scattering into other
electronic states. The relaxation of the Altshuler-Aronov-Spivak oscillation in the diffusive case, due to the
dephasing effect, is also calculated. The time scale of the relaxation is determined by characteristic relaxation
times of the system and the splitting of a two-level-system. The oscillation phase is not affected. Experimental
studies of current response would give us direct information about characteristic times of mesoscopic systems.

DOI: 10.1103/PhysRevB.65.205318 PACS nuniber73.23-b

[. INTRODUCTION was calculated in the presence of a dot driven by an ac field
in Ref. 19. The effect of a time-varying potential on the
Decoherencéor dephasingcaused by external perturba- conductance of a ring was calculated in Ref. 20. The dynami-
tions is an important problem of quantum systems. Withincal properties of quantum dots were studied theoretically in-
equilibrium statistical mechanics, a convenient formula fortensively in the context of resonant tunnefihgand the
estimating the dissipation by the environment was presentelondo effect???
by Caldeira and LeggettThere, decoherence was treated as Recently the AB effect in the ballistic case was experi-
a nonlocal interaction in imaginary time. The formula wasmentally investigated*?° It was argued that the temperature
shown to be useful in considering macroscopic quantundependence of the AB amplitude indicates a dephasing rate
phenomena,in which the tunneling rate was calculated only proportional toT~*.2° This behavior was discussed to be

as a static quantity. consistent with a theoretical estimate of the dephasing due to
The effects of decoherence on electron systems were studharge fluctuation, taking account of the existence of the
ied in the 1980's in the context of weak localizatiéeg., leads?®® However, the argument given in Ref. 25 might be

decoherence by phonons and electron-electron interaétion too naive, because theoretically the role of dephasing on the
Decoherence gives rise to a mass of an electron-electrofiB effect in the ballistic case is not obvious. In fact the
propagator(a cooperojy which governs magnetoresistance. dephasing is represented in the calculation by the Cooperon,
The decoherence time due to electron-electron interactiowhich exists only in the dirty casesee Sec. Y. A possible
was calculated by solving the Cooperon equdtiand as a  dephasing effect on ballistic current may be to change the
mass of the CooperchLater it was demonstrated that this spectral functiorf’
dephasing time is equivalent to the time defined in an intui- The aim of this paper is to study the response of the
tive way from a decay of the overlap of the wave funcfidn. current through a narrow ring with a magnetic flux after a
One should note, however, that this definition does not altime-dependent environment is switched on. By use of a
ways work(see below and in Sec. )V measurement of electronic properties with a highz) time
Recently decoherence by a quantum two-level systemesolution?® the observation of such a current response and
(TLS) has been theoretically studiéd® In these works the time-resolved dephasing process is possible. The current re-
temperature dependence of the dephasing tipewas cal-  sponse may provide direct information about microscopic
culated, motivated by an experimental finding of the saturarelaxation timegelastic () and inelastic t,,) lifetimes) and
tion of the dephasing time @6—0 in disordered metdt  properties of the perturbation source. As the environment we
The mechanism of saturation appears still controversial. take a quantum two-level system. The transient current at
For studies of decoherence, recent mesoscopic systentmwv temperatures is calculated diagrammatically using a non-
are suitable, since decoherence can be detected in a coequilibrium Green functioR®! Coupling to a TLS is in-
trolled manner. A direct way to study decoherence is to useluded to the second order, and a linear response with respect
the interference of two different paths in a small ring. Theto the probe electronic field is considered. The AB current is
interference leads to an oscillation of conductance as a fun@alculated in the ballistic case, treating the arm of the ring as
tion of an external magnetic flux through the ring one dimensional.The response of the AB current to sample-
[Aharonov-Bohm (AB) (Ref. 12 and Altshuler-Aronov- dependent fluctuations in a dirty case would be similar to
Spivak (AAS) (Ref. 13 oscillation?]. The oscillation pat- that of the AAS curren}.A generic expression of the AB
tern changes if perturbation causes scattering or dephasingesponse is obtained in terms of the correlation functions of
The first direct measurement of the effect of the phase due tthe perturbation source. It was shown that only the amplitude
transport through a quantum dot was carried out by use obf the AB oscillation is affected, consistent with the phase
the AB effect by Yacobyet al'® Further studies revealed the rigidity.'®*” The reduction of the amplitude is shown to be
rigidity of the phase, which is consequence of time-reversatlue simply to the scattering into other electron states, and is
symmetry*®~1 The amplitude and phase of AB oscillation not interpreted as dephasing. The overlap of the wave func-
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tion with the initial state exhibits a decay after the TLS is — !
switched on, but this has nothing to do with dephasing. This —_—
is in contrast to the decay caused by electron-electron inter- C

action in a disordered caSéheoretically this distinction is

natural, since dephasing in the strict sense cannot be de- FIG. 1. Path in the complex time planeis the time of mea-
scribed by one-particle propagatida Green function with  surement.

an elastic lifetimg¢ The effect is incorporated only when we

take into account the particle-particle ladd#re Cooperop Quur xx (1t @)

which represents the interference between a path and the w0t

reversed path in the presence of elastic impurity scattering. _ .

Physically interaction with a single TLS itself gives a defi- E(—l)zf dtoe™"o((Tee(xt) e (Xgto)

nite phase factor and cannot cause dephasing in the ballistic ¢

case. To cause dephasing, some randomness, such as impu- xc(xoto)cT(x’t’)». ®)

rities, is needed to give uncertainty to the phase due to the

interaction. If there are many TLS’s with different energies, T denotes a path order on contoGrin a complex time

dephasing would appear even in the ballistic case. plane (Fig. 1), and superscrip& denotes taking the lesser
In the calculation of the AAS currenin Sec. V), the  component with respect ta<t’ on the pathC.*° The Fourier

dephasing timer, is included phenomenologicalljwe do  transform ofQ is written as

not care about the origin hererhe lowest order contribution

we calculate corresponds to the correctiom{doy the TLS. ., (t,t",w)

The calculation of response of the AAS current is very com-

Fact of oscllating extennal fild o biefy discussedt i seo v =(~1)° |_dtoe o Tegu(c] (to)ce (t)ckt' ).
Il. FORMULATION )
The Hamiltonian we consider i#i=H+Hyg+H’, and the spatially uniform component of the curreff is
where He=3ecic,+Himp is the electron part[g ~ ‘WteN as
=k?/(2m)—er, e being Fermi energy and Himp
=0Z/Cf/C represents the impurity scattering; (is the 30)(t) = EEE_Z zk£Q< (tto). ®)
coupling constant Hy s is the Hamiltonian of the TLS, Vow2m g m Sk

which we describe later. The coupling between the electron

and the TLS is We first consider a case of a simply connected geometry.

The second order contribution @ is the self-energy(SE)
H'(t)= E V(t)CI+QCk! (1) f[ype(Flg. 2. [The vertex correction vanishes, siricandk’
kQ in Eqg. (5) are independent of each otHete thatV does not

. L depend on the momentum trangfandQlfk, is an even func-
whereV(t) is an operator of the TLS, which is time depen- fKk andk’ 1 The SE tributioroCE= 5 (SE) ;
dent.V is treated as independent of the momentum transfeion ©f k andk’.] The SE contributiorQy, "= 6« Qi is

Q, assuming that the TLS is applied to a small area. waVritten as
consider an electronic fieldE) applied on a lead with a
frequency ofw. The vector potentialA is then written as
A(t)=(1/iw)Ee "', We consider a limit ofv—0 andE|z.
The electronic current in linear response is giverlas)(®)
+J® | where

z

© 1E,( e)\?
J (th)zvz ﬁ (Vx_vx’)z(vxo_vxé)z

<
X QXX! yxoxé(t't, ,(1)) |X’—>X,X(’)—>Xo,t’—>t ’

2
N == S ADUE RN (2)

(b)

where X, and x; represent position in the lead where the

electronic field is applied. Double b_"ade.(S )) include the FIG. 2. Second-order contribution @ (a) Self-energy type(b)
averaging over the electron and impurity. The correlationvertex correction type, which vanishes since the interaction vertex
function Qxx’,xox(’)(trt,) is defined as V does not depend on the momentum transfer.
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r r
Q(kSE)(t,t',w):f dtoe‘iwIOJ dtlj dt, Z >
c c Jc r ’
G ’m‘ G r <
X[Gy(t—1t1)2(ty,t2) Gy(ta—to) Gy(to—t’)
+ Gy (t—to) Gy(to—t1) X (t1,t5) Gt —t")].

©) 00—’
Here

< >da
2(t, 1) =i2gx(ty,t2) G olti—tp), ’ a < a

and

x(t1,t2)=—(TV(t)V(t2) (7
is a correlation function of the TLS. The lesser component - .
(Q<) of Eq. (6) is calculated by use of decomposition rules ~ FIG. 3. Decomposition 0Q™ into retarded (), advanced §),
such as [[edt,A(t—t,)B(t,—t") ] =/ dt,[A(t and lesser components<{.
—t)B=(t;—t")+A~(t—t1)B?(t;—t')] and [A(t—1t;)B(t

—t))]°=A(t—t,)"B(t—t;,)~ (A and B are path-ordered
correlation functions® The result is(see Fig. 3

(SE), ’ iw t r r <
Q (tt w) Z e ka)1 wzwlfw,wlfw’Gk,wlfw’Gk,mlfw*w’
r r < a
+Gk,wl—wzwl—w,wl—m’Gk,wl—w’Gk,a)l—m—w’
+Gl w20 Gy G;
kKo~ w1~ 0,0;— 0" “Koj—o' TKo-o-o’
< a a a
+Gk,wl*wzwlfw,a)lfw’Gk,wlfa)’Gk,a)lfw*a)'+C'C')’ (8)
where
r . r < > r
E“’1 @2 IQEcos (kaQ""BX“’lf“’vazf“’s_'—GK*Q'wsxwlf“’s»“’z*wa)’ ©)

Ejl 0, iEQwSGf—Q,%X;ws,wzwy and c.c. denotes conjugate processes. Lesser and greater components of free Green
functions are given a6 (w)=f ,AG, () andGy (w)=—(1—f,)AG,(w), wheref ,=1/(e#*+ 1) is the Fermi distribution
function andA G (w)=Gg(w)— Gy (w). The expression o~ is further simplified if we use

k.
 (G{(w))?= 1 G(w), (10

and a partial derivative with respect kg.
After some calculation the SE contribution is obtained as

(kp)? (kp)? _
; Q(SE)<(t t w—>0)——|w2 2 lo thw 2 [HkQ w1,W,wW )awl wq kwl Ekl,wlei,wlfw’
o' 102
a r
+Her(w1,w2, )ﬁwl wy— o' kwl—w’Gk,wl—w’Glr(,wl]

- 2 et 2 2 [Mig(w1,02,0")f 0 ACk0, G,

w1w3
T @1,@,0") - /Gy AGi o,

< r a
+Xw2,wsz’fwl—szGk—Q,wl—wz k,wlek,wl—w/]! (11)

where
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“ == ®
HkQ(wlvavw )_sz,wz—w’Gk—Q,wl—a)z

_ _ M
(1 fwlfwz)AkaQ,wlwasz‘wsz' '
(12)

(u=a,r) and X, =[(dw/27). The current contribution
from the SE,J®B), is defined by Eq(5), with Q replaced by
Q(SE)_

The current)™ [Eq. (2)] is similarly calculated as

J(A)(t)

<

e? 1
—e, o [ ot [ dteut-t3 G-t
w C C

=iE ——Z E e > X

wiwy Q
X[HkQ(wllw21w )f AGk w1G

K, —w’

+HkQ(w1 wo,w )fw —w’Grk,wlAGk,wl—w’

r a
kylek,wlfw']'

13

<
+Xw2szfw/fwlfszkaQ,wlfwz

It is seen that this contribution cancels the second part in Eq.

(12). Hence the total current is obtained as

J(t)=Jo+ICB (1) +IA (1)

=J0—i%E<e) > ( 2)22 ety >

wiwy Q
! a
X[Hele(wlia)va )&wlf Gk ®q kw]_Gk,wlfw’
a
+Her(wlvw21 )&“‘1 0]~ Gk,wlfw’

X G, Gk, 1 (14)

,wl—w’ 01
Here Jo=E,o, is current without the TLS,o,=(e?/3)
X (ke /m)2[N(0)/V]7, andN(0)=V(mk-/27?) is the den-
sity of states.
Using 4, f, =—
andQ, we obtain

6(wq) and taking summations ovex

—iw't

I =3p=2mINO0) 7 X ———i[X]

0w, 170’

_ a r
fmz)(wzﬁwz_wr"'fmz—w'szwa_wr]- (15)

Aharonov-Bohm current

We next consider the case of a ring with a magnetic fluxH’
shown in Fig. 4. For simplicity the perturbation due to thetions in
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i

FIG. 4. Ring we consider. The TLS affects only the upper arm
(a), and the phase due to magnetic flux)(is attached only on the
lower arm(b).

system is ballisticL=<I. The current through the ring is,
given by the same expression as E~(5), but Green
functions need to be replaced by those in the ring geometry.
The Green function connectingandx, at the right and left
ends of the ring, respectively, is approximated as

Gring(x_ X0) = Ga(X—=Xg) + Gp(X—Xo)

=[G(X=Xp) +(GZG)(X—Xo)]

+e'G(x—Xo), (16)
where the first term is the Green function though the arm
(G,=G+G3G) and Gy(x—Xo)=€e'?G(x—x,) represents
propagation through arrh. In Eg. (16) contributions from
the multiple circulation through the ring is neglected. The
Green function in the opposite direction fromto X, is

G(Xg—X)=Gz(Xg— X) + Gp(Xg—X), (17)
whereGi(xo—X)=e"'*G(x,—X) carries the opposite phase
as Gy, . The current through the ring is calculated from Eq.
(2) as

Jring(t)=Ja+Jp+Jap (18)

whereJ, andJy, are currents through arnasandb, which are
given as @¢=a,b)

1 E

J,.= E kzz e ""tz [Gu(w1+ 0 0+ )
Vo w10y
X Gy (w2,01)+ G i (w2,01)Gof(01— 0,0~ ') ]
+IW (19

J™ being the the contribution frod” on arma and Gy
=G,. CurrentJ, is equal to Eq.(15) and J,=J,, since
=0 on armb. The Fourier transform of the Green func-
Egq. (19 is defined as G (w1, w,)

TLS (H') is treated such as to exist only on the upper arm= [ _dt,[” .dt,e “11e'“22G #(t,,t,). (w, iS NOt Nneces-

(arma) and the phas@=27d/®, (®,=h/2e being flux
guantum due to the flux ¢p) affects only the lower arnt,.

sarily equal tow,, sinceG, includes the self-energy due to
the TLS, which is not energy conservindn Eq. (18), the

We consider the case when the ring is slowly varying and thénterference effect is included i, which reads
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E kzz e v tE [Ga(w1— 0,0~ 0")

1E,
Jab= Vo\m

X Gpy (@1) + Gy (01~ 0,01~ 0" )G w1~ 0~ ')

+GbL(w1)Gak<(wl— w,wl—(u')

+Gbk<(a)1)GaE(w1—w,w1—w')]-f—J(a’%)

— 30432 (20

HereJ\9)=2J,cos¢ and[by use of Eqs(16) and (17)]

o_LlE|e ? 2 oty ai b+ < ,
W=V o lm| 2 K2 e QT (@)

+e 14Q; “(w,0")]+IBV?, 21)

@ .
whereJ{})” is the contribution fromd® and

(GEG)

wl w, wl '

QI<(w,w’)E§ [Gl.,

+Gk g (GEG)

0)*(4)(0*(1)]

Q “(@,0)=2 [(G26)], _, .\ 0G0
w1
+ (GEG)il—a),wl—w’Gi,wl—w—a)’]' (22)

These are calculated similarly to the derivation of Ed) as

i:r<(w—>0,w =—Iww§28 fwl Kooy kleE’wl,w,
XHEQ(wl!wZ!w,)+Q+,1
Q “(0—0,0' ——mz)z 2 PRRRIC I c A
a r ’ -
XGk,wl—w’HkQ(wl’wZ’w )+Q ) (23)
where Q= are terms which cancel witdi®)”. The final
result ofJ$) is
271_2 1 7|w "t
Jﬁfb)=———E( )[N<0>kFﬂ22
3V —io'r
<3 il —2fu,x, )
s 2 wz,wz—w’ Wy wz,wz—w’
i r
+e (sz - +2fw2*wIXw2,w27w’)]' (24

From Eqgs.(19) and(24), we obtain the total current through

the ring as

PHYSICAL REVIEW B5 205318

Jiing(t) =2(1+cos¢) Iy

— ! .
o't i

—27IoN(0) 7Y, ——— >, =
' l—iw'r e, 2
i
X[(1+e )(sz P 2f wz P )
i
(L)X ot 2F X, 0y 0)]
(25
I1l. CORRELATION FUNCTIONS OF A TWO-LEVEL
SYSTEM
The Hamiltonian of the TLS we consider is
Q
Hys= 20z, (26)

where the two levels are represented by the Pauli matrix
The interactionH’ is switched on at=0 till t=T, (T, is
later set equal to the time of measuremeand is written as

V(t)=(uo,+voy) (1) 0(To—1), (27)

whereu and v are coupling constants ané{t) is a step
function. Here we consider the case in which the TLS is
initially at |o,=m) (m==1) att=0. The correlation func-
tions are given as

X~ (tg,t)=—i(m|V(tx)V(ty)|m),
— _i(u2+v2efimﬂ(tlft2))
X 6(t1)0(t2) O(To—11) O(To—t5),
X7 (ty,tp)=—i(u+v2em 712 f(ty)

X 0(t2) 0(To—1t1)0(To—ty), (29)

X (tyt2) = 0(t—t" ) (x~—x")(t1.t2),

XAty ) =—0(t' =) (x™—x7)(t1,1p).
The Fourier transform is defined ag€(,),r,a)

X = f dty f_ dipe'*ie™ oyt (ty, 1), (29)

where we note thatw and o’ are not nesessarily equal.
These are calculated as

<

— _irn2 2
sz,wsz’__l[u F Fw'—w2+v sz—mﬂrw’—w2+m0]a

a 2
sz,wz—w ; w2+ mQ(F w —a)zimﬂ)v (30)
sz wy— o' _022 —(Fw’ szimﬂ)’

* wy—w' =ml)

where
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/ Q1=0.1

0 20 40 60 80 100 0 2 4 6 8 10
t /T f / T

-0/

Q=10

FIG. 5. Behavior of the curred€g. (32)] for the two case€)
=0.1 andQ)=10. u andv are chosen as 1.
ioTy__

— To I alot’
Fw(T0)=fo dt'e :i(wTO) (31

(note thatl",, depends o).

IV. RESPONSE OF AHARONOV-BOHM CURRENT
TOATLS

The expression of Eq15) is estimated by use of EQ30)
with To—t as

2 - ~
J(1)=Jo—27IoN(0) 7| { u2+0? 1—;tan19>)(1—et)
2 o dx - sinxt
+—v2f 1—cosxt+ , (32
T 0 14+x?

where)=mQ 7, T=t/7. In the case of low frequencid}|
<1, integration ovek is carried out to be

J()=J,

1—27TN(0)T[(u2+vz)(1—e—7)+02%

X

(|8]<1),

.~ sinOt . -
Si(Qt)— = +Qet

(33

where Sik)= [5(dy/y)siny. After the TLS H') is switched
on, the current relaxes to a new equilibrium val(g[ 1
—27N(0) r(u?+ 2v?%)|=Jy+ 8J..) in the time scale of) !
(Fig. 5. In the opposite casé()|>1, the scale becomes

I =3[ 1-27N(0) 7(u2+202)(1—e ]  (|Q]>1).
(39

The result for the ringEq. (25)], is similarly calculated as

Jring(t) =2(1+cos¢)Jo— (1+cosp)Jp27mN(0) 7

2 ~
X | {u?+p? 1—;tan‘1ﬂ)](1—e‘t)
2 ,(a dx - sinxt
+—v 1—cosxt+ ——||. (35
7 Jo 1+x2 X
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electron by the TLS in the same way as in a Witg. (32)].
This indicates that the TLS does not affect the coherence of
electrons in the ballistic transport. This is clear in the static
limit Q— 0, where dephasing cannot occur. In fact the decay
rate in this case, 2N(0)(u?+v?), is simply equal to the
transition probability calculated from the self-enerdy,
=2i3tr{(Uuo,+vo,) Gy (w=0)(uo,+va,)]. The effect of
the TLS surviving in the high-frequency limif)—<, also
excludes the possibility of the dephasing mechanism. We
will see that these limiting behaviors are different in case of
the AAS current[Eg. (57)]. The phase of the oscillation
(cosg) is not modified, similarly to the equilibrium case, in
which case si term is forbidden since it violates the time-
reversal symmetrif

The behavior at~0 of the currenfEq. (35)] is given as

Jring(t)2(1+ cos¢)Jo[2— 27TN(0)(U2+ vz)t]
=(1+cos¢)2J,e 2 (36)

wherel'=27N(0)(u?+v?) and a factor of 1/2 is to account
for the TLS applied only on one of the two arms. This decay
rate I' is nothing but the rate obtained by Fermi's golden
rule. In fact the transition probability of the electron from
momentumk to k' is given by

t
A== [ dtu(km | )

sin[(ek,—ek)tlz]>2

I
=u2s,.,
mm( (e — €12

. 2

o5, _m< Sin (e — €x— mQ)t/Z])
' (Ekr_Ek_mQ)lz

(37

wherem and m’ (= =) are the initial and final state of the
TLS. By use of

sinf et/2] )2
for {—o0, we obtain Ek’mm’|Ak’m’km(t)|2

—>27Tt2k/[uz5(€k/ - Ek) + Uzﬁ(ek/ — €x— mQ)] = Ft
This ratel’ is also evaluated from the overlap of the state
att andt=0,

) , i [t t
<o|Te—'det1H <t1>|o>:1—§f dtzf dt,0(t;—t,)
0 0
X[x7(ty,t) + x~(tz,t1)]
X, fo(tz_tl)GE(tl_tz),

Kk’
(38)

which results in=e ' for I't<1.

In the case of electron-electron interaction, the decay rate

It is seen that the amplitude of the AB oscillation is reducedof the overlap integral was shown to be equivalent to dephas-
by the TLS, but the reduction is due to the reflection of theing time®’ In the present case of ballistic transport, the de-
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-&J -
08 0.25
Q1=0.1 0.2

06 0.15 Q=10

0.4

3J.
02 / \ / 0.05
0
02 10 20 \3{/40 50 0 2 4 6 8 10

t/t 74

FIG. 6. Behavior of 8J|=|J(t) — Jo| for the oscillating external
field [Eq. (40)], plotted in units of 2rJoN(0)7v2. At t—o the
oscillation is around 83| = 1/4x 27 JoN(0) 7v2.

cay of the amplitude of the AB oscillatidiEq. (35)] as well

as the overlap integral are not related to dephasing, but ar
due simply to the scattering into other states. What is crucial
here is the lack of randomness needed to put an uncertai
phase on the wave function. Dephasing is taken into accoun v’
when the effect of the Cooperon is considered in the pres-

ence of random disordéBec. V). (© @

FIG. 7. Corrections by the TLS to the AAS oscillation. The

V. EEFECT OF AN OSCILLATING EXTERNAL EIELD shaded thick line denotes a Cooperon. Scattering by a normal im-
purity is indicated by a dotted line.

Our ballistic results, Eq915) and (25), are general and
can be applied to other perturbation sources. We here con- v|. RESPONSE OF ALTSHULER-ARONOV-SPIVAK
sider current(15) with an oscillating external fieldy/(t) OSCILLATION

=y sinwt. In this casey®=x"=0 and , i L
In this section we study the effect of switching of the TLS

i on the Altshuler-Aronov-SpivakKAAS) oscillation!® This
< —_,2 veo—T_ 7. oscillation is due to the interference of a particle-particle
Xog.op=0' ™ 4 ; opzall-uyrorza=Tovyror=0)] propagatoCooperon induced by successive elastic scatter-
(39  ing. The oscillation is cos®), reflecting the charge of&
. ] carried by a Cooperon. The AAS contribution is calculated
Current(15) is obtained as from Eq. (2) with the Cooperon taken into account. In the
absence of a TLS, the Cooperon contribution to the current is
2 1 calculated a¢
J(t)=Jo—2mwIN(0) - 1+—[2(1—cos 20t

407 o _E:(e|* 2>
—20sin20t)— (1-402)(1-e H]. (40 Vim) g e
(41)
As seen in Fig. 6, the current oscillates around new equilibypare
rium value[J..=Jo— 27JoN(0)7v?/4] if the external field
is slowly varying (2<1), but oscillation is not dominant if * n 1
the perturbation is too fast for the electron to accommodate C(0)=>, >, (niviZE GLG§k> =
e p n=0 k p (Dp*+1lr,)T
(@>1). 2

This result has the possibility of various applications. One
example is a ballistic transport through a nanoscale metalliis a Cooperonn; and v; are the density and strength of
magnetic contacts. In magnetic contacts a large magnetorémpurity scattering, respectively, which are relatedstas
sistance is observed due to a strong scattering by a domair=2np?N(0). We have phenomenologically added an
wall trapped in the contact regidf®® Recently a nonlinear jnelastic lifetime,, which is assumed to arise from other

|-V characteristic was observed in half-metallic oxide CON-mechanisms than TLS's. Far=| [,= ﬁ is the inelas-
tacts, which is argued to be due to deformation of the f?\?‘al]. tic mean free patlidephasing Ierfgi)fhf c(0) is calculated as
In these small contacts, the application of a small oscillatingye assume that the width of the ring is smaller than inelastic

magnetic field might drive a slow oscillation of the wall oo free pathl(, I ) and carry out summation overas
position and shape. This causes a time-varying scattering p@; one dimensioh ¢

tential of the electron, and hence would be detectable by
measuring time-resolved current through the contact. A cur- 3L
rent measurement may be useful to observe mesoscopic dy- C(0)= ¢ (14+2e Yecos 2¢). (43)
namics. 8212
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(Higher-order contributionsce™"'¢, n=2 are neglected. D), =TI ( w?Gy 0, (46)
The AAS current in the absence of a TLS is thus *
3 l, U is a Green function connected by successive impurity scat-
IAs=—E,00 —2 Zap | ‘e ecos 29, (44 tering,
a andb being the width and thickness of the ring, respec- -
tively. E(tt)=(nvf)? X fcdtl fcdtz[DWG]
Now we calculate the effect by the TLS. This is done by nn=0
considering a correction to the Cooperon. Most important X (t—t)ix(ty, 1) F" (t;—t,)[GDM)](t,—t"),
processes are shown in Figgaj~-7(c). Procesga) is calcu-
lated as (47)
oz and F"(t;—t,)=[GDM™)GDMG](t;~t,) (We write
Q@< (t,t,)=(npd)2 >, e @t > > > [AB](t—t')=[cdt"A(t—t")B(t"—t') and subscripts are

o'y nn'=0 k'kik{ P partially suppressedAn important Cooperon behavidEq.
; f (a)< o i (n)
<[Gy wl_nga)} G (42)] arises inQ;¥~ only when aIIGkis in D{ki}'wl_w and
f iHhw]T @

ot DEE%@ _, are retarded Green functions amiki+p’s in
XEwlfw,wlfw’Gk’,wlfw’DEE’? wi—w' D(nl) - d D(n ) d d
iheg (Kt phog— oo @D {—K'+p}og -0 o’ are advance
X G_ktpw;— o' C—ktpwy—w—o Green functions, and fqo~0. By use of
(n) %
XD ,G_/ oo
{~ki+p}o—0—w' 2K +tpo;-0-w (nyr (n)a ~
(n") < nZO% Dlichoy-oD = ki+phoy—o—o’ =Cpor (P~0),
XDkt phog - 00 Gy —o=0r ] (48
(45) whereC,,,=1[(Dp?+ 1/7,~iw) 7], the dominant contribu-
where tion of Eq. (45) is calculated as

AV (ttw)= 2 e (nu))*(fo,— 00— fu,-o)[GDWGEGD™MG], _, [GDMGDG],

w;—0—o'
o'w,
_ -t 2y2 r r
- Z e ' (nivi (fwlfwfw’ 0~ o' )2 prcpw 2 Gk 0~ k’ g~ wEwl 0,0~ o' Gk’,wlfw’
o' wg
a a a
><(3—l(+pa) -’ G—k+p,wl—w—w’G - G ' (49)

—k’+p,wl w—w' k,wl—m—w’

The retarded part dE(t,t’) here is given as

e =me?? S | dy j:dtz[DWGf](t—tl)i[x<<t1,tz>F““’f<t1—t2>

nn’=0 Y~

+x'(t ) P 7 (1~ t) LG D (1), (50
In terms of the Fourier transforitiFig. 8),

r

_ (nrer ir b nn’> <pEnn'r rny(n)r ,
Ewl—w,wl—w’ % [D G ]“’1wa[le—w4—w,a)1—w4—w’|: w4+X F ][G D ]wlfw
:—i(niviz)ZE (1_f‘”4)X:”1*w4*w,w17w47w’[D(n)rGr]wl—w[GD(n’)GD(n)G]i)“[GrD(n,)r]wl—w/
w4
—1 (VD)2 (1 F )Xl 0r oy 2 Cor oy g oCp’ oy g
wy p'

a a r
XkEkz le w;-o kl—Q,w4G—k’+p’,w4Gk2_Q,w4Gk2,wl—w’ . (51)
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FIG. 8. Diagrammatic representation Bf.

We thus obtain

(a)< _ 2 2 —iw't r
QP (tt,w)=—inp?r® X e 'Y Gk oy
o' wiwy p
r a a
XG—k+p,a)1—w’G—k+p,w1—w—a)’Gk,ml—m—w’

X(fwl—w—w’_fwl—w’)(l_fw4)
r
CpoCpor

le—m4—w,w1—m4—w’

XZ Cp’,w17w47wcp’,wlfw47w’
p
X[2+3iT(w,— wy)—4p?D7]. (52)
Other processes in Figs(bf and 7c) are similarly calcu-
lated as

Q(kb+0)<(t,t7w):—inivi27'2 E e—iw’tE Glr<,w1*w

(4)’(1)1(1)4 p

Ga

—k+po;—o—o’

xXG'

—k+pw;—o’
X G2 (f —f )
k,wl*wfw’ [Cr i) o

r
X (1_ fw4)Xw1—w4—w,wl—w4—a)’cpwcpw’

X 2 Cp’,w17w47wcp’,w17w47w’
p
X[—2—i7(4w;—4w,—o0—w')+5p?D7].
(53

PHYSICAL REVIEW B5 205318

The current at low temperature is obtained by use of Eq.
(30 [and Eq.(5)] as

2
AA = e i 0 +
SIMK 1) ‘]OmkFV% Al _wdwg (=)
e-i(0rO)t_q
—Apt —Apt
X1im —(1—6 p—lApe pa)i—Q)

y 30t Q+i(2A,—A))
[(0xQ)2+A](0+iAp)[o+i(Ay—Ap)]
1_e—(Apr—iw)t e—i(wt(l)t_l

+ e — e —

_ e (Ap it

1
X
[w+i(Ay—A)](£Q—iA,)

: (59

WhereApEDp2+ 1/7,. The slowest relaxation is governed
by the contribution fromp=p’=0 of the square bracket
part. The oscillation part of this contribution is obtained as

[, v?

3
AAS 1\ __ ¢ 3
8IMY1)=J,c092¢) e kﬁabT‘PF’ (56)
where
0 + ety g i(wxMt_q
— 1 _atlT,_;

F—Imﬁwdwz 3 (1 e Ure—j - —0 )
" BoxO+ilr, +(1—e(1’ﬁoiw)‘
[(0xQ)2+ 71, (w+il7,) 0 w+ilT,

) e*i(wiﬂ)t_l 1
o (Ur,—iw)t
e w0rQ )w(iﬂ—i/%) : (57)

It is easy to check thafJ**S>0. This enhancement of the
AAS current is explained as due to the dephasing effect of
the TLS, which suppresses localization. The phase of the
oscillation is not modifiedi.e., 5J**%xcos 2p), and only the
amplitude relaxes after the TLS is switched.{)< 7, the

It is seen that one of the four Cooperons is canceled aftgime scale of the relaxation is QL. In the opposite case of

summation of the three process(@s—(c),35 and we obtain
QA =Q@<+QP*9< as(noting p,p’ <k andw’ 7<1)

RASS(t,0—0)= —i 0N 27

2
x 2 e (GIGY)?

lx)’(}.)l

X 2 CpuCpu'Cpra,
pp’

X (f

a
wl,wlfo)’)’

(59

where x? term is due to the complex procesg€sg. 7(d)]
andGy=Gy ,—o-

r
wlfw'le,wlfw’ fw1X

O>r7,, there first appears a rise in the time scalergf
followed by a rapid decay with small oscillation of frequency
of ~Q (Fig. 9). The effect of the TLS vanishes both in the
low- and high-frequency limitsx ) for Q<1 ande1/Q) for

QO >1. The vanishing of the effect in these limits, which is
distinct from the ballistic casgEq. (35)], is consistent with
the explanation by dephasing effect.

VIl. SUMMARY AND DISCUSSION

We have calculated the electronic current through an
Aharonov-Bohm (AB) ring after a quantum two-level-
system(TLS) is switched on. The TLS affects the amplitude
of AB and AAS oscillations, which relaxes to a new equilib-
rium value. Phases of both oscillations are not affected. If the

205318-9
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F dephasing. In the diffusive case the relaxation is interpreted
12 as due to dephasing. The crucial difference between the two
0; is that in the diffusive case, on the one hand, the phase pro-
06 duced by the TLS is randomly accumulated because of the
04 Q1¢=0.5 contribution from the random paths the electron travels; in
02 the ballistic case, on the other hand, there is no randomness.

2 4 6 8 10 The dephasing effect would appear in the ballistic case if the
7 /To F energy of the TLS is distributed.
03 The effect of an oscillating external field is also calcu-
038 Qto=2 Qte=5 lated. The amplitude of the current oscillates if the external
06 0.2 oscillation is slow enough for the electron to accommodate,
04 01 but the current oscillation becomes unclear in the fast vary-
0.2 ing limit.
> 1 o 5 1o > 1 & = Recent high(THz) time-resolved measurements of elec-
t/To t/To tronic propertie%8 make it possible to observe the current

response and time-resolved dephasing processes. The current

FIG. 9. Relaxation of the amplitude of the AAS oscillatidh of response may provide us with direct information about mi-
Eq. (57)] after a switching of the TLS fof27,=0.5, 2, and 5. For  croscopic relaxation timdglastic () and inelastic ¢,) life-
QT‘P<1. the behavior is monotonic, but fér7,=1 a bump appears  times| and properties of the perturbation source.
in the time scale of- 7, and then a decay. In nanoscale magnetic contadts* a motion such as a
slow oscillation of a magnetic domain wall may be detect-
able as an oscillation of electronic current through the con-
Sact. Time-resolved transport measurement may become a
powerful method in studying mesoscopic dynamics.

energy splitting of the TLS(), is large, the time scale of the
amplitude relaxation is given by the characteristic time of th
system, which is the elastic lifetime in the ballistic case
and the inelastic lifetimer, in the diffusive case. In the
opposite caseQ)<7 1,7, !, the time scale become3 ™.
Although the relaxation of the current appears similar in both

ballistic and diffusive cases, the physics behind the relax- G.T. thanks H. Matsukawa and H. Kohno for valuable
ation is different. In the ballistic case the relaxation is due todiscussion. He is grateful to The Mitsubishi Foundation for
a scattering of the states into other states, which is ndiinancial support.
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