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Aharonov-Bohm effect as a probe of interaction between magnetic impurities
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We study the fects of the RKKY interaction between magnetic impuritiestloe mesoscopic conductance
fluctuations of a metal ring with dilute magnetic impuritiég sufficiently low temperatures and strong magnetic
fields, the loss of electron coherence occurs mainly duedostiattering fi rare pairs of strongly coupled
magnetic impurities. We establish a relation between thghaging rate and the distribution function of the
exchange interaction within such pairs. In the case of th&KRxchange interaction, this rate exhibitsB?
behavior in strong magnetic fields. We demonstrate that ther@nov-Bohm conductance oscillations may be
used as a probe of the distribution function of the exchang@action between magnetic impurities in metals.

PACS numbers: 03.65.Yz, 72.15.Rn

The exchange interaction between magnetic impurities anélinction [10],

itinerant electrons drasticallyffacts electron transport in met- o D
als. Recent experimentd [, i2, 13, 4] have revealed a signif- _ e A®
icant dfect of magnetic impurities on the coherent transport (Co(B)Gorao(B)) = n2h2 ; A(B) COS(Zﬂk ®p ) @)
(weak localization and conductance fluctuations) and elact
energy relaxation in metals with even a tiny concentratibn o whereGe(B) is the conductance of the ring in the presence of
magnetic impurities. In measuremerits [1], the amplitude of magnetic fluxd, ®; = hc/eis the flux quantum, and is
the “h/€” Aharonov-Bohm (AB) oscillations in mesoscopic a geometry-dependent numerical factor. The strength of the
metal rings showed a strong dependence on the value of tHB effect is determined by the amplitude&(B) with k # 0.
applied fieldB, with the oscillations being suppressed at low In the limit of low temperatures and high magnetic fields, we
fields and restored at relatively high fields. This obseorati find
is consistent with the picture of uncorrelated magneticump KL 1
rities frozen by a high magnetic field [9, 6]. Ax(B) « exp(—L—), T TP(guB). (2)

¥ ¢

The exchange coupling between magnetic impurities andiereL is thering circumferencd, is the electron temperature
electrons also gives rise to the Ruderman-Kittel-Kasuya@ndP(guB) is the density of magnetic impurity pairs coupled
Yosida (RKKY) interaction between spins of magnetic impu-PY €xchange interaction of strengih= guB. Thus, the mea-

rities []. At sufficiently low temperatures the RKKY interac- Surement of the AB amplitudesl(B) allows one to “scan”
tion between magnetic impuritie§fects the electron kinetics the distribution functiorP(V) of the interaction strength be-
in metals [B]. The observation of théfect of interaction be- Ween magnetic impurities. The applicability of EQI (2) re-
tween magnetic impurities was pursued in experiments [4]AuiresT < V < guB, whereV is the typical strength of the

where the temperature dependence of the resistivity and tHBteraction between magnetic impurities.

electron phase relaxation rate in diluted magnetic allogeaw ~ 1h€ AB conductance oscillations, being an interference
investigated. phenomenorl[9, 10], are very sensitive to any changes in dis-

order realizationl[11], 12]. Particularly, temporal change
the disorder configuration during the measurement process
In this paper, we study thefect of the RKKY interaction suppress the amplitudedy of the conductance correlation

on the AB oscillations of the conductance [9] 10] of meso-function [1). This suppression is a result of the conduaanc
scopic metal rings containing magnetic impurities. We showself-averaging during the measurement. A possible mecha-
that the amplitude of the AB oscillations may be used as amism for such suppression comes from the evolution of spin
experimental tool to probe the statistics of the exchange inconfiguration in the system of magnetic impuritigs [5] on the
teraction between magnetic impurities. Pairs of magnetici time scale defined by impurity spin relaxation. This scale is
purities coupled by the exchange interactibnomparable to  much shorter than the conductance measurement time. How-
the Zeeman energyuB of an impurity in a magnetic fiel@, ever, if the spins of magnetic impurities are quenched, tieey
play a special role (hergis theg—factor of a magnetic impu- not suppress the amplitude of the conductance fluctuations.
rity andu is the electron Bohr's magneton). The dynamics of A way to quench the spin dynamics of magnetic impurities
such resonant pairs is not quenched by the figldvhile the is to apply a magnetic field. In the system of non-interacting
other spins are frozen. The resonant pairs have the strongesagnetic impurities, the magnetic fieRRlyields an exponen-
effect on the amplitude of the AB conductance oscillationstial suppression of the spin-flip scattering rate if the Zee-
The oscillations are characterized by the following catieh ~ man energy splitting exceeds temperatyeB > T, then



vs o« exp[—guB/T], seel[b,L6]. Interaction between mag- netic impurities
netic impurities may weaken the spin quenching by magnetic 4
field, if the interaction strength between impurities is eom Ys(€) = 5— deP(V) [K(s, V) - (SZ)Z], (5)
parable with the Zeeman splitting. We consider strong mag- 31s
netic fields when the majority of spins are frozen by the apwherer;! = (37/2) nevJ? is the scattering ratefban iso-
plied field. Due to random positions of magnetic impurities, lated impurity at zero magnetic field, is the electron den-
there exist strongly interacting pairs for which the dynesni  sity of states at the Fermi level andis the concentration of
is not quenched. Such pairfiectively act as two-level sys- magnetic impurities. The termk4e, V)/3ts in Eq. [@) rep-
tems, and provide the main contribution to the suppression aresents the scattering rate of an electron with energff a
the AB conductance oscillations. We note that in strong magmagnetic impurity, which belongs to a pair characterized by
netic fields (the Zeeman splitting exceeds the typical gtiten  the exchange interaction strengthThis rate can be obtained
of the interaction between magnetic impurities) the prabab from the Fermi golden rule:
ity to find three or more strongly coupled magnetic impusitie
. . L —E:/T
is much smaller than the probability of finding a strongly cou K(s, V) = Z € |<§|é|§'>
pled pair. In evaluatings, we account only pairs of magnetic 2 z
impurities, following Refs.[[13, 14].

The competition between the antiferromagnetic exchang@hereZ = ¥.e =/T is the partition function. The polar-
V > 0 and the Zeeman splitting results in the degeneracy ozation(S;) = ¥, € %/T(£|S|¢)/Z of magnetic impurities re-
spin states of impurity pairs for which the conditign= guB  duces fluctuations of impurity spins and also redugeshis
is satisfied. The spin dynamics of such pairs is not quenche@ffect is described by the(8,)?/3rs term in Eq. [). The rate
and they contribute to the electron dephasing. The remainxs(¢) represents the result of averaging over the strength of
ing impurity spins are frozen by the applied magnetic fieldthe exchange coupling with the weightP(V). HereP(V)
or interactions and do not suppress the conductance fluctugenotes the distribution function of the exchange coupling
tions (we note that the dynamics of ferromagnetically cedpl for pairs of magnetic impurities, which we discuss later.
spins,V < 0, is quenched even stronger than the dynamics of We consider Zeeman splitting.B exceeding both tempera-
non-interacting spins). Therefore, the amplitudggB), see  tureT and the typical inter-impurity coupling. In this case,
Eq. [@), are determined by the magnetic impurity pairs charthe strength of interaction between magnetic impurities be
acterized by the exchange interaction strengtf the order ~comes comparable withuB at distances much shorter than
of the Zeeman splittingV — guB| < T. the typical distance between magnetic impuriti@’és, which

We focus on the limit of strong spin-orbit scattering (thejus_tifi.es the use of the yirial expa_nsion method. If the cbara
spin-orbit scattering rate is supposed to be much larger thaf€ristic sca_le for variation oP(V) is larger than temperature
the scattering ratefbmagnetic impurities). The interaction of T We obtain from[(b) and6)
an electron with a magnetic impurity is described by the ex- TP(guB) 26 e
change HamiltoniarHe, = 756, whereJ is the exchange ys(e) = 3, (1+ T COthﬁ), lel < guB.  (7)
coupling constantS is the spin of a magnetic impurity, and s
& is the electron spin density. The exchange coupling leadghe spin flip rate[{[7) takes into account the scattering pro-
to the dfective RKKY interaction between magnetic impuri- cesses which change the state of impurity spins in a pair from
ties. If the distance between the impurities in a pair is gnal J =1 andM = -1toJ = 0 andvice versa. Therefore, a pair
than the spin-orbit scattering lendtk, the coupling between  of impurity spins coupled with the strendth— guB < T acts
the impurity spinsS; » is isotropic [15] and the corresponding as a two level system [116].

2 1+ 6
1+ e(e—E5+E;/)/T ’ ( )

Hamiltonian is We emphasize that, in general, the scattering rétenag-
netic impurities is not a single universal parameter, witieh
wg) =VS§S, + g/JB[§12+ ézz]. (3) termines all transport properties of an electron liquidhwit

embedded magnetic impurities. Various properties of the

HereV is the RKKY coupling. The eigenstates of this Hamil- conductance, such as the weak Iocalization_correc:io_n [17]
tonian|é) = |J, M) are classified by the total spihand the and the conductance flu_ctuatlons,_are determ_m.edﬂagr_d.nt
projectionM of the total spin on the direction of the magnetic Parameters characterizing scatterirfj magnetic impurities

field. The energy spectrum of EG.(3) has the form (see Ref.l[6] for a detailed analysis). Here HJ. (7) defines
the dephasing ratgs(¢), which limits the amplitude of the

Aharonov—Bohm oscillations, EqI(1).

The amplitudesAy in Eq. [@) in the limit of weak scattering
off magnetic impuritiesys(T) < T, D/L2,, can be written in
Below we consider spin/2 magnetic impurities, in which the form [6]

case there are four energy levels corresponding to theeé
states and oné = 0 state. A = D¥2 [ e VD ds
We calculate the spin-flip scattering raté pairs of mag- “T TR Vys(e) cost(s/2T)’

Eiv = %[J(J+1)—S(S+1)]+ngM. (4)

(8)
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whereD is the difusion codicient. Substituting Eq]7) into in sharp contrast to the exponential decay rate for isolated
Eqg. (@), we find the amplitudes of the conductance correlamagnetic impurities in a strong magnetic fi@d5s, l6].

tion function harmonics. If the circumference of the rihg We note here that the scattering rat® oon-interacting
is much larger than the coherence lengh then the saddle magnetic impurities calculated to fourth order in the exdea
point approximation is applicable and we find couplingJ also has a power law dependence on the applied
L2302 magnetic field [6]:y{" « T2/(guB)2 However, this rate be-
Ay = \/E Tho exp(—kL) (9a) comes smaller than the rajg, Eq. [11), atT < V. There-
k [L/2r]72 L)’ fore, in the low-temperature and strong magnetic field limit
1 Vs 5T T < V < guB, the amplitudesAy(B) of the “h/e” Aharonov—
Lz~ D" EP(WE’)’ (%) Bohm oscillations, Eq[d2), are determined by electrontscat

¢ ing off magnetic impurities coupled in pairs. The correspond-

cf. Eq. @). HereLy = +D/T is the thermal length, ing coherence length, and dephasing rates are given by
vs = ¥s(e = 0), and the coherence length in a magnetic Eqgs. [@b) and{l1), respectively.
field B is determined by the probabilif(V) of finding a pair As the magnetic field increases, suppression of the AB
of two magnetic impurities antiferromegnetically inteting ~ amplitudes is determined by impurity pairs with the typical
with each other with the streng¥t = |guB|, see Eq.[7). separation of order(B) = [C/ (guB)]"°, where the factor
Therefore, the amplitude of the conductance fluctuations caC = vJ?/2r is determined by the renormalized exchange
be used to probe the distribution functi®(V). Below we constanty due to the Kondo féect and can be estimated as
discuss the appropriate distribution functions for the RKK
interaction in the limits of strong and weak disorder.

The strength of the RKKY coupling is determined by the C) = 2 In—2 max {or/r, guB, T) .
electron wave functions at the positions of magnetic impuri v Tk
ties. In a disordered metal, the values of the wave functiong\ question arises: what happens when the distance becomes
at distances larger than the mean free pdtlare nearly un-  smaller than the elastic mean free pHhAt such distances,
correlated, and the average value of RKKY coupling over disthe mesoscopic fluctuations of the RKKY exchange interac-
order is exponentially smalkV(r)) ~ exp(-r/l). However, tion are negligible, therefore
the values o¥/(r) in a given configuration of disorder remain

(12)

oc 1/r® even in the “strong disorder” limit > 1, as one V(r) = %cos 2orr. (13)
can seel[15, 18, 19] from the variance of RKKY coupling, r
(Vz(r)> = (3/4)C?/r8 with C = vJ2/2x. The corresponding distribution functidt(V) = Ps(V),
We emphasize that in a disordered metal the interaction C
strength between two magnetic impurities is not uniquely de Pc(V) = fdsf 5 [V -3 COS(2prr)| . (14)

termined by the distance between these impurities, but also

depends on disorder realization. The full distributiondun is non-monotonic and possesses cuspg Vi, — V
tion p(V,r) of V(r) is not known even for a metal with at the maxima of the RKKY interactionV, =
kel > 1. However, from the Ar® behavior of the vari- (8/7r2)(EF/n3)In’2[EF/nTK]; here the maxima are la-
ance on the distance between magnetic impurities, we assumgled with the indexn ~ (Er/guB)”® > 1 andEg is the

that the distribution functiormp(V,r) has the following scal-  Fermij energy. These singularities should reveal themselve
ing form p(V,r) = r3(r®v/C)/C. For magnetic impurities in high-field measurements [as defined below in EG} (15)] of
randomly positioned in space according to the Poisson dishe conductance correlation function, being however piyti
tribution, the probablllty of f|nd|ng the nearest neighbbaa smeared out by temperatu‘fmnd non_magnetic disorder.
distancer < ng'* is equal tons. To derive the probabil-  The oscillations of the amplitude of the conductance cor-
|ty distribution function of the RKKY interaction StrengtWe relation function due to the Singu|arities B(V) can be re-
average over the distance between magnetic impurities  solved if the distance between the neighboring maxiivia=
ngg(rgv/c) Vv _ a4 \_/n—le is larger than th_e temp_e_ratgre; this condition is satis-
Pais(V) = f4nr Tdr =y V= §nnCnS. (10) fied at 3/y/n > T. The singularities ifP(V) are not smeared
by disorder if the magnetic impurities in a pair are separate
Here we introduced the typical interaction strendtbetween by distances smaller than the mean free path. The lattei-cond
magnetic impurities at the distanog"® andy = fo‘” x/(x)dx  tionyieldsn < Ipg/n. Keeping in mind that the distance be-
is a numerical factor. We emphasize that HQl (10) is applifween magnetic impurities being probed is to be much larger
cable for impurities at < n;Y3, i. e., forV > V, where than the lattice spacing, we obtain the following set of dgond

the virial approximation is justified. According to El (f)e  tions for the observability of the modulation of the ampdiés
Corresponding Scattering rate is ﬂk(B) of the AB conductance oscillations:

— 3/4
5 TV T ) 1 guB D) [ EF]
- - ' maxi{|l—| ,—=rt < ZT— < In"?| —|. 15
7T B (guB) - {(EF (PF'>‘°’} Er Tk e
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direct insight into the oscillatory nature of the RKKY inder
tion.
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FIG. 1: Schematic log-log plot of t(f?eF a)mplitud@l(B) of the AB
oscillations as a function of the Zeeman splittijpgB. Two regimes
are shown: 1) interacting pairs of magnetic impurities safsd by
distances larger than the mean free patlescribed by Eqs[{Pa),
©5), and[[TL); 1) interacting pairs of magnetic impuritiseparated
by distance smaller than the mean free gath
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