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Charge dynamics and Kondo effect in single-electron traps in field-effect transistors
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We study magnetoelectric properties of single-electron traps in metal-oxide-semiconductor field-effect tran-
sistors. Using a microscopic description of the system based on the single-site Anderson-Holstein model, we
derive an effective low-energy action for the system. The behavior of the system is characterized by simulta-
neous polaron tunnelingcorresponding to the charging and discharging of the) tesygl Kondo screening of
the trap spin in the singly occupied state. Hence, the obtained state of the system is a hybrid between the
Kondo regime, typically associated with single-electron occupancy, and the mixed-valence regime, associated
with large charge fluctuations. In the presence of a strong magnetic field, we demonstrate that the system is
equivalent to a two-level system coupled to an ohmic bath, with a bias controlled by the applied magnetic field.
Due to the Kondo screening, the effect of the magnetic field is significantly suppressed in the singly occupied
state. We claim that this suppression can be responsible for the experimentally observed anomalous magnetic-
field dependence of the average trap occupancy i SiO, field effect transistors.
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I. INTRODUCTION ments by Xiaoet al,” where the dependence of the RTS on

Experimental techniques probing dynamics of a few staté" applied magnetic field was studled._ In _these experiments,
guantum systems have been of great interest recently as thé@m the gate voltage and the magnetic-field dependence of
may provide prospects for the development of electronic&TS, it was determined that the most likely origin of RTS
and computing. Examples of such systems and techniques iMas the random switching betwee(spin%, neutra) and
solid state include quantum ddtsuperconducting qubifs, (spin-0, negatively charggdtates of the trap. In particular,
magnetic resonant force microscopynd single-electron at sufficiently high temperaturegabove several degrees
traps in a metal-oxide-semiconductor field-effect transistoiKelvin), the relative probability of the empty state of the trap
(MOSFET).4-8 to the filled state was rapidly increasing with the applied

This latter system, which is a subject of this work, con-magnetic field, consistent with the simple model expectation
sists of a defect located near the oxide-semiconductor intep, /P, «exp(gugB/2T).” However, at lower temperatures
face of a MOSFET[Fig. 1(a)]. The tunneling between the gjgnjficant deviations from the simple paramagnetic behavior
defect and the two-dimensional electron d@®EG) in a 55 observed, possibly indicating quenching of trap’s mag-

MOSFET inversion layer manifests itself as a random teletqtic moment. Such magnetic behavior appears to be con-
graph signal(RTS) in the transport current through the sistent with the Kondo effect.

MOSbFET' Whﬁn dabcerrt]ain trap elnergy Ie\(elhﬁse ﬁner_gyl However, it is well known that the Kondo screening is
can be controlle the gate voltaggosses the chemica - . L
potential of the 2DEyG elgctrons ce’:\%ghop between the IeVe(l)nly effective for sufficiently strong hybridization of the lo-

' alized state with the continuum. Given the extremely slow

and the conduction channel, thus charging and dischargin
the trap. For a sufficiently small MOSFET this leads to the bserved tunnel rate, one s_,hpuld conclude tha‘g the Kondo
femperature should be negligibly small, thus ruling out the

sudden switching in the resistivity of the conduction channe e X
and hence to RTS in the transport current. possibility of the Kondo effect explanation.

The charge dynamics of the trap exhibits a number of The_purpose of this work is to show_that the slow charge
features consistent with dynamics of a two-level systenflynamics and the Kondo effect are, in faobt mutually
(TLS) coupled to an ohmic environmehin particular, the exclusive, if we take into account the strong electron-optical
experimental dependence of tunnel rates on the TLS biaghonon coupling in the oxide layer of a Si MOSFET. In our
(controlled by the gate voltayand external temperature was previous work® we have proposed that this coupling is the
found to agree with those calculated for the spin-bosorlikely origin of exponential renormalization in RTS time-
Hamiltonian? However there are a number of RTS propertiesscales and can explain the inconsistency between expected
that cannot be explained based on the TLS phenomenologgnd observed positions of traps. In the present work, starting

First of all, the RTS is observed to occur on a relativelyfrom the microscopic description of the system based on the
large, millisecond-to-second time scale, which seems to inAnderson-Holstein model, we derive an effective low-energy
dicate that the observed traps are positioned sufficiently famction for the chargand spindynamics of the trap. We find
at distances 20—25 A from the 2DEG. At the same time, thehat the low-temperature behavior of the system is character-
direct electrostatic measurements of trap positions indicatized by simultaneous polaron tunnelit@rresponding to the
that this is usually not the case—the traps are located only eharging and discharging of the tjaand Kondo screening of
few angstroms from the inversion layer. the trap spin in the singly occupied state. It is crucial that the

Another aspect that clearly lies outside the scope of TLXondo temperature need not be small as it is controlled by
phenomenology has recently been revealed in the experihe bare hybridization matrix element between the localized
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(@) (b) Si0, Si single particle level of the trap is assumed to be positioned
Gate E4U deep below the chemical potential of 2DEGy<pu, as
shown in Fig. 1b). For simplicity we will assume that the
sollsi CD E;+U-E, ee u conduction band is symmetric and get0.
’ Another interaction that we include in our model is due to
Vv, B . optical phonons in the Si MOSF_E_T oxide layer. $i3 a
dy E, p— polar crystal _and knqwn to exh|p|t strong eIegtron—opncaI
SN == phonon coupling leading to formation of polaronic states. We
= Trap | 2DEG incorporate this electron-phonon coupling in our model as
FIG. 1. (8 Schematics of traps in MOSFETSs aflg) a diagram _ .. P mwg;@
for the trap energy levels. Cou?)Iing to optical phonons sghifts the H=Ha+ )\(% Mo~ 1>X+ ?n * 2 2)

twice-occupied level.

Herex andp are displacement and conjugate momentum of
and conduction electrons, i.e., it is not affected by the polocal optical phonon of frequencywy (wg~50 meV at
laronic slowdown. The simple explanation is related to theSi—SiO, interfacg, mis the phonon effective magsf the
fact that although the real charge tunneling is suppressed kyrder of SiQ crystal unit cell mass and\ is the coupling
the polaronic effect, the virtual tunneling processes that leadonstant between the excess charge in the trap and the pho-
to the local moment-conduction electron spin-exchange inhon. We assume the trap state with one electron is neutral
teraction need not be affected by this renormalization. Irand, therefore, introduce the off-setting -1 term in the
particular, if the on-site Coulomb interactigwhich essen- electron-phonon interaction in EQ). The strength of the
tially determines the inverse timescale for the virtual pro-electron-phonon coupling has been estimated in Ref. 10 and
cessepis larger than the phonon frequency, the lattice doesan be expressed in terms of the polaronic sl
not have time to react to these processes. As a result, the spi\?/2mw3~1 eV. In the following we will assume thad
transitions in the trap are not affected by the presence of thes E;>1"> w,.
oscillator and thus the Kondo timescale depends on the bare

tunneling ratey$ rather then the renormalized one. IIl. EEEECTIVE ACTION
In the presence of a strong magnetic field, we map our '
system onto a two level-level systdifiLS) strongly coupled We analyze low-temperature partition function of the sys-

to an ohmic bath, with a bias controlled by the applied magtem Z=Tr{exp—BH], whereH is given by Eq.(2) and 871
netic field. Due to the Kondo screening, the bias introduceds smaller than any energy scale in the system. It is conve-
by the magnetic field is significantly suppressed compared t@ient to decouple th&) term in Hamiltonian(1) by means
the bare Zeeman energy. We claim that this suppression cajf the Hubbard-Stratanovich transformation by writing
be responsible for the experimentally obserfvadomalous the spin-spin  interaction aSU”T”L:‘(U/Z)(”T‘”l)z

magnetic-field dependence of the average trap occupancy in(U/2)(n,+n,).** The partition function can be then cast in

Si—SiQ, field-effect transistors. the functional integral form as

Similar polaronic renormalizations have been considered
earlier in the context of molecular crystiisand magnetic B M X2 (X=A)2 Y2
dielectrics!? More recently, related Hubbard-Holstein mod- ~ z= f DXDY exp —f dr, + +—
els have been applied to heavy fermion compounds to study 0 2 4B, 2U

electron-lattice effects, including valence instabilitiés?

X (Te 08 XYy T fGdrH XYy (3)
Il. MODEL where HU[Z(T)]_:Z(T)d;(T)dU(T) and A=Eg+(U/2)+2E,,
To describe the electronic part of the trap-channel systerfil€re the explicit “time” dependence df(d,) is defined by
we use the Anderson-Hamiltonian the interaction representation with respect to kinetic plus tun-
neling terms in the Hamiltoniafil). In Eg. (3) we have in-
Ha =2 ExcloCior + 2 Eodld, + Unin, troducedX=\x+Eq+(U/2) as a coordinate of the oscillator
ko o in units of energy andM=m/\? as the oscillator’s mass in

the corresponding units. The scalar fi¢ds conjugate to the
spin of the trap7 stands for time ordering, and the angular
brackets denote averaging with respect to electronic degrees
where cl(,(ckg) and df,(dg) are creatiofennihilation opera-  of freedom. The averaging of the ordered exponents in Eq.
tors of electrons in the conduction band and at the localized3) can be done by following the prescription of Refs. 16 and
defect orbitals, respectively;,,=d:r,d(r (c=7,1).UandT,y 17 based on the theory of singular integral equations. Here
are the on-site Coulomb energy and the hybridization matrixve provide the result: the functional integral in Eg) can
element, respectively. The coupling strength between the Idse cast in the formz=/D[X,Y]exd-[5d7(V+K)], where
calized states and the 2DEG can be characterized by functionalsY andC represent potential and kinetic energy of
= T2, wherev is the density of states in the 2DEG. The a particle moving in a two-dimensionéX,Y) plane

+ 2 Ted(cl,d, + dlci,), (1)
ko
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the minima can be interpreted as zero-temperature free ener-
gies of the trap occupied by two, zero, and one electrons in
X the limit of vanishingly small’. In the RTS experiments the
traps are filled with either one or two electrohand there-
fore we assume that, =V, =V,<V, (or Eg=2Ey+U-E,
<-Ep.

(a)

IV. EVALUATION OF FUNCTIONAL
0 -E]C ‘[23 ﬁ O ‘ch T]S‘[zs Tzc B
T SN The kinetic part of the energy in E@4) will force the
1 7" N + _/ N % particle to tunnel between the minima. Because the energy of
the empty stat¢édenoted by the blank circle in Fig(&] is
3 greater than that for the other three stdtee shaded minima
s 0 T° 7,° B in Fig. 2), it will be effectively decoupled from those states.
' 4 X [Transition amplitudes to the empty state will contain expo-
N nentially small prefactors expB(V,—V,) <1.] An example
of the “classical” trajectory for a transition between the two-
electron state and spin-up state is presented in Fm. Ret
us first write down explicitly the transition amplitude that
uent e ntoon B corresponds to the first diagram in Figb® In doing so we
T must, in principle, determine the classical trajectory for the
™ / 7 —/---Z*K 7 Va effective action given by Eq(4) between the two local
minima corresponding to the singlet and spin-up states. Solv-
© (d) ing the resulting classical equation of motion, however, is

. . . difficult. Instead we approximate the classical path by a
FIG. 2. (a) Local minima for the effective potential in E¢4b); iecewise linear kink tffgectory as shown in Figrt)))216'17y

(b) a classical path contrl_butlng to the transm.on amplitude betwee'guration of each “charge” kinki.e., transition between the
a two-electron and a spin-up electron state; ér)dexample of a .
- G 8 . . two-electron state and a one-electron Statdnich we denote

path containing a spin-kink “monopole.” Such trajectories do notb < be det ined b inimizing the effecti i

contribute to the transition amplitude@) trajectory that involves Yy C_an e_ e e”‘?'”e y mlnlmlglng € efieclive action

multiple charge-kinks. for a single linear kink trajectory with respect . Upon
substitution of such linearized trajectory in Hg) the tran-
sition amplitude of interest can be written as

(b)

(X-A)? Y?
= +_+V(X+Y)+V(X_Y)' Bch ng’?’c c_C c__C
4, 2U 2 f dn f 97 e o591 (5
°Jo *Jy °
2
V(Z) = Z_7Z tan‘l<z) + 1N Iog{l + (Z) ]; (43) where parameter’, of, and7© are
2 @ I 2 r 5
2
. ag= <_ tar? 9) ) (6&)
MX? T r
K=—+KX+Y)+K(X-Y),
2 r 1/2 2E
(e B) e
K(Z)—iJTd '|O ( _ ’)mi U TC(")O
_WZOT gir=7 dr dr 5
\!
7 FZ + ZZ = . (6C)
e 2 &
Z2°(7) = Z5(7) I'“+z(7")

In the above expression for the transition amplitude the kinks
The potential energy of the “particle” is presented in Fig.at time moments and 75 interact logarithmically andy, is

2(a). It has four local minima. The two minima on tikeaxis  the dimensionless coupling strength. The fugaéitywhich

(at X,=A-4E, and X,=A for U,E,>T) correspond to dif- is essentially the probability for a kink to occur at a given

ferent charge occupations of the trap, i.e., by two and by zertime, is suppressed by an exponentially small quantity in Eq.

electrons. Up to an additive constaptvhich we have (6b) as a consequence of the oscillator having a finite mass.

dropped in Eq.(3)] potential energies of these minima are This suppression of charge tunneling is in agreement with

V,=2Ey+U-E, and V,=-E,. The two minima off the the our previous resulf, where we argued that the inconsis-

X-axis (at X;=A-2E,, Y;=U, andX;=A-2E,, Y, =-U) are  tency between the observed and expected tunnel rates in the

degenerate in the absence of external magnetic field witRTS systems is due to the presence of a local phonon

V;=V,=E, and obviously correspond to the occupation ofstrongly coupled to the trap charge. The quantgyin the

the trap by one electron with up- and down-spin, respecabove equation is a bias between one- and two-electron

tively. As can be seen directly from Hamiltoniafis and(2), states,o.=V,-V;, | =Ey+U-E,.
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Next let us look at the transition amplitude that involves parametrically it is much weakesi,~ 1> (I'/U). Therefore,
spin transitions. In Fig. @) this amplitude can be singled interaction between the charge kinks and the spin kinks can
out as an effective self-energy part of the diagrams that inbe neglected. Also, we do not need to consider configurations
volve 2n (n=0,1,..) kinks and antikinks. Applying the with an odd number of spin kinks between the charge kinks
same procedure, i.e., assuming that all the trajectories afe.g., Fig. 2c)]. That is because the energy of an unpaired
piecewise linear, evaluating their contribution to the effectivekink diverges logarithmically with(75—77), and hence its
action in Eq.(4), and minimizing the action with respect to formation is not favorable. Thus the transition amplitude that
the width of the spin kinkss®, we obtain that the spin- contains two charge kinks a-ﬁ‘z can be written as
transition amplitudeZy in Fig. 2(b), is given by B o1C (€ qc

2 dr; [ d73 C _ €\ adu(T—19)—ag log[(15-75)/7°]
, (%05, (Ad3 (37 &| 2| TR ek,
=S e[Sk, [ e o 7 s
ol el
1 1 1 where 2= 2} + Zi..
s, 00PB We are now ready to extend this expression to a higher-
xexp - ‘7552 D'+ o order amplitudes. One such amplitude with four charge kinks
' at 7'J-c is shown in Fig. 2d). We note that only charge kinks
2n , T-7 connecting the singlet state with teamespin state interact.
xXexp asz (- D'™*log ‘175— (7)  Hence, we assign superscriptto distinguish between dif-
1=k ferent types of charge kinkS'jC—M'JfTi. Using the same ener-
5 getic arguments as before, we can show that the interaction
.= 2(3 tarr? H) (8a) between the spin kinks in different domains, as well as the
s T r)’ interaction between any charge kinks and spin kinks, is neg-

ligible. Therefore, the transition amplitude can be written as

e=1 (8b) P Y L
U B ©Jy 7
n,0'21'=0'2j_1=i1 0 0
3a; 6 " 2”
7= US =5 (80) xI1 257 - 5 )expl = 8.2 (- i)
=1 j=1
Here, 5,=gugB is the energy splitting between the bare spin- 2n _ .
down and spin-up states because of the applied magnetic xexp| as, (- 1)J‘k5,,j'(,klog—17c—k 9
field B.2® The transition amplitudeZy in Eq. (7) is of the >k

s?mle form as thelgrall(nd partition éunlction of a Coﬁlolmb gis In zero magnetic field 5,=0), the spin partition function

of plus or minus kinks positioned along a straight line of 1, __ _\_51 /. _  __ (et ;

length (75— 75) interacting logarithmically with the couplin Z(r=7)=Z(7= 1) ~ Xl ~(7=7')Fol, whereF, is the free
ginim=m) | Ing fogarthmically wi upling energy per unit length for the Coulomb gas described by the

strengtha, and chemical potential defined aste .19 In

i : D S classical partition function of Ed7). In this regime, the full
order to evaluate the full transition amplitude in FigbRwe P d7) g

. N ) ! artition function of Eq(9) corresponds to a gas of charges
must, in principle, take into account that the charge kinks agf two flavors with charges at points, andr,_, having the
the ends of the interval, i.e., at “positions} and 75, interact ! y

L : . same flavor and opposite charge, and only charges of the
[also logarithmically, as can be seen from the effective actioname flayor interacting with each other. In the presence of

in Eq. (4)] with the spin kinks at positions}. One can see, ,nnjlied magnetic field, the symmetry between the two fla-
however, that this interaction is effectively weak. Indeed, s is broken.

kinks at7> are coupled strongly with each other and tend to
form close pairgdipoles of average effective “size” of the V. MAGNETIC-FIELD DEPENDENCE
order d~ 7°/(2-ag) ~ 1/T", whereas the dipoles are sepa-

rated, 2012 average, byc distances of the orderl of"/& o Eq. (9), we first determine the dependence Z§ on
~U/T*.~The kinks atr are separated from those®tby & magneic field. For that we use the scaling procedure for the
distance(time) at least of the order®~ 1/wo, which physi-  coulomb gas due to Andersast all® The renormalization
cally represents the time needed for the formation of thegroup equations read

dressed electron-phonon state in the trap. Thus, the interac-

To evaluate the effect of magnetic field on partition func-

tion energy for a kink at§ with a dipole at7{+ is of the das __ 2
orderd/ 7. Summing over the dipolgsvith the closest dipole dlog 7 Aasts O(@’ (109
located at distance of the ordétfrom the charge kink at{
and the farthest dipole roughly af) one finds that the dé 1
charge kink-dipole interaction energy for the transition q |ogs75 = §§5(2 —ag) + O(&)), (10b)
amplitude in Fig. 2b) is ~(d/1)[2 "d7/7~(I'/U)log[ (75
c . o
-17)/ 7.]. This interaction is of the same long-range form as d(8s7) — (1 _ o2
that between the kinks af and 75 [e.g., Eq.(5)], however, dlog 7 (1-26)5,7°+ (&), (109
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=z - z Al quite large leading to significant renormalization of the
<L(BI7), & as] = X BAR) 2 (BT, &5 ] (100 magnetic-field-induced TLS bias.

where AF:fid log 7 &2/ 7. For sufficiently strong mag-
netic field, (5,>Tx=7"texd-1/&]), the scaling should be V1. DISCUSSION AND CONCLUSIONS
terminated whens;~ 1. At this point the magnetic field , . )
becomes very strongon the renormalized energy scgle !N this work we considered an interplay between magne-
whereas the long-range coupling constagtdecreases and tism and the Iattlcg effects in for a single Anderson impurity
so the system moves away from the quantum phase transitigi?uP!ed to a continuum. We have found that even for ex-
point ate.=2 into the disordered phad®in the symmetric  'emely slow electron tunneling between the continuum and
case(2-as=4¢) relevant here, the scaling Eq4.0b) and the localized orblta_ls, a S|gn|f|c_ant e>_<change interaction k_)e-
(100 coincide (up to quadratic terms g, and 2-w) and twgen the condu_ctlon. and the impurity electron_s may exist.
can be easily solved analytically. F@t<1 the resulting This is unusuql since in the standard Anderson Impurity case
= ~ the exchange interaction is proportional to the localized level
renormalizedd; and ¢ are width. That is because only the real charge tunneling pro-
o -1 cesses are affected by the polaronic renormalization, but the
3= o exil = (1/2)log (84T + O(&)], (113 fast virtual processes )t/hat cguse the exchange interaction are

~ ) ) not.
&=1og ™ (84Ty) + Oflog*(84Ty)]. (11b The effective action for the model that we find is equiva-

It is easy to see that in the rescaled system the long-randgnt to the well-known Konddor s-d) model for the single
coupling becomes irrelevant. A simple perturbative estimatélefect ?‘f{ﬁUanCﬁ” but with add|t|or:al :untr;elmg terms that
. . s (RS2~ _connect the single occupancy sector to the otfzero or
for the average size .Of a Q|pole _1§/(5375). 7 and thelre- double occupancy sectors. Indeed, this connection can be
fore both intra- and |nt¢rd|pole interactions are negI|g|bIe.formally established by integrating out the phonon degrees
tZK Cfanng‘er.]thbe rea(|j|ly suK]med by means of I“"‘F’I"’weof freedom(see the Appendix It was earlier found that such
ranstorm=with a simple resu a generalized Anderson model can exhibit both spin and
21 (1) = ext(HE. + 8.+ Olloa3(s/T , charge Kondo effect8. In the regime of weak residual hy-
(7 Mo+ &+ Ollog (34T 1) bridization that we considered here, only the spin-Kondo ef-
. 5 .~ .~ fect is relevant.
Zy(1) =~ & explrFo+ &} +explrFo- &}, (12) Based on the above presented arguments, we argue that
the anomalously weak magnetic-field dependence of the in-
terface trap occupancy observed in the low-temperature ex-
periments of Xiaoet al. can be explained by the Kondo

_ > : _ screening of the local moment in the singly occupied state of
Hence, in the partition functiofEq. (9)] only the kinks that the trap, assuming that the Kondo temperatur@s- 1 K.

correspond to the transition between the singlet and th?hen, for low temperatured,< Ty, we expect that the ratio

dressedspin-up states survive. The partition function be- of the probabilities corresponding to single and double occu-
comes then equivalent to the one for a two-level system

coupled to an ohmic bathEquation(12) together with Eq.  Pancies of the trap should scale Bg/ P, exp(gugB/2T),
(9) indicates that an external magnetic field introduces amwhere the effective milgnetic fieBlis related to the applied

effective bias for the TLS. This bias, however, is signifi- magnetic field B as B=B exp(-1/[2 log(gugB/Ty)]) for
cantly reducedsee Eq.(11)] as compared to the bare Zee- g, B> T,.
man energy of a paramagnetic spin. This suppression results Fyrther detailed experimental study is necessary to test
from the interaction between the spin kinks in partition func-oyt the theoretical picture for the Kondo effect in the electri-
tion Eq.(7) and corresponds to the Kondo effé¥f.Indeed,  cally active defectstrapg in Si field-effect transistors. It is
the magnetization in the singly occupied state can be easilyorth noting, however, that similar physics, i.e., simulta-
computed aQ\/Iz&&s/a(gMBB):é(l—ll[Z log(gugB/T)1), neous slow charge dynamics and the Kondo effect, is ex-
consistent with the Bethe ansatz result of Andreal 20 pected to occur in any other system that has defects located
It is important that the Kondo energy scdlg is notde-  at the interface between a strongly polar insulator and a con-
termined by the extremely slow charge tunneling fafethe  ductor. One possible way to detect the Kondo effect is to
order of €&/ 7°). Rather, the fugacity, which determined,  look for low-temperature anomalies in the FET channel re-
in Eq. (12), is because of virtual transitions between Fermisistivity. Another approach is to look for spectral features
sea and the localized orbital. In the language of the effectivéKondo peak by direct tunneling through a defect at the
action in Eq.(4) these virtual transitions correspond to tun- SiO,-Si interface.
neling of theY field, which, unlike theX field, is massless. In summary, we have derived an effective action for the
Therefore, as can be seen from Ef), the fugacityé, does  charge dynamics in a single electron trap in a Si MOSFET
not contain the exponentially small quasiclassical suppresand have shown that in the limit of a strong magnetic field
sion factor corresponding to the “penetration under the bartgugB>Ty) it is equivalent to a two-level system strongly
rier,” which strongly reduces the charge fugadjtyfEq.(6)].  coupled to an ohmic environment. The effective bias of the
As a result the Kondo temperatufe-exd—-1/&]) can be TLS can be controlled by an external magnetic field. How-

whereF; is magnetic-field-independent free energy a~§gds
given by Eq.(11). In the long-time(low-temperaturg limit
that we are interested irz':lK is negligible compared thK.
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ever, the magnetic-field dependence of the trap spin at low Ser = (Wo(X)|[ P o(X)). (A7)

temperatures is suppressed because of the Kondo effect. ) ) )
To perform the phonon averaging, we use the identity

- ~ - - ~ Shhn_ Y
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APPENDIX: DERIVATION OF THE tronic Hamiltonian by the factog™"2,

EFFECTIVE HAMILTONIAN H$ﬁ: (‘I’O(X)|H-|-|‘I’0(X)> _ Tcde_)\Z/ZE Clgdg"' d:rTCka-
In this Appendix we derive an effective low-energy ko
Hamiltonian that corresponds to our model of the tf&p. (A9)
(2)] by integrating out the phonon degree of freedom. This )
can be done for sufficiently large phonon frequency, suchn the second-order terms, EGA6), there is, however, a
that the phonon always remains in its ground state. possibility of virtually creating multiple phonon excitations,
For Convenience, we first perform a s|m||ar|ty with the number of phonons created bMtl) equal to the
(“polaronic”)  transformation, H=U"HU, where U number of phonons destroyed bi(t). It is easy to see that
=exgdipA(Z,n —1)/(mw§)] the terms that do not change the occupancy ofithevel are
o ’ modified one way, e.g.,

H=Ho*Hy (A1) (Wo(l[cE, 0, ] g €O, [Wo(x0)
Ho= 2 ExclyCio + 2 (Eg+ Ep)dld, + (U~ 2Ep)nin 2 Moot
Ve T o =[Gt d, ool €™ D T, (AL0)
+ wob'b, (A2)

while the terms that do involve the change in the occupancy

S Sy (pair tunneling become, e.g.,
Hr = Tea ¢, 4,67 +dic e ™). (A3)
ko )Zneinwo(t’—t)

t T e (A
In the transformed Hamiltonian, the on-site energy and inter- [dsCiohld, e orlee % n! - (ALD
action are renormalized, and the electron-phonon interaction )
now only appears in the tunneling part of the HamiltonianClearly, then=0 elements of the sums in EqeA10) and
Hy. Here, we have rewritten the phonon Hamiltonian in the(A11), which correspond to second-order processitsout

second quantized form, withi the phonon creation operator, creation of virtual phonons, can be interpreted as the second-
and we introduced a parameffer JEolon order terms generated by an expansion of the evolution op-
'Ep/ wo.

To find the effective Hamiltonian we utilize the smallness area]}fto_:_ﬁeﬁ n tterfmti of theé]e;feg):t[veEtunn'eAl:lL%? Ha(ljrr(lg\t](-):glan
of the tunneling matrix elemerii, relative to the other en- |'T° € rest ot the sum in Egs. ( an

ergy scales in the problem. Hence the quantum—mechanicé‘frm additional contributions to the effective Hamiltonian,

evolution operatorS(+e,—«<)=exp-i[*=dtH) can be ex- JandHPa"’. respec_tively. . .
P S(oe, =) A=/ =dtH) By applying the interaction representation for the opera-

anded as - o
P ) tors at timet’, O(t")=e"o'-VO(t)e7Mo' -V and integrating
S(+ o0, — o0) = @71/ dtHogl dthr() (A4)  overt’, in the singled-level occupancy subspace,
J
- - Hy=-= 2 ddycl oo (A12)
:er_wdtHO 1- Ij dtHT(t) (AS) 2k,k',o’,a"
+o0 t _ -2 _'):2 - h): n 1
RPN J=Tee —
+ f dtJ dt,HT(t)HT(t/) + ... ] y (AG) cd ngl n! |: Ek/ - EO - EP + nwo
1
in terms of the tunneling in the interaction representation, + . (A13)
E0+U_Ekr_Ep+na)o

HT(t):eiHOtHTe_iHot.

The electronic part of the evolution operator can be obdn the single-occupancy subspace, Hamiltortns equiva-
tained by taking the expectation value over the phonorent to the standard exchange HamiltoniadSg oys. The
ground state, first term in the square brackets in EGA13) came from

165115-6



CHARGE DYNAMICS AND KONDO EFFECT IN SINGLE-..

[dicwllc) . d, ], and the second froe),d,J{d!,celsr-
The sum oven can be transformed into an integtaland for
the case of the symmetric Anderson modgl;—E,~ =E,
+U-E,=U/2, we find

% - 2 N2
J=21%, J dxe (V2 EpN1-ext-wpx)] _ AT ™
0 U-2Ep

(A14)

This is very similar to the expression obtained in Refs. 11
and 12 for the Holstein-Hubbard model, except for the last

PHYSICAL REVIEW B 71, 165115(2005

term (n=0) that needs to be subtracted out to avoid double
counting. In the limit(U/2-Ep)> vy, we easily find that)
=4T2,/U, which is bare exchange-interaction strengtmas
renormalized by the interaction with the phonons. Neverthe-
less, the effective hybridization in this regime may be dra-
matically suppressed according to E49). In the opposite
limit we find J=0.

Similarly the pair tunneling amplitude can be obtained.
Finally, the effective evolution operator is

+o0

Sert=exp - f dt(Ho+ HS"+ Hy+Hpg).  (A15)

—00
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