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We investigate the interplay between the formation of a lattice and magnetic polaron in the case of a single
hole in the antiferromagnetic background. We present an exact analytical solution of the Helstaodel in
infinite dimensions. The ground-state energy, electron-lattice correlation function, spin bag dimension as well
as spectral properties are calculated. The magnetic and hole-lattice correlations sustain each other, i.e., the
presence of antiferromagnetic correlations favors the formation of the lattice polaron at lower values of the
electron-phonon coupling while the polaronic effect contributes to reduce the number of spin defects in the
antiferromagnetic background. The crossover towards a spin-lattice small polaron region of the phase diagram
becomes a discontinuous transition in the adiabatic limit.
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[. INTRODUCTION tify thus regions of the phonon-assisted magnetic polaron as
well as the magnetic induced lattice polaron. The extension

A single hole in an antiferromagnetic background repre-of these regions is strongly dependent on the adiabatic ratio.
sents a widely studied problem in solid-state physics due té the adiabatic regime, lattice and magnetic polaron forma-
its relevance to the problem of highs superconductivity:?>  tion are strictly tied each other. These general results could
High-T, compounds indeed show an antiferromagnetic unhelp to explain the strong interplay between lattice and spin
doped phase, which is gradually degraded and finally dedegrees of freedom in cuprates and manganites. Finally we
stroyed by doping. The electronic properties at low dopingdiscuss the major drawback of our approximation and give
are therefore often described in terms of the Hubbarttbr Some ideas to overcome it.
model®*

The problem of the motion of a single hole, far from
being a pure academic issue, can be representative of the
extreme low doping case of these materials. It is worth not-
ing that even in the case of a single hole the problem of Let us consider the Holsteind model defined by the
intermediate/strong magnetic interaction with an antiferro-Hamiltoniart**2
magnetic background is a nontrivial many-body problem.

II. THE HOLSTEIN T-J MODEL AND ITS INFINITE-
DIMENSION SOLUTION

The difficulty consists in describing the dressing of the hole 3 nn.
by a cloud of spin background excitatiofthe magnetic or H=—— E (c cw+H c)+ = E [(stz_ J)
spin polaron, which can coherently move as a 2 (o 2.4 4

quasiparticle~’ The situation is similar to that of a small
Ia_ttice polaron, i.e., the case of an electron moying together 4+ E(S,I+SJ.*+5(3J_+) +92 ni(bi"'biT)“'woz bini ,
with a phonon cloud, which represents the lattice deforma- [ [
tion induced by the presence of the chaffge. (1)
The connection between lattice and magnetic polarons
goes, however, beyond a methodological interest. There areh the elect tors in th ¢
indeed several observations of a sizable interplay betwee erec,(, are the electron operators in the presence ot an
electron-phonon and magnetic interaction in cupfats |nf|n|te on-site repulsion that prevents double occupancy
well as in manganite¥ The purpose of this paper is to ex- [Cm cl,(1—n_,)], bl are the phonon operators, asf,
plore in detail the physical consequences of this interplay, ifS; , andS;”, respectively, the component, the raising, and
particular, with regard to the lattice and magnetic poIaronlOWGFiﬂg spin operators. The first term in EQ) describes
properties. To this aim a nonperturbative way is clearlythe hopping of the electrons on nearest neighbors of a square
needed. lattice, the second one the direct and the exchange interac-
We present an exact analytical solution of the Holstein ~ tion, the third one the local electron-phonon interaction
model for a single hole in infinite dimension. The ground-coupled to charge density, and the fourth one the Einstein
state energy, electron-lattice correlation function, spin baghonon frequency. The choice of a hopping matrix element
dimension as well as spectral properties are calculated. Wequal tot/2 gives rise to a band with bare bandwidtirhe
find that the lattice (spin) polaron formation depends model can be straightforwardly generalized in infinite dimen-
strongly on the magnetigole-phononinteraction. We iden-  sions by using the usual rescalingst/\z, J— J/z, wherez
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is the coordination number. For a hypercubic lattice, the coThe first term of Eq(3) describes the kinetic hopping of one
ordination number isz=2d, while for a Bethe latticez =~ hole on the antiferromagnetic background, which is accom-
=d. panied by the creatiofdestruction of a spin defect which
Throughout this paper we shall consider one hole createlireaks(restorey 2z magnetic bonds with individual energy
on the antiferromagnetic half-filled state. The antiferromag-J/4z. In addition, we have the usual local electron-phonon
netic state is described in terms ofckassicalNeel ground  interaction which couples the hole density to the local pho-
state. A convenient approach to this aim is the spin-waveon. The last term in Eq3) can be absorbed in the definition
theory applied to the lattice model as can be found, e.g., if the hole chemical potential which, for the single-hole case
Refs. 5,6, and 11. A useful effective Hamiltonian can be thusere considered, has to be set at the bottom of the hole band.
derived by mainly following the discussion in Ref. 11, gen- It is important to note that, although written in terms of hole
eralized now in the presence of a Holstein electron-phonooperators, the phonon pdftee phonon part- hole-phonon
interaction. The Hamiltonian is first transformed by a canoni-interaction is formally identical to the Holstein model. This
cal transformation into a ferromagnetic one. Then “hole” is not a trivial result since in a half-filling case all the elec-
and “spin” defect operators are introduced, respectively, agrons are coupled with the phonons and one should, in prin-
fermionich and bosoni@ operators on the antiferromagnetic ciple, deal with a many-body problem. As a consequence we
ground state. The resulting Hamiltonian reads, thus, are thus able to reduce the many-body problem to a single-
particle (one-holg system interacting with phonons and with
t spin defects through E¢3).
H=——=> (h-Thia,-JrH.c.)—gz h'hi(b;+b) Although the Hamiltonian3) looks much more afford-
2z @ ! [ able than(1), the analytic study of its properties is still quite
a hard task at finite dimension. The problem can be much
+ woz b-Tbi + i Z [a»Tai+a-Ta- +a»Ta-T+aia-] simplified, however, in infinite dimensions, where, as we are
T 4z a7y - R ) going to see, the limit of infinite coordination number
—o0,13-16 || together with the retraceable path constraint
_J S hhata - J S afaala enforced by the antiferromagnetic backgrodhgrovides an
2z ¢ VT 2z 6 T exactsolution. An explicit derivation can be found in Appen-
dix A. In this section we only summarize the final equations
i ﬂ 2 hih. — i 2) which determine in a self-consistent way the hole Green's
24 T & function.

where we have neglected the hole-hole terms since we ar A crucial point is the possibility of writing the self-energy

St the local propagator as the sum of two contributions, la-

interested in a single hole in an antiferromagnetic back- .
ground. beled asX o @) and2 ., w), which closely resemble the

. S oo functional expressions of the hopping and phonon self-
Equation(2) can be significantly simplified in infinite di- : . .
mension. In that limit indeed the two terms of the fourth line EN"9Y: respectively, in the puteJ and Holstein models, but

e . . ¥vhich are now evaluated in the presence of both exchange
can be shown to be negligible since they contribute only a . : .
and phonon interactiondMe can write, thus,

O(1/d). In addition, in the absence of any boson condensate
(a), (a'), which should destroy the antiferromagnetic back-
ground and which is forbidden in our context, also the last

two terms of the third line can be dropped. We end up thus G(w)= , (4
with the effective Hamiltonian of the Holsteittd model @~ ol @) ~ Zepp( @)
valid in infinite dimension:
where the hopping contribution is giveny
t
H:Z_\/E% (h]-ThiaJ-+H.c.)—g§i: h'hi(b; +b) 2
S pof @)= 7 G(w=J12), ®)

J J
+ (1)02_ b|Tb| + E 2 [aiTai +aJTaj]+ E 2 hIThl .
! ) ! and the phonon self-energy can be expressed by means of a

(3)  continued fractiort?

2el—ph( w)= > ) (6)

29

G, (w—wq)— =

G, Hw—3wy)—- -

G, Hw—2wg)—
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where of the spin polaron and on its internal structure properties
(size, binding energy, efc.These quantities are local fea-
1 tures which, we believe, are only weakly affected by the

G (w)=w- ZG(“’_‘]/Z)' (7 itinerant nature of the spin polaron. In this perspective we

think that the infinite-dimension approach considered here

It should be stressed again that boMy, ) and provides valuable information on the spin polaron formation
S (@) are functions of theotal Green’s functionG [Egs. ~ and on its interplay with the loc&Holstein electron-phonon
(5)—(7)], which contains the full dynamicghopping, ex- Interaction.
change, electron-phonpof the system. This nottrivial self-
consistency accounts thus for the complex interplay between Ill. SPECTRAL PROPERTIES
the phonon and spin degrees of freedom.

Equations(4)—(7) represent a closed self-consistent sys- In order to have a complete description of the physical
tem, which we can numerically solve by iterations to obtainproperties of the Holsteit+J model, it is useful to identify
the explicit exactexpression of the local Green’s function three independent dimensionless paraméfetise adiabatic
G(w), and hence any local one-particle relevant property ofatio wqy/t, the electron-phonon coupling=g? wt, and
the system. the exchange interactialit. Another important parameter to

The formal scheme looks quite similar to the dynamicalbe defined is the multiphonon constarnt g/ wy, which is a
mean-field theory in infinite dimension for a Bethe lattice, local quantity that does not involve electron hoppinghe
applied, for instance, at the purely electron-phonon sysfem. limiting cases aré. =0, where the system reduces to thé
However, due to the antiferromagnetic background, themodel, andl/t=0, where the Holstein modein an antifer-
physical interpretation is quite different. romagnetic background recovered.

Due to the orthogonality of the initial and final antiferro- At a first look this problem could be regarded as a simple
magnetic background, the nonlocal component of thdnterplay between two energy scales: the exchadffe
Green's function in the Holsteirn-J model for J=0 is  which rules the magnetic properties, ardrelated to the
strictly zeroG;j(w) =G(w) 6; ; ,Y" whereas for the pure Hol- electron-phonon coupling. The dominance of one of them
stein modelG; . j(w) is finite and provides information about would therefore determine the overall properties of the sys-
the non-local dynamicsG(k,w)=1[w—e,—2(w)]. tem, while the weaker one could be considered as a pertur-

In addition, the magnetic ordering has important consebation. However, as we are going to see, this picture is too
qguences also on the local Green’s functiBp(w). In the  simplistic. A more accurate description of the physics must
Neel state of the Holstein-J model the hole must follow take into account first of all the role of the adiabatic ratio
indeed a retraceable path in order to restore the antiferromadeg/t), which in the pure Holstein model rules also the po-
netic background’ A Bethe-like dynamics is thus enforced laron crossovet® In particular, we can expect that the mag-
by the magnetic ordering regardless of the actual real-spaatetic (lattice) polaron formation induces a drastic renormal-
lattice. The object made up by the hole plus the local modiization of the effective kinetic-energy scdle (t* <t). The
fication of the spin configuration due to the presence of théeffective” adiabatic ratio will depend in an implicit way on
hole is the “spin polaron.” the electron-phonon and magnetic interactions. Then the

The local constrainG;j(w)=G(w)d; ; induced atd= magnetic(lattice) polaron formation induces a drastic renor-
in the Holsteint-J model by the antiferromagnetic back- malization of the kinetic-energy scale, which in its turn af-
ground can appear to be quite a strong simplification. How{ects the phonorimagneti¢ properties and eventually leads
ever, it should be noted that it holds true as long as théoward intermediate/strong hole-phonon couplings. It is in-
antiferromagnetic spin configuration can be assumed to bteresting to note that the multiphonon parametet g/ wq
frozen, in particular, as long as the Hamiltonian does notoes not depend anso that it can be considered unaffected
induce spin dynamics. This is the case of the effective Holby local hopping renormalizatiofwe recall that phonon fre-
steint-J Hamiltonian (3) in infinite dimension where spin quencywy is not screened by electron-phonon interaction for
fluctuations are neglectéd.The existence of the spin po- the single-hole cage
laron itself could be questioned at finite dimension where Let us now first discuss spectral properties by studying
spin fluctuations are operative. However, several numericahe spectral density defined &$w) = — (1/7)Im[G(w) ] di-
and analytic studies have shown that the restoring of spimectly accessible by the knowledge of the Green function.
fluctuations does not destroy the spin polaron object, but All through this paper we consider a Bethe lattice and a
opens coherent channels of hole propagatidnin this situ-  standard semicircular density of states with bandwidthl®
ation the spin polaron can thus propagate as a whole througéhould be noted however that, since the antiferromagnetic
the crystal. background enforces a retraceable path approximafien,

Many studies have investigated the motion of the spinsemicircular density of states is recovered independently of
polaron and determined its dispersion and optical conduc- the chosen crystal lattice, i.e., also for a hypercubic lattice. In
tivity, both in the absencé®20and in the presence of other words Eqs(4)—(7) are valid for any lattice structure,
electron-phonon interactiod:?~?*However, apart from few provided the coordination number is infinite. The assumption
exceptiong!?%?"the internal degrees of freedom of the spin of a nonretraceable Bethe lattice however allows to classify
(lattice) polaron object have not so far been investigatedexplicitly all the hopping processes, which leads to the mag-
much. In the present work we mainly focus on the formationnetic polaron formations’ Moreover in the Bethe lattice,

2
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FIG. 2. Spectral densitd(w) for different values of exchange

FIG. 1. Spectral densit; for different val f h
P () ! values of exchange energy:J/t=0,5,10,20 and\=0.5, wy/t=0.5.

energy:J/t=0,0.2,1.0» and A=0.5, wy/t=0.5. We use a finite
broadening (0.09.
ally we have a purely phononic spectrum with a set of peaks

contrary to hypercubic infinite bandwidth case, the single-starting from —g%w, and equally spaced by,. This is
polaron problem can be well definé¥To obtain the spectral indeed just the characteristic spectrum of the atomic Holstein
function we have iterated Eqé4)—(7) up to numerical con- model with &®=0. 539 As discussed above, the origin of
vergence by using a truncation in the continued fraction Eqsuch a behavior is the strong hopping amplitude renormal-
(6) according to the procedure outlined in Ref. 16, ie weization due to the magnetic polaron formation fér-1,
truncate the continued fraction E(f) at a stageN, =>a?.  which drives the system from an almost adiabatic case to an
Moreover, we notice that a continued fraction arises also ireffective antiadiabatic regimey/t*>1. It is however sur-
the absence of hole-phonon interactibonceG, [Eq. (7)]is  prising that a strong magnetic interactidft>\ yielded a
substituted in Eq(4). We have found that in order to prop- purely phononic spectrum.
erly generate a certain numbkt of the magnetic poles of In order to better understand the global evolution of the
the spectrum we have to choose a truncatigs M. spectral function it is interesting to look at what happens on

In Fig. 1 we show the evolution of the spectral density fora larger energy scale. In Fig. 2 we have thus plotted the
moderate values of/t and\=0.5, wy/t=0.5. ForJ/t=0 behavior ofA(w) on a linear-log scale fod/t=0,5,10,20.
the spectral density is made by a continuum with incipientWe see that the spectrum for finiét is roughly determined
structures due to the electron-phonon coupling. This shape By replicas of thel/t=0 spectrum equally spaced Byand
characteristic of weak electron-phonon coupling in a smallwith vanishing spectral weight. On a closer look we find that
intermediate adiabatic regime, /t=<1, with no well-defined the structure can be derived from the spectrum of the pure
polaron peak® By switching on the exchange interaction t-J model, made forJ/t>1 by equally spaced magnetic
J/t=0.2 the continuum spectrum is split into a set of mag-peaksz,a,é(w—nJd/2), by broadening each peak according
netic peaks. This trend is quite similar to what happens in théhe electron-phonon interaction as Jit=0 case. The in-
infinite-dimensionat-J modet’ with an additional modula- verse occurs fod/t<\. In this case we found magnetic
tion due to the underlying electron-phonon features. We castructures on a small energy scdleoexisting with a phonon
thus think of the resulting spectral function as ruled by dif-structure spread on energy On the contrary the spectral
ferent couplings on different scales, where the gross structueinction for largeJ/t can be thought of as built by a pure
on scalet is determined by the pure electron-phonon inter-magnetic structure for large energy superimposed on a finer
action superimposed by the fine structure on sda@Jven by ~ phononic structure made by peaks separated by the bare pho-
the magnetic peaks spaced akt}?® (for small J/t). By  non frequencyw,. This feature resembles the “interband”
further increasingl/t we pass an intermediate regime wheretransitions found in Ref. 23 in the antiadiabatic regime. Of
magnetic and phonon peaks are mixed together and eventaeurse when the magnetic coupling strictly goes to infinity,
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J/it—o, the high-energy magnetic peaks are shifted to infi-mean quantity. The price we are paying by using the local
nite energy and completely loose their spectral weight. Th@pproximation exactly in infinite dimensions is the impossi-
spectral function reduces in this case to what shown in théility of having information on the probability distribution to

lower panel of Fig. 1. find a path with a given length, as it was done in Ref. 27.
We shall see later that a careful inspection of the dependence
IV. GROUND-STATE PROPERTIES of Ng 4 on the magnetic coupling can nevertheless provide

) ) _ ) valuable information about the rough shape of the magnetic
Ground-state properties can be derived in a direct way byo|aron size distribution.

the knowledge of the Green's function, which allows the' |n order to establish, however, a criterion for the large-

e\{aluation of the ground-state enerBy through the deter- gy magnetic polaron formation, we define the vaiig
mination of the lowest band edge or the lowest pole. =0.5 as the conventional transition between large and small

The nature of the ground state can be determined by th?nagnetic polaron. We can indeed think that r,>0.5 the
knowledge of several relevant quantities thlat can be ,evalbbrobability to find paths with length=1 is Iargér that the
ated using the Hellman-Feynman theoreri ai?IIows: () probability to have a completely magnetically trapped hole
The mean number of phononsNy,=(b'b), Npn  (n=0), and we are therefore dealing with “large” magnetic
=JEg/dwy; (i) The mean hole-phonon correlation function pojarons.

Co=(h"h(b+b")), Co=—09Eo/g; (i) The mean number ™ Finally the tendency to localization that can be due either
of spin defectNs y=(a'a), N5 4=29Eq/J; (iv) The effec- o magnetic or hole-phonon interaction can be deduced from
tive hopping amplitude*, t*/t=24|E|/at.* the behavior of the effective hoppiriiy).

Quantities (i) and (ii) shed light on the lattice polaron  Returning to the analysis of the lattice polaron case we
formation process. A sharp increase@f (Nyn) is expected — could certainly use as well the criteridM})h?l orCo=1 to
around some intermediate value of the hole-phonon couplingjentify the lattice polaron formatiotf:*12282However,

A in the adiabatic regimeC, increase from zero to its pecause of the local nature of the electron-phonon interac-
strong-coupling limit 2 (a®). The transition becomes a tion, we can gain a deeper insight by looking at phebabil-
crossover, which becomes smoother and smoother upon ay distribution of the phonon number:> The probability

proaching the antiadiabatic ca¥e’ _ distribution of phonon numbers is defined as
Quantity(iii ) provides information on the size of the mag-
netic polarorf®’In fact, since the retraceable path approxi- P(n)=|(n|h|0)|?, (8)

mation is enforced by the antiferromagnetic background in . . .
infinite dimension, it is clear thals 4 gives thelengthof the where|n) is a state with zero holes amcphonons ando) is

string of spin defect&!”*3which, in the Bethe lattice, is also the ground state of the single hole. It can b%nobta|ned asa
- . - . residue at the ground-state energy-E, of G""(w) [Eq.
the sizeof the magnetic polaron. In the zero-exchange limit . : ;
X ; . . A3)]. From the same procedure outlined in AppenditsAe
J—0 no energy cost is associated with a spin defect and th ,
. : . : Iso Ref. 16 one obtain¥
size of the magnetic polaron divergdg$arge-magnetic-
polaron limiy. In the J— case, instead spin defects are 1
unfavored and the magnetic polaron becomes almost localG""(w)= )
g p (@) w—nwo—zhoﬁ(m—nwo)—zen{w)—zab;w)(g)

(small-magnetic-polaron limit It could appear surprising
that information of nonlocal quantities, as the magnetic po-
laron size, could be available in the local approach we aravhere . (w) represents the processes related to the emis-
using. However it should be reminded that this is only asion of a phonon from the stata),

1 2
S ol ) = (n* 1o | (10

n+2)g?
G, H(@w—Nwy—wy)— ( /9

(n+3)g2

Gfl(a)—nwo—Swo)— e

Gt_l(w— Nwo—2wq) —

and?, ,.{ w) takes into account the absorption processes which are allowed also at zero temperature by thephmitiain
state,

Eabs(w): " (n—1) 2 : (11)
Gt_l(w—nwo-i-wo)— g (-2)?
G;l(w—nwo+2w0)——zg
g
G (o)
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FIG. 3. Multiphonon processes in the(J/t) space forwg/t FIG. 4. Lattice polaron transition as determined by Ep) in

=0.5. From the left to the right the lines correspondPtn=1) the N-(wq/t) space for different exchange coupling®t=0.0
=P(n=0), P(n=2)=P(n=1), P(n=3)=P(n=2), etc. Dashed (solid line), J/t=0.5 (dashed ling J/t=1.0 (dotted ling.
lines indicate the antiadiabatic limig?=1,2,3, etc.

J/t the lattice polaron formation is shifted to smaller values
The propagato6, () is defined in Eq(7), so thatG""(w) of A until atJ/t— < lattice polaron formation is ruled by the
is a direct by-product of the self-consistent solution of Egsantiadiabatic criteriom?=1.
(4)—(7). From that we immediately obtain the phonon num-  The role of the magnetic interaction in driving the system

ber distribution as towards an effective antiadiabatic limit is even more evident
when we draw the lattice polaron phase diagram in the
I G"(w)] 1) 2 N-(wo/t) space(Fig. 4). For zero exchange couplind/t
P(n)=(T) (12 =0.0 (solid line) it is possible to distinguish an adiabatic
w=E, regime, where the lattice polaron formation is ruled by the

conditionA=1, and an antiadiabatic regime where the po-
For a noninteracting systeng€0) the phonon distribution  |aron occurs fora?=1 By switching on the magnetic inter-
contains only a peak atn=0: P(n)= 8, . Switching on  action the polaron crossover approaches the difie 1 and
the electron-phonon interaction, the onset of local lattice disthe validity of the antiadiabatic criterion is extended for
tortions are reflected in a shift of total weight towards highersmaller values ofv/t.

multiphonon peaks. We can now unambiguously identify the \We can now address the open issue concerning the modi-

lattice polaron formation with the condition fication of the lattice polaron criterion in the presence of
electronic correlation. The point is to determine whether the
P(n=0)<P(n=1). (13 simple relation\ <\ in the adiabatic regime could be gen-

eralized by introducing properly scaled parameters. Two al-
It is easy to check that this definition reproduces the wellternative pictures have been debated in literature. According
known results for the Holstein model, namely, the criterionto the first oné® the relevant parameter in the presence of
A=\, in the adiabatic limit {,=0.844), anda=1 in the electron-electron and magnetic interaction is the ratio be-
antiadiabatic oné®?®?°|t could be worth remarking that the tween the lattice polaron ener@f/w, and the purely elec-
polaron transition occurs, however, in a different way in thetronic ground-state energy in the absence of hole-phonon in-
two limits. In the nonadiabatic regime the most probableteractionEg mg=Eq(A=0),

phono_n numben evolves in ismooth way by increasing 2
from n=0 to higher numbers~ «?. The dependence on N :g—, (14
becomes sharper and sharper by decreasing the adiabatic ra- wol EO,mJ

tio wy/t, and in the adiabatic limitsy/t=0, n jumps in a  An alternative point of vie#* regards the effective hopping
discontinuous way froom=0 for A<\, to = for for \ amplitudetﬁqut*()\=0) as the main renormalization effect
>N of the exchange coupling

In Fig. 3 we plot the transition curves corresponding, re-
spectively, to P(n=1)=P(n=0), P(h=2)=P(n=1), N g
P(n=3)=P(n=2), etc. in thex-(J/t) phase diagram for A2 :w It |
wq/t=0.5. Lattice polaron formation occurs on the left line 0l*mg
corresponding toP(n=1)=P(n=0). We notice a strong According to these two ideas the relatiar=\; should be
dependence of the lattice polaron formation on the magnetieplaced in the presence of magnetic interaction N3y
energy. In particular, by increasing the exchange coupling=A\..

2

(15
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We have carefully checked the validity of these two cri-

teria within our exact solution in infinite dimension. We 10° [
found that both of them fail to locate correctly the polaron » i
crossover in the presence of magnetic coupling, because the 10
effective adiabatic ratio is increased by the decrease of ki- 1072

netic energy (,’;g) due to magnetic localization. This drives

-3
the system toward an antiadiabatic regime in which the po- 10
laron crossover is ruled by the multiphonon constant

which is not renormalized by magnetic coupling. A naive 10

way to take into account the reduction of the kinetic energy
is to renormalize also the adiabatic ratig/t in a similar 107
way with Egs.(14) and (15), respectively,wq/|Eqmd and
wol|thg. We have also checked this criteria and found that
the lattice polaron crossover in the presence of magnetic in- 10
teraction cannot be described in a satisfactory way even

within this scheme, although it provides a better agreement

than the simple renormalization af. This just means that 10
the magnetic and lattice degrees of freedom cannot be sepa-

Ns.d.
S

rated, namely, that the single-hole Holst¢id here consid- 10
ered here cannot be mapped in a simple Holstein model with 107
renormalized parameters. 107

After having analyzed the process of lattice polaron for-
mation, we can now investigate the properties of the spin
polaron in the presence of hole-phonon interaction. We have 10
just seen that the hole-phonon and magnetic interactions are

not in compe;ition. On the cont.rary the exchange cqupling FIG. 5. Mean number of spin defed§ 4 as a function of the
favors the lattice Po!aron formation. On the same fpotlng Weexchange couplingl/t for different adiabatic parametersy/t
can expect that similar arguments hold for magnetic polaror. 0.0,0.5,2.0 and. =0 (solid line9, A =0.5 (dashed lines A =1.0
formation, namely, that the electron-phonon trapping favorggotted lineg, A = 2.0 (dot-dashed lings

small spin polarons.

In Fig. 5 we show the mean number of spin defédty,  due to the renormalization of the local hopping amplitude.
as a function of the exchange couplitift for various For largerd, 0.05sJ/t<5, we find a remarkable decrease of
electron-phonon couplings and different adiabatic ratios the mean number of spin defedts 4. The origin of such a
wo/t. In the puret-J model(solid line) the small-large mag- decrease is not magnetic since in this reghyy depends
netic polaron crossover is denoted by a change of slope ainly weakly on the exchange couplidgWe can identify this
about J/t=1, which separates & 4>J"! from a Ng4  regime as a small magnetic polarorducedby lattice po-
«J~ 13 regime?®:?7 laron trapping. Finally, for larger interactiod/t>5, the

This trend is qualitatively unaffected in the antiadiabaticmagnetic energy becomes strong enough to overcome the
regime wy/t=2.0 for the electron-phonon coupling consid- lattice polaron localization and we recover a pure magnetic
ered herehA<2. In this situation the lattice polaron forma- trapping. The overall evolution from a large magnetic po-
tion occurs as a smooth crossover with negligible localizajaron to a small magnetic polaron can be described as two
tion. Large-small spin polaron formation is driven thereforecrossovers: large magnetic polaron/sntaiagneti¢ polaron
only by the magnetic interaction without any significant in- induced by lattice polaron localization/small magnetic po-
terplay between lattice and spin degrees of freedom. We cdaron.
schematize this scenario as a two-phase transition, large Crossovers become even sharper upon approaching the
magnetic polaron/small magnetic polaron. adiabatic regime and becomed&scontinuoustransition in

The scenario changes upon approaching the adiabattbe adiabatic limit po,/t=0.0 in Fig. 5. Detailed calcula-
limit. In the intermediate regime,/t=0.5 we can distin- tions for this particular limit(static lattice distortionshave
guish a weak electron-phonon coupling regime<(l), been explicitly carried out in Appendix B. The dependence
where the magnetic interaction is still the only relevant en-of Ng 4 on J/t is drastically different in the weak<<A. and
ergy scale for the large-small spin polaron transition, and thén the strongA>X\. coupling cases. In this latter case, in
strong-coupling regimeN>1), where lattice polaron forma- particular, the particles are almost perfectly trapped and the
tion interferes with the magnetic one. The case2 (dot- intermediate region of the small magnetic polaron induced
dashed lingis representative of this regime. For very small by lattice trapping extends towardét=0. In the adiabatic
J/t—0 we recover the usudlg 4=cJ™ ° behavior, charac- limit, for A>0.844, we have always the small lattice/
teristic of the large magnetic polaron. Effective electron-magnetic polarorisee Appendix B
phonon coupling is not sufficient to give the lattice polaron In the above discussion particular care needs to be paid in
localization and it solely gives a reduction of the prefactor distinguishing between the charactemall/large and the
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0,/t=0.1

th

J/t

FIG. 6. Effective hopping amplitud&*/t as a function of the
exchange coupling and of the electron-phonon coupling

nature(magnetic of phononijcof the polaron transition. We
can find a similarity between the small/large magnetic po-
laron and the small/large lattice polaron transition: both of
them depend on the local probability of the hole to hop from
a sitei to another sitg. A suitable quantity to express this
concept is the effective hopping amplitutte. 162128 Small
values oft*/t denote strong localization of the holegard- FIG. 7. Polaron phase diagram of the Holsteid model for

less of its specific origirlattice polaron trapping or small itferent values of the adiabatic ratia,/t. Solid lines denote the
magnetic polaron _ lattice polaron formation, dashed lines the large/small spin polaron

In Fig. 6 we plott*/t as a function of the exchange cou- transition. Inset: pictorial sketch of the generic phase diagram.
pling J/t (left pane) and of the electron-phonon coupling

(right pane] for the casesvy/t=0.0 andwy/t=0.5. Com- ) lav b h kind of
paring the left panel of Fig. 6 with the corresponding cases ir?.trong interplay between the two kind of processes. In par-

Fig. 5 we can clearly identify the trends discussed above. FdicUlar, they are not competing but sustaining each other. We
A=1 the electron-phonon interaction induces only a wealc@n distinguish four regions characterized as follosse

reduction oft*/t, while the localization transition is essen- NSt in Fig. 7: (A) no lattice polaron, large spin polaroff)
tially driven by the magnetic couplingl/t. When the lattice pplaron, large spin polaroiC) no lattice polaron,
electron-phonon coupling is strong enougt&(1), however, small spin polaron(D) lattice polaron, small spin polaron.
the hole dynamics is strongly suppressed already/iat 0 It is interesting to compare the evolution of the phase
by lattice polaron trapping, and higher values Bt are  diagram with respect to the adiabatic ratig/t. For large
needed to further decrease the effective hopping amplitudeo/t the lattice polaron formation is not accompanied by a
by magnetic effects. strong hole trapping but appears as a smooth crossover just
This behavior is quite similar when we pltit/t as func-  like the magnetic transition. We can thus identify finite re-
tion of \ for different exchange couplind/t (left pane). We  gions(B) and (C) where lattice and spin polaron can be es-
note, however, that the decrease of the kinetic energy dablished independently of each other. Approaching the adia-
wo/t=0.5 is steeper when induced by lattice polaron forma-batic regime {,/t=0.1) the phaseéB) and (C) gradually
tion than by the magnetic one. This difference is amplified byshrink.
approaching the adiabatic reginag/t<1. In the adiabatic Particular care is needed in the strict adiabatic limit
limit wy/t=0 a discontinuous transition occurs at a smallwg/t=0. The criterion described, E¢1l3), states the exis-
value ofJ/t around a critical value of the coupling, which in tence of a multiphonon state as a small polaron key feature.
the limit J/t=0 approaches the value found in the HolsteinDue to the localized nature of the system, lattice distortions
modef® (see Appendix B with vanishing quantum fluctuation are always present for
We can now summarize the above study in a global poany finite\ (see Appendix B This classical lattice state is
laronic phase diagram for the Holsteifd model, shown in  indeed constituted by an infinite number of phonons giving
Fig. 7. The solid line denotes the lattice polaron formation\,=0 by using the criterion of Eq13). Nevertheless we can
according to the criterioril3) and the dashed line denotes always identify a discontinuous transition from very small to
the small/large spin polaron transition witth, ;=0.5. The large lattice distortions, which survives up #t=0.132.
dependence of the lattice polaron formation on the magnetiExplicit results are shown in Fig. 8. It is thus this transition
exchangel/t (solid line) and of the spin polaron transition that strongly reduces the electron local hoppifigand en-
on electron-phonon coupling (dashed ling points out the forces the spin polaron. For largéft, such a sharp transi-
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03 - — - ' regime to be quite peculiar wherein the small magnetic po-
! laron formation is always accompanied by a small polaron
\ formation.
v small polaron The main drawback of oul=2 method lies in neglect-
\ . . . . .
02 \ ] ing the dispersion of spin waves, which leads to hole coher-
large polaron  \ ent motion. This is evident in our spectra, which are consti-
\ tuted by k-independent peaks. As a starting point to
overcome this difficulty we explicitly included in Ed2)
01 r ] terms which would lead to hole delocalization as well as to
———- magnetic spin-wave dispersion in the next order ire.1A controlled
lattice way to include this process is currently under investigation.
We expect that taking into account the coherent quasiparticle
%95 02 02 Y o8 o motion of the hole due to the quantum spin fluctuation would
A modify the low-energy features of the spectral function by
o , , , giving rise to finite bands. However we think that the gross
FIG. 8. Adiabatic phase diagram obtainedvgt/'t=0. The solid features of the spectral weight would not be strongly af-

line denotes the large/small lattice polaron discontinuous transitionr,ected In addition, the existence of spin fluctuations could

the dashed I'ne. the large/small spin po!aron transition. The Sharféad to the delocalization of the large polaron found in the
large/small lattice polaron transition disappears Jaft=0.132 - o .
adiabatic limit at weak coupling.

(marked by the filled circlewhere it becomes a continuous cross-
over.

Jit
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strict adiabatic to the realistic finite adiabatic ratio is relevant
as far as quantum fluctuations are small with respect to the
average lattice distortion. In the case @f/t=0.1, for in-
stance, quantum fluctuations are larger than the small aver-
age lattice distortion found in the adiabatic limit. In this case Let us consider the Hamiltonian in E¢3), which we
the multiphonon criterion as described by Etg) denotes as  write asH=H,+H . HereH, contains the hopping terms

APPENDIX A: EXACT SOLUTION OF THE ONE-HOLE
HOLSTEIN T-J MODEL IN INFINITE DIMENSION

well the small polaron crossover. andH, all the otherlocal contribution. In the absence of any
hole, the ground state is just the antiferromagnetic one,
V. CONCLUSIONS which can be written a$AF)=|0;0), where|0;0) repre-

) . sents the antiferromagnetic background with no phonon and
We have mapped the half-filled Holsteir) model on an 14 gpin defect on any site. In a similar way we can introduce
antiferromagnetic background into a one-particle Hamil-tne notation

tonian (hole interacting with phonons and spin defects

which can be exactly solved in infinite dimension in terms of (bH™ (bHym

a continued fraction. The method immediately gives access |n(i) Mys bk )= S

to the hole spectral density and ground-state properties. The VnoJm

main results of our work can be summarized as follows: x[ala---1]0:0) (A1)

(i) Magnetic and phononic excitations are well separated
in the antiadiabatic regime and/or in the strong magnetito express the state withphonons on the site m phonons
regime. In this case phononic peaks are separated by the base the sitgj, and defects of spin on the sitek, ... .
phonon frequencyo,. The aim of investigation is this appendix will be the

(i) Magnetic and lattice correlations sustain each otherGreen’s functiof®
Not only is polaron crossover shifted to lower coupling by
magnetic correlations as noticed in Refs. 21 and 25, but also
spin defects are reduced by polaronic effects.

(iii) Phonon retardation is affected for larg& by mag- ) )
netic correlations leading the system towards antiadiabatil’,"h'%g can be considered as the (0,0) elemgBi(w)
conditions in which the relevant electron-phonon coupling= G~ («)] of the generalized Green's function
changes fron\ to «. Therefore it is not sufficient to scale
with the renormalized electron kinetic energy to locate the Gi“im(w):<o;ni
polaron crossover.

(iv) We identify a crossover region between the regions of
parameter space in which magnetic and lattice polarons oc-
cur independently B,C) and the regionsA-D) in which
they are mutually dependent. We find the rigorous adiabatic gﬂm(a))=<0;ni

1 T
Gii(w)=<o;0’himhi 0:0>, (A2)

1
hi——h!

m; ;o> . (A3)

In addition, we introduce thatomic propagator

1
hlw——HthT m ,0>, (A4)
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which satisfies the following properties#j): do not contain spin defects, it is clear that all the spin defects
created in the dynamics must be destroyed on each site be-

0 .m; h 1 hT — fore reaching the final state. In infinite dimension this con-
b SELE straint selects only the retraceable paths. Each “step for-
ward” is thus ruled by the term/(2yz)2,phla,h, and
<0 mj|hj————— Hp. .0> each “step backward” by its complex conjugate.
Neo—HL—ney 1™ At the second order ihwe have, for instance,
=amP(w—
g“ ((l) I’la)o) (AS) [Gi(iz)(w)]nm
and
<0h1H1H1hT o>
1 =\ 0N hi—— tT t i mi;
<S.,p. h—r- h*q.,3.> o-H e~ e e
t
+
_|n- P > < Ni| hi—— —=h,a.hg—
—<0,pi h,mhj Qi,0> dp.q ey Xex) HL 2z o—H_
=(0;0/h; : h!10;0) 6 ——=hlalh, . ——hl|m;;0). (A8)
’ Jw—J/Z—HL—pr J ! p.q \/_ _HL
=g w—312=pawg) S, 4. (AB) Equation(A8) can be expressed in terms of the atomic

EquationgA5) and(A6) stem from the fact that the electron- propagatorg by introducing the identity operator in each

t t t
phonon coupling irH, is operative only on the site on which hopmeg termT hia.hg==uhia,M)(Mh,, hlaih;
the hole stays. =3\h |N>(N|a5h5, where|M> |N> are complete 'sets of

Let us now expand in EqA2) the resolvent 1p—H) in  States. It is easy to check that only the stafiggM)(M|

powers ofH, =2 plpi;si)(si,pil and Zy|N)}N[=Zq[ai;si)(si,qi| give a
nonzero contribution. Using the properties E¢a5) and
1 1 1 H 1 (A6) we have, thus,
w—H_w—HL+w—HL tw—HL ¢
1 1 1 [GP(w) ™=~ gP(w)y 5 90— /2= pwo) gi"(w).
+(1)_H|_Ht(1)_H|_Ht(1)_H|_+ (A7) (Ag)

It is easy to see that all the odd powers do not contribute Applying a similar procedure for all the orders of the
in Eqg. (A2) since they create or destroy an odd number ofexpansion(A7) we obtain a perturbative expression for the
spin defects. More generally, since the initial and final state&reen’s functionG:

t
GIM(w) =G}w) - GYP(0) 595 (@= 32— pwo)59f (@) + i (w) 5 g?,-"(w—J/Z—pwo)

t t t t
X5 | 8h(0)5 gkl 0= 3/2- quo)5 g ") LgP) 5| 9if*(@ = 3/2— pwo)5 Gil @ — 23/2— pao— duo)

t
X5 (w=J2=pwo) |59f (@) + -+ -, (A10)

which can be resummed in the compact famwe drop now
the site indices [G Ho)]"=[g Hw)]"™-5, m4 G Yw—nwy—JI2).

(A12)

t t
G"m — yNm _ NP —G% w—J/2— —GPm ,
(©)=g™(w)~g (“’)2 (@ pwO)Z (@) In particular, the terms in square brackets in E&10)

(All)  correspond to the iteration up to the second order, respec-
tively, of GP™(w) and of G%(w—J/2— pw,) according to
or in the matricial form, Eq. (Al11).
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Note that the contribution of the hopping processx- on Xiz. Consequently we have two kinds of local propaga-
ond term in Eq(A12)] is diagonal in the phonon space. This tors: one which describes the motion of the electron from site
is due to the propertA6), which relies on the locality of the 0 back to site 0 and which depends upon the deformation,
electron-phonon interaction.

From the explicit solution of the atomic problem,

Gool @)= —— ; (B2)
[0 H@)]"™= (0= Nwg) 8y m+ 9X™™,  (AL3) ©+9"Xo~ Znogl @)
where and a second propagator which enteripfw) [Eq. (5],
which does not depend on lattice deformation deeppends on
XM= \m+18, m+1t \/E‘Sn,m—lv (A14) exchange )
we end up finally with the following self-consistent equation
for the Green’s function in the multiphonon space: G(w)= BT E— (B3)
[G*l(w)]nm w—ZG(w—J/Z)
t2 It is worth noting that Eqs(B2 and (B3) can be obtained
=gX"+ 8, m| @ —Nwy— ZGOO(w—nwo—J/Z) : within the t-J-v; model of Ref. 17 with on-site energy;
=g’ X, and zero neighbor energy.
(A15) The lowest-energy pole dB, gives the electronic en-
) ) ) ergy Eg for a given 0-site deformatiok:
The solution of Eq(A15) reduces to the inversion prob-
lem of a tridiagonal matrix®3® The diagonal elements"” , t2 J
can be expressed as continued fracttbobtaining Eqs(4)— Eet9'Xo— 7R G| Ee— 5] |=0. (B4)

(7) and(9)—(11). Equation(A15) looks similar to Eq(34) of
Ref. 16 with the important difference th@, * depends now Equation(B4) also definesX, as a function ofg,. By
on the exchange energly The same result can be obtained defining properly scaled deformatiof,=g’'u/k and ener-
for G% using diagrammatic techniques as in Ref. 17. giesEq=te, Ei=ter and exploiting the continued fraction
structuré’ of Eq. (B3), we have
APPENDIX B: ADIABATIC LIMIT

1 1/4
In this appendix we will solve the problem of an electron uCe)= PN 1/4 —€
moving in an infinite coordinatiorstatic lattice. Here we e—J/2— 172
follow the derivation of the adiabatic limit done in the Hol- e—J—
stein model in Ref. 16 and we use the same notations. The €—3J/2—---
adiabatic limit is achieved alsl —« keepingk=M 3 con- (BS)

stant. The coupling constant of Hamiltonian E8) is given By adding the elastic contribution we have the total energy

in terms ofg’ by g=g'/V2Mw,. The polaron energy,  which has to be minimized with respect ¢o

=—g% wg= —g'?Zk is then a well-defined quantity in the 2

adiabatic limit. Minimizing the ground-state energy of the €of €) =AU“(€) —€. (B6)

Holstein model with respect to the lattice deformatin  The total-energy minimization can be carried out explicitly

around a given sitée we have in the strong-coupling limit, i.e., whed/t>1 or when\

>1. In these limits the continued fraction appearing in Eq.

(B5) can be neglected giving a linear dependenceufdu

= —€/2\). The minimization of Eq(B6) givese= —2\ and

€= — N. This limit corresponds to a small lattice/magnetic

Therefore charge localization around a given site means alggolaron regime. In this case the deformation “saturates” the

a localization of lattice deformations. charge deformation relation of E(B1) and the hole is per-
The infinite coordination limit together with E¢B1) im-  fectly localized on a given site.

plies that, for a single hole, only one site is appreciably dis- Another interesting case is tdét— 0 limit. An analytical

torted. Around a localization centdsite 0) the nearest- calculation can be done in this limit following the lines of

neighbor deformation i©(1/z), the next-nearest-neighbor Ref. 16. We have in this case a solution with vanishing de-

deformation i O(1/z?)] and so on, so that the total charge formation which gives the lowest energy far<0.844. In

can be spread over several shells of neighbors even in thais case the Green function is the same of Ref. 17 and con-

z— oo limit, but the deformations around a localization centersists of a semicircular band tdcalizedstates, and a solution

vanishes in thg—oo limit. with nonzero deformation which gives the lowest energy for
From the equation of motion we can derive a hole propax>0.844. In this case a pole emerges out of the band at low

gator for agivenset of lattice deformation®. The main sim-  energies.

plification of thed— oo limit is then that the elastic energy The transition ai.=0.844 is found to be discontinuous.

solely determined by th@-site deformationfor it depends It is important to notice that even if it is possible to follow

g/
XiZM—wgmi)- (B1)
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the formal steps of Ref. 16 to recover these solutions, the In the general case the minimization of E§6) can be
physical interpretation of the case with vanishing deformaeasily carried out numerically. Derivatives of the ground-
tion is quite different. In particular, we may understand thisState energy with respect g andJ gives, respectively, the

solution as describing mcalizedlarge lattice/magnetic po- fNolé-phonon and the exchangmean number of spin de-
i T S . oo fect9 contributions to the total energy, the hole kinetic en-
laron in the limit of infinitely large polaronic radius in con-

h f th Holstei del. wh i thi ergy being obtained by subtraction. These derivatives of the
trast to the case of the pure Holstein model, where in thigy.ng-state energy are discontinuous at the transition found
case the motion of the electron moherentthrough the  for j/t=0 at A,=0.844. The discontinuous large to small

lattice1® Instead a solution associated with a nonvanishingattice/magnetic polaron transition exists up X4=0.132.
deformation has the same character in both models, i.e., gor larger magnetic couplings a smooth crossover takes

describes a localized small polaron. place.
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