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The formation of magnetic polarons in an antiferromagnetic medium is studied numerically in wide range of
parameters with special attention to high-superconductors. We consider a Hamiltonian descrilalidy
exchange interactions betweenspins of a finite Heisenberg antiferromagnptd interactions between a
conducting holep, andd spins, as well as kinetic energy of hole. The decoupling of orbital and spin degrees
of freedom allows us to consider the spin Hamiltonian and kinetic energy separately. The spin Hamiltonian is
solved exactly with use of the Lanczos method of diagonalization. We concludp-thakchange interaction
favors magnetic polarons localized on one site of the antiferromagnet. Adding the kinetic energy does not
change essentially the phase diagram of magnetic polarons formation. For parameters relevant Tgr high-
superconductors either a polaron localized on one lattice cell or a small ferron form. However, we find that the
contribution of magnetic and phonon terms in the formation of a polaron in weakly doped higlaterials
can be comparable.
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. INTRODUCTION times to contradictory solutions ®fJ, as it is in the case of
the stripe formatiort>®In the framework of theé-J model,
The role of phonon and spin exchange in the formation othe formation of the spin polaron was extensively investi-
polarons and bipolarons in Cy®@ased highF, materials has  gated by many author$: 22
been a matter of extensive discussion from the very moment However, the spin-fermion mod&i;**which treats sepa-
high-T. superconductors were discovered. Experimental obrately the spin op-carrier andd-localized spins, seems to be
servations of the anomalous isotope efféatould indicate  the most appropriate for the case of intermediate cou-
the role of phonon interactions in the formation of the superpling typical for high-T. superconductors. Most papers treat
conducting state. On the other hand, angle-resolved phot@he p-d interaction as a Kondo exchange. Such an approach
emission spectroscopfARPES, transporf, and tunneling  shows the tendency of cuprates to stripe phase fornfitimn
microscopy measuremefitshow d symmetry of the order d-wave pairing?®?® Recently, Bataet al2°=° extended the
parameter indicating an important role of exchange. Al-spin-fermion model starting from the three band Hubbard
though some authors underline the role of both mecharfismsmodel. In their modelp-d coupling is more complicated
the solution of full Hamiltonian is complicated and thesethan the Kondo one because some exchange couplings be-
contributions are usually calculated separately. tween the Cu ion and two neighboring oxygen atoms appear.
The concept of the phonon polaron was introduced byrhe model, based on self-consistent Born approximation
Pekaf and Franlich.2° It was adopted to high-, supercon- (SCBA), describes the formation of magnetic pol&ti?
ductors by Alexandrov and Motf. Its energy was estimated and identifies all the spectrum of energy states of the Zhang-
to be as fraction of eV. Moreover, it was propoSetthat the  Rice polarori’ in angular resolved ultraviolet photoemission
narrowing of thed-electron band by the polaron effect and spectroscopyARUPS experiments: However, a compari-
the formation of phonon bipolarons increases the criticason of SCBA and exact diagonalization techniques for spin-
temperature td.~100 K. However, because of the domi- fermion model has not been carried out yet.
nant contribution ofd symmetry to the order parameter, ex- The present paper reports on systematic calculations of a
change interactions are the most often considered ones reimple spin-fermion model with an exact diagonalization
cently. Modeling of such interactions is difficult because it istechnique for a spin Hamiltonian. Since the spin-fermion
necessary to include the role of conductipy holes as well model allows us to investigate the cases of strong and inter-
as localizedd) electrons. mediatep-d coupling, this approach broadens the possible
In the case of weak-d couplings, a linear response of the range of solutions. Thus a comparison of the phonon and
antiferromagnetAF) can be assumed. Hence a phenomenomagnetic contributions to the formation of a polaron in
logical model of magnetic susceptibility introduced by Mil- weakly doped highF. superconductors for a wide range of
lis, Monien, Pine¥’ (MMP) can be used. Zhang and Rite, parameters is possible. The exchange interactions are calcu-
in turn, describe the case of strong hybridization between th&ated strictly while the phonon contribution is evaluated in
3d states of Cu and 2 states of O. When the hybridization the framework of the Fitdlich theory?1°
is much greater than the kinetic energy of the carriers, it is In Sec. I, we describe the Hamiltonian and the method of
possible to limit the description to the ground singlet statefinding the ground and excited states of the system. In Sec.
and in such a case a one band model can be used. This modk] the exchange spin interactions are analyzed. In Sec. 1V,
(calledt-J) is at present the most often used to describe thave analyze the phase diagram of different magnetic po-
cuprate superconducto(for a review, see Ref. 24Unfor-  larons. In Sec. V, we compare contributions from phonon and
tunately, different techniques of approximations lead somemagnetic polarons. A summary is given in Sec. VI.
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Il. MODEL To compare the results for 1D and 2D clusters, we introduce
Jpa=Jpa! (2244), which describes the ratio gi-d to d-d

p-like hole treating all spins quantum mechanically. In par—Coupling normalized by the number of A bonds, More-

ticular, we think ofd spins within the quantum antiferromag- °V€" Jéd<1 describes the range of a weakd coupling,
net (AF) model, i.e., none of the M sublattices are chosen While Jpq=>1 that of a strongp-d one, independent of the
a priori. We consider finite onet1D) and two-dimensional ~dimensionality. _ o

(2D) AF clusters with different boundary conditions. The e use the Lanczos method of diagonalization of the

p hole is described by the Hamiltonian with N=20 is possible with the personal computer.

The main goal of the paper is a detailed study of quantum

We study a system odl localized spins and the mobile

1 N N coupling between spins within the polaron in an AF medium.
H ZZJddOED SS+ QJPdE‘JB Scia‘faﬁciﬁﬂiji = CiaCja We focus our analysis on the gain of the spin-exchange en-
(1 ey
where § is the effective spin of the nine cow electrons Eey= Egd—(Edd+ Epa)s (8

(3d%), the summation is taken over the pairs of nearest- )

i ins(i i i i whereEY, is energy of the ground state of the unperturbed
neighbor(NN) d spins(i,j), o,s are the Pauli matrices of dd )% groun p
the p hole with spins=1/2,J,4 is the Kondo parameter nor- AF (WhenJ,q=0) andEqy+E,q is the total exchange en-
malized to the volume of elementary cellyy is the ex- €9y of the system when the carrier is coupled to AF. In this
change integral betweathd spins,t;; is the hopping matrix way, we analyze the zero-temperatqre case only. We found
element to the neighbor,’,, c;, are the operators of cre- that for a weakp-d exchange the gaiiex is a half of the

ation and annihilation of a hole on th¢h site with spin P-d coupling energyEe,=—E,4/2.

projectiona. We look for the eigenstates of the Hamiltonian we describe the spin structure and formation of the anti-
(1) in the form ferromagnetic polaron$AFP) by means of correlators be-

tweend spins(SS;) as well as between the and d spins
V- Xs. 2 (s9),

Here Xg is the spin state vector of the system. The orbital M (i)=(sS)=(Xg/sS|Xs), (9)

wave vector¥ in the space of the single hole occupation at ) o ]
AF sitesi=1, ... N takes a form whereM (i) has a sense of local magnetizationdo§pins

“seen” by a carrier.

N The assumption that the wave function can be described
V= 2 e(i)u;, (3) by Eqg.(2) is simplified. In general, the total wave function is
! at least the linear combination of the pair of such functions
whereu;=|0,0,...,1,0,0 - -) is the occupation vector of the localized on two Nel sublattices. This problem is discussed

hole atith site, ¢(i) is the corresponding probability ampli- in Sec. llIG. _

tude andN is the number of spins of AF cluster. To solve the ~Hamiltonian(1) does not contain a phonon term. In gen-
eigenproblem we use the variational method withas the  eral, the coupling of the carrier to the lattice polarization and
trial function. It is normalized by the conditioB. ;| ¢(i)|2 the exchange interactions act together to form the polaron.

=1 .. i .
=1. Equation(2) allows for separate diagonalization of the T1NiS issue is addressed in Sec. V.

kinetic and exchange terms of Hamiltoniél),
Il. SPIN STRUCTURE OF MAGNETIC POLARONS
H'=(¥[H|[¥)=T+Hs. ) : . . . .
_ We examine various types of trial functiogs Depending
T does not depend on the spin state and can be evaluatef the size and shape of the carrier distributign? (Fig. 1),

from the probability amplitude of the carrier(i): as well as on the value of exchange constéftg. 2), vari-
ous types of magnetic polarons with very different spin
T=7lt,|— 2t (), 5 structures can be found.
-2 l|<i§,i:> #hell) ® (i) Large AFP: Its size , is much greater than the lattice

constantay and the AF correlation rangé& Thus it can be
described within the model of a linear response. For large
polarons, the magnetizatidd (i) becomes proportional to
the local carrier density.
(i) Medium AFP: Its sizer, is comparable or smaller
HS=2JddZ SSJ-+Z Jpa(i)Ss, (6) than¢, but bigger than-0.4a, (see Fig. 1L Here the carrier
() ! interacts with a few local spins inducing staggered polariza-
yields the exchange energy. Heris thep-spin operator and ~ tion.

if only the hopping to NN,t; is considered, and is the
number of NN’s. The ternz|t;| providesT=0 for fully de-
localized states. Diagonalization of the spin Hamiltonian,

the p-d exchange integrals are given by (iii) Small AFP: It is localized within a single elementary
cell. For very strongp-d coupling it corresponds to the
jpd(i)=Jpdle(i)]?. (7)  Zhang-Rice(ZR) polaron.
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) 1. . ' b) 1(a). A comparison of numerical data for finite and extrapo-
10" %J}@;‘;j“ Ig},med‘“m large lated to infinity AF clusters shows that lculat I
sy 10| | | y clusters shows that we calculate small,
A A medium, and large AFP in 1D with good accuracy. We find
102 FE_ * O el Gaussian lD‘ the same for small and medium AFP in the 2D case. How-
> i~ x 075, ever, because of computational limitations, we cannot carry
I . 2% E 7= ® 1.5 out the full extrapolation for large AFP’s in two dimensions.
L§1° + Gaussian, 1D, open~a. 051 * 38 ] A comparison of numerical results for open chains and
L Gaussian, 1D, PBC A chains with periodic boundary conditiofRBC’s) shows that
10™* (/> Gaussian, 44 2D, PB% the use of PBC’s does not lead to an improvement of the
\/comb-like, 1D, open 2 convergence of numerical results. It is in part an effect of the
15 | @Gaussian, 1D, N e 0 s = SO ¥ normalization and of specific properties of the dangling
00501 02 05 1 2 0 0.1 0.2 spins at the cluster border.
7, (ag) UN
FIG. 1. (a) E¢x as a function of polaron size for various trial A. Large AFP

functions and AF clusters witN=16. At the top, arrows show the Figure 1 shows the decrease of tHg, as 1l‘p for 1D

correlators betweep andd spins,M (i), for different AFP’s while large AFP's i.e., for .=a,. Below we compare the numeri-
solid curves depict trial functions. For a large AFP the arrow size iscal E.(1/r) .W.i',[h anp ana(l)l. tical solution in which the mag-
multiplied 30 times.(b) Extrapolation ofE,, to infinite 1D AF for neticeguscgptibility of AF )i/s described by two phenomeno-
selectedt. logical parameters. The analytical solution gives a better
. ) . description of large AFP’s while the comparison with the
(iv) Ferron: It forms when thep-d.exchange IS SUONG 1\ merical results allows us to explain the physical meaning
enough' to break AF bonds and to induce a homogeneous 4, phenomenological parameters.
magnetic mo_merﬁ? . L For simplicity in the analytical approximation, we use an
(v) Comblike AFP: It is the case when the carrier is d'S'exponentiaI distribution of carrier density)o(r")|?
tributed on one Nel sublattice only. The staggered polariza- =[x p)]exp(—lr’—rollrp), which does not cha’nge the re-

tion is the dominant response of AF: . sults qualitatively. We assume that the susceptibility can be

Th? cllfar differek:]nce tl:r:etween AFP’% of_difflertet,-n; sizes 'Sgescribed by the phenomenological formula introduced in
seen in Fig. a), where the energy gaiB,, is plotted as a the MMP modef2 X(q)=xq0/[1+(q—qo)2§2], whereq is

function of r,. Gaussian trial functior¢(i)|?<exd —(r;
P al -, the wave vector andy= m/a, corresponds to the staggered

—10)2/(2r2)], wherer;—r is the distance from central spin, tization. The oh loaical r
was used to calculate most of the data. Down triangles depiépagne ization. The phenomenological parameggfsand ¢

results calculated using another trial function, and they dedescribe the staggered magnetic susceptibility and the spin
scribe a comblike AFP, discussed in Sec. Ill E. In Figg)l ~ correlation length, respectively. An effective field actingcbn
the calculations were done fdf,,=1/4. Here the small AFP  SPINS IS Hert(r') =[Jpgao/ (4guarp) Jexp(=Ir' —rol/rp).
corresponds ta ,<0.4a,, medium to 0.4,<r,<a,, and Within the approximation of linear response and continuous
large tor ,=a,. P ' P ’ media, induced magnetization has a fol{r)= fdr’ x(r
Figure Xb) shows thatE,1/N where N is a chain ' )Heri(r") atthe point. Thus this approach accounts for
length. It makes the extrapolation to an infinkepossible.  the nonlocal effects of correlated systems but neglects the

ExtrapolatedE, (N— ) are plotted by full circles in Fig. &tomic structure of AF. For large AFP's, i.e., fige> ¢, M(r)
takes the form

Jyqd —
- pd9oXq 1 r—r
10" 3% M(r)zz—ozz—exp(—| O|>. (10
40 16m°gupé” dorp fp
o |20
wE, Thus M(r) induced by a large AFP is smooth and has a
Joes g st g spatial dependence of the carrier density. The icon in Fig. 1
o 10 ; shows numerically calculated correlators betweenpHsgin
% . , s and local spinsS for a large AFP. One can see that for a
w107 e ’ f O small AFP, 1D large AFP the induceM (i) is also smooth and proportional
”"f A @ smallAFP, 2D to | ¢(i)|2. In that sense the analytical solution is equivalent
10° o ‘_.‘ A hole on 2 spins, 1D to the numerical one.
& O hole on 16 spins, 1D E, has a simple form in the analytical approach:
107 f -
" W hole on 16 spins, 2D ] 5
( pdao) Xq
0.01 0.1 1 10 100 _ 0
/ Eex= 2 2.2.2. " (11)
pa 256m(gue)“E°dor p
FIG. 2. E., for different AFP's and AF clusters dfi=16 spins  The absolute value dE., and its dependence on either the
as a function ofl 4. The inset show&,(J,4) for a small AFP. d-d exchange or or¥ cannot be calculated from Eql1).
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However, Fig. 1b) shows the important numerical result, T ]
that E,, is almost independent on chain lendthHence, if —+ ﬁﬁﬂ”w
one attributest to N, Eqg. (11) leads to the conclusion that £° y ,JL," ___JL__ ]
Xq,* €%/ 34q for a large 1D AFP. v ]

For 2D large polaron, we find a fasterrj/decrease of e M M T y )
E.yx as compared to the 1D case. This Ieadgr to the importan § Sz. e E o0auD” OO ;
conclusion about the existence of large AFP in two dimen- 1071 AAW !!h 3
sions when the total enerdy;, is considered. Because both 1074 SOZA o OOZ S. Ay .
EeX,TocllrS, two scenarios are possibléi) no polaron o o iz .'ﬁ
forms whenT=E,,, or, in the opposite caséij) the mini- 10 " .*m 'Q e
mum of E,; occurs forr,—0 (see also Fig. B i.e., beyond A O 0O0O00Ooo O g 1
the definition of large AFP. v, 01f 3

ﬁ © ]
B. Medium AFP 0-08_01 0:1 I 1' 10
Figure 1 shows that for,=<a,, E¢, does not follow the pd

1/rp d_epend_enceEex increases rapidly asp_ decre_ases for FIG. 3. (a) The correlatof(sS))| between the spin andd spin
one dimension and even sharper for two dimensions as cony, \which the carrier is localized as a functiondf; for a 1D chain
pared to Iv, dependence. This dramatic increaseEgf in-  with PBC (filled circles and a 2D 4<4 square with PBGQopen
dicates a tendency to localization of medium AFP’s. At thestarg lcons show the Corre'ato(ss> for Corresponding];]d. (b)
same time, a qualitative change Mf, (i) induced in the AF  Thezcomponent of carrier spig,, of central spir,,, and the sum
medium takes place. As it is shown by icons in FigML,(i) of AF spins=,;S;, are shown for an open chain of 16 spins as a
is smooth forr ,=a, while for ry=<a, it becomes staggered. function of J,,. (c) The correlator betwee, and its NN spin
Figure 2 shows another important result concerning meffilled circles and NNN spin(open squarggor a chain of 16 spins.
dium polarons. When charge is distributed only on tdo The correlator betwee8, and its NN spin for a 2D %4 square
spins andl)y=<1, Eeecd' 5. However, forJ);=1 a more  Wwith PBC is presented by stars.
complex behavior occurs. The AF bonds broke and a ferron
forms (see Sec. Il D. Jr’Jd increases. Thus the behavior of correlators indicates the
equivalence between the small polaron and nonmagnetic va-
C. Small AFP cancy_in a _Iarge]{)d limit. Third, although the ground state of
) ) a carrier withs=1/2 and an AF cluster of an even number of
Figure 1 shows that when the polaron size becomes comgca| spins is a spin doublet for any/,, as it is clearly
. pd>
parable to the size of the elementary celj£0.4a0), Eecx  shown in Fig. 8b), the magnetic moment is transferred from

saturates. This result weakly depends on either the size of Afp,o carrier to AF spins Whem;,d increases. For a very strong
cluste_r or boundary _cqnditionM (1) induced by fche small -d coupling X;S;, saturates at 1/2. At the same time, the
AFP is staggered similarly to the case of medium AFP a oments of carrier spin and of the local siSip vanish.

shown by icons in Fig. 1. , . Thus in the limit 0fJ;4>1 the small polaron is equivalent
A'deper)den_ce OF¢x ON ‘J.Pd for sma]l polarong is shown to the Zhang-Rice one. Here the spiagndS,, are compen-

by circles in Fig. 2. There is no considerable dlfz“feren.ce besated and form a local singlet, not coupled to other local

tweep 1D and 2D cases. For a smifl=1 Ee,J' 4 while spins,S, [see Fig. &) and the icon in Fig. @]. The forma-

for J,4=1 it becomes linear. Now we show that this cross-tjon of a central pair of compensated spins is accompanied

over corresponds to dramatic changes in spin structure. Figy the reconstruction of AF bonds in the vicinity of the small

ures 3a) and(c) present correlators between different spinSAEp34 This reconstruction is driven by a gain dfd ex-

of the system: the carrier spgand AF spinS, on which the  change energy, and is of the orderJgf;. It is an important

carrier is Iogahzed, betweenandd spinsS, and between  qntribution to the energy of the ZR polaron ﬂb"ydzl.

S and§ . Figure 3b) showsz components, and Sy, of the To summarize, the small AFP in the range of intermediate

P spin andd spin, respectively, and the sum of alispins 4 coupling (typical for highT, superconductojsis not

2;S; . Thezdirection is set by an infinitesimally small mag- equivalent to the ZR polaron. The carrier spin is also par-

netic field. A r_1umberlof important conclusions emerge froma|iy correlated with AF spins in the vicinity of local singlet.
these data. First, fal ;=1 the magnetization of the spin

on which carrier is localizedsS)) increases linearly and

saturates a{sS)) = —3/4 in the same range df,; for which D. Ferron

EexocJ,;d [cf. Figs. 2 and 83)]. That means compensation of  As it is shown in Fig. 1E., for weak J")d strongly de-
the d spin by the spin of a carrier for largl ;. Second, as creases when the charge distribution changes from a local-
one can see from icons in Fig(a as well as from Fig. &), ized one in the unit cell to a homogeneous one over the
the magnetization induced by small polaron changes witkentire AF cluster. Figure 2 shows that fdf, <1E,, is

J,’)d. M (i) is staggered for a wegh-d coupling while both  smaller by a factor~80 for a polaron localized on two,
magnetization ofl spins(besidesS;) and(S,S) decrease as antiferromagnetically correlatedl spins, as compared to the
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FIG. 5. (a) The mean values of the correlatd¢(sS,)| and(sS;)
as a function Oﬂ;,)d for a comblike trial function(b) The correlators

(SS+2) and[(SS ;)| as a function ofl .

coupling of the electron spins{=1/2) with =;S,=1 AF

FIG. 4. () The correlator between the carrier spin and one ofSPin. The correlato($S+1) changes frlom— 0.4 for a pure
AF spin (sS), (b) the total spin moment of the AFP polaron, AF to 1/4 (both spins parall¢las J‘;d increasegsee Fig.
S (c) and the correlator between NN AF spi§S.,;) as a  4(c)]. At the same timeS' approaches the value 7(ll
function of Jg4 for evenly distributed trial function. Circles show bonds broken It is worth noting that the steplike behavior of
results for a 1D chain of 16 spins with PBC while stars for the 2D<SS+1> is not a consequence of breaking of the subsequent
4x 4 square with PBC. bonds, but it is associated with steps of the total magnetic
moment of the system. To summarize, the ferron can form

= -
cascta gf a smrall Ang)'tiFC)i;arStrOGQd~l’ hc;we¥ﬁ;, al;runteix when a homogeneous, Curie-Weiss magnetization is induced.
pected superquadratic increasekql, occurs. This effect is Our results complement well the classical model.

even stronger for a homogeneously distributed carrier den-
sity. As it is shown by squares in Fig. B, for a smaIIJF’)d
is practically zero but sharply increases ﬂérdzz with an-
other steplike behavior in strongdf,. Studies of the spin A homogeneous distribution of the carrier on maay
structure show that this critical behavior is caused by Pins makes th&e, on opposite spins cancel each other out.
breakdown of the AF bonds and the formation of a magnetichus we introduced a carrier trial function which is distrib-
moment in the AF medium. Such a magnetic p0|aron |SUtEd on one of the N& sublattices only as intuitively ener-
known as a ferrofd2-3® getically favorable. The carrier distribution is described as
The spin structure of a ferron localized on two neighbor-follows: |@(i)[*=f(r;)cos[a;/(2a)], wheref(r;) is an en-
ing d spins(two spin ferron is complex. We found that the Velope function, usually Gaussian. We call such a polaron
correlator of the carrier spiswith the pair of local AF spins  comblike AFP;>33 . _ _
Sy, (sS), is negative for any antiferromagneti¢,. For a Eex versusJ,, for the comblike polaron with a Gaussian
weakJ) 4, (sS,) increases linearly and saturates for strongénvelope function is presented by down triangles in Fig. 1.
Jpg at —0.5. The sharper increase By, which is seen for Zozrpasma"rg_' the con;]bllke _AEP '3 equwalentbto the Sm_‘l"l‘”
14=2.5, is caused by a spin flip of two spins,S,. The - or at Igt%ewp’tht tefgal'?h % ecria%(?s,f ut |t||s st
systematic, faster than the linear increasdcgf forJ;d?A moun(w:bligtrae:FeFE is gr?l ﬂ? O:. N arge” hex c;}r a farge I
results from a gradual reconstruction of the AF bonds aroun . y three times smaller than that of a sma
the ferron. Importantly, the value disS) as well as the (FP. This stems from a decrease of quantum fluctuations

. . . . (see Sec. Ik
;%cporgztéﬁctlon of AF bonds cannot be explained in a classical The comblike AFP induces a staggered magnetization in

. the AF medium. This is shown in Fig(&, where the mean
More apparent data about the formation of a ferron can be ) X

. e value of the correlator between tpespin s and the spins of
found if one assumes a homogeneous distribution of the cafy

: . he AF sublattice on which the polaron is actiBg, |(sS)|,
rier on the whole AF. Figure 4 shows correlators betweenand the spins of other sublatti, (sS), are presented.

d|ﬁ§rent Spins(sS) a”d<333t1>' as well as the tota} mag- The values of the correlators increase linearly for a small
netic moment of the polaro8?'==;S,+s, as a function of , -
3., The steplike behavior of all variables is clearly seen for pd L+ 31 they saturate whaij;=1 at(sS;) = 1/4 for any
bpdﬁ 1D pd D Fod' <25 th Y | number ofd spins. The saturation value g6S,)| >0.25 and

oth 1D and 2D cases. FOJ,g=2.5 the COIelalors  yenends o, The difference between the magnetization of
(§S+1):(s§)=0 in accordance witlfEe,=0. ForJ,=2.5  gypjattices gives the net magnetic moment of AF. This mo-
Eex Increases W'tt‘ the changes of correlators. Figuit$ 4 ment originates from its partial transfer fromspin to AF
shows that als&2" is characterized by steps occurring for similar to the case of small AFPs.
the same values af,4 as those ofsS) whenJ;=9. For The presence of the comblike AFP on one of theeNe
Jpa=9 and the 2D cas 0t=1/2. ForJ,4=2.5 this moment  sublattices breaks the translation symmetry and leads to the
is located at the carrier while fdf,;=2.5 it is a result of the  formation of two magnetized sublattices. In Fighh the

E. Comblike AFP
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correlators between NN'$(S S ;,)|, and NNN's,(SS,,), factor 3 is lost when the ZR polaron is spread on one of the

are presented as a function df,. While [(SS,)| de- Neel sublattices forming the comblike polaron.

creases fod,;=1, the correlatofSS, ,) increases. Thus a The importance of the sign of tiged coupling is shown
in the inset to Fig. 2. Herg,, for a small AFP with either a

comblike AFP increases the AF correlation radius. In the ™~ A i
/ positive or negative is presented. Different slopes B,

limit of very large J/,, the comblike AFP transforms the . X .
. p . ; for ferro- and antiferromagnetic coupling are clearly seen. It
qguantum antiferromagnet into a classical one. X .
stems from the fact that the carrier and AF spins cannot

Although E., for the comblike AFP is large, its kinetic . . i
energyT is also high. Moreover, the comblike AFP has acouple feqomagnencally to more than 1/4 while for antifer
romagnetic couplingsS) reaches—3/4. In the case of fer-

tendency to shrink into a small AFP singdes the same for . . ) :
romagnetic coupling, the classical energy calculations for

both types of polarongas long as onlyt; is taken into ac-
coun) while E., due to quantum fluctuations increases three;?allhp?hlaronts a?d ferfrons ar(te_ c?rreqt for itmﬂg aI;
times with localization. ough the saturation of magnetization is much more slower

in the quantum case.

F. Quantum effects G. Polaron mass

Now we summarize the results concerning different mag- In our approactisee Eq(2)] we assume a simple decou-
netic polarons. We pay particular attention to the quantunpling of the carrier kinetic energy and the spin degree of
effects. In Secs. Ill A-E, five types of AFP’s were discussedfreedom. For all the types of polarons discussed, the mini-
The formation of weak small and medium as well as comb-mum energy corresponds to the localization of the carrier at
like polarons is associated with the induction of staggeredhe position of chosen local spiny,. However, another
magnetization. In contrast, the origin of a strong ZR polarorequivalent minimum corresponds to the localization at an-
is the compensation of the AF spin by the carrier spin. Thedther spin site. Although our simplified approach cannot be
ferron in turn emerges due to the breaking of AF bondsused to study polaron dynamics, it gives a reasonable picture
which is equivalent to the induction of a homogeneousof the spin structure of a magnetic polaron under assumption
moment. of its static nature. Moreover, a hint about the effective po-

Classically, the only mechanism of AF polaron formationlaron mass and the reduction @fcan be found within our
at zero temperature is the alignment of thespins by the approach through the analysis of the change of the spin
effective field of the carriet>3® However, this mechanism structure which accompanies the transfer of the polaron to
explains the formation of the ferron only. In contrast, stag-the NN. Our solutions show that the spin structure of the
gered magnetization results directly from the quantum efsurrounding local spins is very different when the carrier is
fects. In a quantum approach the ground state of AF is #ocalized on the firsA or on the neighboring site. A pos-
combination of Nel states, hence no sublattice is distin- teriori, we can claim that the matrix elements describing
guished. The simplest measure of AF quantum fluctuations igre reduced by a factor resulting from the product of the spin
the difference between its ground and first excited state, bottates on the sitéh and B (X5|Xg), respectively. In other
composed of Nel states. In the presence of the staggeredvords, to consider the effects which are included due to our
field the Nel sublattices are distinguishable and the spinassumptiorfEq. (2)], one has to reduce the value tgfand
fluctuations are dampée8. considert} =t;(X5|X2). Our numerical study shows that

Also, compensation responsible for the formation of the(x4|x2)=1 for Jpg<1; it decreases with increasintf,

ZR polaron should be considered in a quantum approackynd forJ; =1 it saturates in the range 0.1-0.2, depending
Classically, the carrier couples the AF spin leaving the AFgn the type of polaron. It shows that the effective mass of

order unchanged. As we have shown in Fi¢z)3the quan-  polaron dressed by the spin polarization is considerably big-
tum treatment of the AF may suppress correlations betwleen g?er as compared to the free one.

spins. Thus only the quantum approach allows us to mode
the destruction of the AF order observed in experiméhts.
Despite the quantum character of the above discussed
mechanisms, there are some particular situations where the So far we have considered tti&,, only. However, the
polarons can be described in the classical limit if the quantotal energy(exchange and kinetic ohshould be taken into
tum corrections are taken into account. In particular, it isaccount to specify which type of magnetic polaron forms. In
possible for strong-d coupling. Systematic analysis of the this section, we add kinetic energy to our consideration.
Eex(Jpa) dependence in the range of very largjg shows In Fig. 6 the total energ¥,,;= T+ Eqycnas a function of
that E¢,=Xj,4(1)(SS), where the summation is taken over r, calculated for a selected effective mass is shown for a 2D
the N spins S within the polaron sizgsee Fig. 2 Since  square cluster with PBC. It is seen that fog;;=m, no AFP
(sS§)=1/4+1/(2N), E¢, changes from 3[1!;’)(1 for N=1 to  can form. For a largeng¢; (which «1/t;), only small polaron
1/43,4 for N=o2. This makes classical calculationskf, for ~ can exist. The ferron does not form singfy, is too small.
strong small polarons as well as ferrons possible, providedhe medium and large polarons tend to localize in one el-
that appropriate scalar spin multiplication (1/4) is replacedementary cell for anyng¢; andt,. This tendency to localiza-
by the quantum factor. It is equal to the classical value wherion stems from a rapid reduction &, with increasingr
N—oo, whereas foN=1 it is three times bigger. The same due to quantum fluctuations of the AF mediugee Sec.

IV. PHASE DIAGRAM OF MAGNETIC POLARONS
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04l m =m’ ' ' ' ] The presented results were calculated for a 2D square
0.3 Il ] with PBC. To estimate the error caused by small size of the
0.2_% ] AF cluster, we studied also ax#4 square without PBC, a
014 meﬁ=2rtr;§¢;mqboo ] 4><A]: %arr?llel?]gram, and f>Z NI systemshwhenlaI %Nsdlo. ]
< O ] We find that the energy of polarons with small size depends
E 0'0""""""0 ﬁﬁmﬂaﬂga@é@@@é ______ on the nearest vicinity only. It is weakly dependent on déth
kS -0.17 ;9 O J' =1.875 i and boundary conditions. For different 2D clusters, the for-
W -0.2; O pd ] mation range of subsequent polarons can be shifted about
-0.31 o ] 10-15%.
-0.4 1 = ] The study of polaron formation in a wide range of param-
-0.5- m . eters is exceptionally valuable to classify what type of po-
'0'6'E|:|I|j£meff =25m, ] laron could be formed in different materials. For example, in
07— . . e doped EuTe wherd,4=~0.125 eV andlyg~2 meV® the
0.0 0.5 1.0 15 20 2.5 p-d coupling on one AF bondd,,~8. At the same time,
” (ao) t;~15J44. For such parameters, our model predicts the fer-
rons formation(see Fig. 7 in accord with experiment&:®
FIG. 6. Ei; as a function of polaron radius, for J,’)d= 1.875 In high-T, superconductors based on Gu@yers, the

and differentmey. Jyq=55-75 meV as determined from the &léemperature

of AF precursors of these materidfs),4~1-3 eV was de-

IINF). We found that ford,4=1.875 magnetic polarons can termined from the band-structure calculaﬂ&i’réO 2 Thus
form only if mes>1.6me, that is t;<2Jqq. AlsO, for 37 is between 1.5 and 4 falyq=0.075 eV.mey is much
weakerJgy the small AFP formation is the only possibility, more difficult to determine because the mass observed in
provided thatmey is large enough. experiments(e.g., in ARPES$ is decorated by phonon and

Figure 7 shows the phase diagram of magnetic polarogxchange interactions. Since the decorateg; observed in
formation on thet;-J),4 plane. In the inset the total energies ARPES experimentgis about 4n, andm,;; in our model is
of a small AFP and a small ferron are compared Jg;  dressed by phonons only, the,¢; here should be smaller
=4.4. E,, for a small AFP is higher than for the two spin than 4m., which is equivalent td;=0.8144.
ferron, and it is constanf. of the two-spin ferron is smaller We conclude on the basis of our phase diagram that for
than that of a small AFP and scales linearly with Thus  the parameters relevant for weakly doped highsupercon-
Eo1ct4 for both polarons but with different slopes. Particu- ductors mainly the small AFP’s would form. There may be
larly, the boundary between the small AFP and two-spin feralso some competition between the formation of small AFP’s
ron for Jg4=4.4 crosses fot;=5.4)4g whenm=0.6m,.  and two-spin ferrons provided that the effective mass dressed
For t126 25]dd, neither AFP is formed. In general, the by phonons is a bit lower than thre .
small AFP forms formgs=m, while the two-spin ferron
appears fomgs;=m,. Similarly, we found the range of pa-
rameters for which other polarons can form. V. CONTRIBUTION OF PHONON AND MAGNETIC

POLARON

35 : . . . .
5 , , ] Now we will compare the phonon and magnetic contribu-

-------- ] tions to the formation of polarons in weakly doped high-
] ] superconductors. We have shown that in the 2D case the

E ] small magnetic polaron forms. On the other hand, it was
2 ] Y suggested that in highz superconductors only the small
RN N phonon polaron forms and its energy is given'ByE,,
AN ~qpe®/ (), whereqp = (67%/V) is the Debye momen-
tum, 1kk=1/e—1ley; €,e¢ are dynamic and static dielectric
constants, respectively, ards the electron charge. Thus we
consider here the energy of small magnetic and small phonon
polarons.

Figure 8a) showsEex(Jr’,d) for a small magnetic polaron
on a 2D AF square with PBC. In Fig(I8, the energy gain
Epn from the formation of phonon polaron is presented as a
function of k. Typical values of« are between 5 and 20. The

FIG. 7. Phase diagram of magnetic polaron formatigrspin  KIN€tic_energy for both small polarons is the sanfe,
ferron means ferron localized dw neighboringd spins. The inset = 4|ta|, and is omitted for clarity. o
showsE,q, as a function oft; for J,=4.4. Here the dashed line Horizontal and vertical dotted lines drawn in Figga)8
presentsE(t;) for the two-spin ferron, the solid line shows and (b) indicate parameterg; =1 and x~10 for which
Eor(ts) for a small AFP. Vertical lines separate the areas of differ-energy gairEe,=E,,=0.35 eV is the same for phonon and
ent polarons formation. magnetic polarons. The energy gain due to the phonon po-

X
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perconductors, the energies of both polarons are comparable
.’C or the magnetic polaron energy slightly overcomes the en-
: ergy of the phonon one. This result agrees well with a very
/ recent papéf which stresses the importance of phonon in-
phonon @ o teractions in highF. superconductors. We conclude that
within our model both contributions should be included in
the total polaron energy for highz superconductors.

J©
®

polaron
&-

4

.
: VI. SUMMARY

0.01 01 1 f001 1 10 qo0’ 0t i 10 Using the spin-fermion model and treating all spins in the
» K Joa quantum approach, we found that depending on the material
parameters five various types of magnetic polarons in AF

FIG. 8. (@) E¢y as a function ofdq for a small AFP.(b) The  medium can be distinguished.
phonon energyE;, versusk. (c) The absolute value of the total We showed that in the range of parameters typical for
energy for a magnetigircles and for a phonottsolid line) polaron weakly doped highF. superconductors the contributions of
as a function ofl for me=2.2m, and«x=5. The vertical dashed phonon and magnetic interactions to the formation of a po-
line shows the value Oj;,)d where the magnetic and phonon polaron |3r0n are comparable and hybrid magnetic-phonon polarons
energies are equal. form.

In weakly doped highF, superconductors small magnetic
laron is greater than that for the magnetic onede¥10 and  polarons as well as small ferrons can form. Our numerical
Jpa=1. For k=10 andJ,4=1 the magnetic polaron domi- study allows us to find a continuous evolution from the
nates. One can see that for the parameters relevant for higghang-Rice approach, whend coupling is assumed to be
T, superconductors, the energy gain from phonon and magnuch stronger thad-d coupling, via the important for high-
netic polaron is comparable, and it is of the order of fractionT, materials intermediate range, to the linear-response ap-
of eV. proach suitable for weaf-d coupling.

Figure 8c) presents Ey(Jpq) calculated for mgys The here considered comblike polarons cannot form when
=2.2m, and =5 This mass, according to ARPES the band is emptyi.e., in undoped materipbecause of the
experiment®® and band-structure calculatioffsjs relevant  high cost of kinetic energy. However, they can play a funda-
for high-T, superconductors. Since boH), and T do not ~mental role in doped higfi; materials when the band is
depend ond,, for the phonon polarorE,,~0.15 eV is  partially filled 2%
constant. In contrast, for the magnetic polafoincles in Fig.

8(c)] Eior increases withd,y. Thus the phonon polaron ACKNOWLEDGMENTS
dominates in the range of wegkd couplings while the Valuable discussion with H. Przybybka is acknowl-

magnetic one does for strordg,. However, in the range of edged. Work was supported by the KBN grant 2 PO3B 007
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