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Stability and dynamics of free magnetic polarons
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The stability and dynamics of a free magnetic polaron are studied by Monte Carlo simulation of a classical
two-dimensional Heisenberg model coupled to a single electron. We compare our results to the earlier mean-
field analysis of the stability of the polaron, finding qualitative similarity but quantitative differences. The
dynamical simulations give estimates of the temperature dependence of the polaron diffusion, as well as a
crossover to a tunnelling regime.

_“Colossal” magnetoresistanc€CMR) arises in several \hereS; refer to the spin of the magnetic ions in the system.
different classes of materials where the electrical transport ist  ~rastes an electron with spir on the sitei, o,
1 |

strongly coupled to the degree of ferromagnetic order, and'” ; - is th ducti . ¢ di) d
may arise from different mechanisms. In the perovskitego(igas‘fgﬁfrilﬁo'ser t?]ecﬁgalrjgsltc-)rqe'spgrk;oc:ger:'?sr ‘we Jh>a g_a dded
manganiteSthere is evidence that CMR is intimately linked um ov 9 paurs. v

. : . . : . to the Heisenberg term a small Ising anisotrapy 0.1 to
to stro_nglattlce polaronl_c effects_ln these high carrier denSI_ty improve convergence at low temperatures and by enforcing a
materials. In low carrier density magnets, spin scatterin

%onzer ransition mperaturel,. in idimensional
alone can be a dominant contributor to CMR, as in the man-0 ero, fransition temperaturef bidimensiona

6 17 ; H H H
. 4 : Systems? J’ is the coupling between a localized spin and a
ganite pyrochlorés’ and EuB.* Strong exchange coupling - conduction electron. The qualitative behavior is well under-

between the carrier and local moments is then expected Q404 from previous mean-field analy§é§:14Below a tem-
give rise to magnetically self-trapped carrigr$ for which peratureT, a ferromagnetic polaron forms by self-trapping
experimental evidence can be gleaned from transpoif, g ferromagnetically aligned cluster of spins. As the tem-
measurements.These entities are free magnetic polaronsperature is lowered toward the Curie temperafCiehe po-
(FMP) in contrast to the more common bound magnetic po{aron grows in size and becomes more stable, because the
larons(BMP) where a carrier is trapped by an impurity and smallq magnetic susceptibility is growing. Near and below
the local magnetization is a secondary phenomenon. Wheng, the polaron will again become unstable because of the
magnetic field is applied, the ferromagnetic clusters overlagase of motion in the background ferromagnetic spin align-
leading to delocalization of carriers and, consequently, tanent. Notice that this is quite different from the case of
negative magnetoresistance. anti-ferromagnetic coupling of spins, where the polaron may
Magnetic polarons have been also found in systems othgemain stable well below the magnetic ordering temperature.
than CMR materials. BMP have been extensively studied in There are several deficiencies of the mean field treatment.
diluted magnetic semiconductbrs and rare earth The most pronounced is a continuum treatment of the spin
chalcogenide3.Golnik et al° found experimental evidence background where fluctuations are neglected. This approxi-
of the existence of bound and free magnetic polarons imation is such that the paramagnetic state leads to a vanish-
Cd,_,Mn,Te and Ph_,Mn,Te. Magnetic polarons can also ing exchange coupling, so that the electron is bound in a
explain the temperature-dependent spin splitting seen ifotential of depth)’S, with S the average magnetization
magneto-optical experiments.Theoretical models of FMP  inside the polaron. AS'/t—, the potential well becomes
have been developed within a mean-field appréachand  arbitrarily deep. This is undoubtedly a severe overestimate.
generalized to a fluctuation-dominated regﬂ'ﬁm most of In the paramagnet there will a|WayS be low energy states
these systems, the underlyitigupej-exchange interaction |ocalized in the band tdil with energiesO(t) above the
between the localized spins is antiferromagnetic in natureferromagnetic ground state, even in the strong coupling limit.
we shall however be concerned with the ferromagnetic casguych low energy states are produced by random fluctuations
relevant to manganese pyrochlores and Edese systems  of a few neighboring spins into near-alignment. But now one
also have very low carrier concentration. must distinguish between a self-trapped polaron and a local-
Hence we study the model of a single electron interactingzed band-tail state, if indeed such a distinction is appropri-
with  a spin background that itself is ordering gte.
ferromagneticall)z We consider the Hamiltonian: In this paper we address the topic by a dynamica| simu-
lation of the Hamiltonian of Eq(1). We show that polarons
may be distinguishedwhen they exigtby a spectroscopic
__ T - _ gap to bandlike states, and that they move diffusively. As
H t(%o‘ CioCjo 2.: o1 S J(% {1-a) temperature is raised, the polaron level moves toward the
X XL oy oy s band edge, and begins to resonate with states in the band tail,
X(§-§+§-§)+S-5j}, 1) leading to a crossover to hopping conductivity.
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FIG. 1. |#(x,y)]> and the averaged magnetizatiom 0 . . . ! .
=(S)/|S] for J’/t=5 andT=1.1T, are plotted. 0 10 20 30
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We perform a classical Monte Carlo simulatigdC) in FIG. 2. The density of statggnsed and excitation spectrum at

two dimensions on a square lattice of localized sp&s |ow energies for’/t=5, T=1.1T,, and|$/=3/2 is plotted.
which are treated as classical rotors characterized by the
angleso; and¢; . We use periodic boundary conditions on acjose to 0, so a large part of the spin configurations are
two dimensional lattice of size up to 3(BO0. explored, while for the spins close to the center of the wave
We place a single electron in the system in the lowestynction there are few accepted spin flips.
energy eigenstate of the H_amiltoni_an consisting of the first  pijctorial evidence is purely qualitative, and does not al-
and third terms of Eq(1), using the instantaneous spin con- jow one to extract reliable estimates for the polaron size or
figuration for the classical spir$§ . The resulting wave func- binding energy, especially at higher temperatures and lower
tion leads to a local magnetic field proportional t(x,y)|? J'[t, when the polarons are smaller and fluctuating in time.
(see, for instance, Ref.)8used in the next step of the MC More reliable evidence comes from the time-averaged elec-
spin  simulation. Hence (x,y) is calculated tronic density of stateQOS), and of the excitation spectrum
self-consistently® shown in Fig. 2. In the density of statéissed a sharp low
The standard Metropolis algorithm is used. Randomlyenergy feature is pulled from the bottom of the bandly
chosen sites suffer a random change of spin orientatiorthe lowest 1% of the spectrum is showthat contains ex-
Changes are allowed if the increment in enefgfy is such  actly one state. This is the bound polaron level. The level
that the quantity exp{AE/KT) is smaller than a random width comes from thermal fluctuations in the energy of the
number between 0 and 1. 4000 reorientations per spin wergound state, and the stability of the bound polaron is seen
made for an initial equilibration and 3000 to calculate aver-more clearly in the excitation spectrumain figure that
ages after each diagonalization. Each diagonalization defingfemonstrates a clear gap corresponding to the electronic part
our time step. Changing the number of spin reorientation®f the binding energy, of the polaron.
between each diagonalization led to no significant change in The continuum of excited states can be characterized as
either the magnetization or binding energy. All the quantitiesthe band tail formed by the fluctuating paramagnetic back-
are given in units of], the Heisenberg parameter. The hop-ground; the lowest energy states are produced by rare fluc-
ping parametet is fixed to 100(estimated with the mean tuations of nearby spins into near-alignment. Consequently,
field relation T,~zJS and the values for the parametersthe “gap” in the excitation spectrum is soft, and indeed
expected for the pyrochlorBsas we are interested in the statistically very rare states may occur at energielewthe
behavior versug’/t and the temperaturE T.=1.8 in these bound state of the polaron. We will discuss this below.
units. Note that we have B in our two-dimensional system We estimate the electronic binding eneigy by the con-
due to the anisotropy in the Heisenberg paramétatis  figurationally averaged gap=E; — E to the lowest excited
help us to find a quick convergence but does not change owtate in our simulationgve have checked that the separation
conclusions. between excited states scales a¥?1$o that these are true
This approach allows us to calculate in a self-consistencontinuum states In Fig. 3 we show the dependence bf
way the wave function and the magnetic polarization over &and the absolute value of the local magnetizatibh
large range of temperature. In particular, we can explore théweighted with the wave functioron T andJ'/t. M is de-
region aroundl, where the mean-field treatment fails. fined as
In Fig. 1 we plot|#(x,y)|? and the averaged local mag-
netization close td . Visually, the existence of a magnetic M= < ‘ 2 & >
polaron is clear, and there is substantial alignment of the )
moments in the vicinity of the carrier. Note that far from the _ o
influence of the wave function the average magnetization isvhereS/ =|4(i)|%(S /|S]).
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T/TC times,t=1, 10, and 100, taken from a single run, is shown. Solid

lines show fits to a 2D Gaussian, plus an offset. This background is
due to the rare appearance of FM clusters away from the polaron
n . location, where the polaron hops a large distance. The curves for
binding energy(b), and the mobility.=D/T (c) for [S|=3/2. The  7_ 10 andi =100 are the result of iterations of the: 1 curve; thus

different curves correspond to differeiit/t such thatits value is 1 4 rare Jong-distance hops eventually dominate the distribution, as
for open circles, 1.5 for closed circles, 2 for open squares, 3 fopan he seen in the trace at the longest times.

closed squares, 4 for open diamonds, and 5 for closed diamonds.
due to the kinetic energy that is lost with the formation of a

We are not taking into account thermal excitations of thepolaron. In the present work/J~1 while J'S/J~100. So
quasiparticle so our results are valid only wheris bigger ~ binding energies are reduced by two orders of magnitude
than T. This condition is fulfilled for all the values oA compared with the mean-field results because the loss of ki-
shown in Fig. 3. As expected from previous analyses, thé@etic energy is not well taken into account in the latter.
polaron binding energy increases as temperature is lowered The study of the stability conditions for a free magnetic
from high temperatures, as the thermal spin fluctuations argolaron is interesting by itself but the MC simulation also
reduced. For largd’/t we find a new behavior olh not  0pens us the possibility of learning about its dynamics in a
found within mean-field theory, namely, that it has a maxi-spin-fluctuating landscape. In Fig. 4 the probability of mov-
mum at some temperature abo¥e. The existence of a ing a distancer (defined as the change in the expectation
maximum can be understood in terms of the correlatiorvalue of the electron positignfor different MC times is
lengthé&. This quantity increases as we decrease the temperahown. For timet =1 one observes dominant short distance
ture aboveT .. For very small¢ (largeT) is very difficult to  motion with occasional rare hops over long distances. For
have a FM cluster for the spin-polaron to sit in and for largelonger times, the peak of the distribution moves out approxi-

¢ the electron would rather spread out. This will lead to aNmately with \ﬁ as expected. This is the expected behavior
intermediate optimung for the existence of the polaron that fom a diffusing object. The long-distance hops occur when
would happen close @ but not necessarily ak. . unoccupied band tail statdsvhich may be localized any-
The size of the polaron may be estimated from the sepayhere in the systeitemporarily drop below the bound po-
ration between the first eigenvaléig and the bottom of the |aron level. In our algorithm—which automatically populates
band of the uniform ferromagnet. The bottom of the band inthe Jowest energy level—the electron moves to occupy this
this case is given by 71’ —4t and the separation should go new state and restabilises the polaron there. These rare
roughly as 12 beingL, the size of the polaron if we as- events eventually dominate the long-time behavior in our
sume saturation in the local magnetization. The general trengimulations. Of course, very long range hops are unphysical
is that the size decreases BgaboveT.) or J' increases. because the tunnelling probability will be exponentially
From Fig. 3 we can also deduce that the “window” above small with distance, and the band-tail states survive in one
T. where the spin polaron is stable increases witiit.  place for only a short time. Hops to band-tail states will then
These two results are consistent with previous mean-fielthe limited to some finite range. As temperature is raised, and
calculations’ E, is reduced, hops to band tail states become more frequent;
Although qualitative comparison is satisfactory there arewe cross over to a regime of “passive advection” of the
large quantitative differences that point to a great decreasingave function in the fluctuating spin backgroutid.
in the stability of the spin polarons when fluctuations are  Qur results are fitted to a Gaussian in two dimensions plus
taken into account. To be precise we compare the binding constantto approximately take account of hops to band-
energy aff =T,. From mean-field calculations on Ref. 7 the tail state$. The Gaussian dominates for the parameters of
maximum possible value fak is ~J’S but it is not reached interest when a spin-polaron is well formed. The distribution

FIG. 3. We plot here the dependenceBt and temperature of
the local magnetization in the lattice produced by the poléaprits
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scales With\ﬁ as expected for diffusive motion. Hence we I conclusion, our dynamical simulations have revealed a
calculate the diffusion constant &=3P(r,f=1)r2 and p_icture of the FMP in a ferromagnet aboVg which is con-
the mobility (w=D/T) of the spin polaron for different cou- Siderably more complex than given by the mean field pic-
plings and temperaturdsee Fig. 3 The mobility decreases (Ures. Provided the exchange coupling is large enough,
with temperature, and also witH/t. The latter is reasonable, FMP’s are stable abové., but considerably more weakly
because larger polarons should diffuse more slowly. Thdound than found by mean field calculations. This by itself
temperature_dependence is more Surprising, and arises H@jses some doubts about the interpretation given earlier for
causeD itself is weakly T dependent. Although the polaron the Mn pyrochlores, because we require an exchange cou-
size is decreasing with temperatutending to increas®), pling comparable to the bandwidth for a well-formed polaron
this is counterbalanced by a reduced probability of favorablevith nearly saturated magnetization, whereas in the Mn py-
FM spin configurations near its boundary @T, is in-  rochlores this coupling is expected to be not lafg#e find
creased. that the motion of the polaron is diffusive, but as temperature
The Heisenberg term has been considered ferromagnetis raised the electron fluctuates out of the self-trapped con-
to compare with the pyrochlores. The change to antiferrofiguration into band-tail states formed by opportunistic fluc-
magnetic coupling is straightforward and in fact the moretyations of the moments.
common case in manganite perovskitesare earth
chalcogenided,or magnetic semiconductofdn the case of M.J.C. would like to thank all of the TCM group at the
an antiferromagnetic background, we find that the stability ofCavendish, where the greater part of this work has been
a free magnetic polaron is enhanced. These results will bdone, for all the fruitful discussions on physics and comput-
reported elsewhere. These results are consistent with Ref. 20g advice. Thanks specially to M. @oand L. Wegener.
where a pseudogap in the DOS is associated with phase segaB.L. acknowledges financial support from EPSRC GR/
ration, that is the large scale effect corresponding to spi55346. L.B. and M.J.C. also aknowledge financial support
polarons. from the MEC of Spain under Contract No. PB96-0085.
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