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Discontinuous transitions in double-exchange materials
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It is shown that the double-exchange Hamiltonian, with weak antiferromagnetic interactions, has a rich
variety of first-order transitions between phases with different electronic densities and/or magnetizations. The
paramagnetic-ferromagnetic transition moves towards lower temperatures, and becomes discontinuous as the
relative strength of the double-exchange mechanism and antiferromagnetic coupling is changed. This trend is
consistent with the observed differences between compounds with the same nominal doping, such as
Lay/sSrisMnO; and La,sCasMnO;. Our results suggest that, in the low doping regime, a simple magnetic
mechanism suffices to explain the main features of the phase diagram.
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[. INTRODUCTION Sn), in the range 0.&£x=<0.5, which includes the doping
levels where CMR has been observed, and where the double-

Doped manganites show many unusual features, the moskchange model is approprigigee beloyw. We will focus on
striking being the colossal magnetoresistaf€®R) in the  the doping dependence, and also on the observed differences
ferromagnetic(FM) phase:™® In addition, the manganites between compounds with the same nominal doping, such as
have a rich phase diagram as function of band filling, tem{ia, _,CaMnO; and La_,Sr,MnO;, which exhibit, how-
perature, and chemical composition. The broad features adver, different values of the Curie temperature, and where
these phase diagrams can be understood in terms of th&en the order of the transition is differeiebntinuous in the
double-exchange mode(DEM),*® although Jahn-Teller case of La ,Sr,MnO, and discontinuous in the case of
deformation$ and orbital degeneracy may also play a role. La,_,CaMnOs). Our goal is to find the simplest model
A remarkable property of these compounds is the existencgompatible with these observations. The importance of AFM
of inhomogeneities in the spin and charge distributions in anteractions in inducing differences between manganites with
large range of dopings, compositions, and temperafifés. the same nominal doping has already been emphasized in
At band fillings where CMR effects are presemt, Refs. 21 and 22.
~0.2-0.5, these Compounds can be broadly classified into We find, in addition to the transitions previous|y dis-
those with a high Curie temperature and a metallic paramag-yssed in the literature, a first-order transition near half fill-
netic phase, and those with lower Curie temperatures and g, if the double-exchange mechanism is sufficiently re-
insulating magnetic phasé:** duced by the AFM interactions. This transition does not

The DEM is a simplification of the FM Kondo lattice, jnvolve a significant change in electronic density, so that
where the FM coupling between core spins and conductiogiomain formation is not suppressed by electrostatic effects.
electrons is due to Hund's rule. When this coupling is largerrhe main features of the phase diagram obtained are consis-
than the width of the conduction band, the model can bgent with the observed dependence on doping. Assuming that
reduced to the double-exchange model with weak interg change in the divalent cation modifies the balance between
atomic antiferromagneti¢AFM) interactions(see below.  the AFM couplings and the double-exchange mechanism, the
Early investigation$' showed a rich phase diagram, with gifferences between compounds with the same nominal dop-
AFM, canted and FM phases, depending on doping and th@,g can also be understood.
Strength of the AFM COUpIingS. More recent studies have The model is described in the next section, and the
shown that the competition between the double-exchanggethod of calculation is introduced in the following section.

and the AFM couplings leads to phase separation into AFMrhe main results are presented in Sec. IV, and the main
and FM regions, suppressing the existence of cantedonclusions are discussed in Sec. V.

phased>~1"1%n addition, the double-exchange mechanism
alone induces a change in the order of the FM transition,
which becomes of first order, and leads to phase separation,
at low dopings® Note, however, that a detailed study of the
nature of the transition at finite temperatures is still lacking, We study a cubic lattice with one orbital per site. At each
despite its obvious relevance to the experiments. site there is also a classical spin. The coupling between the
The purpose of this work is to investigate systematicallyconduction electron and this spin is assumed to be infinite, so
the phase diagram of the DEM with weak AFM interactions.that the electronic state with spin antiparallel to the core spin
Our work applies to compounds of the tyge _,A,MnO;, can be neglected. Finally, we include an AFM coupling be-
whereR s a lanthanide, and is a divalent catiorflike Ca or  tween nearest-neighbor core sptidhe Hamiltonian is

Il. MODEL

0163-1829/2001/68)/0644167)/$15.00 63 064416-1 ©2001 The American Physical Society



J. L. ALONSOet al. PHYSICAL REVIEW B 63 064416

N plexity of a system of electrons with off-diagonal disordker.
H=2, T(S.,S)clc;+ X IaS’S- S, (1) This approximation can be justified by noting that the con-
N ) duction electrons induce long-range interactions between the
whereS=3/2 is the value of the spin of the core, #n and  core spins, that always favor a FM ground state. In general,
S stands for a unit vector oriented parallel to the core spinour method is well suited for problems of electrons interact-
which we assume to be classical. In the following, weing with classical fields.
will use Jyr=J,cS?. Calculations show that the quantum !N more mathematical terms, we have used the variational
nature of the core spins does not induce significanformulation of the Weiss mean-field metédo compute
effects’” The function 7(S,S)=t[cos@/2)cos@/2) the free energy of the system. We first trace out the fermion
+5sin(6/2)sin@/2)€'# )] stands for the overlap of two operators in Eq(1), thus obtaining the effective Hamiltonian

spin 1/2 spinors oriented along the directions definedspy oF the spins,

andS;, whose polar and azimuthal angles are denoted by

and ¢, respectively. We study materials of composition Heﬁ({s})=JAFZ S'Sj_kBTVf dE g(E;{S})
La;_,M,MnO;, whereM is a divalent ion, ank=0.5. In (i)

this composition range, the probability of finding two carri- XIn[1+ e~ (E~-#)/(keT)] ©)

ers in neighboring siteéwo contiguous MA™ ions) is small, '

so that a carrier in a given ion has all tg orbitals in the ~ whereg(E:{S}), is the fermionic density of states aktthe
next ions available. Then, the anisotropies associated to thélume of the system. The mean-field procedure consists on
differences between the two inequivalentorbitals should comparing the system under study with a set of simpler ref-
not play a major role. On the other handxi#0.5, we ex- erence models, whose Hamiltonidty depends on external
pect a significant dependence of the hopping elements on thgarameters. We choose

occupancy of orbitals in the nearest ions. In this regime, the

equivalence of the tweg orbitals in a cubic lattice can be Ho= _2 h-S. 3
broken, leading to orbital orderifg® (see, however, Ref. i

24). We will show that the main features of the paramagneti
(PM)-FM phase transition, fox<0.5, can be understood
without including orbital ordering effects. Moreover, in this F<Fot+ (Het— Ho)o» (4)
doping range, anisotropic manganites show similar _ . o
feature>28 which suggest the existence of a common deWhere 7 is the free energy of the system with Hamﬂtoman
scription for the transition. We will also neglect the coupling (3): and the expectation valugs), are calculated with the
to the lattice. As mentioned below, magnetic couplings suffamiltonian,. The mean fieldgh} are chosen to mini-
fice to describe a number of discontinuous transitions in théhize the right-hand side of Ed4). The calculation of the
regime where CMR effects are observed. These transitionfdght-hand side of Eqi4) requires the average of the density
modify substantially the coupling between the conduction®f states[see Eq.(2)] on spin configurations straightfor-
electrons and the magnetic excitations. Thus they offer #/ardly generated according to the Boltzmann weight associ-
simple explanation for the anomalous transport properties cited to the Hamiltoniaft, and temperatur&. The key point
these compounds. Couplings to additional modes, like optis thatg(E:{S}) can be numerically calculated on very large
cal or acoustical phonorfs, and dynamical Jahn-Teller lattices Wel,thOUt further approximations using the methoql of
distortions® will enhance further the tendency towards first- moment§4 (complemented with a standard truncation
order phase transitions discussed here. We consider thatPgocedur&’). We have extracted the spin-averaged density of
detailed understanding of the role of the magnetic interacstates on a 6464x 64 lattice (for these sizes, we estimate

tions is required before adding more complexity to thethat finite-size effects are negligibleFor simplicity on the
model. analysis, we have restricted ourselves to four families of

fields: uniform,h;=h, giving rise to FM ordered textures;
h;=(—1)%h, originatingA-AFM order, i.e., textures that are
FM within planes and AFM between planesh)=

At finite temperatures, the thermal disorder in the orien-(—1)%"Yih, producingC-AFM order, that is, textures that
tation of the core spins induces off-diagonal disorder in theare FM within lines and AFM between lines; and staggered,
dynamics of the conduction electrons. The calculation of théy,=(—1)%*Yi*%h, which originate G-AFM order, i.e.,
partition function requires an average over core spin texturegompletely AFM textures. We have chosen fields of these
weighted by a Boltzmann factor which depends on the enkind since they produce the expected kinds of order, al-
ergy of the conduction electrons propagating within eachthough this is not a limitation of the method. Once the spin-
texture. We have simplified this calculation by replacing theaveraged density of states is obtained, it is straightforward to
distribution of spin textures by the one induced by an effecobtain the values of the mean-field that minimize the right-
tive field acting on the core spins, which is optimized so as tchand side of Eq(4), and the corresponding value of the
minimize the free energy. The electronic energy includes acdensity of fermions. Expressing the right-hand side of @j.
curately the effects of the core spin disorder on the electronsas a function of the magnetizatigor staggered magnetiza-
Our calculation is a mean-field approximation to the thermations), we obtain the Landau’s expansion of the free energy
fluctuations of the core spins, retaining, however, the comen the order parameter.

The variational method follows from the inequality

. METHOD
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It is finally worth mentioning when our calculation and e/t~ 1~~~ 1T~~~ 1T T "~
the dynamical mean-field approximatioiDMFA) (Refs.
19,35 are expected to yield the same results. It is clear that
the key point is the calculation of the density of states. For ®?°[
this problem of classical variables, the dynamical mean field
is known to yield the same density of states as the CPA
approximatiort® Under the hypothesis of spatially uncorre- o1sr C
lated fluctuations of the spins, which holds in any mean-field
approximation, the CPA becomes exact on the Bethe lattice . ]

. . . 0.10[ Phase Separation
with large coordination number. However, one cannot con- | A 1
clude that with our calculation we would get the same results |
on the Bethe lattice, since one has still to specify the prob- , ..[
ability distribution for the spins to be used in the CPA cal- i FM
culation of the average density of states. In Refs. 35 and 1¢
the calculation is done by identifying an effective jpolero——?". , . . . .., . .. ... . .+ .. . ]
Heisenberg-like mean field, which becomes exact when the % o1 003 04 05
magnetization is very small. Then, the distribution of spin
orientations is equivalent to the one generated by an effective FIG. 1. Calculated phase diagramTat:0. The A-AFM phase
magnetic field. In this limit, ouAns&z should reproduce the has ferromagnetic alignment within planes, and antiferromagnetic
calculations reported in Refs. 35 and 19 when implementedlignment between parallel planes. TBeAFM phase has ferro-
in a Bethe lattice. magnetic alignment along chains, and antiferromagnetic alignment

In order to study first order transitions, one must considePetween neighboring chains.
solutions at finite magnetizations. Then, the optimal Boltz-
mann weights need not coincide with the effective-fialte ~ ~0.25, and a much larger region Gftype AFM for x close
saz made here. Detailed DMFA calculations for the double-to half filling. Finally, a G-type AFM region is eventually
exchange model*® however, show that the differences reached by further increasinky-/t. However, this is not a
between the optimal DMFA distribution and that obtainedsaturated antiferromagnetic phase since the mean field that
with an effective field are small throughout the entire rangeminimizes the grand-canonical energy has a fihif€ when
of magnetizations. Thus the scheme used in this work inT tends to zer® (notice that one cannot have a continuously
cludes the same physical processes as the DMFA, but it igarying value ofx in a perfect AFM configuration
also able to describe effects related to the topology of the Let us now discuss the phase diagrams at nonzero tem-
three-dimensional lattice, like those associated to the Berrgeratures for the different values &/t shown in Fig. 2.
phase, which arises from the existence of closed loops. FuFor J,-=0, we obtain a maximum transition temperature of
thermore, the present scheme allows us to study the relative=400 K for a width of the conduction bantv=12t
stability of phases, like tha andC antiferromagnetic phases ~2 eV, which is consistent with a density of states of
described below, which can only be defined in a cubic latp(E)=0.85 eV’ calculated in Ref. 41 for

tice. La;,sCa;sMnO; (see also Ref. 42 Note that the bandwidth
T/t T T T PSR T T T T
IV. RESULTS [ T
o1sF M- + ]

The model, Eq(1), contains two dimensionless param- b
eters: the doping and the ratioJae/t. The range of values o10f
of xis 0=x=<1, and the Hamiltonian has electron-hole sym- ’
metry aroundx=0.5. The zero-temperature phase diagram,o.osf;
shown in Fig. 1, is calculated minimizing the effective
Hamiltonian at fixed chemical potential and zero temperature®©° [+
[we take the limit of zero temperature in EQ) obtaining .t
the grand-canonical Hamiltonidrwithin the four mean-field i
Ansdze previously defined. At zerd,g/t, only the ferro- o1
magnetic phase is found, and the system is stable at all com
positions. Wherlze/t is finite, there is a value of the chemi- o.0s}
cal potential for which the empty system with a perfect
G-type AFM spin ordering has the sanggand-canonical 099 ———;7——
energy that a system with a perfect FM spin ordering and a
finite value ofx. At this value of the chemical potential the  FG. 2. Transition temperatures as function of electronic density
system is unstable against phase separfi@s, shown in  and strength of the AFM couplings. The dashed lines correspond to
Fig. 1. Notice that the phase-separation region can nevefontinuous transitions. Solid thick lines are drawn for first-order
reachx=0.5, due to the hole-particle symmetry. For largertransitions, and the stripes correspond to phase coexistence regions.
values ofJae @ small region ofA-type AFM is found forx  The onset of first order transitions xt- 0.5 is J 5 /t~0.06.
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calc_ulated in this way is_probably an overesti_matg, as_it does o o2 o4’ 06 08 10

not include renormalization effects due to lattice vibratihs. ) ' ' ' '

There is some controversy regarding the value gf. The 200F PM

reported value o 5 for the undoped compound LaMR@ | o (121-4Ty)e/aCa/aMn0s
Jar~0.58 meV, so thatl,-~0.00%,* although calcula- Y 5 ]

tions give higher value¥ If the intraatomic Hund’s cou- Y L e B g S .
pling between thesy electrons and the core spin is not too o.10f, 1o
large, there is an additional contribution of ordépg 0055_ ou G _f
~12/Uqy, WhereU,, is the level splitting induced by the [ &y \‘B“ = IR
intra-atomic Hund’s couplingnote thatUg,~1-2 eMsee  0.00f Avpen’C ]
Ref. 3]. This term is due to virtual hoppings of an electron o.10f__ =
in the e4 orbital to a vacangy orbital in a neighboring Mn E T PM i

ion with spin antiparallel to the core. These orbitals lie at an o0
energy~Jy, above the energy of the orbital with spin paral- 0-00F
lel to the core. These processes, which contribute to the deo.1of~«_
localization of thee, electrons, are suppressed by a factor 0.055_ UL
~t/Ugy, lowering the electronic kinetic energy by an : m\_ i}
amount~t%/U,,. These processes are only possible if the 000 —
core spins of the neighboring Mn ions are antiparallel, lead- die/t
ing to an effective antiferromagnetic coupling. Thige » )
~0.01-0.08, although higher values have been Suggeéted. FIG. 3. Trapsmon temperature as function of the value],ga_‘/t
The previous discussion does not take into account the effe 'y concentratlonx:1/3,_x:3/E_3, andx=1/2. T_he dashe(isol!d)
of the Mn-O-Mn bond angle on the direct superexchang Ines correspond to contmup_tﬁﬁrst-ordeb trapsmons and a circle
interaction between the core spins, which is also altered uporﬁ‘stbhe en plo.tted ":t Ithe tr'l(t;”t;cal Pgl-fF '\QGPO'EI' 'nljge _tl_?qp panel we
doping™! Finally, the ratioJ,-/t depends on the choice of o CXPEMMENA’ FESURS Trom Hel. 5 Whate /s, 1he com-

) . . . pound (La_,Pr,)s5s CaggMnO; studied in Ref. 9 hag=3/8.
divalent catiorf? In the following, we will useJr as an vy
adjustable parameter, which can be modified by doping and
the choice of divalent cation.
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In order to set a common frame for comparison with stan-
dard approximation&:*°we note the free energy of the sys-

Our results show four types of first-order transitions: .
(i) In pure DEM (J,c=0) the magnetic transition be- tem is made up of an entropy term, due to the thermal fluc-
tuations of the core spins, an almost temperature-

comes discontinuous at sufficiently low densities, in agree:

ment with the analysis presented in Ref. 20 The phase Coe)l(rjdependent_contribution from the electron.s and another
istence region shrinks to zero and the critical temperaturegemperature—lndependent tgrm due'to the dlr'ect AFM cou-
pling between the core spins. For instance, in the PM-FM

vanish ax goes to zero, as expected. oo > h
(ii) The competition between antiferromagnetism and fertase, we can writeF= 3‘]AFM .JrEe'eC(M)_.TS(M) where
S(M) is the entropy of a spin in an effective magnetic field

romagnetism wheld,-#0 leads to a discontinuous transi- duci L a
tion which prevents the formation of canted phases, as re?'ducing magnetizationM. We can expand:S(M)

ported in Refs. 15—17. This transition also takes place at lowr — (3M?+55M*+35M®%+--.) and  EgedM)=c;M?
dopings. +c,M*+c3M8+ ... wherec,,c,, andcs are functions of

(iii) At moderate to high dopings, the FM-PM transition the band filling, ana, is always negatived;, c, andc; are
becomes discontinuous, if the AFM couplings are suffi-obtained fitting the numerical results f&gJ. If there is a
ciently large. The onset for first-order transitionsxat1/2 is  continuous transition, the critical temperature is given by
Jar/t=0.06. Unlike the previous two cases, this transitionTc=(2|c,|—6J)/3. The transition becomes discontinuous
takes place between phases of similar electronic densityvhen the quartic term itF(M) is negative. This happens if
First- and second-order transition lines are separated by trg,<0 andT<20/9|c,|. Thus, if Jae>]|c4|/3—10c,|/9 and
critical points. c,<0, the transition becomes of first order. A tricritical

(iv) In an interval ofJse/t, which depends on the doping point appear in the transient between first- and second-order
level, we also find phase transitions between the PM antfansitions.

A-AFM and C-AFM phases, that are of second ordeee The fact thatc,<0 is due to the energetics of the elec-
Fig. 3. At low temperatures there appear FIZ-AFM, trons in the disordered spin background. In a fully polarized
A-AFM, and G-AFM phases separated by first-order transi-systemM =1, the electrons propagate in a perfect lattice. If
tions with its associated phase separation regions, as shovivi=0 the spins are completely disordered, and our results
in Fig. 1. reduce to those reported in Refs. 47 and 48.

As we see, the DEM complemented with AFM superex-  Standard approximatiots?®to the phase diagram of the
change interactions between the localized spins give rise to@REM use the virtual crystal approximation, in which the cu-
very rich magnetic phase diagram that contains first- andbic density of states is scaled by the average value
second-order transitions between phases with different mag7(S;,S;)), defined in Eq.(1). This approximation suffices
netic order. to describe the main features of the phase diagram when
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V. CONCLUSIONS

We have shown that the phase diagram of double-
exchange systems is richer than previously anticipated, and
differs substantially from that of more conventional itinerant
ferromagnets. We have described first-order transitions

which are either intrinsic to the double-exchange mecha-
nism, or driven by the competition between it and AFM cou-
plings. In particular, we find that, in the doping range rel-
evant for CMR effects, AFM interactions of reasonable
magnitude change the PM-FM transition from continuous to
first order. The existence of such a transition has been ar-
gued, on phenomenological grounds, in order to explain the
observed data in a varieffput not al) of doped manganites
in the filling rangex~0.3—0.5°%%3 The generic phase dia-
gram that we obtain is consistent with a number of observa-
tions:

(i) Materials with a high transition temperature, like
La; ,Sr,MnO; (which have small AFM couplings have a
continuous PM-FM transition, with no evidence for inhomo-

Jar=0, but overestimates the kinetic energy of the electrongeneities or hysteretic effects. The paramagnetic state shows
moving in the disordered spin background. The effect iSnetallic behavior.

more pronounced near half filling, when the electronic con- (jj) The PM-FM transition in materials with low transition
tribution is the largest, and; is positive on the virtual crys-  emperature, like La ,CaMnOs, (significant AFM cou-
tal scheme. As our calculation takes fully into account theplings) is discontinuous. Neaf inhomogeneities and hys-

propagation of the electrons in a disordered environment, Weyretic behavior are observed. The transport properties in the
think that the existence of a first order PM-FM transition paramagnetic phase are anomalous.

whenTc is suppressed is a robust feature of the model. (i) Substitution of a trivalent rare earth for another one

At zero temperature, our calculation leads to a richeryith smaller ionic radiugi.e., compositional changes that do
phase diagram to that calculated within the dynamical meang ¢ modify the doping leveldiminishes the Mn-O-Mn bond
field approximatiorf® As mentioned in the preceding sec- angle, reducing the conduction bandwidiiv=12t.224254
Fion, our met_hod coincides_ with this approximation ‘_Nhe”Assuming that the AFM couplind- does not change sig-
implemented in a Bethe lattice. The topology of a cubic lat-yificanily, the ratioJ,e/t increases; therefore the doping
tice allows for the possibility oA-AFM andC-AFM phases. o\ y in series of the type R;_,R,);_,AMnO; might

We have developed an exact Monte Carlo algorithm to,, aded byJae/t. The top p):':myel of Fig. 3 shows
study the DEM. This approach is based in a path-integraf,q experimental magnetic phase  diagram  of

formulation that allows to simulate on lattices much Iarger(l_al Th,) 23 CaysMnOs, as taken from Ref. 46. We note
Y , . 46.

thanhindan usual Ha_miltorfﬂan formhulaf_tion.dFull dfet";ils Of the the similarities with the phase diagrams of the DEM in the
method are given in Ref. 50. The first data of the Monte o Oac/t,T/t) at fixed x. The phasesA-AFM and

Carlo computation confirm the robustness of the present res e\ at intermediatel se/t could become spin-glass-like

sults. Simulations in the parameter region depicted in Fig. 32 <o in presence of disorder

show indications for a strong transition in lattices up to 12 (iv) The first-order PM-FM tr.ansition reported here sur-
X 12x12 sizes, between ordered and disordered phases. |f o5 in the presence of an applied field. A critical field is

Fig. 4 we show d_ata onla= 8 lattice at half_filling at several required to suppress fhysteretic effects in an applied field
temperatures. It is also clear that fluctuations lower the trang ,ve peen reported in Ref. 5

sition temperatures from their mean-field values, as it also
happens in the three-dimensional Heisenberg mddel ad-
dition, we find a helicoidal spin structure at sufficiently low
temperatures.

Turning again to the mean-field approach, let us recal
that while a continuous transition is changed into a smooth
crossover in an applied field, a first-order transition survives
until a critical field is reached. The transition takes place We are thankful for helpful conversations to L. Brey, J.
between two phases with finite, but different, magnetizationFontcuberta, G. Goez-Santos, C. Simon, J. M. De Teresa,
in a similar way to the liquid-vapor transition. The PM-FM and especially to R. lbarra. V.M.-M. acknowledges the
line of first-order transitions for dopings closexe 0.5 ends  financial support of MEC. The Monte Carlo simulations have
in a critical point, T;,H.). ForJ,-=0.0&, the critical field been carried out in RTNN computers at Zaragoza and
varies from H.=0.0007%~2.2 T at x=05 to H. Madrid. We acknowledge financial support from Grant Nos.
=0.0002~0.6 T atx=0.3, while T.~T; and T is the = PB96-0875, AEN97-1680, AEN97-1693, AEN99-0990
Curie temperature at zero field, shown in Fig. 3. (MEC, Spain, and (07N/0045/98 (C. Madrid.
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—de/t
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FIG. 4. Monte Carlo results for the squared magnetizatiomi-
tom), and thek=(2#/8,0,0) squared Fourier component of the
magnetization(top) in 8 X8X 8 lattices, as function of,g/t, for
x=1/2 at different temperatures.

Note that the relevance of the ratlgg/t in explaining the
different behavior of compounds with the same nominal dop-
ing was already emphasized, on phenomenological grounds,
in Refs. 21 and 22.
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