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Phase Diagram of Electronic Models for Transition Metal Oxides in One Dimension
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The zero temperature phase diagram of the ferromagnetic Kondo model in one dimension is studied
using numerical techniques, especially at large Hund coupling. A robust region of fully saturated
ferromagnetism (FM) is identified at all densities. Phase separation between hole-rich and hole-poor
regions and a paramagnetic regime with quasilocalized holes were also observed. It is argued that
these phases will also appear in two and three dimensions. Our results apply both to manganites
and one-dimensional compounds such as,€aBaNiOs. As the transition metal ion spin grows,
the hole mobility rapidly decreases, explaining the differences between Cu oxides and Mn oxides.
[S0031-9007(97)03668-5]

PACS numbers: 71.10.Pm, 75.10.—-b, 75.30.Kz

Doping of transition metal oxides (TMO) with perovs- Here the first term represents tlag-electron transfer
kite structure induces remarkable phenomena such dmtween nearest-neighbor Mn ions at sitesndn. The
high temperature superconductivity, charge ordering, andecond term corresponds to the Hund couplidg &
anomalous transport properties. Typical examples ar@) between theS = 3/2 t,, localized spinS, and the
the layered Cu oxides and Ni oxides. Recently, anothespin o, of the mobile ¢, electron at the same site.
dramatic property of doped TMO has been revealed: aCoulombic repulsion in the, band is not included in
low temperature ) La;—,CaMnO; changes from an Eq. (1), but it is considered in some calculations below.
antiferromagnetic (AF) insulator to a FM metalbagrows  Phenomenologically, it is expected thay > ¢, which
from 0. “Colossal” magnetoresistance is observed in thigavors the alignment of the itinerant and localized spins.
compound [1]. At the critical FM temperature, a metal- For Mn**, where thee, level is occupied, the resulting
insulator transition occurs. At larger doping> 0.5, a  spin is 2, while for MA™ (vacante, state) the spin is 3/2.
charge-ordered AF state was detected [2]. Thus, at/y = « the effective degrees of freedom become

The double exchange mechanism has been used to eX-= 2 “spins” andS = 3/2 “holes” which is the language
plain the FM phase in Mn oxides [3,4]. However, recentconvention followed below. In this limit Eq. (1) reduces
reexamination of the double exchange model revealed théb a simpler hole-hopping Hamiltonian. For “spin” values
electrons can collect a Berry phase that may induce lov§ = 1, the hopping term aly = « is [5]
energy states in the spectrum [5]. Also, recent experi-
ments have shown that the dynamical properties of the Hj — = —t Z PunOs(y), (2)
ferromagnetic phase are nontrivial [6]. The combination (mn)
of these results and the complicated experimental phase i
diagram of manganites [2] suggest that electronic model&N€re y = Sm - Sa/S(S — 1/2), and for Mn oxides
more realistic than the double exchange model may havg’ = 2) the polynomial Os(y) is Qo(y) = —1—

a phase diagram richer than expected, which deserves @ + 3¥° + 3v°. For Ni oxides § =1) Qi(y) =

be studied with state-of-the-art computational techniqued! + ¥)/2 [7]. Hamiltonian Eq. (2) is rotational invari-
Such studies would clarify, among other issues, whethe®nt, and it acts only on links containing one spin and
FM indeed exists in thd = 0 ground state, and espe- One hole. Py, permutes the hole and the spin. THg
cially what phases are in competition with it. In addition, OPerators are standard, and in Eq. (2) they act over both
it would be important to analyze the origin of the drasticthe spin and hole involved in the hopping process; i.e., the
differences between Cu oxides and Mn oxides regardinginetic terms not only interchange their site positions, but
their doped-induced properties. The cuprates have metdbey can flip their spin projections as well [5,7]. This is
lic and superconducting phases, while the manganites af$ important difference with respect to the model for
either charge-ordered insulators or ferromagnets [2]. Ifuprates. At large but finité,, Eq. (2) is supplemented
this Letter, all these issues are addressed. by a Heisenberg interaction between nearest-neighbor

The Hamiltonian widely used for Mn oxides is [3,4]  SPins of the form/ > p) (Sm * Su — mna/4), in the

standard notation [8]. This term affects only thespins

H=—¢ Z (ct el + Hc)— Jy Z s - Sh . since in hole states the orbital with mobile electrong (s

n empty. Phonons are not considered in the present study.
(1)  Although their importance is clear in some experiments

(mn)o
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[9], we consider it worthwhile to study the electronic spins and holes can flip their spin projections [17]. This
sector in isolation. The rich phase diagrams found herés an interesting conceptual difference between models
justify such an approach. for cuprates and other TMO’s with consequences for
Experience with Cu oxide models have shown that thderromagnetism.
analysis of Hamiltonians in 1D chains [10] can provide Solving exactly Eq. (2) on finite chains with OBC, we
important insight on qualitative features of the phaseverified the existence of ground state FM for any 0, 1.
diagram that also exist in the realistic dimensibr= 2  We also observed that using PBC (APBC) for an odd
[8]. Since 1D is the best for numerical techniques, ourleven) number of holes, i.e., using closed shells, for both
study below is restricted to chains [11] and complements = 1 and 2, the ground state dt= 0 is again a FM.
work in the other extreme case = « [4]. Thus, the Thus, to increase the size of the chains that can be studied
goal of the present paper is not to establish quantitativeumerically with ED techniques, preserving the correct
predictions for 3D TMO, a quite hard task, but to properties of the ground state, below closed-shell BC have
search for qualitative features of the 1D phase diagrarbeen used in addition to OBC. Previous studies [11] have
that may survive the increase in dimensionality. Noteshown that these BC are appropriate for bulk properties.
also that the special case= 1 and 1D has intrinsic On the other hand, using PBC for an even number of holes,
relevance since the compound-Y Ca,BaNiOs with NiO  the ground state is a spin singlet [18]. This well-known
chains has been recently synthesized [12]. The samteehavior of closed versus nonclosed shells [11] should not
compound but with Co replacing Ni can also be prepared¢onfuse the reader since locally the spin correlations are
[13]. Thus, our study is of importance for materials ferromagnetic even with nonclosed-shell BC [18]. Thus,
beyond the manganites. As numerical techniques ththere is no doubt that the model Eq. (1) in 1D at layge
exact diagonalization [8] (ED) and the density matrixhas a ferromagnetic ground state [19].
renormalization group [14] (DMRG) methods were used. In Fig. 1(a) the phase diagram f¢r = 1 is shown.
The special cas§ = 1 will be studied together with the Chains with up to 16 sites were studied with ED. Using
relevant case for Mn oxides (= 2) to observe the effect the closed-shell BC, a robust region of FM was identified.
of different transition metal spins in the phase diagrams. The FM boundary was also calculated using the DMRG
First, let us consider ferromagnetism. It can be showriechnique at = 0.25, 0.50, and 0.75 with chains of up to
that the ground state of Egs. (1) and (2) in 1D is a40 sites and OBC [20]. The critical coupling to reach FM
fully saturated ferromagnet (FM) for hole density* 0, 1
in the case ofopen boundary conditions (OBC) and

Jy = o (or J =0). The proof is due to Kubo [15]: %0 ' T
the matrix elements of thé = 0 Hamiltonian Eq. (2) in (b)

the standard® basis arenonpositive which is shown by 251

explicitly writing the polynomialsQ;(y) in matrix form PS

for a given link. For a subspace with a fixed total spin 20 ¢ *
projection S%.,;, this property implies that the ground 3
state is nondegenerate and the coefficients of this state % 187 i
expanded in thes* basis are of the same sign (Perron- ™ )

Frobenius theorem). Since in each subspace with a fixed 07 P

Stoal the state]|Smax, Sto1) With the maximum possible e 5

spin Syax also has coefficients of the same sign, then the o5 8 oo S K Em
ground state in such subspace must be the ferromagnetic E%Q&m %

state. This proof is not valid fortwisted boundary 00 o e e o 1o
conditions, including periodic and antiperiodic conditions X X

(PBC and APB,C_’ respeptlvely), Since in th's case acrosg|g 1 (a) Phase diagram of ttfe= 1 Hamiltonian Eqg. (2)
the boundary it is possible to move fermions from siteon a 1D chain [S(S + 1) is the coupling scaled with the spin,
N to 1 (for a N-site chain), collecting anticommutation x the hole density, and = 1]. The gray line and open points
signs which make the matrix elements not necessarilglenote the FM phase boundary. Open circles (10), rotated
negative. For the same reason the proof is not valid iffiangles (10), squares (12), diamonds (14), and triangles (16)

. . . . . correspond to ED results using closed-shell BC (in parentheses
higher dimensions even with OBC. Another importantye nymber of sites). DMRG restilts for the FM boundary with

detail is that eaclfy, subspace is assumed to be fully OBC andn = 40 are also shown (stars). The solid line joining
connected (i.e., all elements of the basis are reachedll circles is the phase separation (PS) boundary calculated
by successive applications of the Hamiltonian over anyvith ED (V = 12). A hole binding (B) region exists between

of its members). Actually in the 1D-J model, the the dashed line and phase separation; (b) same as (a) but for the

. . . _ S = 2 Hamiltonian. The boundaries of phase separation and
Hilbert space is disconnected [16] fof = 0 and the £y \vere evaluated with ED on chains &f— 8 sites. DMRG
theorem does not hold. However, §f= 1 the Hilbert  results orw = 30 OBC are shown (stars). In the intermediate

space isconnectedsince together with a hopping, the metallic region there is binding.
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obtained with ED and DMRG are in excellent agreementexample, in Fig. 2(a) the bandwidt#% of one hole
showing that size effects are small [21]. for S =1/2,1, and 2 vst/JS(S + 1) is shown. It is

Also in Fig. 1(a), regions of phase separation and holelear thatW rapidly diminishes withS. The presence
binding have been identified using ED by calculatingof spin gaps in the undoped regime is not fundamental
the compressibility and binding energy froi(M =  for this behavior since the holes mainly react to the
2), E(M * 1), and E(M), where E(M) is the ground local spin environment which is mostly AF even for
state energy foM holes [22]. Phase separation is nota S = 1 chain [7,25]. Similar effects are observed in
contained in the double exchange model, and it occurfig. 2(b) where the kinetic energy in the metallic region
when the kinetic energy gained by making holes mobilés presented ak = 0.5. Such a mobility reduction is
is overcome by the magnetic energy lost. This has alsceasonable since holes destroy the magnetic order in their
been observed in the-J model in both 1D and 2D movement, paying an energy that rapidly grows with the
[8,23]. However, atx = 0.5 phase separation appearsspin. The large effective mass f6r= 2 indicates that
at J/t ~ 1.1, which is much smaller than the coupling small perturbations away from a translational invariant
J/t ~ 3.0 needed in the-J model [10], suggesting that system may localize the carriers. This effect and the
electronic phase separation may play an important roldominance of phase separation and FM at I&rgeovides
in the physics of Mn oxides. This issue will be studieda possible explanation for the notorious experimental
in future work carried out in realistic dimensions [24]. differences at lowF between Cu oxides, which show
Close to phase separation there is a binding region whemaetallic and superconducting phases, and Mn oxides,
holes form mobile pairs. Superconductivity is likely in which have FM and charge-ordered phases [2] (studies
this regime. Finally, note that th& = 1 chain has a in Ni oxides have shown that charge ordering and phase
nonzero spin-gap at half filing. The behavior of holesseparation are related phenomena [26]).
in such a background has been recently studied [7], where The Hamiltonian Eq. (1) does not include a spin-spin
it was observed that in-gap states are created upon dopingxchange between the, spins since such a coupling
Thus, a “spin-gap” regime is not included in Fig. 1(a).  arises indirectly from Eq. (1) mediated by tle elec-

In Fig. 1(b), theS = 2 phase diagram is shown. Here trons. However, as — 1 this RKKY coupling vanishes,
the chains accessible to ED (DMRG) have 8 (30) siteswhich is not in agreement with experiments that show AF
The finite-size effects on the FM line are small. As fororder atx = 1. To remedy this problem phenomenologi-

S = 1, a robust regime of FM has been identified. Wecally, a Heisenberg interaction with coupling between
observed that the FM lines of Figs. 1(a) and 1(b) are verghe “holes” (which carry spin) can be introduced. At
similar if J is scaled as/S(S + 1). Phase separation x = 1 now the ground state would be AF as for= 0.

and binding are also present. Note that for= 2 the  For completeness, the numerical analysis of Fig. 1(a) was
intermediate metallic regime is very narrow; i.e., s repeated, adding a tern#’ Z<mn> (Sm * Sn — nmnn/4)
grows the trend observed in Figs. 1(a) and 1(b) suggestsetween theS = 1/2 holes and considering’ = J [see

that the phase separated and FM phases become dominant.

To understand this effect note that the “vaporization”

of a large spin cluster in the phase separation region, 15 ; ; ‘ 10
held together by magnetic forces of effective strength
JS(S + 1), can occur only if a substantial gain in kinetic
energy, dominated by, is achieved by the vaporized
spins in the hole rich region. Thus, the critidalt|ps for 10 |
phase separation should follawz|ps ~ 1/S(S + 1), or

a faster decay witl§ once the reduction in hole kinetic 2
energy due to the magnetic background is considered.
This argument breaks down at very smallr where the 05 |
FM state becomes energetically competitive. Thus, in

the largeS limit the metallic regime atl’ = 0 would
disappear in favor of phase separation and FM phases.
The arguments presented here do not depend crucially on , ,
the dimensionality, and thus a similar behavior is expected 0 1 2 3 0 1 2 8

in 2D and 3D systems. tJS(S+1) /JS(S+1)

The study of the intermediate (paramagnetic) regime i¥IG. 2. (a) Bandwidtiv /J vst/JS(S + 1) for onehole and
interesting since this phase and the paramagnetic insulatér= 1/2 (full diamonds), 1 (open circles), and 2 (full squares)
above the critical temperature observed in manganite§2iculated using ED techniques on = 12,12, and 8 chains,

. respectively. (b) Kinetic energy (hopping term ground state
could be a”?"y“_ca”}’ Qonnected. ‘SSQ“?W& a.tendency expectation value) in units of vs ¢/JS(S + 1) obtained at
toward localization is indeed observed in the intermediate — (.5 for s = 1/2,1, and 2 usingV = 12, 12, and 8 chains,
phase between FM and phase separation in Fig. 1. Foespectively.
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FIG. 3. (a) Same as Fig. 1(a) but adding a Heisenberg

interaction between thé = 1/2 holes of strength/’J. (b)
Phase diagram of the Kondo model Eg. (1) at= 0.5,
including ane, Hubbard repulsion of strengii (r = 1). Open
(full) squares are results obtained with ED (DMRG) on chains
with N = 4 (8) sites. The non-FM region may have ground
state weak ferromagnetism.
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