
PHYSICAL REVIEW B 1 NOVEMBER 2000-IVOLUME 62, NUMBER 17
Double-exchange-driven spin pairing at the„001… surface of manganites
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~Received 27 July 2000!

Study of the~001! surface of the La12xCaxMnO3 system in various magnetic orderings points to a general
occurrence:z2 dangling bond charge—which is ‘‘invisible’’ in the formal valence picture—is promoted to the
bulk gap and/or Fermi level region. This unexpected occurrence, obtained from first-principles calculations,
drives a double-exchange-like process that serves to align the surface Mn spin with its subsurface neighbor,
regardless of the bulk magnetic order. For heavy doping, the locally ‘‘ferromagnetic’’ coupling is very strong
and the moment enhanced by as much as 30% over the bulk value.
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I. INTRODUCTION

Although most efforts on the colossal magnetoresista
~CMR! materials typified by the La12xCaxMnO3 ~LCMO!
system are still concentrated on bulk properties, growing
terest is being shown in the surface behavior.1–3 Knowledge
of surface properties is essential not only to develop a p
ovskite manganite-based technology but also to determ
fundamental phenomena and mechanisms of magneto
tronic behavior. The CMR effect occurs at relatively hig
temperature~around the magnetic ordering temperature!, and
a magnetic field of several Tesla is required to suppress
thermal magnetic disorder and produce the change in re
tivity. Since high magnetic fields are generally unavailable
applications, alternative ways to trigger large low-field ma
netoresistance~MR! were considered, such as with trilay
junctions4 and polycrystalline samples.5 The junctions are
epitaxially grown along the@001# direction, and are made o
a central insulating thin film of SrTiO3 ~the barrier!, sand-
wiched by two metallic layers of La0.67Sr0.33MnO3 ~LSMO!.
Applying a low magnetic field, the tunneling conductivi
can be switched by inducing a parallel~switch on! or antipa-
rallel ~switch off! spin orientation in the two electrodes. Ta
ing advantage of their half metallicity gives a very lar
tunneling MR~TMR!.

Large low-field intergrain MR~IMR! ~Ref. 6! over a large
temperature range has been observed in polycrysta
samples of LSMO,6,7 CrO2,8 and the double perovskite sys
tems Sr2Fe(Mo,Re)O6,9,10 all of which are expected to b
half metallic magnets. Magnetotunneling across grain bou
aries, in which the relative orientation of the magnetizat
of neighboring grains is manipulated by an applied field
believed to be the mechanism. In the IMR process, wh
may be the most promising for MR applications, there
mounting evidence that the state of the surface of the gr
is important in the intergrain tunneling process.7–9 For TMR
it has long been clear that tunneling characteristics
strongly influenced, perhaps even dominated, by the e
tronic and magnetic structure at the interface, and for IM
surface states have been suggested to play the central r

In the few experimental works present in the literatu
intrinsic difficulties have been reported in the process of
taining clean, bulk-truncated surfaces, due to surface se
gation that occurs during growth at high temperature,3 and
strain effects induced by film-substrate mismatch.2 Structural
PRB 620163-1829/2000/62~17!/11571~5!/$15.00
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and electronic properties of the low-index surfaces~includ-
ing the possibility of reconstructions! are still unknown, in
spite of their importance in establishing the half metal
nature of the CMR materials using photoelectron emissio1

However, advancements in epitaxial growth and surface u
formity are being reported,11 so a first fundamental step to
wards describing real surfaces consists in understanding
the intrinsic properties of the ideal unreconstructed surfa
differ from the respective bulk properties, i.e., how the bu
truncation in itself modifies the physics of the compoun
Particularly, in this paper we investigate the spin ordering
the magnetic Mn-terminated ~001! surface of
La12xCaxMnO3.

First-principles calculations are particularly appealing
the study of surface properties. Indeed, the general reliab
of local spin-density functional theory~LSDA!, in conjunc-
tion with supercell methodologies, makes it possible to
curately and straightforwardly calculate quantities that
hardly accessible by experiments, such as surface forma
energies, surface stresses and magnetic moments at sur
Also, peculiar to our methodology is the ability to predict th
stable magnetic ordering by energy comparison of differ
possible magnetic phases. Here we take advantage of
predictive power to describe the mechanism of surface m
netic order stabilization, basically consisting of a change
spin ordering at surface with respect to the bulk orderi
Our LSDA calculations employ a plane-wave basis a
Vanderbilt pseudopotentials.12 A 30 Ryd cutoff energy and
the exchange-correlation potential of Perdew and Zung13

was used.
Calculations for the Mn-terminated~001! surface ofx

51 ~i.e., CaMnO3) has been presented in a previous pape14

There it was found that a robust magnetic surface stabil
tion was achieved by a spin-flip process on the Mn ions
the surface. Here we show that the same driving force
formed the basis of our prediction of the spin arrangemen
the ~001! surface of CaMnO3 is still ~or even more! domi-
nant for other doping levels. Thus, although bu
La12xCaxMnO3 shows an extremely rich variety of magnet
phases for differentx,15 a general behavior of spin orderin
can be expected for the Mn-terminated~001! surface.

In Sec. II we report results of surface energies for diffe
ent spin orderings, and in Sec. III an analysis of density
states and orbital occupations is presented.
11 571 ©2000 The American Physical Society
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II. MAGNETIC ORDERING AT THE „001… SURFACES
OF La1ÀxCaxMnO3

In Fig. 1 the structure of the~001! Mn-terminated
La12xCaxMnO3 surfaces is shown for two levels of dopin
i.e., for La1/2Ca1/2MnO3 ~left panel! and for CaMnO3 ~right
panel!. The bulk properties of these two compounds are qu
different. The former has A-type antiferromagnetic~AFM!
ordering, tetragonal symmetry, and in our calculation is
~poor! metal, whereas the latter is a cubic, G-type AF
insulator. Thus, results for these two cases cover a suffic
variety of situations and allow us to draw conclusions ab
spin ordering of La12xCaxMnO3 ~001! surfaces applicable a
any x.

The easiest case of the~001! surface of undoped CaMnO3
has been fully understood in Ref. 14. We briefly describe
main findings. CaMnO3 has G-type AFM bulk ordering due
to standard AFM superexchange between filledt2g shells.
Theset2g shells contain the nominal three electrons assig
to Mn41 in the formal valence picture, with theeg formally
empty. Actually, it has been pointed out elsewhere16 that the
real amount ofd charge in transition-metal oxides is not
all identical to the formaldn charge. Someeg charge is
present even in bulk CaMnO3, resulting fromdps mixing
that leads to strong hybridization of Mneg and O 2p
bands.17 However, the nominal ionic picture usually gives
reliable description of spin, charge, and orbital ordering.

Based on the growing understanding of the doub
exchange~DEX! process in bulk manganites,15 it can be ex-
pected that the surface spin alignment will be strongly
pendent on the Mneg occupation. At the~001! surface theeg
degeneracy is broken: thex22y2 orbital remains very
stronglydps hybridized with neighboring~in surface layer!
O ions, but thez2 orbital is left ‘‘dangling.’’ For CaMnO3,
G-type spin order does not survive at the~001! Mn-
terminated surface. Instead, a flip of all the spins in the s

FIG. 1. Structure~half unit cell! of the ~001! surfaces of tetrag-
onal La1/2Ca1/2MnO3 ~left! and cubic CaMnO3 ~right!. Arrows in-
dicate spin orientations for the most stable magnetic ordering. W
respect to the bulk ordering~A-type AFM for La1/2Ca1/2MnO3,
G-type AFM for CaMnO3) the spin orientation on the surface Mn
reversed. Parallel alignment of the surface and subsurface laye
expected to be true generally. The surface oxygen ions are
polarized in La1/2Ca1/2MnO3, but not in CaMnO3.
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face layer occurs, driven by the appearance of Mnz2 charge
localized in a narrow surface state whose energy lays wi
the bulk energy gap.14 The filling of Mn z2 orbital drives a
DEX process that strongly favors the parallel alignment
spins on surface and subsurface nearest-neighbor Mn. In
1 the spin ordering of the stable phase of CaMnO3 ~001!
surface is drawn by arrows on Mn. Mn ions on the seco
and third layers~the most bulklike! are G-type ordered
whereas spins on surface Mn ions are turned to be alig
with the subsurface Mn spins. Also, notice that flipping t
spin of only one~out of two! surface Mn would produce a
very unfavorable ferromagnetic~FM! ordering. Indeed, the
surface formation does not substantially change the in-pl
coupling that is as strongly AFM for the surface as for t
bulk. Detailed results for CaMnO3 can be found in Ref. 14
Here we want to assess that this spin-aligning mechan
survives, and in fact is enhanced, as doping occurs.

The results shown hereafter will be for th
La1/2Ca1/2MnO3 ~001! Mn-terminated surface. In bulk
La1/2Ca1/2MnO3, the chemical picture is quite different from
CaMnO3. Indeed, Mn has~on average! d4 occupation, and a
partially occupied and broadeg band mainfold lays between
the occupiedt2g

↑ and emptyt2g
↑ bands. Theeg occupation

generally causes the occurrence of dramatic changes~orbital
and charge ordering arise, driving the system towardC-type
magnetic orderings.18! In our calculations we cannot tak
into account the bulk with the true spin, charge, and orb
ordering of thex51/2 compound~that is beyond the curren
first-principles computational capabilities!. Nevertheless, the
behavior at the surface that we identify is so robust that
expect it to be rather independent of the bulk magnetic ord

Thus, we chose to represent La1/2Ca1/2MnO3 in a (131)
tetragonal symmetry, made by alternating layers of La a
Ca orthogonal to theẑ axis. The bulk AFM phase is then
described by a four-layer~i.e., two formula units! cell, with
antialigned spins on the two Mn~i.e., the so called A-type
AFM!. In this configuration, we obtain~by energy minimi-
zation! a bulk lattice constanta057.21 a.u, which is a very
reasonably middle value between the experimental 7.35
for La2/3Ca1/3MnO3, and 7.05 a.u. for CaMnO3. Also, the
AFM phase is favored by 15 meV/Mn over the FM, whic
has a nearly half-metallic density of states. For the surf
we used a slab of nine atomic layers~a half slab is shown in
Fig. 1, left panel!, retaining a mirror symmetry with respec
to the central Mn layer. The artificial ordering of La and C
layers ~which must be somehow arbitrarily fixed in a finit
supercell approach! does not affect our conclusions, sinc
cations Ca and La do not contribute to the bonding other t
by donating their valence electrons to the O and Mn ban
In this tetragonal symmetry there are two kinds of M
terminated~001! surfaces, one with La in the subsurfac
layer ~indicated as Mn-La, and drawn in Fig. 1!, and another
with Ca instead~Mn-Ca!.

In Table I the calculated surface energies are reported.
see that Mn-La and Mn-Ca surfaces give almost equiva
results. This indicates that energetics and magnetic orde
the surface are barely sensitive to the chosen stoichiom
and symmetry.

For each of the two surfaces, four spin arrangements
Mn are possible, labeled in Table I by triplets of arrow
representing the spin orientation on central~C!, subsurface
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~SS!, and surface~S! Mn ~in the order!. For example,↑↑↑ is
the configuration with all the spins aligned,↑↓↓ the configu-
ration with the spin on subsurface layer antialigned with t
one of the central layer, and aligned with the spin at surfa
and so on. We find the↑↓↓ spin alignment strongly favored
overall, i.e., the stable configuration is that one with the s
orientation at the surface reversed with respect to the b
truncated A-type AFM ordering.

The energies can be mapped onto an interlayer Is
model with three independent effective exchange const
~Table I!: JS2SS, JSS2C andJS2C , the latter being a second
neighbor coupling.JSS2C5218 meV~AFM! is close to the
exchange parameter obtained directly from the bulk calc
tion (Jbulk5215 meV!. The interaction between Mn on firs
and third layers,JC2S58 meV, is FM in sign. It is related to
the dz2 surface state that will be discussed in the followi
section. The most striking result of Table I is the positiv
unusually large value ofJS2SS553 meV, more than three
times larger than, and opposite in sign to, the bulk AF
coupling. For comparison, for CaMnO3 the interlayer ex-
change constant at the surface was 29 meV.14 ~The bulk
coupling for CaMnO3 is Jbulk5226 meV.! This large FM
coupling between surface and subsurface Mn for bothx51
andx51/2 compounds is the consequence of a very gen
characteristic of the~001! surface formation, and can be un
derstood in the light of a careful analysis of the density
states.

III. DENSITY OF STATES AND ORBITAL OCCUPATIONS

Since Mn-La and Mn-Ca give equivalent results, in th
section we present calculations for just one of them~Mn-La!.
In Fig. 2 the orbital-resolved density of states~DOS! of the
Mn ions for the~001! surface in the most stable spin co
figuration~i.e., ↑↓↓) is shown. The three panels refer to th
three inequivalent Mn ions placed into one half of the s
face slab~see Fig. 1!. With our method~i.e., plane-wave
basis and pseudopotentials!, this resolved DOS can be ob
tained by projections of Bloch states onto the basis
pseudo-atomic orbitals. At variance with the real-space in
gration over atomic-centered spheres usually perform
within the linear-augmented plane-wave framework, our
proach does not discard eventual interstitial contributions

For the sake of clarity, thedz2 DOS in Fig. 2 is drawn by
a shaded area. Two surface Mndz2 DOS peaks straddle th
Fermi energy (EF50), with a tail of occupied states tha
extends down to;21.5 eV. These states are also visible
subsurface Mn and, marginally, on central Mn as well. Th
the surface formation produces a deep surface state withdz2

TABLE I. Energies~in meV! for different spin configurations
on Mn atoms. Each of them is labeled by three arrows indica
the spin direction of central-subsurface-surface Mn. Mn-La is
Mn-terminated~001! surface with La on the second layer, Mn-Ca
that one with Ca on the second layer. All energies refer to tha
the most stable arrangement, i.e.,↑↓↓.

C-SS-S ↑↑↑ ↑↑↓ ↑↓↑ ↑↓↓ JS2SS JSS2C JS2C

Mn-La 23 144 91 0 53 218 8
Mn-Ca 17 142 88 0 53 218 9
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orbital character atEF extending to the fifth layer below the
surface. This surface state has been similarly found on
~001! surface of CaMnO3 ~Ref. 14! and~we believe! it would
arise at any doping level.

In the majority channel of the central~bulklike! Mn ion,
dz2 anddx22y2 orbitals contribute to the DOS atEF , whereas
in the minority channel the only contribution comes fromt2g
states. It is also apparent that the surfacedxy bands are
shifted upward in energy with respect to the bulk. Indeed,
minority channel at surface is depleted bydxy

↑ bands~i.e., Mn
at surface is fully polarized!, and thedxy

↓ bands of surface
Mn contribute to the DOS atEF . The magnetic moment on
the surface Mn (3.23mB) is 10% larger than on subsurfac
Mn (2.97mB) and 30% larger than in the central M
(2.50mB), but the total charge on Mn (;5.3 electrons using
our methodology! is nearly the same at the surface and in t
bulk. The increase of magnetization is mostly due to thedz2

polarization, with some contribution from the depletion
dxy

↓ states aroundEF . Also, a small intra-atomic charge re
adjustment occurs fromdx22y2 anddxy to the polarizeddz2

orbital on surface Mn.
The polarization at the surface can be visualized from

isosurfaces of the magnetization density displayed in Fig
Two isosurfaces with equal magnitude but different si
~dark and light surfaces represent up and down magne
tion, respectively! are shown. To obtain this magnetizatio
we sum up only states whose energy lies in the region wit
0.3 eV belowEF . In such a way~see Fig. 2!, the dominant
contribution of the ‘‘core’’ t2g states to the magnetization
not included in the isosurfaces surrounding Mn, and
smallereg contributions are made evident.

Consistently to the DOS analysis, the surface Mn show
combination ofdz2 and dxy orbitals, whereas on subsurfac

g
e

f

FIG. 2. Orbital-resolved Mnd DOS for the~001! Mn-La surface
in the spin configuration↑↓↓ ~see text!. The different panels refer
to the three unequivalent Mn into the slab, placed~from top to
bottom panel! on surface, subsurface, and central layer. To be be
distinguished, the DOS of the crucialdz2 surface state is drawn by
a shaded area.
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Mn the dz2 magnetization is mixed with somedx22y2 char-
acter. The double-exchange effect betweendz2 orbitals on
surface and subsurface Mn comes into play and leads to
strong FM coupling (JS2SS553 meV! responsible for the
spin alignment. On central Mn the magnetization
dx22y2-like. ~Unfortunately, present computational limita
tions do not allow us to study an 11-layer slab, for which t
central layer should be more bulklike.! Also evident in Fig. 3
is that a remarkably large fraction of this surface-induc
magnetization lies in the Opp orbitals of the surface laye
~the corresponding magnetic moment is;0.15mB). Polariza-
tion of O in FM bulk manganite perovskites has been e
phasized elsewhere.19

The change of the Mndz2 orbital from broad, strongly
dps hybridized in the bulk to an atomiclike, narrow in en
ergy, surface state is a very specific feature of this~001!
surface formation, and this surface dehybridization gener
should be described well by LSDA. We suggest that t
effect is strong enough to turn the AFM spin coupling b
tween the top two layers into FM for any doping level. A
least two arguments support this hypothesis. First, the
pairing occurs for the~001! surface of CaMnO3,14 which
should be the most unfavorable case, since in the bulk~nomi-
nally! only the majorityt2g orbitals are occupied, thus the
AFM character is particularly dominant. Nevertheless,
partially occupieddz2 surface state reverses the magne
coupling. Second, the very large change of exchange in
action parameter~from 215 meV in bulk to153 meV at the
surface! would overcome AFM bulk coupling even strong
than the one considered here.

A crucial case is thex50 member LaMnO3, which is
A-type AFM in the bulk. The spin-pairing argument applie
to the ~001! FM surface predicts a spin flip on the surfa
Mn. The AFM spin coupling along theẑ axis is robust and
explained by a well established picture: the in-plane FM c
pling is stabilized by the ordering of Mneg orbitals, so that
occupieddx2 (dy2) orbitals alternates with emptydx2 (dy2)

FIG. 3. Isosurfaces of the magnetization density for the~001!
Mn-La surface in the spin configuration↑↓↓. Dark and light isos-
urfaces are of same magnitude but opposite sign, i.e., they repr
up and down spin densities, respectively. Only states of ene
below, and within, 0.3 eV ofEF contribute to the isosurfaces~see
the corresponding DOS in Fig. 2!.
he
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orbitals on neighboring Mn. Thus, all theeg-type charge fills
in-plane orbitals, and the AFM interactions between neig
boring t2g’s dominates in the orthogonal direction.

A realistic first-principles calculation of the LaMnO3 sur-
face is beyond our possibility, since it would require aA2
3A2 lateral enlargement of the cell as well as addition
thickness to treat the tilting of the MnO6 octahedra20 and the
Jahn-Teller distortion at the surface. However, the format
of thedz2 surface state within the bulk LaMnO3 gap seems to
be beyond doubt, based on the behavior of thedz2 dangling
bond for x51 and x51/2. The question is whether thi
would be able to overcome thet2g AFM contribution.

To this end, useful information is provided by Ref. 2
Here, thet2g contribution toJbulk in LaMnO3 has been cal-
culated as a function ofc/a, i.e., of the distortion between
in-plane and interplanar lattice constants at fixed volum
and it was found to increase linearly in magnitude with t
distortion. In other words, the AFM coupling between~001!
planes increases linearly by shortening the interplanar
tance, likely due to the electrostatic repulsion that furth
depletes thedz2 orbitals. However, the variation of thist2g
contribution over a wide range ofc/a values is in the range
of ;20–30 meV, i.e., not large enough to overcome
value of JS2SS. This behavior supports our expectation
the occurrence of a spin-flip process at the~001! LaMnO3
surface as well.

Finally, in Fig. 4 we show a schematic picture of theeg
orbitals on surface and subsurface layers, indicating the
pected filling and orbital ordering after the formation of th
surface state. The orbitals are ordered both in-plane and
thogonally to the surface, as a result of the surface forma
that fills the surface Mndz2 orbital, no longer degenerat
with the dz2 orbital of the underlying subsurface Mn.

IV. SUMMARY

In this paper we have shown that terminating the~001!
surface of La12xCaxMnO3 with the Mn ion exposed, result
in a partial filling of thedz2 orbital that drives a double
exchange-like ordering of the magnetic moments of surf
and subsurface Mn. We have shown this effect explicitly
x51/2 and~previously! for undoped CaMnO3. A compari-
son between these two cases indicates that the surf
induced FM coupling is stronger in doped systems. This

ent
y

FIG. 4. Orbital ordering at LaMnO3 ~001! surface: filling ofdz2

orbital ~indicated by shading! at the surface produces FM spin co
pling perpendicular to the surface. Planar orbital ordering in
subsurface and other buried layers leads to FM layers alternatin
spin direction, except at the surface.
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sult has important implications~1! for surface studies, where
this effect tends to ensure that surfaces of the CMR mater
(x'1/3) will remain ferromagnetically aligned and half me
tallic as well, as supported by photoemission studies, and~2!
for the intergrain magnetoresistance effect, where the m
netic structure of the grain surfaces can strongly affect
device characteristics. This behavior, which is strongly
lated to band filling but much less dependent on ion s
ls

g-
e
-
e

effects, should also hold for the La12xSrxMnO3 and
La12xBaxMnO3 systems.
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