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Surface electronic structure and magnetic properties of doped manganites
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The electronic structure and magnetic properties of doped manganites surfaces are investigated. It is as-
sumed that, at the outermost layer, the environment of the Mn ions does not have cubic symmety. The
orbitals are split and the double exchange mechanism is weakened. The charge state of the Mn ions is
modified, and the magnetic ordering of the spins tends to be antiferromagnetic. The surface magnetization and
the dependence of the transport properties through the resulting surface barrier on applied magnetic field and
temperature is analyzefS0163-182609)02430-3

I. INTRODUCTION Il. THE MODEL

. In order to investigate these features, we start from a tight
Doped manganites show many unusual features, the moBFnding Hamiltonian, using the twe, orbitals,d,>_,2 and
striking being the colossal magnetoresistance in the fully fer- : 9 o

i . ds,2_,2, which we designate andz, respectively. Hopping
romagnetic phase? Extensive research shows that the trans-bef[wéen them takes place through virtual jumps to the inter-

port properties, and the magnetoresistance in particular, aige jiate O jons. Fixing the orientations of thg orbitals to

significantly modified at artificially created barrigt8or in - 2"eo 5 e Cel e of the lattice. we obtain for the
ceramic materials.~*°The magnetoresistance has larger val-i - ion :

ues at low fields, and persists at large fields, unlike in the

bulk case. The relevance of the interfaces in perovskite man- t,,~t,
ganites can also be inferred by comparing with transport in
related materials which exhibit colossal magnetoresist&hce.
These properties have been ascribed to changes in the inter-
face structure, although the origin of these modifications an@nd for the directions in the-y plane,
the resulting structure are not known.

ty,=t=0 1

In the present paper, we analyze the simplest, and most t lt
common, modification with respect to the bulk that a surface 47
may show: the loss of cubic symmetry around the Mn ions. It
is well known that La_,A,MnO; shows a transition from a J3
tetragonal(or orthorhombig¢ structure to a cubic one as the = ijt,
value of the dopingx is increased. The systems with the
highest Curie temperature correspondtes and are in the 3
cubic phase. This implies that the tveg orbitals of the Mn txx=zt, 2

ion are degenerate and contribute to the conduction band. In

this situation, the double exchange mechanism is enhancegyhere the two signs im,, correspond to the andy direc-

~ The cubic symmetry is lost at the surface. If the last layerjons, andt is the effectivee,— e, hopping generated from

is oxygen deficient, the resulting splitting between ®e  the (dpo) matrix element betweendhorbital in a given Mn
orbitals can be Iarger than typlcal Jahn-Teller spllttlngs Inion’ and ap orbital in a neighboring O ioﬂﬁvlg At each site

La, -, AMnO; with small values of. When one of the;  there is also a spin, from the threg, orbitals, which we
orbitals moves away from the Fermi level, the double ex+reat as classical, and parametrize in terms of the polar angles
change mechanism is weakened, and direct antiferromagy and . We assume that the Hund’s coupling between the
netic couplings between the cof=; spins can prevail. e electrons and this spin is much larger than other scales in
Moreover, the reduction in electronic kinetic energy can alsGhe model. Then, the hopping elements depend on the orien-

lead to charge transfer between the surface layers and thgtion of the core spins, and the actual hoppirf§ is
bulk, contributing to the formation of a surface dipole. All

these effects can be modified by surface spin waves, which, i b 6 O 0 4

in turn, depend on temperature and external magnetic fields. ta,p= Lap| COS,COSy Fsinzsin e 47|, (3)

A significant dependence of the metal-insulator transition

temperature as function of oxygen pressure in thin films isvhere the value of the hopping has been estimated tb be
found in Ref. 17. ~0.1-0.3 eV.
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We study a cubic lattice with periodic boundary condi- 1
tions in thex andy directions, and open boundary conditions
along thez direction, where twd001) surfaces terminate the
lattice. We use slabs with a thickness of 20 atoms. We have 08
checked that, for this size, the bulk properties are recovered
at the center of the slab. The environment of the outermost
Mn ions is deficient in oxygen. The oxygen octahedra which
surround the Mn ions are incomplete. The absence of the
negatively charged © ions leads to a downward shift of the
ey levels with respect to the values in the bulk. This shift is
larger for theds,2_,2 orbital, which points towards the sur-
face. Thed,2_,2 orbital is more localized around the ion, and 4,
is less sensitive to the change in the environment. In order to
keep the number of free parameters in the model to a mini-

0.6

0.4

mum, we leave thel,._,. level unchanged with respect to ot . s s . . . s .

the bulk, while thedg,2_,2 is shifted downwards by an T2 3 4 5 . E T & 9o M
amountA. The value ofA should be comparable, or larger, L

than the observed Jahn-Teller splitting in LaMp@hich, in FIG. 1. Charge in the, orbitals as a function of the distance

turn, is larger than they bandwidth. Reasonable values®df  from the surface for the ferromagnetic configuration ane 10t.
are ~0.5-1.5 eV? The gy levels at all other layers remain on the surfacen, =1, thex orbitals are almost empty, due to the
unchanged, except for electrostatic effects. shift A.

This shift of the surfacels,2_,2 orbitals leads to charge
transfer between the bulk and the surface. We treat the in- Higher values ofA/t do not alter these results. For inter-
duced electrostatic effects within the Hartree approximationmediate values ofA/t, the surface electrostatic barrier de-
This gives rise to an additional shift in the electronic levelspends significantly on the magnetic configuration. The sur-
which is determined by solving self-consistently the Sehro face dy2_y2 orbitals are practically empty, and tig,2_ 2
dinger and Poisson equations. This electrostatic shift is equalre occupied foA > 3t.
for the two ey orbitals at each layer. Screening from other
levels is described in terms of a dielectric constant of value B. Surface magnetic order
€=5¢€,.2! Self-consistency is imposed on thg levels in all . i
layers in the system. We do not consider the possibility of Th€ suppression of the double exchange ferromagnetic
orbital order induced by a Hubbatd between electrons at €OUPling at the surface leads to an enhancement of the su-
the two e, orbitals?? We analyze underdoped materiass, perexchange interaction among the Mn ions. To investigate
<0.5, where no unusual magnetic ordering is expetted. further this effect, we study magnetic configurations where

The Hartree approximation acts to suppress charge fluctud® core spins of the surface Mn ions are allowed to rotate, as
tions, although it does not split the, bands in the way a shown in Fig. 3. The canting angteis used as a variational

Hubbard term does. This effect should be less important dtarameter which allows us to change continuously from fer-
the surface, due to the crystal field splittidg introduced ~romagnetic to antiferromagnetic surface ordering-0
before. means perfect ferromagnetic order at the surfate.r/2

gives rise to an antiferromagnetic alignment of the surface
spins, at right angles with the bulk magnetization. To take

into account the superexchange interaction, we introduce an
A. Surface electronic structure antiferromagnetic coupling between the Mn core spins. Sub-
tracting a trivial constant, the energy per surface ion, due to
IJf'his coupling, is

Ill. RESULTS

Typical results, forA =10t, hole concentration of=0.3
and a ferromagnetic configuration of all spins are shown i
Fig. 1. Ch.arge neutrality corresponds to a total occupancy of Ear=J, Cos9+2J coS 20, ()
the g4 orbitals of 0.7.

The large splitting between theg, orbitals at the surface Wwhered is the angle shown in Fig. 3, is the antiferromag-
leads to a significant charge transfer to the outermost layenetic coupling between a Mn spin at the surface and one in
The charge distribution reaches the bulk values at the thirthe next layer, and is the coupling between spins at the
layer, in agreement with the expected short screening lengtsurface layer. From symmetry consideratiod)ss 4J, 24
of the metal. The surfacds;,2_,2 orbitals are almost full, We now estimate, for a given value df, the surface
while thed,2_ > are empty, so that the charge state of the ionantiferromagnetic coupling needed to stabilize antiferromag-
is Mn®*. Hence, for the value of used in Fig. 1, the double netic or canted structures at the surface. We calculate the
exchange mechanism is almost completely suppressed at thaal energy of the system for the magnetic ordering depicted
surface. Then, it is likely that antiferromagnetic interactionsin Fig. 3.
will prevail at the surface. Electronic properties due to fer- The total energy of the system is the sum of the electronic
romagnetic and antiferromagnetic ordering at the surface arenergyE, (kinetic plus Hartreeand antiferromagnetic en-
compared in Fig. 2, where we show the total charge and thergy. The Ey contribution, and the antiferromagnetic ex-
charge in thed;,2_,2 orbital for the outermost level as a change energy are shown in Fig. 4. The exchange coupling
function of A. chosen is comparable to that between two>Mions in un-
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FIG. 2. Charge in thal;,2 2 orbital (a) and total chargeb)
versus A/t. #=0 corresponds to a ferromagnetic ordering.

= 7/2 corresponds to the antiferromagnetic surface ordering de

scribed in the textsee also Fig. B

doped LaMnQ@. This is probably an underestimate of the
exchange at the surfaéé® The electronic energy has a
minimum atf#=0 because the absolute value of the kinetic
energy is maximum. On the other hand,fat /2, the sur-

face kinetic energy is minimum, corresponding to a maxi-

mum inEy. The difference in energy between these extreme
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FIG. 4. Electronic energytop), magnetic energymiddle) and
sum of the twabotton) as function of the canting angieshown in
Fig. 3.A/t =10.J, =0.02 in Eq. (4).

values ofE, decreases a& increases. On the contrayr
has a minimum at= w/2 corresponding to antiferromag-
netic ordering on the surface. By minimizing the total energy
Eq+ Ear as a function ofy we obtain the canting angle as a
function of the antiferromagnetic coupling .

Figure 5 shows the calculated phase diagram as function
of the splitting at the surface between thglevels, A, and
the direct antiferromagnetic coupling between the core spins
J, , for two different values of the hole concentration. The
effect ofJ, is increased ad becomes larger, destroying the
ferromagnetic order on the surface. In fact, for realistic val-
ues of the couplings, the surface spins are aligned almost
antiferromagnetically with respect to those of the bulk. Note
that the constraints imposed on the spin orientations will
underestimate this tendency towards antiferromagnetism, as
we do not allow to relax the spins in the layers deeper into
the surface.

The changes in the magnetic surface structure also lead to
modifications in the spin stiffness at the surface, which is

0.08 T T T T
= x=0.2
b o —-o x=0.3

0.06 k

0.02

At

FIG. 5. Magnetic phase diagram of the surface of a doped man-
ganite. The lines separate the fully ferromagnetic and the canted
regions. The dots indicate that the order is 90% antiferromagnetic,

FIG. 3. Magnetic structure considered in the text. Only the spinsamely, 6=81°. Full dots are results for hole concentrationxof

at the surface layer are rotated, in the way shown.

=0.3. Open dots are for=0.2.
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FIG. 7. Magnetization of the last layer as a function of tempera-

. . . . ture for a cluster with 20 layers and open boundary conditions. For
FIG. 6. Projected magnetic structure at an antiferromagnetic sur- Y P y

face weakly coupled to the ferromagnetic biiee text The sur- comparison, thg_ results for a cluster of the same size and periodic
. . S boundary conditiongno surfacesare also shown.
face antiferromagnetic coupling i&-=0.5]¢ and the ferromag-

netic coupling to the next layer i3:=0.3)r, where Je is the pulk modes, and the states derived from them. At higher

ferromagnetic coupling in the bulk. Energies are shown in units o . h f o . h h
Je . The bands are shown in the projected ferromagnetic Brillouin"€rg'€s, the surface excitations at energieke have the

zone. The thin lines denote the lowest edge of the bulk continuu argest spectral weight. Thermal excitation of these modes

Note the folding induced by the antiferromagnetic structure. leads to a decay of the surface magnetization as function of
temperature which is faster than in the bulk. In order to es-
weaker than in the ferromagnetic bulk. It is straightforwardtimate this effects, we have calculated, using Monte Carlo
to show that weaker couplings lead to the formation of bandéechniques; the surface magnetization of a cluster of clas-
of surface magnor€ We analyze the surface bands by Sical spins. In this model, the bulk double exchange mecha-
means of the Schwinger boson approximation' which gives Q|Sm is described by an effective ferromagnetic Heisenberg
realistic spectrum for the bulk bands of double exchangé&ouplingJe, and the surface spins interact with an antifer-
systems’ We assume that there is a direct antiferromagneti¢omagnetic coupling . The outermost spins interact with
coupling Jar between the spins at the outermost layer, athe spins in the second layers via a ferromagnetic coupling
weak ferromagnetic coupling between these spins and thosk: - From the results reported previously, we estimate Jpat
at the nearest layed;, and that the bulk values for the is very small,~—J/100 andJr takes a value betweel/2
ferromagnetic couplings are recovered at the second layé@nd Jg/6. In Fig. 7 we plot the surface magnetization as a
and beyondJr . Assuming perfect translational invariance in function of the temperature for different valuesdf. The
the directions parallel to the surface, the magnetic structuréesults obtained do not depend strongly on the valugapf
at the last layer is described by the Green'’s function: and they are in reasonable agreement with the experimental

) . . results reported in Ref. 29.
by (@)bg1) {by (@)bg g0

t C. Surface conductance
<bF2HT(w)b§H+(§Hl> <b9

God K|, @)= N
k|u+‘3ui(w)bk“+QHl>

The combination of energy shifts and changes in the mag-
netic couplings reduces the conductance of the surface, even
in the absence of other, extrinsic, barriers. In order to esti-
- mate this effect, we have calculated the resistance between
spin s at the outermost layer. The vect@=(w,m) de- two perfect double exchange ferromagnetic metals separated
scribes the antiferromagnetic SUperStrUCtUre. A rECUrSngy a |ayer with the amount of Charge and the magnetic struc-
equation can be written for Green’s functions of the typetyre obtained in the previous calculations. Since only the
Gno, leading to a full solution of the problem. Details are d,. .. orbitals contribute to the transport through the inter-
given in the Appendix. face, we have simplified the model, and only a single orbital

The magnetic modes at a (1,0,0) surface are given in Figper site is kept. The calculations were done using the method
6. We find the bulk continuum and two types of surfacedescribed in Refs. 30 and 31. Two effects contribute to the
states: a band located very close to the edge of the conesistivity, the shift in energy of the interface orbital and the
tinuum, with slow decay into the bulk, and a band whichdifference in spin orientation between the atoms at the bulk
tends to reproduce the linear dispersion of an isolated singlgnd at the interface. The conductance is Sharp|y reduced
layer, except for a gap at (0,0). This gap is proportionalto  when the surface layer is antiferromagnetic, as the double
when JE<Jar,Je. This band overlaps with the bulk con- exchange mechanism is suppressed. We find that for hole
tinuum, but cannot decay into it because of its symmetryconcentrations ok=0.3 the presence of the interface in-
The spectrum, at very low energies, is determined by thereases the resistance of the system in a factor bigger than

The operatorsb;;HS destroy excitations of momentuﬁ" and
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FIG. 8. Conductance through a surface layer of x 20 lattice,

as a function of the angle, for different shifts of the surface level. Finally, we have computed the transport properties across
the surface. An applied magnetic field enhances the conduc-

10. The results, as function of this shift and the magnetigance of the barrier, by favoring the double exchange mecha-

order in the layer, are shown in Fig. 8. nism and the valence fluctuation of the Mn ions. Our results
A magnetic field will reduce the antiferromagnetism at theare consistent with a number of experimentg on magnetic

surface, and, at high fields, the surface spins are aligned pagarriers and granular materials.

allel to the bulk. We estimate this effect by adding a mag-

netic field to the model and finding the magnetic structure

which minimizes the energy. The resulting conductance, for ACKNOWLEDGMENTS

A=3t andJ, =0.025, is plotted in Fig. 9. A very high field _ ) i i ,
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that the low field(<1 T) magnetoresistance is probably due M- €0y, M. Hernadez, J. L. Marnez, J. Fontcuberta, X.

to the alignment of the polarization of the bulk electrodes,OPradors, and J. A. Verge This research was supported

which can be understood within conventional modé®  through Grant Nos. PB96{0875_ and PB96/0085. L.B. and

Our results for the high field dependence are consistent witfy!:J-C- @lso acknowledge financial support from the Funda-

the available experimental data® cion Rama Areces.
The magnetic excitations of the surface layer also modify

the magnetoresistance at finite temperatéte® Spin flip

scattering due to thermally excited magnons leads to a sup-

pression of the magnetoresistance at temperatures below the we outline the calculation of the surface Green'’s function

bulk Curie temperature. The dependence of the magnetorg, the presence of antiferro- and ferromagnetic interactions.
sistance on temperature should be similar to that of the suias discussed in Sec. 11l B, we assume that there is a direct

APPENDIX

face magnetization, shown in Fig. 7. antiferromagnetic exchangé,r between spins at the sur-
face. These spins have a ferromagnetic couplitig, with
IV. CONCLUSIONS those at the next layer. The remaining layers have the ferro-

magnetic coupling appropriate for the bulk; .

We have shown that the lack of cubic symmetry at sur- Cutting off the last layern=0, we can write for the re-
faces, combined with the double exchange mechanism, lea@gaining layers the equations
to significant changes in the magnetic and transport proper-
ties of doped manganites. Charge is transferred from the bulk
to the surface layers, leading to the formation of*Mrions
at the surface, and to an electrostatic barrier for the electron w2g1,1(|2H ,0)=Je[ Go1(Ky @) — G1a(K|, @)]  (AD)
transport.

The absence of the electronic carriers at the surface im-
plies the weakening of the double exchange mechanism, and
the dominance of direct antiferromagnetic interactions belf
tween the Mn spins. An antiferromagnetic layer can be
formed, for realistic values of the interactions. We have ana- - - -
lyzed the surface spin waves, and temperature dependence of wzgnyl(kll ) =Je[Gn-14(Kj, @) + Gnpaa(k), @)
the magnetization at the surface. The magnetic disorder at —2G, oK ) (A2)
the surface can be considerably larger than in the bulk, lead- nOLS @
ing to spin dependent scattering which reduces the magne-
toresistance. Large magnetic fields are required to align thé n>1. These equations can be solved by standard methods,
surface moments. and we obtain

n=1, and
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1

gl,l( EH lw) = > y
w_JFleH (w_JFEE”)
5 2 "‘JF(CU_JFGRH)

(A3)

where €= 4+ 2 cosk,) +2 cosk,).
Once we know the Green'’s function for the first bulk layer, we can include its coupling to the surface layer by defining an

effective self-energy. We find

Ji2 cog(612)
e G; 1Ky, @) — Ji cog 6/2)
Gookj, )= Vo

_ i . £ cos(6/2)
JAF5|n(0)')’kH w+N+IECog 0/2) + ——=——= ,
G11(kj+Qy,— w)—Jg cod 0/2)
(Ad)

Jar Sin(0) vi,

w—N—Jfcog 6/2)

where yg”=2005(<x)+2 cosk,). The canting angle is

!’

F
coq )= ————. A5)
0= T (

The parameteh is a Lagrange multiplier, which, at zero temperature, ensures that the spectral weight begin® ,abr,
alternatively, tha(b{mbi,j,T—b{j’ibi,j,l>=28.37 Equation(A4) was used to obtain the surface spin waves shown in Fig. 6.
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