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Lay4+2xSra—2xMn 07

X. Y. Huang, O. N. Mryasov, D. L. Novikov, and A. J. Freeman
Department of Physics and Astronomy, Northwestern University, Evanston, lllinois 60208

(Received 13 April 2000

The electronic and magnetic properties of double-layered Roddlesdon-Popper compounds,
La; . 24Sh_»Mn,0O; with different dopingx from 0.0 to 0.2 have been calculated using the full-potential linear
muffin-tin orbital method. The total energies, band structures, densities of states, and Fermi surfaces were
investigated by means of the virtual crystal approximation. The band structure of,S% _,,Mn,0; is found
to be that of a half-metallic ferromagnet, in agreement with experiment. The density of states shows that La
and Sr act solely as electron donors and have almost no states at or below the Fermi level, and therefore a rigid
band approximation can be considered as a good approximation to describe the effects of doping. The calcu-
lated Mn magnetic moments increase from 3.0 3.24uz when the doping increases from 0.0 to 0.2, which
is in qualitative agreement with experiment. The calculated Fermi surface shows pronounced nesting features
along thel'-X directions in the undoped case, which implies a possible charge- or spin-density wave instability

in this material.

There is considerable research interest in the Papers on the electronic structure of these double-layered
double-layered Roddlesdon-Popper compoundsnanganites are few and have only recently appeared. In
Lay . »,SK_,,MNn,0,, wherex is the electron doping in the 1998, a study based on the local spin density approximation
Mn-O planes:? This material is comprised of perovskite With a Coulomb correctiofLSDA +U) was reported for the
double layers of corner-linked MnQoctahedra forming in-  €lectronic structure of LgSn gMn,O; with a doping of 0.1

finite sheets, and double layers of (La,Sr)Mn@at are
separated along the axis by insulating(La,SpO layers.
With proper doping, this kind of manganite exhibits intrinsic
colossal magnetoresistan@EMR) associated with a phase
transition from a high-temperature paramagnetic and insulat-
ing phase to a low-temperature ferromagnetic and metallic
phase. Such anomalous magnetotransport behavior in perov-
skite materials is usually explained on the basis of Zener's
double-exchange concept which has been recently modi-
fied to take into account lattice Jahn-Teller distortfeisar-
acterstic for these materials® In contrast, the double-
layered manganites show very small lattice distortit§iis.
The existence of insulating_a,SnO layers in this layered
system makes its physical properties strongly anisotropic.

This material is also important and interesting due to its pro- TASE
nounced CMR in low field.

The investigation of electronic structure is important in
providing a better understanding of the physics of this kind
of quasi-two-dimensionaluasi-20 manganite. Unlike per- La,Sr2)
ovskite manganites, this kind of material provides a rich op-
portunity to explore structure-property relationships on vary- 0Q2)
ing length and time scales in reduced dimensions. Clearly,
understanding both is an essential ingredient in developing

. . . o Mn

an overall picture of the physics of this class of transition 003)
metal oxides. Very recently, neutron-powder diffraction and
Rietveld analyses carried out by Kubagal'? provided the o
structural parameters of L.aSr; gMn,O; at low temperature,
which make it possible for us to investigate these manganites
in detail. FIG. 1. Crystal structure of Lia ,,St_,Mn,0O5.
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FIG. 2. Band structure results

for La;,,SKL_,,Mn,0; along
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minority spins forx= 0.0, (c) ma-
jority spin forx=0.1, and(d) ma-
jority spin for x=0.2.
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by Dessatet al!® They showed a relatively good agreement
between theory and their experiment. In 1999, a first-
principles calculation based on density-functional theory 16
within the generalized gradient approximation was reported Total — majority
on LaSgMn,0; by de Boer and de Grodf.However, their 9ot minority
work was focused on only the undoped case and no Fermi
surface is presented. Thus further investigations are needed 8
to understand more about the effects of the doping and the
anisotropic character of the transport properties and 2D-like 4
nature of the magnetism.
In this paper, we give a detailed description of 0
the electronic structure of double-layered manganites =5 Mn 3d
La; 4 2,Sh_»Mn,0O; for La doping in the range of 0sOx E]
=0.2 using the first-principles local density full-potential lin- t6
ear muffin-tin orbita(FLMTO) method'®~1°We focus on(i) >
the determination of the dependence of the band structures %4
and Fermi surfaces on La doping, afiid the intrinsic reason ®
for existence of charge ordering in the undoped manganite. %2
The calculations were carried out in the spin-polarized £
scalar-relativistic mode within the Ceperly-Alder form of EO
exchange-correlation potential. In our calculations for ;0 om2e
La; 23Sk _»Mn,0O4, Nno shape approximations are made to g o) 2p
either the density or potential. We used a trigldsasis set =
for each type of atom and each angular momenitamannel
with kinetic energies of-0.01, — 1.0, and— 2.3 Ry. Non- 2
overlapping muffin-tin spheres were chosen in our calcula-
tions. No empty spheres were introduced since the space 0
filling is over 50%. The Brillouin zone integrations were 0@) 2p
carried out by the tetrahedron method using ak#oint 4
TABLE I. Results of equilibrium volumes calculated for differ- 2
ent doping levels. 0 ; Y C
-10 -8 -6 -4 -2 0 2
Doping levelx 0.00 0.02 0.05 010 0.15 0.20 Energy (V)

V(X)/Vo(X) 0.971 0.973 0.975 0.974 0.975 0.963 FIG. 3. Total and projected densities of states of Mn and O for
LaSprMn,0,, where the vertical solid line denot&s: .
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FIG. 4. Projected Mn 8 densities of states for Lagvin,O;.
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TABLE Il. Partial O 2p DOS (states/eV atomfor LaSprMn,0,
atEeg.

Atom p Px Py Pz

o(1) 0.020 0.003 0.003 0.014
0(2) 0.092 0.001 0.001 0.090
O3 0.047 0.022 0.022 0.003

doping levelx from 0.0 to 0.2 in the Sr sublattice, which is

modeled by placing a nuclear chargeZf.=38+x at each

Sr site. This VCA approach allows a self-consistent treat-

ment of the change in charge densities and carrier densities.
Las, 2, Sh_»Mn,0; occurs in the body-centered tetrago-

nal structure which hasA//mmmspace group symmetry. As

shown in Fig. 1, the Mn atoms are coordinated above and

mesh(corresponding to 8 88 regular divisions along the below by the apical @) atoms in the doubléLa,Sp-O lay-
Ky, Ky, andk, axes in the 1z irreducible wedge. The local ers. Assuming completely ionic character, Mn atoms would
orbitaP® method was used to treat the semicore states of Lae in d* and d® configurations. Unlike the 3D perovskite

5s, 5p, Sr 4s, 4p, and Mn 3. Finally, the virtual crystal

systems, where the Jahn-Teller distortion is very common

approximation(VCA) was used to investigate the role of below the insulator-metal transition, this layered manganite
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FIG. 5. Fermi surfaces of majority spin for Lg®m,0;: (a), (b), (c) in the 3D BZ and(d) in the '-X-M plane(solid line) andZ-R-A
plane(dashed ling
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TABLE lll. The total magnetic momentM,,) and magnetic -0.50
moment per Mn site 1) in wg for ferromagnetic LaSMn,0;
with different La doping levels.

Doping level -0.25-
0.00 0.02 0.05 0.10 0.15 0.20

My 700 7.04 710 719 727 735
My, 3.090 3.096 3.122 3.164 3.195 3.238 0.00—
M 5Pt 3.2 3.2

aData from Ref. 12.
0.25—
exhibits very small lattice distortions—which may give rise
to a different electronic structure. The lattice parameters used
in our calculations are taken from the neutron studies by
Kubota et al;'? these are different from those used in 0.50
de Boer and de Groot’s calculatioffs. -0.50 -0.25 0.00
Total energy calculations were performed for a set of dif-  (a)
ferent unit cell volumes \{/V;=1.0,0.98,0.96,0.94,0.92),
where V, is the experimental volume. The optimization is  ~0.50
obtained by finding the minimum energy for each doping.
The resulting equilibrium volumes are listed in Table I. As
seen, our theoretical values differ from experintéin the
range between-2.5% and—3.7%. The largest discrepancy
of —3.7% comes from a doping of 0.2. This is reasonable
because we have not considered the atomic size of La in the
doping cases. 0.00—
The electronic band structure of the manganites with a La
doping of 0.0, 0.1, and 0.2 is shown in Fig. 2 along some
high symmetry lines in the simple tetragonal Brillouin zone
(BZ), where X=(w/a,0,0), M=(w/a,w/a,0), Z 0.25-
=(0,0;m/c), R=(m/a,0,7/c) andA=(m/a,w/a,m/c). The
total and projected densities of stat€0S’s) for the differ-
ent atoms inside their muffin-tin spheres are displayed in Fig.
3 for the undoped La$kn,0O, case. 0.50
As seen, the band structure with different doping is a -0.50 -0.25 0.00 0.25 0.50
half-metallic ferromagnet due to a band gap within the Mn  (b)
minority spind bands of about 1.7—-1.9 eV. The Mibands _ . :
are strongly dispersive, and not flat and narrow as are those FIG. 6. Fermi surfaces of majority pin for { g, St - 2,Mn,0;
in an ionic insulator. Doping La into Lagvin,O; can cause theI-X-M plane with doping levels ofa) 0.1 and(b) 0.2.
an upward shift ofeg since La acts as an electron donor in
these manganites. The band structure rgaris strongly  cubic ferromagnetic LaMng?! In LaMnO;, due to a strong
anisotropic, with littlec-axis dispersion, which can be seen Jahn-Teller distortion and a rotation, the Mn-O-Mn bond
clearly from the small dispersions along the sH»Z direc- angles are changed from 180° t9160°, which results in
tion. From an ionic analysis the bands belBware expected less favorable hopping between thg and e, manifolds.
to contain 42 O P electrons and 7 Mn @ electrons for a However, the 180° bond angles in LaBin,O; are not
total of 24 bands. This picture is only approximately correctchanged by distortion; therefore, hopping between tthe
since the @) and (3) atoms have open shell character. Theande states in this manganite is more favorable than that in
band crossingeg along thel’-X direction is identified to LaMnOj; and no new gaps are opened. The Mg state is
have primarilyd,2_,2 in-plane character, while the other two quite localized and forms a magnetic moment of 1235
bands crossing=r along theX-M direction haveds,2 2  while the Mne, state crossekr and forms the conduction
character. bands with a Mn magnetic moment of about £ We
Strong hybridization between Mn and O is also seendecomposed the @ DOS atEg into the p,, p,, andp,
clearly through both the similar shapes of the Mn and Ocomponents listed in Table Il. Note that the conduction band
projections of the DOS belo: and the in-plane disper- contribution atEg is mainly from Q1) and Q2) p, and from
sions of the energy bandEg. is located in the Mreg mani-  O(3) p, andp,, which clearly shows the anisotropic nature
fold (see Fig. 4, which indicates that Mt and Mrf™ have  of the conduction electrons.
high-spin states in this compound. Unlike for LaMp® It is interesting to note that the total DOS négr comes
there is no gap between the hybridizgg ande; manifolds ~ mainly from Mn and O; there are almost no contributions
in either the majority on minority channel. It is worth noting from La and Sr. That is to say, in these compounds La and Sr
that the DOS for LaSMn,0; is very similar to that for atoms act solely as electron donors and small changes of La
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or Sr concentrations would not change any major features afount for theds,2_,2/d3,2_,2 orbital ordering of MA™ and
the band structure. Therefore, a rigid band approximatioMn** in this manganite?®
can be considered as a good approximation to describe the This situation will change when doping is introduced. The
effects of doping. ThélLa,SpO layers almost have an insu- Fermi surfaces for the doped cases of 0.1 and 0.2 are shown
lating behavior in this material. _ _ _in Figs. 6a) and(b), respectively. Two major changes can be
Now, we turn to check the magnetic properties vs dopingseen clearly by comparing Fig. 5 and Fig. 6: first, the sheet of

The total magnetization and magnetization per Mn site Withpe central square expands outward and becomes round; sec-
different doping levels from 0.0 to 0.2 are listed in Table Ill. 54 twod.2_ .. bands shift outward frorfi and their degen-

. . . . . . y x2—y
With increasing doping, the Mn magnetic moment increaseg,cy s eliminated. The Fermi surfaces for the doped case
from 3.09ug t0 3.24ug, which is in qualitative agreement ¢ therefore similar to those determined by Desstai, ™
with (a(perlment. In the calculatlon_of de Boer and dep  there is degeneracy alofigX between thels,2> > band
Groot,_ the magnetic moment per unit cell for the undopedg g one of thel,>_,> bands. Consequently, the nesting fea-
case is 6.99pg which is identical to our LSDA results. ,req are no longer as strong as in the undoped case. In fact,
However, the magnetic moment per Mn site is slightly o charge ordering phenomena have been observed in the
smaller than ours. This is because the Mn muffin-tin rad”doped cases.
adoped in thglr calculations were smaller than ours. _In conclusion, we performed total energy full-potential

_The Fermi surfaces for the undoped case are shown ify\ o calculations to determine the electronic structure and
Fig. 5. It can be seen that the free-electron-like bands crossarmi  surfaces of  the double-layered manganite
ing E¢ give rise to quite simple Fermi surfaces, which con-) ' gp _ Mn,0,. The electronic structure results show
sist of three cylindrical sheets, one of which is an electronyy,a¢ this manganite is a half-metallic ferromagnet. The DOS
like square cylinder centered af and characterized pearE_ is composed mainly of Mn states. The La and Sr
primarily by ds,2_2 symmetry, and the other two holelike 4ioms act simply as electron donors and so a rigid band
cylinders centered &, characterized byl symmetry.  5p5r0ximation can work well for describing the effects of
These three bands are degeneratend84, 7/3a) in the - goning. Pronounced Fermi surface nesting features were
X-M plane. The three Fermi surfaces are open inlth8  foynq in the undoped case with little dispersion in Th&
direction, reflecting the layered crystal structure and a nearlyjirection. which may give rise to a CDW or SDW instability.
2D property. _ Since the Fermi surfaces are of very strong Mhcharacter,

The Fermi surfaces show pronounced nesting featurege resulting CDW or SDW will involve the Mn atoms. We

along thel’-X directions with nesting vectors in the range pelieve that the Fermi surface nesting accounts for the charge
between (0.26/a,0,0) and (0.33/a,0,0). This pronounced ordering observed in this manganite.

nesting suggests a possible charge- or spin-density wave in-

stability (CDW/SDW) with nearly commensurate periodicity ~ This work was supported by the Department of Energy
+(3a,0), =(4a,0) or =(5a,0) in planes perpendicular to (Grant No. DE-F602-88ER453Y2nd by a grant of com-
I'-Z. Our result suggests that such an instability would acputer time at NERSC.
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