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Electronic and crystal structure of fully strained LaNiO 5 films
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First-principles band structure calculations have been used to investigate epitaxially strained filanNiO
Experimentally, tensile biaxial strain has been realized in pseudomorphic LdiNi@ grown on SrTiQ (001
substrates using ozone-assisted molecular beam epitaxy. Measured and calculated out-of-plane lattice param-
eters are in excellent agreement. This demonstrates the viability of the computational method as well as the
high quality of the films.
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Among the diverse family of perovskite oxides, LaNiO proach. To test the theoretical predictions, pseudomorphic
is a rare example exhibiting paramagnetic metallic behavioratomically smooth LaNi@ films were fabricated on SrTiQ
To date, technological interest in this compound has beef0D01) substrates by ozone-assisted molecular beam epitaxy
limited to the development of highly conductive electrodes(MBE).
for ferroelectric thin-film devices, including nonvolatile Below we present some results of the structural character-
memories. Excellent heteroepitaxy with doped lanthanum ization of a pseudomorphic LaNiCfilm grown under opti-
manganitesimplies that LaNiQ thin films can also be used mized conditions. Film deposition was carried out employing
as electrodes in magnetoelectronic devices based on theseone-assisted MBE, a scheme similar to that used for the
highly spin-polarized compound$. growth of oxide superconductors and colossal magnetoresis-

Thin films, which are required in many applications, maytors, which is described elsewhéer@he high reactivity of
possess physical properties altered from those of the bulkzone allows for complete oxygenation under high-vacuum
due to epitaxial strain. It is well established that strain sig-conditions without a post-deposition anneal. Persistent inten-
nificantly affects the properties of highs superconductoPs  sity oscillations of the reflection high-energy electron diffrac-
and colossal magnetoresistive compouhtighile the rapid tion pattern were observed during block-by-bldaowth.
development of thin-film growth techniques has facilitatedStreaked patterns seen after the completion of each unit cell
experimental investigation of this problem, progress in thendicated flat epitaxial growth and the absence of second-
methods of computational materials science now allows firstphase inclusions. lon channeling resu8BsMeV He' ions)
principles investigation of the coupling between structurefor the film discussed here showed a minimum channeling
and electronic properties. yield of only 4%, demonstrating a high degree of both in-

In this paper, we investigate biaxially strained LalNiO and out-of-plane epitaxy. A four-circle x-ray diffractometer
thin films using arab initio plane-wave pseudopotential ap- with Cu K« radiation was used to characterize the crystal
structure. Figure 1 shows &26 scan in the vicinity of the

:_I T T | T T T T I T T T T = . . .
g i 3 (002 Bragg peak of the film. The well-defined interference
F | STiO; (002) 1907 "1 1 pattern(sample size oscillationsuggests a thickness unifor-
4 L |
10°F @ 3
£ 8 100~ - 3
@ C z | 47
o L z i
< g sof 43
> E . = | 1 1
= of LaNiO, (002) /N ] =
c 10 0 3
8 i 237 23.8 239 E £ 0
k= - 8 (deg) ] S =
E = % (8]
g 3 = o
100 E_I 1 1 | 1 1 1 1 I 1 1 1 1 _= v
47 48 49
20 (deg)
FIG. 1. #-260 symmetric x-ray diffraction scan in the vicinity of FIG. 2. Crystal structure of the films used in calculations. In-

the (002 Bragg peak of a 360-A-thick LaNiQfilm. Well-defined  plane lattice parametees=b are determined by the substrate, while
sample size oscillations are superimposed on the Bragg peak. Inséfte out-of-plane lattice parameteris determined from the x-ray
rocking curve of thg002) film peak. data and optimized in the calculations.
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TABLE |. Reference configurations and cutoff radin a.u) of
s, p, andd orbitals.

2
Element Ref. conf. r(s) r.(p) re(d)
La 5525p%5d3 1.6 1.6 2.2 =
Ni 4524p°3d® 2.2 2.3 2.2 < (05
o 2s522p* 1.45 1.45 - ~ 0 =
5 ]
o

mity on the order of a unit cell. The full width at half maxi-
mum of a rocking curve of the Bragg peaks of the film was -2
measured to be 0.07%ee the inset of Fig.)1the very low
value indicates a crystalline structure of high quality. The
out-of-plane lattice constant=3.811 A was determined o
from the symmetric x-ray scan of Fig. 1. The in-plane lattice Uap (%)
parameters of the film obtained from reciprocal area scans of o , )
the (033 peaks of SrTiQ and LaNiQ, were equal to those of FIG. 4. Solid line: calculated out-of-plane straip vs in-plane
the substrate g=b=3.905 A): i.e., this 360-A-thick film strain u,, for LaNiO; films. X: experimental value for a fully
was pseudomorphic With the isu.bs.irate strained film grown on SrTiQ(001) substrate. Dashed line: calcu-

Films were metallic with a IOW-tenIW erature resistivit lated in-plane stres®,, vs in-plane strainu,,. Vertical arrows

_ P L. . Yy designate in-plane strains that can be achieved on commercially

p(4.2 K)=30 ) cm and a  resistivity ratio . ilable substrates.
p(300 K)/p(4.2 K)~3, both of which are comparable to
bulk values’ To the best of our knowledge, these films were

superior in structural quality to any previously reported, Ir"configurations and cutoff radii listed in Table I. A plane-wave

; 1040
cluding laser MB.E grown films: . basis set with an energy cutoff of 90 Ry was used. Brillouin-
In our calculations we assume that the films have tetrago:

nally distorted perovskite structufsee Fig. 2 Because the izrfggui;f)ﬂmﬁgggg were performed over 28points in the
films are fully strained, their in-plane Iat'glce cqnstaatsb The nonstrained equilibrium lattice constant, optimized in
are equal to those of the substrate, while their out-of-plane, =\ iation. isa=b=c=a.=3.815 A. This value is
constantc is determined in the calculation by energy mini- only 0.6% smailler than the gorresponding “pseudocubic”
mization. The calculations are based on the local-density ap- . : .

S . ) . nstant which can Xtr from the experimental
proximation(LDA) of the density-functional theory, with the constant ch can be extracted from the experimenta

exchange-correlation potential of Ceperley and Alder as pag<31ta.14'15The underestimation of the equilibrium lattice con-
rametrized by Perdew and Zund&rThe smooth norm- tant is typical of a LDA calculatiof We also optimized the

: . ; ; : structure using the generalized gradient approximation
conserving Troullier-Martin€ pseudopotentials with a par- (GGA).”” The GGA lattice constant is 1.5% larger than the

experimental value, which follows the expected trend.

tial core correctiolf were generated using reference

10F ' ' ' o ' 4 The total density of state®0S) for the nonstrained film
L Total i calculated using the linear tetrahedron metlfbds well as
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FIG. 3. Calculated total DOS and atom-resolved partial DOS for

unstrained LaNi@Q. The Fermi level is set at zero energy and is  FIG. 5. Calculated total DO8n the vicinity of the Fermi level
shown as a vertical dashed line. for several values of the tensile in-plane strajg .
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atom- and angular-momentum-decomposed DOS is shown ito fabricate compounds which require high pressure for bulk
Fig. 3. The conduction band is formed by strongly hybrid-synthesis. The properties of epitaxially stabilized films are
ized O 2p and Ni 3d orbitals. This indicates that there is a altered in a manner similar to the effect of high pressure on
substantial covalent contribution to the Ni-O chemical bondbulk material°

The Nityy triplet is completely filled with electrons, while  The evolution of the total DOS with in-plane strain is
thee, doublet gives rise to a one-quarter-filled metallic band.presented in Fig. 5. Deformations smaller then 2% do not
The lower valence bands are formed by semicores@d  noticeably alter the electronic structure. Large tensile strains,
La 5Sp orbitals, which are also noticeably hybridized, result-nowever, lead to a giant increase of the DOS. Since electron-
Ing I a weak covalency of predominantly ionic La-O ejectron interactions are strong in bulk LaNié} it is ex-
bond:* Remarkably, the chemical bonding in LaNi@ not - yacteq that this large increase of the DOS may trigger a
purely ionic, but exhibits substantial covalefi-O and o omagnetic instability in a pseudomorphic film. Note that

Lﬁ'o). arl‘% mgta.”'ctk(".\“'o"?l'l)l. partsd [f)|re.|c.:tt|(;na.1: c;ovaletr)t all the above calculations were nonmagnetic; i.e., the elec-
chemical bonds n this metallic oxide facilitate s formation ., , spin density in the calculation was restricted to zero.

by epitaxial growth techniques. - . . Our spin-polarized calculations show that the electron-
In the case of a pseudomorphic film the in-plane lattice . . N
electron interaction leads to a significant Stoner-type suscep-

parameters are determined by the substrate. Figure 4 showB.. e !

. L : tibility enhancement. The variation of the magnetic suscep-
the variation of the optimized out-of-plane strain, ibili ith biaxial i o din Fia. 6. Th
—¢/a_y—1 as a function of the in-plane strain tibility with biaxial tensile strain is presented in Fig. 6. The
—a/acalc—l where a is the calculated e uilibr?gm susceptibility increases drastically with tensile strain until the
_seudcgléubic,: lattice cmcwasltcant For comnarison w((]a resent t aramagnetic state becomes unstable towards the formation
P ’ P X an itinerant ferromagnetic state, which is characterized by

Ex&g{r)lmfglntally determg\e_lg ?gg'l?s lg)ftat pseu?hqug)lrphlca nonzero spontaneous magnetic moment. The ferromagnetic
aNiQ;, film grown on a SrTiQ substrate. Forthis iim — qiate  pecomes energetically favorable for large strains

lattice constants were obtained from x-ray diffraction mea-.,_ _ 4 50). Our films are less strained and no magnetic
. . A ON . .

surgments and strams_ were evaluated with resp(:z&ct o the e%ignal was detected. The experimental realization of larger

perimental p_seudoc_ublc lattice POhSta@;p:SBS? (from 3trains would provide a rigorous test of the thery.

Ref. 14. While the in-plane lattice parameters are increase In conclusion, we have combined first-principles calcula-
0 i _0of- - . N . .

by 1'.8A’ over the unstrained values, the_ out-of plan(_a param, s with atomically controlled synthesis and characteriza-

eter is found to decrease only by 0.7% in the experiment ag,

compared to 0.9% in the calculation. We regard this agree E;ﬁ?gmg::j dt:msgggﬁli Ctr;;lemesle_clz_trz?sn;:pgrodaé:;yrsgg; sg;u&g;r;

ment as a further demonstration of the film quality as well a3, 4 Ie353 empirical tailoring of .thin-film properties

the viability of our calculations. '
High values of computed in-plane stresee the right- This work was supported by the NSF through the MRSEC

hand graph in Fig. Bimply that epitaxial strains can be used program, Grant No. NSF/DMR-9809364.
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