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Metal-insulator transition in oxygen-deficient LaNiO ;_, perovskites
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In this work we present a study of the magnetic and transport properties of the system ;LaNiO
(0=<x=0.5) where thex=0 member is a well-known metallic oxide. We found that x#0.5 compound is an
antiferromagnetic insulator at room temperature. The metal-insulator transition is observedXorahre
aroundx=0.25. The role played by the sample inhomogeneities on the occurrence of this transition is dis-
cussed[S0163-18206)06047-X]

[. INTRODUCTION this process. The experimental results that we present con-
tribute to studies of local-moments formation starting from a

Most of the cations of the first transition row occupying Fermi-liquid systenf, and also could contribute to a model
the B site in oxygen defectivdBO;_, (0=x=<0.5) perovs- formulation that includes disorder and interaction effects.
kitelike materials have led to the formation of more or These topics have been currently discussed in recent
less complex superstructures of general formulapapers’

AnBLO3,_,.' The Ni ion is one of theB cations less
studied, mainly due to the difficulty in stabilizing mixed
oxides of this element with two different oxidation
states. Crespin, Levitz, and Gatinéabave successfully
isolated the compound L&li,O5, where the oxidation
state of Ni is 2+. This compound was obtained from LaNiO
3 by controlled reduction under a Hatmosphere. These
authors also reported the existence of LapliQwith Ni

in 2+ and 3+ oxidation states and LaNiG, (with
Nil* only) phases. An electron diffraction study performed
by Gonz#ez-Calbet and co-worket§ shows the existence
of a homologous series of general formula,My,03, 1,
where the termsn=2 (La,Ni,Os or LaNiO,g and
n=4 (LayNi,O,; or LaNiO,,9 are described. The
structural modelsee Fig. 1 proposed for this homologous
series consists ofn—1 octahedral layers alternating
in an ordered way, with one layer of NijO square
planes along the[100]. direction of the perovskite
substructure.

Physical properties of the ‘“mother compounds”
LaNiO3, which is a well-known metallic oxide, were re-
cently revised by several authofs. From the observed be-
havior in specific heat, magnetic susceptibility and electrical
resistivity measurements, this compound was described as a
correlated electron system with important electron-electron
interactions.

Here we present a study of the electrical and magnetic
properties of the system LaNiQ,, whose structural
properties are similar to those described in Ref. 4. Particu- FIG. 1. Structural models proposed in Ref. 4 fer LaNiO, 75
larly, we show results for the metal-insulator transition, and (b) LaNiO,s,. The unoccupied oxygen position yields square
and the influence of the oxygen vacancy disorder inplanar coordination for Niions.
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Il. EXPERIMENT 0

LaNiO5; was prepared by a liquid mix technique as de- | LaNiO, 5,
scribed in Refs. 3 and 6. The sample obtained shows a rhom- 10 E
bohedral unit cell that, indexed in a hexagonal cell, has lat- AF 1
tice parameters oA=5.456(1) A andc=13.136(2) A. 0F
LaNiO;_, was obtained from LaNi@ by using a symmetri- 10° [ .
cal thermobalance based on a Cahn 1000 electrobalance. The ; ]
experimental details and performance of this equipment were = 10° 3 3
described in Ref. 10. The partial oxygen pressure of the gas- g o i ]
eous atmosphere was continuously monitored by means of a a E |LaNiO
zirconia oxygen sensor, and the gas flow rates were con- Z 100k s .
trolled through mass flow controllers. E MW E

LaNiO, ssand LaNiO, sowere preparetby reduction un- 10" £ LaNiO, 2 i
der a flowing H/Ar mixture at a constant temperature as 10_21 ]
follows. A sintered sample of about 1 g of LaNiOwvas [P
heated at 500 °C under 1 atm of pure @r 2 h. This pro- 107 | PNIOs e
cedure eliminates any volatile products absorbed on the F ]
sample. Then the temperature was decreased to 300 °C, and B T T

the O, atmosphere was purged with pure Ar, Mas subse-
qguently mixed with the Ar in a H/Ar ratio of 0.2. In this
condition the reduction process begins. Thg ffow was _ o ) )
interrupted when the weight loss ended. Finally, the tempera- "'C: 2. Electrical resistivity ) vs T for LaNiOs_y with
ture was raised to 400 °C owv8 h toimprove the homoge- x=0, 0.25, 0.28, and 0.5 oxygen compositions. .The metal-
. . . . nsulator transition occurs at=0.25. The sample obtained before
neity. During this procedure no weight change was observe he last step of annealing at 400 °C is labeled viith
The samples were also studied before the last step of an-
nealing. As we will see below in the case wher 0.25, A
differences were found between 400 °C thermally treateq
samples LaNiQ,5, and the thermally treated samples

T(K)

t high temperatures a metal-insulator transition as a func-
ion of x, suggested for the change in the sigropfJT, can
be seen fox=0.25.

Al th | trolled b diffract ¢ Notice the differences between the twe 0.25 samples.
that samples witx=0.5 and 0.25 in LaNiQ..,, correspond ented in Fig. 3. In the case of a 400 °C thermally annealed

to then=2 and members, respectively, of the homologous?.irg%eéLiNg@gg\’/eg, %heem;i/;n_rihg :tlg.P <(;i?50/£Tthr
series LaNinOgn—s (see.F.|g. L higher T, do/dT<0, and a linear behavior fosr vs T is

The electrical conductivity was measured by a standard dc
four-probe method in the temperature range 10-300 K. The
resistancdr shows variations of several orders of magnitude 16 —————r————————7 6
depending on samples and temperatures. In order to improve
the experimental accuracy, the measurements were per-
formed with a constant electrical current intensity covering
the range fromuA to mA.

The susceptibility was measured with a superconduction
guantum interference device magnetometéfor 5
<T(K)=<300], with a Faraday magnetometdifor 50
<T(K)=300], and with a vibrating sample magnetometer in
the range 300—700 K. The dependemdevs H in the re-
duced samplesx(0) was linear only forH>1 kG, and
could be described by =M+ yH. My was sample depen-
dent, reaching random maximum values§7 emu/mol¢ at
T~280 K. In all the caseM vanishes forT>620 K. We 1oL L L L
associate this remanent magnetization with small amounts of 0 100 200 300
metallic Ni coming from the reduction proceSsTherefore T(K)
the true susceptibility of LaNi@_, is the high-field suscep-
tibility x. FIG. 3. Details of the metal-insulator transition. The electrical

conductivity (o) of LaNiO, 75 (O) is shown in the right axis. The
solid line represents the best fit to E@.2), with pz%1 and the
A. Results dashed line wittp=1. In both cases the same metallic contribution
oom/(1+aT) was added. The left axis shows of LaNiO, s
(A), which has been fitted by=oy+aTY® (dotted ling at

In Fig. 2, theT dependence of the electrical resistivity is T<75 K. A change of slope is observed at 220 K in coincidence

shown for all the studied sampl&s-0, 0.25, 0.2%, and 0.5.  with the T,, observed iny.

6 (S e’ )

1. Electrical conductivity
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found with a change in the slope value @at-220 K. TABLE |. Fitted values obtained with a function
In the metal-insulator transition region, fof<75 K, o=Aexp(—B/T?) from the semiconductinglike experimental data.
o(LaNiO, 9 was fitted? by o=oo+aT¥ with o The symbol¢ indicates the unannealed samples; data wittil and
=125 (0..1) scm?! and a=0.40 (0.03) S cmlk-18 %are shown by dashed and solid lines, respectively in Fig.ais
as is shown in Fig. 3. the difference betweenrg,,, and o .

The unannealed sample LaNj@; shows a lower con- T Y
ductivity and no change in the sign f/dT was observed _ range  (Ao)

. . -~ Sample AScml) B (KPP p (K) o (%)

for 10<T(K)=300. The differences found in the electrical
properties between the two=0.25 samples cannot be attrib- LaNiO, ;5 381(200 18.710.7 % 300-10 <3
1
1

uted to the oxygen content, which was constant during the 12.90.1) 3323) 300-210 <3
400 °C annealing process. In Ref. 4 an electron-diffraction_anio,,, 56(2)x10°2 140010) 300-210 <9
study of 400 °C annealed samples is reported. The observed
superstructures were interpreted considering O-vacancy

long-range ordering as shown in Figial Our results, ob- where oy, =1.28(0.02) Scm! and a=1.5x10"° K !
tained repeatedly on samples of different bulks, indicate thaivere obtained from the fitting procedure. Due to the small
without the last step of annealing the O-vacancy ordering isalue ofa, the first term in Eq(2.2) is approximately con-
not well established along the sample volume. Then the obstant withT, the second term was already discussed. Equa-
served lowering in the conductivitysee Fig. 2 could be tion (2.2) has the same form as the conductan@® bf an

associated with the lattice disorder. inhomogeneous media just above the percolation threshold
For samples which show semiconducting behavior for allof the conductor, wher&=F 0+ F,05, with o> 0,.1°
T, o can be approximated for the general relationship Two similar phenomenological channel models were pro-
posed in order to explain the electrical behavior of inhomo-
o=Aexp(—BITP). (2.1)  9eneous LgeCag3MnO; (Ref. 16 and granular Al(me-

tallic) in Al ,03.1" In Table | we summarize the results of the

The exponenp can take some defined values, depending Orglfferent fitting procedures for the different samples studied.

the operating electrical transport mechanismp# 1 the B
parameter gives an estimation of the energy gBp/kg)
between the conduction and valence bands. Frompavin The x vs T dependence for=0 and 0.25 is shown in Fig.
T~1 plot in the 210—300-K temperature range, we obtained @, measured with an external magnetic fi¢#d=5 kG.
E,=0.12 and 0.03 eV for LaNi@s, and LaNiO, 75, re-
spectively. 6 ; : ; .
Below 210 K, for thex=0.25 sample, deviations from B e LaNiO, ——
this semiconducting behavior are obseryeeke Fig. 3which : ’ §
can be explained by @-dependent activation energy. In an
Anderson band picture two mobility edges (andE/) exist,
which separate localize@in the band tails from nonlocal-
ized stategbetween the energy edgedhe localized states
are a consequence of a random potential or disorder present
in the system. For the cases where the Fermi energy 1+
Er<E., two conduction mechanisms can be pres€al:
Excitation of the carrier to a mobility edgén this cases 0 100 200 300
can be described by Eq(2.1) with p=1 and B 10 . ; : ;
=(E.— Eg)/kg; these electrons, localized in the band tails, LaNiO,5 & &7
need higher thermal energies oEa nearE. . (b) Thermally
activated hoppingln this case, at liquid-helium temperature,
the electron hopping between localized states can be ob-
served. For this mechanism called variable range hopping
(VRH) (Ref. 13 for a three dimensional system,ps=3 and
B=T#*in Eq.(2.1) (Mott's formula). In some cases, a VRH
dependence is observed at high temperatures, above half the -
Debye temperatureT=(0®/2)], and explained by polaron . . . . b
hopping** LaNiO, 75 could be described by a VRH model 5 200 400 600 800
in the 120—300-K range. However, our experimental data do T (K)
not extrapolate to null conductivity in th€—0 limit. In
order to fit the conductivity of LaNiQs in all experimental

s . . FIG. 4. Magnetic susceptibilityy) vs T (a) for x=0, 0.25, and
.T ranges, an extra conductivity channel with metallic beha"'o.zsg. The enhancement of the Pauli contributionytds shown in
ior is added to Eq(2.1):

the inset. Fox=0.25 and 0.2§, the differences between Field

cooling and ZFC (zero-field cooling were observed for

_ +Aexp —BITP), (2.2) T<T,=220 K. (b) xy for x=0.5 suggests antiferromagnetic order
1+aT below room temperature.

2. Magnetic susceptibility
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The T dependence, forx=0, can be described by
Y= Xpauit C/T, With xpa=5.6x10"% emu/mole and %% | ‘e Oxygen | Metal DIIE | tates .
C=1x102% emu K/mole. Forx=0.25, ZFC (zero field- M
cooling and FC(field cooling experiments give different
values ofy below a characteristic temperaturg,& 220 K).
These results indicate spin localization and magnetic order
frustration. Similary vs T dependences are usually observed 2
in other systems such as spin-glass-like compoundere
T, would be the freezing temperatlirer magnetic fine par-
ticles (whereT, would be the blocking temperatyreActu-
ally, susceptibility measurements on LaNi¢ showing
similar behavior were analyz&tin terms of ferromagnetic
clusters of different sizes. Nevertheless the origin of these
clusters remains uncertaii. At T> T,, enhancements of FIG. 5. Band scheme proposed in order to explain the behavior
Xpaui Were observed in coincidence with increasingsee — observed in LaNiQ_,. On the left side we show the LaNiZxase,
the inset of Fig. 48)]. This enhancement ig near a metal- Where the overlapped Ri and O~ bands give the metallic be-
insulator transition is explained by an increase in the effechiavior. On the right side the LaNi case is seen, which has
tive mass gom*/m) expected in a Fermi-liquid modéd. |nsu!ator eI_ectrlcaI _proper_tles and two d_|fferent leymmetrles._
No differences betweefT, of LaNiOz_m and LaNiO, - LaNiO, 75, in the mlddle, is presented with a small gap. Ir)creasmg
have been observed. However, at higher temperaturk (O from left fo righy we can see a progressive narrowing band
(T>330 K), while an independerft value y in LaNiO» s ue to the localization. For t_he O band thg narrowing is more im-
! . . - < portant because the reduction process diminishes the number of

\FIIV:\fiO?bv?/iet[lvzd,ntle_gazli\ltil\%SSClsjrr]izWV?/gissCtlgrirpgrlfartlle@-;\ljéssl( be- states. The shadow region shows the occupied band states.
From the Curie constant we obtain the effective number obplits into a;; and b,y bands for octahedral and squared
Bohr magnetong..+= 1.86. plane environments, respectively.

For thex=0.5 sampley vs T is shown in Fig. 4b). We In the x=0.25 sample, where the oxygen vacancies are
found a broad peak aty=320 K and a Curie-Weiss behav- ordered, a sign change afo/dT occurs at 75 K, which
ior at high temperatures with a negative Curie-Weiss temcould be explained by &@-dependent bandwidtW(T). The
perature®= 630 K that shows strong antiferromagnetic in- léctrical conductivity can be described by a power law

C ) JOWE!
teractions. From the Curie constant we obtaig=3.5u5, (o=0o+aT") below 75 K. Above B K a metallico is
which is near the expected value for Ni (S=1 and observed with a slope change at 220 K, coincident with

g~2.3). The ratio®/Ty=2 suggests some degree of frus- Ty, the. charac_:teristic temperature where.some d_egree of
tration in the magnetic system magnetic ordering seems to be present. This behavior can be
' compared with changes in the conductivity observed in fer-

romagnetic metal oxides because of the electron-magnon
I1l. DISCUSSION Scattering’z.z

The reduction of LaNiQ changes the valence state and 0. Fnally, we find that the absence of the last step of anneal-
coordination of Ni ions. These changes must modify theN9 at 400 °C modifies the magnetic and electrical conduc-
; tivity properties of thex=0.25 samples. In LaNi@Q5 we

bar_md structure .Of Fhe different compoundsljagf the LabliQ) have observed the followingi) a Curie-WeissT depen-
SEries. As L?N'Q ISa gharge-transfer me ,thg conduc- dence of y at higher temperaturegji) a sign change of
tivity properties of LaNiQ,_, should be determined by the § /4T i) a diminishing in the conductivity for all tem-
mterplay between the band\_/wdt_h and energy gaps of the (geratures, and(iv) in all the experimentalT range,

and Ni bands, as sketched in Fig. 5. Fog LaNi@<Uett,  5(x=0.25 and T) can be described with a two-channel
where A is the gap between20 and 31°-Ni bands, and  model: metallic plus VRH mechanisms. These two parallel
U is the gap between the Ni bands®and 317.2°*On  ejectrical resistivity channels can originate in the inhomoge-
the other side, for LaNi@s, U4<A, and the Fermi level neities of the unannealed sample. This behavior is interpreted
should be between thed3 and 3® bands(see Fig. 5. Simi-  as the presence of threads or islands in metallic contact, rich
lar to NiO or La,NiO 4,2 LaNiO, 5o is an insulator and an- in oxygen, imbedded in an insulator medium rich in oxygen
tiferromagnetic. On going from LaNiQto LaNiO,s, an  vacancies. It is noticeable tipe= 3 in the second term of Eq.
enlargement of the cell volume is obsenrfeatributed to the  (2.2) may be indicating the presence of localized states for
increase in the average ionic radius of Ni=(0.60 for  whicho is described by Mott's formula. A poor conductivity
Ni3* andr =0.69 for Ni*"). As the Ni-O distance increases, IS expected if the system has an oxygen vacancy disorder,
the electronic transfer parameterand the bandwidth\y ~ and would present a lower than the case with an oxygen
«t) diminish. Electron localization then takes place. The lo-vacancy order. Further studies of the enhancement of the
calization may also be favored for a decreasing state densig%peuﬁc—heat coefficieny in LaNiO3_,, with x=0.25 and

as a consequence of the O vacancies produced in the nei .5, are necessary for a full theoretical description of the
borhood of the Ni ions. In the reduced samples these are tweyStem-
different sites for the Ni* ion: sites with six oxygen ion

nearest neighbors in an octahedm@}j symmetry, and sites

with four oxygen nearest neighbors in a squared plane We acknowledge partial support from the Ministerio de
(Dg4n) symmetry. The electronic band with, character Educacim y Ciencia de Espanthrough the Programa de
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