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Valence and spin state of Co and Ni ions and their relation to metallicity and
ferromagnetism in LaCog sNig 503
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LaNiy sCoy 503 was measured in terms of x-ray-absorption near-edge StruCXA&BIES), powder x-ray
diffraction, magnetic susceptibility, resistivity, and heat capacity. A small but clear heat capacity anomaly and
an ac susceptibility peak were observed at 53 K. The peak temperature and magnitude of the ac susceptibility
were found to be, respectively, independent of and dependent on frequency. The magnetization reversal at the
coercive force is sharp but the magnetization does not saturate even at 50 kOe and 5 K. The resistivity is on the
order of 102 Q cm and the contribution from conductive electrons to the heat capacity was observed at low
temperatures. These results are consistent with the earlier conclusion thatsNafz0@; is a metallic ferro-
magnet with a certain disorder with respect to magnetic interaction. XANES indicated that both valences of Co
and Ni ions are trivalent. The unit-cell volume is larger than that of either LaCGuQ@.aNiO; below room
temperature, which suggests that the population ofegerbitals of LaCgsNiysO; is larger than that of
LaCoQ,. The presence of itineramt* electrons and,4 holes was proposed as necessary conditions to show
the ferromagnetism not only in Lago,Ni, O3 but also in SrFe ,Co,0;, SrCoQ, and Sy_,La,Co0;.

DOI: 10.1103/PhysRevB.68.104416 PACS nunider75.30—m, 75.40.Cx, 75.50.Dd

[. INTRODUCTION has been understood by the itinerant natur&gpelectrons
accommodated in a* band formed between F«ggsfnd (0]
Perovskite-type oxides, the chemical formula of which is2p orbitals or by the ground state dominated bygl°& con-
ABO;, with transition-metal ions at th8 site have been figuration instead of @* configuration, wheré is the oxy-
investigated in order to understand the interactiond efiec- gen hole staté®? Thetggeé system has been investigated
trons in theBOgq gctahedra network connected by Fhe apicaly, LNiO; (L, rare-earth element!~26LaNiO; is a metallic
oxygen atoms with a-180° B-O-B bond angle. Particularly, paylj paramagnet with enhanced magnetic susceptibility.
the oxides with quarter-filled B¢, orbitals have attracted No Jahn-Teller distortion exists in LaNiOThe otherNiO5
much studies, because the degree of freedom to occupy o@ge insulating antiferromagnets with a complex spin
of the twofold-degenerate, orbitals is connected with some arrangement!~'® Though the deformation parameter of
interesting physical properties, such as the Jahn-Teller effecNiOg octahedra(defined as the standard deviation of six
orbital ordering, metallicity, and ferromagnetism. Ni-O bond lengths increases as the size &f" ions de-
Thetggeé system has been widely investigated for an in-creases in the insulatingNiO3, the deformation parameter
sulating LaMnQ.%~® The cooperative Jahn-Teller effect oc- is about 30 times smaller than that of LaMn& Recently,
curs at around 750 K accompanied by the characteristic ofPotzeet al. suggested that trivalent and tetravalent Co ions
dering of occupiedd,> and d,2 orbitals? The Curie-Weiss are other candidates for the ion with quarter-filgdorbitals
temperature of LaMngis positive in spite of the antiferro- in spite of their 31 and 3° configurations,” which is con-
magnetic ground stafe? which has been understood by the nected with the ferromagnetism in SrCoéf The electronic
anisotropic superexchange interaction due to the orbital oreonfigurations having oney electron andt,, holes,tggeé
dering; ferromagnetic layers are coupled antiferromagnetiand t‘z‘geé, are termed as an intermediate-spin state.
cally. Zhouet al. suggested that a long-range ferromagneticin addition to SrCo@'"!° solid solutions including
order appears when the occupiggorbitals are arranged ina Co ions, SrFe ,C0,05,2°"%® Sp_,La,C00;,%4% and
disordered fashion as demonstrated in LaMi6a,0;3.% Itis  LaCo,_,Ni, 05,2’ *2show metallicity and ferromagnetism in
well known that the real charge transfer betweer’Mand  a certainx range.
Mn** ions induces ferromagnetism and metallicity based on |t has been considered that the small or negative charge
the double-exchange mechanism when holes are introduceghnsfer energy from oxygen to transition-metal ions is im-
into e, orbitals, such as La,S,Mn0;.*® Zhouet al. also  portant for the metallicity in the above oxides SrikeO
suggested that the double-exchange interaction acts even $tFg_,Co,0;, SrCoQ, Sr,_,LaCo0;, LaCo, _,NiOs,
nondoped LaMn@ above the orbital ordering temperatﬁre. and LaNiQ,, because the @& level of highly oxidized
A metallic SrFeQ has been investigated as anottlye;  transition-metal ions, such ase Cd'*, Co**, and Nf*,
system’™1° The Curie-Weiss temperature of Srke® also s deep and close to the?O 2p level. However, the origin of
positive in spite of the helical antiferromagnetic groundthe magnetic interaction in these metallic oxides has not yet
state? which has been understood by the coexistence of &een clarified as compared to manganese oxides. The metal-
nearest-neighbor ferromagnetic interaction and long-rangkic oxides including Co ions show ferromagnetism, in spite
antiferromagnetic interaction. In spite of the quarter-filkgd  of the different number of @ electrons between 4 and 7.
orbitals, SrFe@ does not show Jahn-Teller distortion, which Thus, the clarification of the relation of ferromagnetism to
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the presence or absence, valence, and spin state of Co ions
should provide a clue to understand the origin of magnetic
interaction in the metallic oxides. The present study investi-
gated LaCg:Niy 03 because of the lack of systematic stud-
ies regarding it, particularly valence and spin states. In addi-
tion, we discuss the origin of the ferromagnetism appearing
in the metallic oxides with 8 electrons between 4 and 7.

Abs. (arb. unit)

II. EXPERIMENT

LaCoO; s and LaC@:NipsO3;_ 5 were prepared

by a solid-state reaction method from Gy, NiO, and
CoG,0,-2H,0. The mixed powder was calcined in air at
1273-1473 K, pressed into pellets, and sintered in air at il . .
1473-1573 K for 12 h. LaNiQ. s was prepared by a precur- 8320 8340 8360 8380
sor method using citric acid from L&; and Ni. The precur- E (V)

sor was fired at 1073 K for 24 h. lodometric titration and .
thermogravimetric analyses determined the oxygen defi. F'C- 1. (@ Co K-edge XANES:®, 1aCqeNiosOs; U,
. e . LaCoQ;; ¢, CoO.(b) Ni K-edge XANES®, LaCq, sNips0O5; [,
ciency,—0.02, —0.01, and 0.1 within the experimental error LaNiO. ¢ . NIiO

+0.02 for LaCoQ_4, LaCqNigsO0;_5, and LaNiQ_, S

respectively. The prepared LaCeQy and LaNiQ_; and  Rietveld refinements and reliability factors for the fitting are

commercial CoO and NiO were used for the references ofypjated in Table I. The compositiondependence of the

x-ray-absorption near-edge StructymANES). , unit-cell volume B-O bond length, an&-O-B bond angle of
Powder x-ray diffractionf XRD) measurements using Cu LaCo, Ni, O (B=Co, Ni) are shown in Figs. (@), 2(b),

Ka radiation (MAC Science, MXP18HF clarified that the and 2c), respectively. The literature valudspen circles

samples are single phase with a rhombohedral unit cell. Aljotarmined by neutron diffraction are plotted for LaGo®d
the detecied diffraction peaks were consistent with the SPacg| K (Ref. 34 and LaNiQ, at 30 K (Ref. 14 together with
group R3c. Lattice parameters of La@eNipsO; and  the present datdsolid circles. (The literature values of
LaNiO; were determined in air in the range 27-1220 K and_aCoQ, at 31 K were estimated by interpolating the data at
420-1220 K, respectively, from some high-angle diffraction4 and 71 K) The present data are coincident with the litera-
peaks using Si crystalline powder as an internal standardure data within the fitting error, which ensures the accuracy
The XRD pattern and the lattice parameters at room temperaf the present data. The unit cell volume and Bv© bond
ture did not change before and after the sample was heated fgnhgth are largest and tH&-O-B bond angle is smallest at
1220 K. This indicates neither appreciable oxidation of Six=(.5. The largesB-O bond length akx=0.5 indicates that
nor chemical reaction of Si with the sample up to 1220 Kthe average size oB-site ions in LaCgsNiyOs is larger
during the measurement period. Structural parameters Ghan that of either Co ions in LaCq@r Ni ions in LaNiQ;.
LaNiO;, LaCa,gNisO;, and LaCoQ at around 30 K were | addition, theB-O-B bond angle being smallestat 0.5 is
determined by Rietveld refinements usiREETAN-2000:  giso understood by the decreased tolerance faetdr -+
XANES was measured at room temperatURIGAKU, Ly . )/ /2(rgs-+rq2-), which increases the tilt angle of
R-XAS Loopej. dc magnetizations were measured using he BO, octahedron, wherey, is the radius of theV ion.

superconducting quantum interference deveQUID) mag- Figure 3a) shows the temperature dependence of the unit-
netometerQuantum Design, MPMS5Sn the range 5—-300
K and using a magnetic balan¢8himadzu, MB-1A in the TABLE |. Structural parameters of Lago,Ni,O; determined

range 300—-1100 K. ac magnetic susceptibilities, dc resistivbé Rietveld refinement with the space groR@c. Isotropic tem-

ities, and heat capacities were measured_in th_e range 2_—29 rature factors of L& (=Co, Ni), and O were fixed at 0.1, 0.1,
K (Quantum Design, PPMS Thermogravimetric analysis anq 0.2, respectively.

was carried out in the range 300-1273(MAC Science,

Abs. (arb. unit)

Ni—K edge

200083. X 0 0.5 1
T (K) 31 27 33
lll. RESULTS a (A) 5.425G5) 546206  5.4512)
Figures I1a) and 1b) show CoK-edge and NiK-edge c (R) 13.006%8) 13.0771) 13.11%2)
XANES, respectively, at room temperature. The Kand V (A3?) 331.515) 337.866) 337.41)
the Ni K absorption edges of LageNipsO; are close to X[ O] 0.55296) 0.55435) 0.54626)
those of LaCo@ and LaNiQ, and clearly higher than those dg.o (R) 1.9260Q7) 1.93946) 1.93239)
of CoO and NiO, respectively. It concludes that both va- 655 (deg 162.92) 162.52) 165.02)
lences of Co and Ni ions in La@G@Nip 05 are trivalent at Rup (%) 13.15 10.75 10.41
least at room temperature. R, (%) 3.82 5.83 1.37

Structural parameters at around 30 K determined by
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FIG. 2. Composition dependences @j unit-cell volume,(b) T
B-O bond length, andc) B-O-B bond angle of LaCp ,Ni,O; =
around 30 K:@, present datéTable |); O, literature datdRefs. 14 b:
and 34. < . . s
0 50 100 150 200
cell volume of LaCggNips0;, LaCoQ;,3* and LaNiQ,.1* Ta

Thermogravimetric analysis of LaggNigsO; confirmed FIG. 4. (a) Real parts of the ac magnetic susceptibilify; 10
that the evolution of oxygen from the sample is at mést Hz; @, 100 Hz; O, 1 kHz; M, 10 kHz, (b) resistivity, (c) heat
=0.01 between room temperature and 1273 K. The thermajapacity: O, 0 Oe; ®, 90 kOe, and(d) AC,=C,(90 kOe)
expansion of LaCo@ between 0 and~1200 K is about —C,(0 Oe) of LaCg&Nig £0s.

twice as large as that of LaN¥O The large thermal expan-

sion of LaCoQ has been attributed to the spin-state transifyecomes larger than that of LaNj@bove room temperature
tion of trivalent Co ions from the low-spin state to the high- 3nd the unit-cell volume is between those of LaGoshd

or intermediate-spin staf®.The thermal expansion and the LaNiO; above 600 K.

unit-cell volume of LaCgsNio sO; are very close to those of  Eigure 3b) shows the temperature dependence of the re-
LaNiO; below room temperature. This implies that the Spinciprocal magnetic susceptibility of LageNiy<Os. The
state(and the valendedoes not change appreciably below temperature-independent diamagnetic contribution due to the
room temperature. The thermal expansion of Lgf, 03 core electrons;-6.58x 105 emumol !, has already been

subtracted from the raw data. The upward conyex-T

120 . curve was well reproduced by the equation
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o o C
X= TT9+X0 (1)
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as indicated by the solid line in the figure which was ob-
tained by the least-squares fitting of the data above 100 K.
The best-fit parameters a@=0.71(4) emumol!K [corre-
sponding toues=2.4(1)wg], #=67(4) K, andy,=2.6(1)

X 10 % emumol'!. Vasanthacharyat al. have suggested
the ferrimagnetic ordering in La@@Niy O3 based on the
upward convex character of *-T curve?® However, the

fact that they ~1-T curve is well reproduced by Eql) in a

wide temperature range would reject this suggestion, because
the x 1-T curve of a ferrimagnet should show a sudden
bending as the temperature approaches the ordering tempera-

FIG. 3. (a) Temperature dependences of the unit-cell volume:ture.
O, LaCqyNigO; (present data ¢, LaNiO; (present data M, Figure 4a) shows real parts of the ac magnetic suscepti-
LaCoO; (Ref. 34; ¢, LaNiO; (Ref. 14. (b) Temperature depen- bility of LaCog sNip 503 at 10 Hz. The inset shows the fre-
dence of the reciprocal magnetic susceptibility of LaQtio0;. A quency dependence in the temperature range 45-55 K. A
solid line is the result of fitting using Edq1). peak and a shoulder were observed at 53 K and around 48 K,
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FIG. 5. C,/T vs T? plot of LaCq NipsO3: O, 0 Oe; ®, 90 FIG. 6. M vs H plot of LaCa sNipsO3 at 5 K.

kOe. A solid line is the result of fitting using EQ).

at 50 kOe. Taking account of this, the shoulder in ac suscep-
respectively. The peak temperature does not appreciably débility around 48 K, and the small heat capacity anomaly at
pend on the frequency while the peak magnitude depends d3 K, the presence of a glasslike component is supposed as
the frequency. The resistivity shown in Fig(b# is on the  suggested by Asat al>’ However, the reverse of magneti-
order of 102 Q) cm and slightly increases with decreasing zation at the coercive force arountd5 kOe is relatively
temperature, having a temperature derivative much smalleggharp as compared to a spin-glass system. This implies the
than that of a semiconductor. No appreciable anomaly wagresence of ferromagnetic domains large enough to include
observed in the resistivity around 50 K. The open and solidlomain walls, even if a glasslike component coexists. The
circles in Fig. 4c) represent heat capacities of magnetization at 50 kOe is much smaller than the effective
LaCay sNip <05 under 0 and 90 kOe, respectively. Because ofnagnetic moment 24 estimated by Eq(1).
the similar value, the data are superimposed. Figy® 4
showsAC,=C,(90 kOe)-C,(0 Oe), whereC,(H) is the IV. DISCUSSION
heat capacity measured under a magnetic fi¢ldA clear . . )
cusp was observed iy C, at around 53 K corresponding to XANES and the unit-cell yolume clarified that a 1:1 solid
the peak in ac magnetic susceptibility. In addition to this, the>0lution of LaCoQ and LaNiQ leaves the valences of Co
absence of an appreciable frequency dependence in the @80 Ni ions trivalent but expands the averaged bond
susceptibility peak temperature suggests the presence of/@"gth from the average of Co-O bond length in LaGe@d
critical ferromagnetic ordering temperature at 53 K. On theNi-O bond length in LaNi@. It is thus considered that the
other hand, no appreciable anomaly was observed around @th solution increased the populatloneaforbnalseofOCo or
K corresponding to the shoulder seen in the ac magnetili ions (or o* band from those of LaCo@ (tz4ey) or
susceptibility. In the light of the lack of a connection be- LaNiO; (t3,e5). We have reported that the spin state of Co
tween the entropy and shoulder, the magnetic anomalipns in LaCoQ is sensitive to the substitution of Co by

around 48 K might be connected to the freezing of magneti@nother trivalent M iorf? In addition, only a low-spin state
domains. has been reported for the trivalent Ni ions in perovskite-type

Open and solid circles in Fig. 5 represent @g/T vs T2 oxides as far as we know. Therefore, it is natural to consider
plot of LaCq, sNig 05 under 0 and 90 kOe, respectively. No that the solid solution changes the spin state of Co ions and
appreciable difference was observed below K between 0 leaves the spin state of Ni ions at the low-spin state. This
and 90 kOe. This implies that the contribution from the fer-consideration is consistent with our suggestion in the earlier
romagnetic spin-wave excitation is small even if present posPaper:° The low-spin state of Co ions in LaCg@s unsta-
sibly because of the large energy gap. Therefore, the lowbilized (stabilized as compared to the high- or intermediate-

temperature heat capacity is expressed by spin state when the Co ions are substituted by trivalnt
ions with Pauling electronegativity largésmalle) than that
Cp= YT+ BTS. 2) of the Co atom. Considering that Pauling electronegativity

increases with the increase in the atomic number from Ti to

The best-fit parameters obtained from the data below 7 KCu?’ the Pauling electronegativity of Ni atoms would be
under zero field arey=34.9(7) mJK?mol ! and B larger than that of Co atoms, though the same values are
=0.141(3) mJK*mol™!. The magnitudes of andB are  tabulated for Co and Ni atoms in Pauling’s table. Therefore,
similar to those of a metallic ferromagnet 3Sr,Co0,,2®  the substitution of C&" in LaCoQ; by Ni** should increase
but smaller than that of LaNi©'? The magnitude of resis- the population of trivalent Ce, orbitals.
tivity was on the order of metal while the temperature de- It is difficult to determine the electronic configuration of
rivative of the resistivity was negative as shown in Fih)4  Co ions in LaCggNig 503 using the Curie constant, because
The presence of electronic specific heat clarified the metalit is unclear whether the localized picture correctly depicts
licity. This is the same conclusion as that of the literafiire. the ferromagnetism, and the origin of the larggis unde-

Figure 6 shows théM vs H plot & 5 K measured after termined. However, it was found that the unit-cell volume of
zero-field cooling. The magnetization does not saturate evebaCaq, sNip O3 is close to (slightly larger than that of
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S;Feos SrCo0; LaCo0; LaNiO, from thetggdfla*l configuration and the full spin polariza-
' ' tions. The experimental and theoretical magnetizations seem
to decrease at a common rate with increasigg. This im-
0 1 plies that the electrons occupy the minor-spjg orbitals
instead of the major-spin* band abovei;y=4. However,
the experimental magnetization is aboytgl smaller than
the theoretical one in each sample. Two possibilities are sup-
posed for the reason why the magnetization at a high field
and a low temperature is smaller than the theoretical one.
o One is that the polarization is incomplete and the other is that
o 5 6 7 some antiferromagnetic interaction coexists with a ferromag-
netic one. The latter might be plausible for LgGNig O3,
because a glasslike component was observed as expected
FIG. 7. Magnetization at a high field and a low temperaturefrom the chemical disorder at ti site. On the other hand,
(open circlep for SrFe sCoys03, SrCoQ, Sk da9sCo0;, and  the latter is not plausible for SrFg@nd SrCoQ, because
LaCaoy eNi.s0; and the Fe magnetic moment for Srke€stimated  chemical disorder is absent. It is thus difficult to conclude
by neutron diffraction as a function of the number af 8lectrons,  \yhich possibility is essential for these metallic materials.
Nag. A solld_lllne represents the theoretical magnetization expectegpis will be clarified by investigating the spin arrangement
from thety3'""o™** configuration and the full spin polarizations.  of each jon using methods such as an x-ray magnetic circular
) ) o dichroism(XMCD) technique.
LaNiO; below room temperature. This result indicates that Tpe present study clarified that the valence of Co ions is
the size of Co ions is similar to that of the low-spin trivalent ¢ important for SrFe ,CoOs, S_,.LaCo0; and
Ni ion.. This rejects at Iea;t a possibjlity of the high-spin StateLaCol_xNiXOg showing ferromagnetism, because these ox-
of Co ions, because the ion rgldlus is much larger than that Qfjeg formally include only tetravalent, both tetravalent and
the IOE‘JN'Slp'n trivalent Ni '.Ono’- The intermediate-spin state {jyajent, and only trivalent Co ions, respectively. In addition,
with t3,e; configuration might be consistent with this result, taking account of the fact that SrFg@ essentially a ferro-
because the population ef, orbitals is the same as that of magnet, the presence or absence of Co ions would not be
the |0W-Spin triValent N| ion, Wh|Ch may giVe a Simi|.al’ SiZ?. Very important for the ferromagnetism_ We propose two nec-
The long-range configuration of Ni and Co ions in essary conditions for the ferromagnetist, holes and itin-
LaCq sNig 505 would be disordered due to their similar ion eranto* electrons, based on the following three fadis.
sizes. Thifs must be a reason for the glasslike componeRthough LaCgsNipsO; shows metallicity and ferromag-
observed in the present study. netism, NdCg:Ni,<O; shows insulating and spin-glass
Kobayashiet al. have reported that the magnetic and pehavior€®4! In addition, x of the unit-cell volume of
transport properties of LIaQQXNiXO;are similar to those of NdCo,_,Ni,O; shows a linear dependentewhich indi-
La; ,SKCoO, at least in the La-rich regioft. They sUg-  cates that most Co and Ni ions remain in their low-spin
gested that the substitution of Co by Ni induces a charggrvalent states. These facts imply a connection among the
transfer from C8" to Ni**, resulting in C6" and NF*.  ferromagnetism, metallicityitinerant o* electrons, and/or
However, the present study clarified that such a charge tran§£g holes.(2) LaNiO; shows no ferromagnetism, which im-
fer does not occur at least at=0.5. Instead, the present pjies a connection between the ferromagnetismtaptioles.
study suggested that the Ni substitution increases the POPY3) |aCa, Rh, <05 shows neither metallicity nor ferromag-
lation of Coe, orbitals as stated above. The same populatioetism although most trivalent Co ions are not in the low-
Fhangzee has been suggested fof L&r,CoO, with increas-  gpin state?® which implies a connection between ferromag-
ing x.° In addition, the present study clarified that the netism and metallicityitineranto* electrons.
anomalously large electronic specific heat coefficient of
LaCqsNigsO; is comparable to that of La,Sr,CoO;. V. CONCLUDING REMARKS
These results suggest that the structure ofdtieband and , . .
the electronic state, such as the population, density of states [N conclusion, the present study clarified that a 1:1 solid
at Fermi level, and the electron correlation, are essentiall?omt'o_”_Of LaCoQ and LaNiQ, leaves the valences of Co
same between LaGo,Ni,O; and La_,Sr,CoO;. _and Ni ions trivalent qnd sugglested that the .sol|d solution
As mentioned in Sec. I, the quarter-fillect band is ex- ~'NCTeases the population of trivalent Gg orbitals from
pected for the electronic structure of SrReO tzgeg in LaCo_Q. In_ addition, it was _proposgd that the elec-
SrFe_,Ca,0;5, SrCoQ, Sr_,LaCo0;, LaCo_,Ni,Os, tronic configuration of metallic oxides SngO
and LaNiQ,. The open circles in Fig. 7 represent the experi-S'F&-xC00s, SVCIOQ” Sn_xLa,Co0;, LaCo _Ni,Os,
mental magnetization at a high field and a low temperatur@nd LaNiQ, is t';;‘“ o*! and thatt,, holes and itinerans*
for SrFg<C0oy0;,% SrCoQ,*® Srsla,C00;,?° and electrons are necessary for the ferromagnetism. The ferro-
LaCqysNipsO3 and the magnetic moment of Fe ions in magnetism might originate from a double-exchange interac-
SrFeQ estimated by neutron diffraction experiméttas a  tion similar to La _,SrMnO,.#~® However, the long-range
function of the number of 8 electronsn;y. The solid line  antiferromagnetic interaction present in Srke@ef. 9 is
in the figure indicates the theoretical magnetization expectedifferent from the characters of La,Sr,MnO;s. This inter-
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action should be considered carefully in order to clarifyshould be clarified in connection with the electronic struc-
whether or not the origin of ferromagnetism is a double-ture, ferromagnetic domain structur@ncluding glasslike
exchange interaction. component and chemical order and disorder.

Though LaCgdNiy 505 is considered to be essentially a
metallic ferromagnet, there remain many unresolved issues:
these include the origin of largg, and largey, the fact that
the magnetization does not saturate even at 50 kOe and at 5 Part of this work was financially supported by a Grant-in-
K, and the reason why the magnetization at 50 kOe is muckid for Scientific Research from the Ministry of Education,
smaller than the effective magnetic moment. These problemScience, Culture, and Sports of Japan.
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