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Transport and magnetic properties of metallic La  ;_,Pb,NiO;_5(0.0=x=<0.1)

Sudipta Pal and B. K. Chaudhuri®
Department of Solid State Physics, Indian Association for The Cultivation of Science,
Kolkata-700032, India

S. Neeleshwar and Y. Y. Chen
Institute of Physics, Academia Sinica, Taipei, Taiwan, Republic of China

H. D. Yang
Department of Physics, National Sun Yat Sen University, Kaohsiung-804, Taiwan, Republic of China

(Received 1 July 2004; accepted 1 December 2004; published online 25 January 2005

Transport properties(resistivity and thermoelectric powerof Pb doped LaNiQ viz.

La; ,PhNiO;_s (0.0=x=<0.1) show metallic behavior over a wide range of temperature
(10-550 K. Pb dopingup to 10% at the La site does not destroy the metallic behavior of LaNiO
The paramagnetic susceptibiligydecreases with Pb doping. Above 50 Kis almost temperature
independent and exhibits Pauli like features with a small additional Curie law contribution. The
resistivity p increases with Pb doping though the thermoelectric power does not change
proportionately, indicating that Pb doping does not introduce much disorder in the system. A linear
T dependence op observed above 150 K suggests the importance of electron—pHehgrh)
interactions but at temperature below 150 Kfollows a T'®° dependence. The estimated el-ph
interaction constanf increases(0.80-2.53 with Pb doping (x=0.0—0.2. No saturation of
resistivity has been observed even up to 550 K witk0.1. The phonon frequencyy,

~ 3444 cm? of the undoped sample calculated from the absorption peak of the Fourier transform
infrared spectra agrees well with that -a8025 cm? estimated from the reported heat capacity
data. ©2005 American Institute of PhysidDOI: 10.1063/1.1852691

I. INTRODUCTION (<10 K) resistivity data follows a5 dependencé.A T2

Among the transitional-metal—oxides, rare-earth nick_dependencsécorres;pond|ng to electron—electron interaction

elates are very well known for their interesting and unusuaﬁf I’eSIStIVIt): w:jtle)s ctcr)]mpourfjat I%Le; tempgraturehhasbalso
metallic conductivity down to liquid helium temperature. Een re;()jorteh_. h nt e con tr%ry’%o gggn e:ge as been
The perovskite oxide LaNiQis different from the other rare- observed at higher tempera ¢ i K. ove room

earth nickelates® due to its metallic behavior over a wide temperature(i.e. T>300 K), the resistivity behavior is not

range of temperature. This highly conducting compound iél\le” described. The metal insulator transition in the rare-

also an interesting material because of its potential applica@arth nickelates RNig)s a charge-transfer type. The charge-

tions as metallic interconneci{®r electrodek in thin-film transfer band gap lies between the occupied oxygena

oxide electronics and the possibility of its use as a catalysI?nce state and the unoccupied Ni Gonduction band. Itis

for oxygen electrodes in aqueous alkaline solution batterieSNoWn that the band gap of RNjdies near the insulator—
Earlier studies™ showed that this compound is rhombohe- Meta! boundary where charge-transfer gaps are Srhigly-

drically distorted and a narrow band metallic conductor with€Ver: in the case of LaNiQthe charge-transfer gap becomes

nominally N#* ions in a near-octrahedral coordination. It hasZ€" as the valence band and conduction band overlap.

been further shown that LaNiOis metallic with a large El@borate study of the LaNipsystem doped with other di-

Pauli-type magnetic susceptibility, which has been intervalent ions(viz. Pb is needeq forade(_aper unde_rstandmg of

preted in terms of a Stoner enhancerfiémised on ferromag- the trangpprt and_othgr basic p_ropertles associated with the

netic correlation of electrons in the quarter filleg band electronic interaction in these nickelates.

associated with Ni ions in the 3" configuration. Detailed In LaNiOs, divalent cation doping may compensate

susceptibility measurement has revealed a w&attepen- charge in the following ways:

denf:e ofy at intermedi.ate temperature and C.urie—Weiss be¢q) La;, "M, 2 Ni,_3*Ni 0,

h_awor above S0 K. This magnetic property m|g_h_t be espon{p)  La,_>*M 2*Ni**0,_

sible for locking the superconducting transition in this () La,_ "M 2 Ni;_ 3*Ni 20, _,.

system.

Previous literature survéSﬁ shows that our understand- Considering the similar charge compensation in Laj\iOs

ing of the metallic behavior of nickelates is still in a rudi- reasonable to expect that the latter two coexist. Doping of

mentary state. It has been reported that the low temperatugivalent cations may change oxygen stoichiometry as dis-
cussed above and affect transport and magnetic properties. In

dauthor to whom correspondence should be addressed; electronic maithe present article we have reported the affect of partial re-

sspbkc@mahendra.iacs.res.in placement of La with a divalent iofviz. Pb from the study
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of transport and magnetic properties of the single phase
La;_,PhNiO;_5 (0.0=x=<0.1 and5<0.1) system showing
metallic behavior over a wide range of temperature
(10-550 K. We have also analyzed the experimental data to I NiO
elucidate the interactions present in the metallic oxide.

I |

1

pared by the liquid mix technique. First, stoichiometric
amounts of LgNO3, PbNG;, and NiNG; were dissolved in
water. The water was removed by a gentle dehydration pro- %=0.05
cess giving a green solid, which decomposed into a fine

black powder at 450 °C heated in air. The resultant powder
was heated to 900 °C with intermediate grinding to obtain a M

x=0.3

Il. EXPERIMENT
The samples La,PbNiO;_s (0.0=x=<0.3) were pre-

Intensity

single-phase perovskite.
All the prepared samples were characterized by x-ray

diffraction with a CuK, radiation wavelength ofA L f it il

=1.541 A. The Rietveld analysis of the diffraction data was 20 3 4 50 60 70 &

performed using the DBWS program. Temperature depen- 20

dentp was measured with a standard four probe technique

from 10 to 550 K. Thermoelectric power was measured usflG. 1. X-ray powder diffraction patterns of the undoped Laj&dd the

. ’ . doped Lg Pk sNiO; samples. A secondary phase of NiO is observed for the
ing a standard technique in the range 80-300 K. All thésample LgPh, NiO5 with x> 0.1 (not studied in the present artigle
experimental data were collected in the heating direction.

The temperature measurements were made with an accuracy o ) )
of +0.2 K or better. The dc magnetic susceptibility measure- ~ Although the origin of the second term is unclear, it
ment was made using a Quantum Design superconductir@ov'de$ an imperical tempere_lture dependence of the Pauli
quantum interference device magnetometer under fielgusceptibility’ One observes little temperature dependence
cooled (FC) and zero field cooledZFC) conditions at an Of the susceptibility even at 300 K, which accounts for a
external magnetic field 1 kOe. The room temperature FouriepMall fraction of the Pauli contribution. The third term rep-

transform infrared(FTIR) spectra were taken by a Perkin resents a Curie law type contribution with Curie constant

Elmer (model 783 infrared spectrometer. The values of the constant parameters best fitting the experi-
mental data are given in Table I. The valueseofind C
IIl. RESULTS AND DISCUSSION decrease with the increase of Pb doping. Using the relation

_ _ - xPli= 4 2N(Eg), where ug is the Bohr magneton, we esti-
X-ray powder diffraction patterns of two samples with mate the experimental band-structure density of electron

x=0.3 and 0.05 are shown in Fig. 1. Secondary phases QfiatesN(E;) at the Fermi level for both the spin directiohs.
NiO were observed whex>0.1. For a single-phase sample,

only a certain concentration of RE<0.1) can be doped at

the La site in LaNiQ. In a hexagonal unit cell, the estimated 7.0x10°

lattice parameters for LaNiDare a=5.46 A, c=13.19 A. ¢ La, ,PbNiO,
These values agree well with those reported edfliEne 6.0x10°|

small increase of lattice parameters with Pb doping is be- + x=0.0(ZFC)
lieved to be due to the larger ionic radius of Pb compared to g 5.0x10° 3 i:g:? g,%)
La. The temperature dependence of magnetic susceptibility © .

x(T) measured at 1 kOe is shown in Fig. 2. A number of % 4.0x107F

interesting features are evident from the magnetic suscepti- £ .

bility data. All the samples show an almost temperature in- & 3.0x10°F &

dependent Pauli-like magnetic susceptibility with a sharp rise == 5 .

below 50 K. The magnetic structure in the nickelates is quite 20407 o

different from that of the manganites. In the rare earth man- .

ganites, the, orbital ordering can be explained in terms of a 1.0x107 -

strong Jahn-Teller effeétSince no appreciable Jahn—Teller 0.0 Ls .

distortion has been observed in RNiQR=rare earth per- ) 50 160 150 260 ' zéo 300

ovskites, the existence of an orbital superlattice is invoked T(K

solely to explain the existence of such an unusual magnetic (K)
8 . e

structure. The temperature dependent magnetic SUSC(:"ptlblll':IG. 2. Temperature dependence of the molar magnetic susceptjpitity

ity x(T) of the present Pb doped samgbove 50 K has  the Pb doped samples LaPbNiO5_; (x=0.0 and 0.1 At lower tempera-
been observed to follow the expression ture T<200 K, a difference between ZFC and FC values is seen for the
undoped LaNiQ@ sample. The value of decreases with the increase of Pb
x(T) = x(0) - T2+ CIT. (1) doping concentratiom.
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TABLE I. Some important parameters estimated from the dc susceptibility data usird)Eor different Pb
doped sample viz. La,PhNiO;_s with x=0.0, 0.05, and 0.1.

LaNiO, Lag 9P 0NiO3-5 Lag Py 1NiO5_s

FC ZFC FC ZFC FC ZFC
x(0) 14.4x10% 13.7x10%  9.6x10* 8.9x 10 6.6x 104 6.6x 10
(emu/mo)
a 8.77xX10° 7.11x10° 3.33x10° 3.21x10° 1.80x10% 1.50x107?%°
(emu/K2 mol)
C 1.69x10°% 1.92x10° 4.00x10°  4.90x10°3 18x 1072 16x 1073
(emu K/mo)
N(Ep) ‘e 4.37x 1073 oo 2.89x 1023 ‘e 2.12x 1073
(eViem®)

The estimated values ®™(Er) given in Table | agree quite tive temperature coefficient of resistivity down to the lowest
well with those reported earlirsuggesting strong electron temperaturé¢10 K) studied, a typical metallic character. The
correlation in these materials. The valued\9E) decreases room temperature (300 K) resistivity of LaNiO; is
(decreasing conductivitywith the increase of Pb doping. It ~1.6 m( cm, which is similar to reported resuftsThe in-

has already been showhthat the metallic behavior of crease of resistivity with increasing Pb content should be due
LaNiO; is due to the overlapping of the oxygen®and the  to changes in the valence state and oxygen coordination of
Ni®* bands. Decreasing conductivity with increasing Pb conwjj ions in the lattice. It is known that for the RNiGystem,
centration reduces this overlapping characterFig. 3. In yesistivity decreases with increasing ionic radRisDue to
other words, a decrease M(Er) is associated with an in- the |arger ionic radius of Pb compared to La, the average
creased electrop.localizati'on, which ios actuglly observed iRgpic radius ofR increases with Pb doping at the La site in
the oxygen deficient LaNiQ, SVSt,e”]' showing metal ©0 | aNjo,. It is therefore expected that the resistivity should
semiconductor transition. The existence of very few*Ni decrease with Pb doping. However, we observed an increase

lons cannot be complgtely ruled out. However, con_3|de_r|nq)f resistivity with Pb doping. This behavior can be explained
the charge compensation calculation discussed earlier, it ¢ considering the change of band structure due to change in

be said that the concentration of?Niions is insignificantly oxygen coordination of NI ions as a result of Pb dopirjrﬁ.

lower than that of Ni". The change of resistivity due to grain boundary contribution
Figures 4 and 5 show the temperature dependent electri- 9 Y 9 Y

cal 1oty f L, PHNC,., (.0=x=0.1. Aiougn 5 COhS0S10 [0 be negliie sice the g e of e
the higher Pb dopetk>0.1) samples show metallic charac- P P bing

ter up to 300 K with higher resistivity, they have not been(x<o'1)' The tempera_ltu_re dependent re_sistivity beh_avior of
studied since these samples did not show pure single-pha e samples can be distinctly separated into two regions over

behavior. The present Pb doped< 0.1) oxides have a posi- the temperat_u_re region 10—550 K. At t_emperature lower than
150 K resistivity data follow the equation

Oxygen Metal Oxygen Metal
states states states states 0.008

_\ i . 0.007

7 | b %W Ee 0.006

—_ 0.005
Ueir Ustr &

é 0.004

Q k

] ] 0.003

|

0.002

0.001 &

FIG. 3. Proposed band scheme to explain the conductivity behavior of 0 1000 2000 3000 4000 5000

La; ,PhNiO;_5 (x=0.0, 0.05, and 0)1The left side shows the LaNiZase

where the overlapped Ri and G~ bands result in metallic behavior. The 15,015

shadow region shows the occupied states. On the right side, the Pb doped T (K ) )

LaNiO; diagram indicates higher resistivity than the corresponding undoped

sample. Increasing Pb concentration leads to the narrowing of bands due EiG. 4. Variation of resistivity as a function @-°for the Pb doped samples
localization. The overlapping region decreases with the narrowing of the Q.a; ,Ph,NiO;_s (x=0.0, 0.05, and 0)lbetween 10 and 300 K. The solid
band and thus reduces the number of occupied states. lines are the best fit to the data using E2).
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1.0x107? [
21 La, PbNiO,

8.0x10°

6.0x10°

p(€cm)

4.0x10°F

S(uVIK)

2.0x10° F

0 75 150 225 300 375 450 525
T(K)

50 100 150 200 250 300

T
FIG. 5. Thermal variation of resistivity for the Pb doped samples (K)

Ly PN (200, 00, a14 01 ol e e e s nar 11 . rmprare apenens Seebck costcitr e b o
temperature samples La ,PhNiO5_5 (x=0.0 and 0.1 between 80 and 300 K. A negative

thermopower suggests electron-like carriers in all the samples. Solid lines
are the best fit to the data using E¢).

p(T)=po+prsT™>, 2

where p, and p, 5 are two coefficients. The origin of*®
dependence is yet to be properly clarified. It appears that
both electron—electron and electron—phonon scattering con- frw? [p(T) = p(0)]
tribute to the resistivity data of the system. On the other A= B 1P p ,
hand, at the higher temperature range 150-550 K, the me- 87k T

tallic behavior of the resistivity data of the Pb doped
La; ,PhNiO5_5(0.0=<x=<0.1) system fit well by the follow-
ing equation:

from the slope of the resistivity versus temperature clirve
sing the relation

(4)

where wp is the plasma frequency ant=300 K. For the
undoped LaNiQ sample, electron loss experim?azngives
fhwp~1 eV from which the estimated value kfis 0.8[us-

p(T) =p,+ piT, (3)  ing Eq.(4)]. Since the IR spectra of the undoped and the low
Pb doping samples of our investigation are almost the same,
we use the undoped value bt (=1 eV) for all the doped
samples, which giva.=1.24 and 2.53, respectively, for the
samples withk=0.05 andk=0.1[using Eq.(4)]. The increase

wherep, and p; are two coefficients given in Table Il. This
linear variation of resistivity of LaNiQup to 300 K has also
been observed earlfeand in the present case this linearity

persists well above 300 K. At higher temperatu(@ of the value of\ shows that el-ph interaction increases with

>150 K), the observedl dependent(Fig. 5 behavior of 1€ vald WS —Pn | lon Inc wit

resistivity usually arises from the el—ph scattering. With thethe increase of Pb doping. In other rare earth nickelates like
| PrNiOs, high T, superconducting oxides like La—Sr—Cu-O or

s f s e i e P G e
to be 0.3, 0.1, and 0.3 respectivéf§ These values of are

a linearT dependence behavior dominates. We observed, ar%uch smaller than those of the undoped and Pb doped

shown in Fig. 5, a lineaf dependence of resistivity even up LaNiO, system. On the other hand, in the LaMn@om
3 . ) -

to 550 K, the maximum temperature range of our measure-ound which is a semiconductor and also shows metal—
ment. Such a lineaf dependent behavior can be understood” '

. ; - insulator transition, the el—ph interaction constiig much
only in terms of weakly coupled el-ph interaction in the

o . . . higher(~9) and at high temperature a strong el-ph coupling
present system. The el-ph interaction con estimated arises due to Jahn—Teller distortibhwe further notice that

no resistivity saturation occurs in any of the three Pb doped
TABLE II. Different model parameters from Eq&2)—(4) estimated from samples up to 550 K. However for the sample VWAthO. 1
Ett'”g the transport _data(resistivity and  thermoelectricpowerfor o eqjstivity data show little deviation from linearity at
a;,PhNiO;_s with x=0.0, 0.05, and 0.1. . . .. . . .
higher temperature. This deviation from linearity is attributed
LaNiO;  LagoPhyoNiOs s LaggPhyNiOs,  tO the higher value ok in the sample. However, with higher
Pb concentration, the effects of phonon anharmonicity and

po (€2 cm) L o mj L1.07x mj 4.20x mj band-structure broadenihgnight also disturb the linear be-

P 15(;29(; ;T K= é;ii igs S';gi igs Z'zgi igs havior of resistivity at such a higher temperature.

f;,l) 2:24X 10 2:32>< 10 1:35>< 10 Figure 6 shows the thermal variation of the Seebeck co-
N 0.80 124 253 efficient of the present Pb doped samples in the temperature

range 80—300 K. All the samples show a linear and negative
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: peak around 420 cm is due to a change in the Ni—O—Ni
417.72 —» bond angle. The other absorption peak due to stretching
mode is not shown by the present Pb doped and undoped
LaNiO; samples. It appears that the stretching mode is not
infrared active in LaNiQ. Other optical studies like Raman
spectroscopy etc. might explain the vibrational modes in this
system. The phonon frequeneyy, estimated from the heat
capacity data of Sreedhaet al? (using the relationsB
L =234 NkB/HS and hv,,=kgbp, where g is the temperature
414.99 —> coefficient of Debye law anéy, is the Debye temperatures
about 3025 crt, which agrees quite well with the absorp-
tion peak of the FTIR spectra around 3444¢mSo, the
absorption peak observed in the higher frequency region
(~3444 cm?) corresponds to the phonon frequency of the
3418.02  dueto CO, system.

3444.26

Absorbance

1 ! I V. CONCLUSION

4006 3OCIJO 20'oo 10Joo
Wavenumber(cm'1) In summary, we have prepared and mea;ured_trangport
and magnetization of a new type of metallic oxide viz.
FIG. 7. FTIR spectra of the undoped LaNiQupper curvg and the Pb La;.PbhNiO3_5 (0.0<x<0.3 showing metallic behavior
doped LgPh, ;NiO; samples(lower curve. The strong absorption peak Over a wide range of temperatuf@0—550 K. Only a very
located around 417/414 ctcorresponds to the bending mode of the Ni- small amount of Plix<0.1) can be doped to preserve the
O-Ni bond. The peak around 3444/3418 ¢morresponds to the phonon single-phase character of this perovskite. The increase in the
frequency of the system. S . . . . .
resistivity with Pb doping can be explained by considering
the change of band structure due to change in oxygen coor-
T dependence, which is a typical metallic nature. A negativejination of the N#* ion. The resistivity behavior showsTa->
thermopower indicates the nature of the carriers may bgependence at low temperature, whereas at high temperature
electron-like in all the Samples. A small increase in the mady linear T dependence is Observed, Suggesting the appre-
nitude ofSindicates that Pb doping does not introduce muchgijable contribution of el-ph interaction to the resistivity. The
disorder in this system. Using the free electron model, wes|—ph interaction constant of these Pb doped compounds is
also estimate the energy of the Fermi leUg) of the sys-  found to be larger than those of other rare earth nickelates,
tem from fitting the thermopower data with the following high temperature superconductor material like La—Sr—Cu-O
equation: or Y-Ba—Cu-0, but smaller than those of rare earth manga-
5 nites showing semiconducting—metallic transitions. There is
_ m_ (5) a small Curie contribution to the susceptibility and this con-
(3eEr) tribution increases with the increase of Pb concentration
i L ) (keepingx within 0.1). Though Pb doping in LaNi©has a
From the slope of the straight line in Fig. 6, the estimated, ye effect on the resistivity, the thermoelectric power does
value of Eg for LaNiOs is foqnd .to .be 0.40 eV. The value of ¢ change proportionately, indicating that Pb doping does
E for Pb doped samples is similar to that of the undoped, jnroduce much disorder in the system. Strong electron

sample(0.39 eV forx=0.05 and 0.38 eV fox=0.1). This  qqelation is, however, observed both from resistivity and
suggests almost equal order of carrier density both for the PR .\ qelectric power data. The room-temperature FTIR

S=

o 12 mated from the already reported specific heat data agrees
relation in these materiafs. quite well with FTIR spectra of the samples. Further inves-

Finally, it is noticed from the room temperature FTIR yqaiion with the doping of other divalent ions like Sr, Ca,
spectrogcopy, that the phonon frequency gnd the Vlbratloﬁnd alkali metals at the La site might be interesting.
modes in these Pb doped and undoped nickelates are also
Sltes the ffared-actve vibraton mode 1 abserved arouniCKNOWLEDGMENT
420 cmi® (Fig. 7). It was reported earliét that in LaMnG;, The authors acknowledge the Department of Science and
two infrared-active vibration modes are present in the loweiTechnology, Government of India and National Science
band at around 600 and 420 ¢n The peak around Council of Republic of China for financial support.
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