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Transport mechanism in La; gsSrg 1:Cu; _yNi,O4y 5 (0=x=<1)
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The transport properties of the Lg&Sr 1:Cuy _,Ni, Oy, s (0O<x=<1) solid solution series have been inves-
tigated by means of electric resistivity and thermoelectric pdWEP). The TEP measurements reveal that the
Ni doping at the Cu site brings about an anomalous change in the TEP. The TERSy&)Jumcreases with
increasing Ni content for the samples with low dopant levelks ©.3) and reaches a maximumyat 0.3, but
decreases rapidly with the further increase of Ni contentxfei0.3 and becomes negative at1.0. The
resistivity measurements show that the character of the conductivity for the samplesx@ith changes from
thermally activated at high temperature to hoppinglike at low temperature. By the comparison of the thermal
activation energy derived from the resistivity with that from the TEP, we find that the transport mechanism in
Lay g551 1:Cl; _«Ni O, s can be understood in terms of the polaron mof@0163-18208)00745-0

INTRODUCTION EXPERIMENTAL METHOD

It is known that the transport properties at the normal state Samples of LagsSio.16CUy NixOs. 5 With x=0-1 were

of high-T. superconductors exhibit anomalies. Many author%r(apareol by the standard ceramic techniques, starting from

believed that two-dimensional antiferromagnetic spin corre- igh-purity L&0s, STCO:‘" Cuo, "’?”d NiOs. Sang La0; is

. . . . . ~strongly hygroscopic, it was dried at 900 °C in a furnace
lation with a short range plays an important role in determin- I8 e . .
: - . before weighing. Initially, the appropriate mixture of these
ing the anomalous characteristics of the transport properties

and that the origin of higfi-, superconductivity is also re- powders was well ground and preheated in air at 1020—

lated to this type of spin correlation. Nevertheless, at presen 250 °C for 20 h with an intermediate grinding. The loose
yp P ’ -arp owder was reground and pressed into disk-shaped pellets.

e e ot g pllets vere Sieed 1 Towing oxygen e epea
i ere range of 1050—-1320 °C for one day, then cooled down
the charge transport in the Cu@lane. _to and kept at 800 °C in the furnace for another day.

I_n order to 1gffun more information on t_he above relation, X-ray-diffraction (XRD) analysis was carried out with a
Ishikawa et al.” investigated the magnetism and transPO“Rigaku-D/maXyA diffractometer using monochromatic
properties of the La ,SrCuQy, ; superconductors doped high-intensity CuKa radiation at room temperature. The
with different 3d and sp metals(Fe, Co, Ni, Zn, and Ga  |attice parameters were determined from thevalues of
One of the important results of these researches is that the MRD by a standard least-squares refinement method. Resis-
doping has the least effect on the spin correlation in theivity was measured using a standard four-probe method in a
CuG, plane compared with the doping by Fe, Zn, and Gaclosed-cycle helium cryostat C50W. The measuring current
thus producing a weak influence dn. This result is ob- was provided by a constant-current source and the voltage
tained from the measurements of the samples with low-Nivas measured by a Keithley 182 nanovoltmeter. The data
dopant level€<10 at. %. For the samples with high dopant were collected automatically by a computer. The TEP of the
levels(>10 at. %, our earlier work showed that the Ni dop- Sample was measured by a differential method. Calibrated by
ing increases the resistivity much more rapidly comparedure Pb, the error of the TEP measurement system is smaller
with the doping by Mg and ZA.This suggests that the Ni than 0.1uV/K.
doping has much stronger influence on the transport proper-
ties of the Cu@ plane in the case of high dopant level. In the
present paper, we systematically studied the transport prop-
erties in the LagsSry 16CU; _¢Ni, O,y 5, With 0=<x=<1, by the The powder XRD revealed the formation of single-phase
measurements of resistivity and TEP. An anomalous changeroducts for alk with 0<<x<1 in La gsSry 1£Ct; _yNiy Oy, s
in the TEP withx is observed, i.e., th&(T) increases with All the doped samples in this series crystallize in the tetrag-
Ni concentration for the samples wi=0.3, but decreases onal lattice. The lattice parameters of different members are
dramatically with a further increase of Ni content far  shown in Fig. 1a). It is seen that the lattice parameter
>0.3. From the comparison of thermal activation energy deincreases continuously as a functionxofvhile thec param-
rived from the resistivity with that from the TEP, we eter decreases. The lattice parameter changes clearly show
found the evidence for polaronic transport in thethat the doping of Ni definitely substitutes for the Cu sites.
La; 5551 1:CW —«Ni,O,, s solid solution series, as well as the Besides, one knows that tre#a ratio is generally used to
expansion of the polaron caused by substitution of Cu for Nicharacterize the Jahn-Teller distortion of the oxygen octahe-

RESULTS
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345 - 4 A FIG. 3. The room-temperatuf290 K) resistivity and TEP as a
function of Ni content.
8 sw0| 4
s x=0.2 and increases dramatically x5 0.8.
335 For the samples exhibiting semiconductinglike behaviors
4 with x=0.1, we investigated the possibility of a thermally
33| 2 activated conduction or hoppinglike process. The resistivity
e associated with the thermally activated conduction mecha-
00 02 04 06 08 10 nism shows temperature dependence as
Ni content x
FIG. 1. (a) The lattice parameters as a function of Ni content in p(T)=poexp(e,/KT). (1)

Lay g5S1o.18Ct —«NixO4+ 5. (D) The c/a ratio as a function of Ni By analyzing the data in Fig.(B), we found that the resis-
content. tivity of the samples withx=0.1 follows a thermal activation

. law above a temperature of about 140 K, as shown in Fig. 4.
drons around Cif. From Fig. 1b), we can see that th@a  The thermal activation energy, derived from the slope of
ratio decreases with increasing Ni content, indicating that th%traight lines in Fig. 4 is summarized in Fig. 8. It shows that
Ni doping leads to a release in the Jahn-Teller distortion Oihesa increases from 10 meV witk=0.1 to 117 meV with
the CuQ octahedrons. This result is consistent with the datg,— 1 o

reported in Refs. 3 and 4. o In variable-range hoppingVRH) model, the resistivity
The temperat_ure depe_ndence_ of re_:S|st_|V|ty for _theshOWS the temperature dependence as

Lay g5S15.16C W «Ni, Oy 5 solid solution series is shown in

Fig. 2. TheT, almost decreases linearly with increasing Ni peexd (To/T)«], 2

concentration and the superconductivity disappears around, 11 1

x=0.05, as reported by other group&. For the samples With @=3, 5, or 3. The value ofa depends on both the

showing superconductivity, a metallic character is observedimension of the system and the behavior of the dfnls'ty of

having T-linear resistivity at temperature aboWe. As the ~ State at the Fermi level. The VRH model prediats-; in

Ni concentration increases to=0.1, the sample exhibits a the three dimensions ang=; in two dimensions. Formula

semiconductinglike behavior. Figure 3 gives the room-(2) is applied to fit the resistivity data in Fig(l3. The re-

temperature resistivitp(290) as a function of Ni content. It Sults show that for the sample wi¥0.1, the best fitting is

can be seen thai(290 starts to deviate from a linearity at Obtained ata=3 at low temperature, as shown in Fig. 5.
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FIG. 4. Resistivity in logarithmic scale vs T/ for

FIG. 2. The temperature dependence of the resistivity forLa; gsSrh1:Cl_4NiyO, s Samples. The thermal activation energy
Lay gsSIh.1CU _yNi, Oy 5. eh has been derived from the straight lines in this figure.
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FIG. 5. Resistivity in logarithmic scale vs T for FIG. 7. Thermoelectric poweB(T) vs the reciprocal tempera-
Lay g5S10.18C W xNixO4 1 5 SAMples. ture for La gSK 1:Cly_,Ni,O,, s samples. The straight dashed

This suggests that at low temperature §i) deviates from lines in the figure give the thermal activation eneegyin Fig. 8.

the thermally activated form and becomes dominated by
hoppinglike process. S(T)==(kie)(ealKT+A). @)
Figure 6 shows the TEP of the samples with different Nitpo 4 ang — signs correspond to hole-type and electron-

contents as a function of temperature. The TEP 0fyne of conduction, and the constahis determined by the
Lay gsS1.15CUO,. 5 shows weak temperature dependencegnergy dependence of scattering time. It is obvious that the
while the Ni doping produces a rather significant change of

. €, can also be evaluated using formul@. In Fig. 7 we
the temperature-dependent TEP. The TEP véi(E) in- lottedSas a function of I. Thee, derived from the slope
creases with increasing Ni content for the samples with lo

_ v i f straight lines at high temperature is also given in Fig. 8 in
dopant levelsX<0.3), which is in agreement with the result e t he compared with those derived from the resistivity.
reported in Ref. 6. However, it is interesting that tB€T)

d Iy with a further i pyy 0.3 and Here, we usesf and e to denote the thermal activation
ecreases rapidly with a further increaseéér x=0.3, an energy derived from resistivity and TEP, respectively. One
become negative at=1.0. The temperature dependence of

~ o . . finds that thes] accrues remarkably asincreasing from 0.1
the TEP fqr thex= 1.0'sample. exhibits a7s]m|lar bgh_awor 35 {0 0.3. Thex=0.1 sample has nearly the same value between
observed in La_,SKNiO,, s with x~0.15, i.e., a minimum

S p .
occurs in the ST curve around 190 K. The room- &2 andef, whereas for the samples wik¥0.2 and 0.3, the

temperature TEPS(290), a function of Ni content is also s; is slightly smaller than the?’ . H_owever, forsthe samples

shown in Fig. 3. TheS(290) shows a maximum at=0.3. with x>0.3, contrary to thg behavpr ef, thee, decreases
The above analyses have revealed that for the samplégadua”g with increasing, i.e., the dlscrepa.ncy beMe_en the

with x=0.1 the resistivity follows the thermally activated £a @nde, becomes more and more appreciable with increas-

conduction mechanism at high temperature. For a thermallf?d Ni content. This difference reaches as high-as.0 meV

activated single-band charge-transport process with the actith x=1.0.

vation energyes,, the temperature dependence of TERe

Ref. 8 is DISCUSSION

]gg oo Strangfeld, Westerholt, and B&dhave studied the charge
180t ®C00, ., transport of the system baXSrXN|O4+_5 Wlth Osst.S._
120 P00, They also found that the thermal activation energy derived
138 SRAT T oo from the TEP is systematically lower than that derived from
6o v AT o the resistivity. The explanation they gave for the discrepancy

o ‘218: iooooooooOOOOOOOOZVVV ¢ oo in &, is the polaron character of the charge carriers, i.e., the

Sz SRR e ‘: °j charge carriers in La ,SrNiO,, s are sma!l polarons. _The

o 160F 0; . T ' so-called small polaron_s are the_ self-localized s'gates induced
140L o0, by the large magnetic coupling between Ni and hole
120 oo, spins®~!! Chen, Cheong, and Coopéreported experimen-
128 3 “eos o s tal evidence for the small polarons from the electron diffrac-
6O °°°cccer 00000000, ° v o tion at low temperature. They found that the small polarons
40F ggggegsgasegane 2ngs g: o 1o form superlattice at low temperature, thus producing quasi-
28' , , , , , ] two-dimensional, macroscopic charge modulation. Further-

100 150 200 250 300 more, recently Blumberg, Klein, and ChedAgxperimen-

tally observed the opening of the pseudogap in the electron-

hole excitation spectrum associated with the charge ordering.
FIG. 6. The temperature dependence of TEP for From the discrepancy betweefjande} as shown in Fig.

Lay gsSI 1Cu; ,Ni, O, 5 Samples. 8, we found that the transport mechanism in the

Temperature (K)
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good agreement with this expected tendency.

120} oo From the argument of Chen, Cheong, and Codpers

100+ Po/ described above, the small polarons are supposed to form a
sol / superlattice withx increasing to 1.0, thus giving rise to a
< ﬁ charge modulation at low temperature235 K). Neverthe-
g 60r o / less, we did not see any anomaly pfT) associated with
£ 40l « \ charge ordering below 235 K for all the membersxoBut
S we observed that the character of the conductivity changes
201 \ from activated at high temperature to hoppinglike at low
0 . s . P— temperature, as revealed by Figs. 4 and 5, which suggests
00 02 04 06 08 10 localization of small polarons at low temperature. The drastic
Ni content x increase inp(290 with x>0.8 reflects the conspicuous re-

duction in polaron size.

On the other hand, the study of optical conductivity has
250 revealed that in La,Sr,CuQy, s both bandlike carriers
and polarons exhibit contribution to conductivity from band-
like carriers. As a matter of fact, we can apply the two-
L&y g55I0.15CU —«NixOy4 5 Series can also be understood in carrier model of La_,Sr,CuQy, s to interpret the maximum
terms of the small polaron model. From this model, one camyehavior of TEP ak= 0.3 shown in Fig. 3. In the case of the
deduce that the polaron formation energy is twice as  |gwer Ni-dopant level withx<0.3, the bandlike carriers
much as the difference betweefj and e, i.e., e,=2(¢5  probably have more contribution to TEP than the polarons. It
—&3). For thex=1.0 sample, LagsSry 1 NiO4, 5 We cansee is known that the Ni doping reduces the carrier
from Fig. 8 that the difference af] ande} is ~110 meV. If  concentratiorf, which certainly results in the increase of
the conduction in this material is through small polarons, theTEP. However, with a further increase of Ni content for
&, Of this material should be-220 meV. This is close to the x>0.3, the polarons should show a main contribution to TEP
&, value 240 meV, determined by optical conducting mea-sso that the value of TEP decreases.
surements for LagsSiy1NiO,, s (Ref. 10 and also very In summary, we have measured the transport properties of
close to the g, value, 204 meV, observed in LaygsSlih15CU1—«NixO4:sand compared the, derived from
LaysCasMnO5.1* This suggests that the charge carriers inthe resistivity with that from the TEP. Based on the differ-
the x=1.0 sample substantially have the characteristic ofnce ofe? ande;, which develops rapidly with increasing
small polarons. for x>0.1, we discussed the transport mechanism of

The polaron behavior of charge carriers in La; ¢Sl 1:Cly_,Ni Oy, 5 USiNng the polaron model. It is
La,_,Sr,CuQy, s is also detected by optical conductivity found that the conduction in this solution series is by po-
measurement But it shows different characteristics com- larons and that the polarons expand with decreasing Ni con-
pared with La_,SKNiO4, 5 The e, of Lay g5l 18CU0O,, 5 tent.
is ~60 meV, which is only a quarter ofe, of
La; gsS1h1NiO,, s The polaron size of the former is almost
ten times as much as the latter. Therefore, for the
La; g551h.1£CW _«Niy O, 5 SoOlution series, it can be expected  This work was supported by the National Foundation for
that the polaron formation energy reduces with decreasing NDutstanding Young Scientists, the National Education Min-
content and its size tends to expand correspondingly. Thistry Foundation for Outstanding Young Teachers, and the
difference between? ande; shown in Fig. 8 demonstrates a President Foundation of Chinese Academia Sinica.

FIG. 8. Thermal activation energy derived from the resistivity
measurements and thermoelectric power measurements vs the
concentratiorx for La; gsSr 1:Cty _«Ni, O, s Samples.
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