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Effect of doping on the anisotropic resistivity in single-crystal BySr,CaCu,Og, 5
with Fe, Co, and Ni
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Anisotropic transport properties have been investigated for single-crysti,BaCyOg ., s doped with Fe,
Co, and Ni. The doping has dramatic effects on both the in-plane resigiiyjgnd out-of-plane resistivity, .
Upon doping with Fe, Co, and Ni the in-plane resistiyity, increases, accompanied by a decreasg.inThe
out-of-plane resistivity increases in the case of doping with Co and Ni, while monotonously decreasing with
increasing Fe concentration. The anisotrep{T)/p.,(T) decreases with doping. The difference in the effect
of doping on transport properties between Fe, Co, and Ni arises from the fact that the Co and Ni preferentially
occupy the Cu site, whereas the trivalent atom of Fe possibly resides in the Bi site. The datarefwell
fitted by the activation-type phenomenological formpldT) = (a/T)exp@/T)+bT+c.
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A distinctive property for the high-, layered cuprates is in-plane resistivity’® It is anomalous that the anisotropy is
their extremely anisotropic resistivity at temperatures abovéoo small, even much less than that of highly oxygenated
the superconducting transition temperatiige In the under- YBa,Cu;Og. , and overdoped LigeSty 3/Lu0,. Many mod-
doped regime, the-axis resistivity has “nonmetallic” tem- els for the out-of-plane conduction have been proposed;
perature dependence while the in-plane resistivity is metallilowever, no consensus has been achieved s3 far.
in behavior'3 The resistivity anisotropy,/pap and c-axis To clarify further thec-axis conduction and the effect of
resistivity p. decrease systematically with increasing carrierdoping Cu-O planes on the out-of-plane resistivity and an-
concentratiort:* In the overdoped regime, theaxis resistiv-  isotropy, we have measured in detail the in-plane and the
ity po(T) also shows a metallic behavid?, especially the —out-of-plane resistivities for single crystals of Bi2212 doped
c-axis resistivity of highly oxygenated YB&u;O4,, (x  With Fe, Co, and Ni using the Montgomery method. It is
>0.93) decreases linearly with temperature down to the sufound that the in-plane resistivity for all crystals is linear
perconducting transition temperatdré The resistivity an-  with temperature, and the residual resistivity increases with
isotropy in over-doped La ,Sr,CuQ, (x~0.34) is tempera- doping concentration. The out-of-plane resistivity shows a
ture independent, as expected of an anisotropic thredramatic change upon doping. In the case of doping with Fe,
dimensional metdl® This is strong evidence that the transi- the c-axis resistivity monotonously decreases with Fe dop-
tion into the “overdoped” regime involves a crossover from ing, and the anisotropic ratip.(T)/pap(T) apparently de-
two-dimensional superconducting to three-dimensional mecreases, while the out-of-plane resistivity increases upon
tallic behavior. In BjSr,CaCyOg, 5 (Bi2212), however, the doping with Co and Ni, and the anisotropic ratio
resistivity anisotropyp./pap is as high as 1938 which is  pc(T)/pan(T) decreases compared with the pure Bi2212
significantly larger than those of other layered cuprates; therystal. The out-of-plane resistivity can be well fitted by a
insulating trend irp(T) is observable at temperature as highthermally activated formula.
as 200 K, even in the overdoped regif&. Single crystals of pure Bi2212 and Bi2212 doped with Fe,

The impurity effect on the anisotropic transport propertiesCo, and Ni were grown by self-flux using CuO as flux. The
is a sensitive probe for investigating the interlayer chargesingle crystal of Bi2212 doped with Zn was also grown, but
dynamics>*? Many research studies on doping the Cu-Oan intergrowth of Bi2212 and Bi2223 phases was observed,
planes with Fe, Co, Ni, and Zn in the Bi2212 system haveand the resistivity measurement always shows two supercon-
been reported®~2* however, in which less work was made ducting transitions at about 90 and 120 K, respectively.
for the c-axis resistivity and anisotropic transport properties.Therefore, we will not present the experimental results of
A sharp contrary result was observed for the samples dopesingle crystal Bi2212 doped with Zn. The composition of
with Co and Znt®*®The doping with Zn led to a reduction of Bi2212 crystals was analyzed by electron probe microanaly-
out-of-plane resistivity and anisotropy by about one order okis (EPMA). The analysis shows the doping concentration up
magnitude. The semiconductorlike behavior of the out-of-to about 2 at. % of Ni and Co for Cu. The concentration of Fe
plane resistivity was strongly suppressed with Zn doping. Inn the crystals can be much higher, but there exists a critical
contrast, there is an increase in out-of-plane resistivity withconcentration of about 5 at. % to keep the Bi2212 structure.
Co doping. In addition, a temperature linear dependence oith increasing Fe concentration, the structure is changed
the c-axis resistivity has been observed in the overdopedrom the Bi2212 to the Bi1212 phase. A similar result has
sample of Pb-doped Bi2212, and its magnitude is reduced blgeen reported by vom Heet al?’ For higher concentrations
four orders, and is nearly the same magnitude as that aif Fe, the structure of the single crystal was identified as the
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FIG. 1. The temperature dependence of anisotropic in-plane rehe pure BjSr,CaCyOg. ; single crystal and the crystals doped
sistivity for the as-grown single crystétircles and the single crys- Wwith Fe, Co, and Ni.
tals doped with Fédown triangles and Co(up triangle$, and their
resistivity ratiop,(T)/pa(T). tropic in-plane resistivity for the as-grown single crystals. It
is found that the normal state resistivity behavior is nearly
1212 phase, which is similar to that of Fe8€u,0; (1212  the same, and is linear with temperature for the undoped and
(Ref. 28 or (Bi,M)SrL,YCu,0; (1212 (M=Cu, Fe, etz?®® doped crystals with Fe and Co. The in-plane anisotropy
It suggests that the trivalent atom of Fe preferentially occupy(T)/pa(T) is also shown in Fig. 1. The anisotropy
pies the Bi site in Bi-based systems. This is consistent withp,(T)/p,(T) is temperature independent for all crystals. It
the case of Fe doping in YB&u,Og (Y2212),%°in which Fe  suggests that a common scattering mechanisra-fotis and
substitutes preferentially fgCu(1)] sites because the double b-axis transport. It is worth pointing out that the resistivity
Cu(1)-O chains in YBaCu,Og (Cu2212 are equivalent to ratio p,(T)/p,(T) for the crystal doped with Fe is nearly the
the double Bi-O layers from the viewpoint of crystallogra- same as that for the pure crystal, while there is an apparent
phy. increase inpL(T)/p,(T) for the crystal doped with Co. For
We obtained two crystals for Co and Ki at. % Co and the pure BjSrLCaCuyOg, s, the in-plane anisotropic ratio
2.5 at. % Co; 1 at. % Ni and 2 at. % Nand three crystals for was reported to be in the range 2%24* depending on the
Fe (0.5 at. %, 2 at.%, and 5 at.)%with different doping carrier concentration. The anisotropic in-plane resistivity is
concentrations, respectively. The crystals used to measuteelieved to be due to incommensurate superlattice structure
resistivity had a typical size of 1.5 mxil mmx0.05 mm  along theb axis>*3*The corrugated Cugplanes along thb
with the shortest dimension along theaxis. The thickness axis would give a larger effective mass of the carrier, leading
of the crystal was determined by a scanning electron microto a larger resistivity along this direction. The modulation
scope. Electrical contacts of less tharf)2resistance were period q,, is decreased by Co dopifig,resulting in more
established by soldering the copper leads onto the samptmrrugated Cu@planes. Such a structural change would be
surface on which pure silver was evaporated. The Montgoman origin of the larger in-plane ansotropy(T)/p,(T) ob-
ery contact configuration is the same as that reported in owerved in Co-doped Bi2212 crystals.
previous papet: The anisotropic in-plane resistivity{ and Figure 2 shows the temperature dependence of in-plane
pp) and the out-of-plane resistivity, were separately mea- resistivity p,,(T) for the pure Bi2212 single crystal and the
sured in the different crystals. In order to directly obtain thecrystal doped with Fe, Co, and Ni. All samples show the
anisotropic ratigp.(T)/pap(T), the transport along theaxis ~ well-known linear resistivityp,,(T) = po+aT.%® We fit the
and b axis is considered to be isotropic when the out-of-data ofp,,(T) to the formula for all samples. The results are
plane resistivityp, was measured. listed in Table I. For the pure Bi2212 crystal, the temperature
Figure 1 shows the temperature dependence of the anisdependence is nearly linear, but contains a small quadratic
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TABLE |. The fitting parameters of in-plane resistivity of nor- [
mal state withp,p(T) =po+bT for the undoped Bi2212 crystal and 100 |-
the doped Bi2212 crystals with Fe, Co, and Ni. 80
S E eof
amples po (MO mm) b (mQ mm/K) G
40}
Pure B2212 2.5980.005 0.007%2.5x10° %» 0 [
1% Co 5.3470.005 0.0139:2.8x10°° :
2.5% Co 5.80%0.005 0.0386:2.5x 10 ° or
1% Ni 4.162-0.003 0.01441.2x10°° 8o F
2% Ni 7.512+0.009 0.0272: 4.4 1075 oF
0.5% Fe 4.23%0.003 0.01041.6x10°° —~ 50 |F
2% Fe 5.34%0.007 0.01544.5x10°° % a0k
5% Fe 7.0150.012 0.04887.3x10°° S 30 —
« 20 -
10 F
0 =
component, suggesting the crystal is in the slightly over- 30 |
doped regime. The residual resistivity was estimated from o5 L
the intercept op,. Table | shows that the residual resistivity 20k
monotonously increases with increasing the doping concen- ]
tration for all crystals with a different dopant. The monoto- ; sr
nous increase in residual resistivity indicates a decreased ‘gg“’ [
mean free path caused by scattering from the dopant im- 5T
purities. It is found in Table | that the doping with Fe, Co, ofF ) ) )
and Ni leads to a slightly monotonous increase with doping 50 100 150 200 250 300
concentration in the slope ofdp,,/dT from about Temperature (K)
0.007 m) mm/K for the pure crystal to 0.038 thmm/K for
the crystal doped with 2.5 at. % Co, to 0.02Tdmm/K for FIG. 3. The temperature dependence of out-of-plane resistivity

the crystal doped with 2 at. % Ni, and to 0.04@nmm/K fo_r the pure BiSrZCa_Cu_>08+5 si_ngle crystal and_ the crystals doped
for the crystal doped with 5 at. % Fe, respectively. It impliesWith Fe. Co, and Ni. The solid curves are fits pf(T) data to
that the doping results in a decrease in carrier concentratiofr 941
The superconducting transition temperaturg decreases
monotonically as the amount of Ni and Co in the crystals is
increased until the saturation of the doping concentrationtegime!®3!In the case of Co doping, the(T) increases as
We find the magnitude ad T./dx caused by Ni substitution the amount of Co is increased, which is consistent with the
in B2212 is nearly the same as that by Co substitution. Inesult reported by Watanabe and MatstiBut the crystal
present resultsd T./dx=—900 K for Ni and Co substitu- doped with 1 at.% Co shows nearly the same behavior of
tion, which is nearly the same as the result reported by Kug(T) as that for the pure Bi2212 crystal except for a reduc-
er al?° The change of . caused by Fe substitution is differ- tion of T.. The effect of doping with Ni on the out-of-plane
ent from that by Co and Ni substitutiod.T./dx=—100 K  resistivity is similar to that for the doping with Co. It is
for Fe substitution is much less than900 K for Ni and Co  worth noting that the semiconductorlike behavior of the out-
substitution. Especially, th&_ has a slight increase at the of-plane resistivity was suppressed with doping 1 at. % Ni
low concentration of Fe. It could be because the low conceneompared to pure Bi2212 crystals, but the temperature gra-
tration doping of Fe results in a decrease in carrier concerdient of the resistivity was still slightly negative. A similar
tration to make the crystals from the overdoped regime to théehavior has been reported for the Bi2212 single crystal
optimally doped regime. The difference of the effect of dop-doped with 1 at. % Zn, in which the reduction of the out-of-
ing on T, between Fe, Co, and Ni is also indicative that Feplane resistivity is more than one sixthJeonet al. ex-
preferentially occupies the Bi sites, being different from theplained their results by the elongation of the out-of-plane
case of Co and Ni. This is consistent with the structuralcoherence lengtlf. based on the analysis of the supercon-
analysis mentioned above. Therefore, it is easily understooductivity fluctuation. In the case of Fe doping, the out-of-
that Fe substitution has a weak destructionTercompared plane resistivity monotonically decreases as the amount of
to the case of Co and Ni substitution. Fe in the crystals is increased. This is completely different
The temperature dependence of out-of-plane resistivitfrom the case of the doping with Co and Ni. It could be
pc(T) is shown in Fig. 3 for the BiSr,CaCyOg, s Single  understood that Fe substitution for the Bi sites of the weakly
crystal and the single crystals doped with Fe, Co, and Ni. Focoupled BiO-BiO double layers leads to an increase in the
all crystals, the resistivity temperature dependencenterlayer coupling strength between the adjacent blocks of
dp(T)/dT is negative in the measuring temperature rangeghe CuQ planes, subsequently resulting in an elongation of
between the superconducting transition temperafligg énd  the out-of-plane coherence lengih.
300 K. It implies that the crystals are in the optimally doped There have been many explanations for the temperature
or slightly overdoped regime since a positidp.(T)/dT at  dependence ofc-axis resistivity p.(T).?® Kumar and
high temperature has been observed in the heavily overdopelhyannaval proposed a model in which theaxis confine-
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ment and the semiconductimmgaxis resistivity in the layered TABLE II. The fitting parameters, A, b, andc of the formula

cuprates was attributed to anisotropic weak localizationpc(T)=(a/T)exp@/T)+bT+c to the data of the out-of-plane resis-
However, this model gives the same temperature dependengéty for the pure and doped Bi2212 crystals with Fe, Co, and Ni.
for the c-axis resistivity as that for the in-plane resistivity, in

contrast to our experimental results. On the other hand, a b

Andersor argues that the observation of localization behav- Sample (@ cm/K) A (K) @cm/K) ¢ (Q2cm)
ior in only one direction is not possible. The famous “con- p ;e B2212 27841 171 1.3 0 201003
finement” theory proposed by AndersBi® assumes that o, 18517 214308 0 4.070.02

c-axis confinement and the “semiconducting-axis resis- 2 5% Co 88722 135-1.8 0 5102

tivity in the layered cuprates derive from properties of thel% Ni 366+ 10.8 85-19 0.006300003 14011
spin-charge-separated Luttinger liquid normal state. Thia ' D ’ e

theory gives a semiconductingdependence dof-axis resis- Yo Ni 865-14.8 13113 0 2801
heory g pendenc . 05% Fe 3959  160-13 0 0.26:0.05
tivity with p.(T)~1/T, and can qualitatively explain the 20 F 15619 15710 0 184 0.02
nonmetallic p;(T) behavior. Unfortunately, it cannot be ore ' - ' ’
5% Fe 53:2.2 227t 3.4 0 1.16-0.03

quantitatively well fit to our data. Levin and co-work&ts
proposed an interlayer scattering model. According to this
model, thec-axis conductivity is contributed by three hop-
ping processes: direct interlayer quasiparticle hopping, ho

pc_ioped with 1 at.% Ni suggests that the crystal is in the
ping assisted through static disordénpurities, and hop- overdoped regime, in which a weakly semiconducting be-

: . . ) . ._havior of out-of-plane resistivity is observéd®! This is con-
ping assisted th_rough inelastic _boson-med|ated scatteringqront with our experimental results. According to the argu-
(phonon. According to the analysis of Ref. 41, in the frame oo of Andersofi? doping the Cu@ planes with spin
of the interlayer scattering model tleeaxis resistivity can be impurities will rapidly destroy the unique Luttinger liquid
given ppr.(T)=aO+aT+ 1/(c+DbT) for the extremely an- roperties by smearing the spinon Fermi surface, reintroduc-
isotropic Bi-based cuprates. Although our data can be wel

; . S ng residual resistance and metallic transport along-theis
fitted to the above formula, the unphysical fitting parameters, ' || as reducing.,. Although the spin impurity Ni dop-

of ag andc, being negative for all crystals, are obtained. The, : - .
. i . ing with low concentration leads to an apparent suppression
“semiconducting” p. in underdoped La ,Sr,CuQ, and g bp Pp

X ; . in semiconducting behavior of out-of-plane resistivity, no
YBa,Cu;Os. 5 has also been attributed to a gap in the Spiny, g y)ic out-of-plane resistivity is observed. Further research
density of state8.However, recently it is reported that the on the arguments of Anderson is being carried out.
onset of the semiconducting.(T) does not coincide with Figure 4 shows the temperature dependence of the anisot-
the opening of the spin gap seen in fhg(T) in the Bi2212
systeml.0 In the present experimental results, no opening of ——T——T—— T
spin gap is observed in thg,(T), while thep,(T) shows a [ 1= 25% Co
semiconducting behavior. It suggests that the semiconduct- !
ing behavior ofp.(T) could not be explained by the spin < 6| e
gap. The bipolaron theory proposed by Alexander and i 1
co-workeré? can be fitted to the present data as reported by
us3! However, we find that the fitting by the activation-type
phenomenological formula

- 1%

plpy, (X10

pe(T)=(a/T)expA/T)+bT+c 1

is much better than the fitting by the bipolaron theory. In the
formula, a, A, b andc are constants, and@l is independent.
The fitting curves are also shown in Fig. 3 as solid lines, and
the parameters obtained are listed in Table Il. The doping
affects the activated term strongly. The fitting parambter

the data of all crystals was set to zero except for the crystal
doped with 1 at.% Ni, since the fitting gave it a negative «
value which was unphysical. However, the fitting becomes
surprisingly better by the setting=0. But the parametdns

is positive for the crystal doped with 1 at.% Ni, and the
fitting is much better than that of settiftgzero. It has been
reported®?! that the out-of-plane resistivity of the under-
doped and optimally doped samples can be well reproduced 50 100 150 200 250 300

with the above activation-type phenomenological formula Temperature (K)

and the parametds was set to zero, while the out-of-plane

resistivity of the overdoped samples cannot be fitted by set- FIG. 4. The temperature dependence of the anisotropy
ting b=0. Therefore, the nonzero paramelenf the crystal  p.(T)/p.,(T) for the same crystals as in Figs. 2 and 3.

p/p, (x10%)

O = N W HEOOOON O=NWHRRUGON O
T T T T T T
1

)

PPy, (X10
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ropy ratio p.(T)/p.p(T) for the same crystals as in Figs. 2 hand, it supports the observation that the much larger anisot-
and 3. The anisotropy.(T)/pan(T) is rather larger; all crys- ropy ratio p.(T)/p.,(T) in Bi-based cuprates than in La-
tals exceed 1Dat low temperaturep.(T)/pa,(T) depends based and Y-based cuprates arises from the very weak bonds
on temperature for all the crystals. This implies that thepetween double BiO layers.
mech_anisms governing the transport property along_ and per- In conclusion, single crystals of Bi2212 doped with dif-
pendicular to the CuDplane are different. Upon doping the ferent concentrations of Fe, Co, and Ni were grown by the
CuG, planes with Co and Ni, the anisotropy ratio decreasegelf-flux method and their anisotropic transport properties
relative to the pure Bi2212 crystal. The behavior of the an<,.. and p.) were examined. With Co and Ni doping, a
iso.tro.py ratiq with dqping is the_same for C% an_d Ni doping. gecrease in the anisotropy rapo(T)/pay as well as an in-
,Th'ﬁ IS ConS|stenIt W'é%,thi previous rﬁpoﬁi Tlh's belhav— crease in out-of-plane resistivity were observed, while the
lorhas lieen exp alr]: h'nt at d?p:ngt € iqu anels eads anisotropy ratigp.(T)/pap(T) and the out-of-plane resistiv-
tohfalm fhon.gat'?n of t r? out-o f’ ane co erenc,ie e?@h ity monotonously decrease as the amount of Fe is increased.
while theIn-plane conerence engm,b was aimost Un-  rhe data ofp.(T) can be well fitted by the activated-type
changed. In the case of Fe doping, the anisotropy ratio henomenological formulapy(T)= (a/T)expA/T)+bT+c
pc(T)/ pap(T) monotonously decreases as the amount of F Lo LTeh : oo

n apparent suppression in semiconducting behavior of out-

is increased. The anisotropy rap@(T)/p,p(T) for the crys- : L .
tal doped with 5 at. % Fe is about one-eighth of that for the‘(g‘v\?lsgﬁcgen?l;li\(/)l;ysv;??\“observed for the crystal doped with

pure Bi2212 crystal at low temperature. It further indicates
that Fe substitution for Bi greatly strengthens the weak inter- This work was supported by a grant from the Natural
layer coupling between the double BiO layers. On the otheScience Foundation of China.
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