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Model of c-axis resistivity of high-T . cuprates
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We propose a simple model which accounts for the major features and systematics of experiments on the
c=axis resistivity,p. for La,_,Sr,CuQy, YBa,CuyOg ., «, and BirS,CaCyOg. We argue that the-axis resis-
tivity can be separated into contributions from in-plane dephasing and-thés “barrier” scattering pro-
cesses, with the low-temperature semiconductorlike behavieg afising from the suppression of the in-plane
density of states measured by in-plane magnetic Knight shift experiments. We report on predictjgnis for
impurity-doped YBaCuzOg ., materials.

Although there is currently no consen$as to the impor- One important contribution te-axis transport in the cu-
tant mechanisms contributing to-axis transport in high- prates is expected to arise from electron scattering in the
temperature superconductors, recent transport and optical e¥parrier” layer between Cu@ “cells” (i.e., layers, bilayers,
periments of BjSr,CaCyO,, YBa,CuO4,,, and trilayers, eto. For examplec-axis Raman scattering mea-
La,_,Sr,CuQ, (Refs. 2—4 reveal a number of key features surements provide evidence_ that carriers hoppi.ng betvyeen
that must be accounted for in any successful model of théyers scatter front-axis optical phonons associated with
interlayer charge dynamics in the layered cuprates: Firsthe barrier in YBaCu;Og.,,° while Littlewood and Varma
pc(T) in Bi,Sr,CaCuyOg and underdoped La ,Sr,CuQ, and have pointed out _the Ilke_l|h00d that static impurities in the
YBa,Cu,05,  have a semiconductorlike temperature depenbarrier layer provide an important source of scattering for
dence (ip/dT<0) at low temperatures and a linearin- C-axis transport in the cupratesd phenomenological ex-
dependence at high temperatures. The crossover temperat@€ssion for this contribution to-axis transport can be writ-
T* between these two regimes decreases with increased do{§" as
ing in YBa,Cu;O4, « and Ly _,Sr,CuQ,. Importantly,c-axis 242
optical measurementshow that the semiconductorlike re- oW= N(O)e—2t2 Te, (1)
sistivity “upturn” in underdoped YBgCu;0q., is actually ¢ e
a_ls_sociated Witbla uniform suppression of the o_ptical conduGyhered is the interlayer spacingy(0) is the in-plane den-
tivity ~300 cm ~. These data suggest that thexis conduc-  jry of statesit, is the interlayer coupling, and, is the
tivity sc_ales at low frequency wnh the Knight shift, which is _5yig scattering time.
proportional to the in-plane density of statég=N(0). Sec- On the other handc-axis transport measurements of
ond, both La_,SrCuO, and YBaCuOs., exhibit a o srcuo, and BLSKLCUQ, yield pexp,, at high
strongly doping-dependent mass anisotropy, and a possiblgmperatured? suggesting that scattering or fluctuations in

crossover from quasi-two-dimensionéjuasi-2D t0 3D e planes may dominateaxis transport in this regime. This
transport behavior at high doping, which arises in part from.qntribution toc-axis transport can be writtéh
doping-induced structural changes.

In this paper, we present a simple phenomenological ) e2d? )
model of thec-axis resistivity in the layered cuprates that o ):N(O)?_tlTab’ v
describes the key elements of interlayer transport in the cu-
prates with reasonable parameters. The microscopic justifwherer,, can be derived from the planar conductivity
cation of this phenomenology and its extension to the
superconducting-state-axis transport will be given in an- _ @p
other publication. Before examining the mechanisms contrib- Tab™ g Tab )

uting to c-axis transport in the cuprates, it is important to h ) , h
point out that experiment evidence suggests that, except pedld the temperature-independent quantitymeasures the

haps for the overdoped cupratesaxis transport in high, effectiveness of planar scattering processes-#xis trans-
superconductors is incoherent. For example, typical estiPo™ L .
mates of thec-axis scattering rate in YB&W,Og. , give Because Eqs(1) and (2) describe independent physical
1/7.>1000 cn 18 while optical measurements indicate a processes, it seems natural to co_nS|der the cqrrespondlng tun-
c-axis plasma frequency ab,, ~40 meV in fully oxygen- r?elllng and/or scattering mechanisms as add|.t|ve in the resis-
ated YBaCwO, and wplp<10 meV in underdoped tivity. We are thus led to propose the following expression

YBa,Cu,0g_ ,.” These values suggest that tbexis mean Of Pc:

free path is of order or less than tleeaxis lattice spacing; 52 1 1
i.e., c-axis conductivity in the cuprates is below the loffe- pe= > 2( >+ ) (4)
Regel limit, and hence-axis transport is incoherent. N(O)e“d*\tiryy ti7c
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FIG. 1. Planar density of states JaSr,Cu0, obtained from FIG. 2. Calculatedp for La, ,SrCuQ, at different doping
the Knight shift data of Ohsugit al. (Ref. 12, following the scal- Ievels(sy_mbols), plotted_ag_alnst the experimental data of Nakamura
ing analysis of Ref. 11. and Uchida(Ref. 4 (solid lines.

In the limit that one mechanism or the other is dominant, EqpIeter determined by,,. The values of, obtained in this

: : P : way are independent of hole concentration, within 10%. Sec-
;?dy(lze)lgf/vteh ?]gv?lrgigzgzlqg ﬁzzdézzy Ig glr\]/aedr;zlgc_E:;(Sis)s ond,' botht, and are independent of temperature, and the
transport experiments. barrl_er layer scattering contribution described by Ed).

We consider first the La,Sr,CuO, system. We obtain dominates at suf_ﬂmently Iow_ter_nperatu_res. As might have
the temperature-dependent density of Statg8), from the peen expgcted,L increases with increasing hole concentra-
recent analysis by Barzykiretal,! who extract the tion aD[\d Q|splays a strong dependence on hole doping where
temperature-dependent uniform susceptibiljgy(T) from £ ~x%, W',:[h 0‘>.2' According to Eq(4), the crossover tem-
Knight shift measurements and scaling arguments on thiger_atureT » Which separates thdgoC/dT<O anddpc/dT>_O
system; in derivingN(0), we neglect Fermi liquid correc- regimes, occurs when the two terms in the par_enthe5|s of Eq.
tions, determinindN(0) from xo(T) = — u 2N(0), where ug (4) are equal. After some simple algebra, we find thafat

is the Bohr magneton. The density of statd$0), obtained we have
from the Knight shift data of Ohsugit al!? is shown in Fig.
: _ . (T*) h? 2 4
1. We determiner,;, by using Eq.(3) and optical measure- Pec _
ments ofwy, .” An independent measure of, the interlayer pan(T*)  Npx(0)€%d?| 27, @5 Tab
hopping amplitude, can be obtained from theaxis plasma » 2
frequency w,, measured in optical or penetration depth _ hewp )
experiments. This leaves us with a two-parameter fit to the 27TNT*(o)e2d2t71'

data for each hole doping, these parameters bgjngnd

1/7.. Our results are given in Fig. 2 and Table I, and wewhere N+(0) is the density of states dt=T*. Roughly,

comment on them briefly. both N« (0) and w,,, increase with doping concentration,
We first note that at each doping level the high-while all the other quantities on the right-hand side of .

temperature behavior @f, is determined entirely by the pla- are doping independent. It turns out that the anisotropy ratio

nar conductivity, according to Eq2), so thatt; is com-  p.p,, at the crossover temperaturé is nearly independent

TABLE |. Relevant numbers.

wp ty Urap t, Ure  (tirap) *[at300K  (t?7) 7"

eV) (meV) (meV) (meV) (meV) (meV?) (meVv™?Y
YBa,COges 0.8 144  ~2kT 3.0 17 0.25 1.88
YBa,CuOg-s 1.0 141  ~2kT 65 39 0.26 0.92
YBa,CuOggs 118 18 ~2kT 14 70 0.16 0.36
YBa,Cu:Ogos 14 166  ~2kT  30-40 109 0.19 0.089
La, oSl CUO; 044 337  ~kT 0.7 4.1 2.29 8.37
La, g8l 1, CUO, 057  2.78  ~KT 12 5.9 3.36 4.14
Lay g5l 1$CUO, 0.7 311 ~kT 2.4 6.5 2.69 1.14
La, s ShhoCUO;  0.87 301  ~kT 55 6.7 2.87 0.22

Bi,Sr,CaCyOgq 1.25 0.88 ~kT/2 0.1 2.6 16.8 264
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FIG. 3. Planar density of states obtained from the analysis of
we use theN(0) of

Ref. 13 for YBaCuOg,.,; here,

FIG. 5. Calculated, for Bi,Sr,CaCyOg (circleg in compari-
son with experimental data by different groug®ef. 2. N(0) is

Y 0.8P1.1BaCus0; for YBa,CusOg gg The N(0) for YBa,CusOg gg

obtained from the scaling analysis of the Knight shift measurement
is an estimate from the scaling arguments given in Ref. 13.

of Ref. 15.

of hole doping for each individual cuprate. Thus for ynich display the same quality dependence on temperature.
La,_,SKCuo,, Nakamura and Uchidaound po/pap~300  Qur theoretical results are obtained by dedudit@) from
atT=T~, for doping levels o&=0.10, 0.12, 0.15, and 0.20. the Knight shift experiments of Walstedt al.'® 7., from

We now apply the same method of data analysis tQhe measurements by Martet al? of p,, andt, from Ref.
YBa;,Cuy0s., « experiments. Our results are shown in Figs. 37 The agreement between our model calculation and experi-

and 4 and Table I. In Fig. 3, we give our results (0)  ment is again seen to be satisfactory. The parameters used in
obtained from the analysis by Ref. 13 of the Knight shift yaking the fit are given in Table I.

experiments of Ref. 14. Herg shown in Table | is taken |t js instructive to compare the variations tipandt, on

hole concentration, whilé, increases with hole doping as |argest in  YBaCu,04.,, Somewhat smaller in

t, ~x¢, whers a>2._The anisotropy rqtio at the crossover La,_,Sr,CuQ,, and smallest in BBrL,CaCuyOg suggests
temperaturd ™ remains almost doping independent. Accord-that, although independent of doping, the dephasing of the
ing to the data of Ref. 3, this ratio j%/p,,~100 atT=T ab plane enterg, in a way which is related to the interlayer

for different doping levels. _ _ (unit cell) distance in these cuprates. Another observation
_ Afurther test of our model is provided by tlieaxis re-  from Table | is the systematic behavior of theaxis barrier
sistivity measurements on fJ8r,CaCyOg shown in Fig. 5, scattering rate ,: The scattering is strongest in

YBa,Cu;04, 4, Weaker in La_,Sr,CuQ, and significantly
reduced in BjSr,CaCyOg. Also, our result for 1#. is con-
sistent with the Drude-fitted results from optical and Raman
experiments for YBgCw,0g, >’ These suggest that 4/
may be due to the intrinsic disorder within the barriers layer.
The Cu-O chain structure in the YBau,Og ., System may
be a candidate of such intrinsic disorder, not only in the
possible disorder in the chain, but also in the band structure
mismatch between the chain and the plane b&ndss in-

o ‘ * ‘ trinsic disorder may also come from the Sr doping which
o goes to the barrier layer in La,Sr,CuQ,. For

60 - YBa,Cu,0,,, 1 Bi,Sr,CaCyQOg, the c-axis is presumably ordered due to the
lack of chains in its structure.
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c-axis transport measurements on impurity-doped systems
provide a direct test of our description pf in Eq. (4). We
consider two types of impurities: Zn and Co, both of which
have been doped into YB@u;0,. Zn is known to go in as a
planar substitute for Cu. To first order, it does not modify the
planar density of state$|(0), or thein-plane scattering rate
1/7,y,, nor will it influencet, and 7. Therefore we predict
that for Zn-doped YBgCu;0O; the changes which take place

els (symbolg, plotted against the experimental data of Takenakaln the c-axis transport will mirror the comparatively small
et al. (Ref. 3 (solid lines.

increase,dp,p* N5, found for this system® On the other
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hand, when Co is doped into YBau,0, up to a 2.5% dop- et al? to also account for the deviation pf,(T) from lin-
ing level, it does not influencd, very much’ and may earity atT* in YBa,Cu;O4 s and YBgCu,Og. In our quanti-
plausibly be assumed to substitute for chain Cu atbhis. tative analysis, by assuming the quasiparticle nature of the
will therefore not affect,, 7,,, or N(0), and we magxpect  planar spins, we derive density of states from the Knight
o?), Eq.(2), to be unaffected by Co substitutes to this dop-shift data. This hypothesis is supported by the observation of
ing level. Nevertheless, we would expect that which is | oramet al,?* who find the similar density of states from the
sensitive to the chains, will be reduced, thus increasing thgpecific heat measurement. Furthermore, the fact that the
magnitude of the barrier scattering contributiopioand we ¢ ayis resistivity, as another charge response, fits well with
expectp to have a temperature dependence somewhat Simi night_shift-derived density of states gives further support to
lar to that of YB3Cu;0;: linear inT for the whole tempera- . "ol hypothesis.
pure range, with the same slope, but a larger residual resis- In conclusion, we have presented a model deaxis re-
tivity at T=0. . : . sistivity of high-T; cuprates, in which both in-plane dephas-
A fundamental question concerns the relationship betweelr}] and thec.axis barrier seattering contribute to theaxi
the semiconductorlike-axis resistivity and the metallic in- g and . . g contribute 1o XIS
plane resistivity in underdoped cuprate materials. Fits to th esistivity. Our model fits quite well V.V'th the existing data on
c-axis resistivities of different cuprates using the phenomL8-xSKCUOs, YB&;CUOg., and BpSrpCaCyOs.

enological description in Eq(4) show that the low- We acknowledge stimulating conversations with A. J
temperature semiconductorlike upturrpincan be accounted eggett, Q. M. Si, A. G. Rojo, D. M. Ginsberg, K. Levin, J,

for by the s ression of the planar density of states at Iov# - . !
y upp ! P 1y . Kim, and L. Y. Shieh. This work was supported by Grant

T, as determined from Knight shift datae., spin pseudogap )
formation. While its origin is not clear at present, the NO- NSF-DMR-91-20000 through the Science and Technol-
ogy Center for Superconductivity.
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