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Thermal conductivity of YBa,(Cu;_,Zn,)3;0,_s: Relation betweenx and é
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The effect of oxygen stoichiometry contedt and zinc dopingx on the thermal conductivityx of
YBa,Cu;0,_ 5 compounds is investigated. Various experimental results fox€0.017 and 6&46<0.5 are
analyzed by using a theoretical model for the electronic contribution to the thermal conductivity in the case of
a two-dimensionat-wave superconductor with Van Hove singulariti@S) in the density of states. It is
shown that the data can be quite well reproduced by considering the effect of the position of these VHS from
the Fermi level on the thermal conductivity peak observed bélgwFrom this analysis, a simple relation
betweerx and § can be extracted. We argue that this relation is correlated to the variation of Bev@lence
with oxygen content and Zn concentration, and that the2Cualence controls the critical temperature of such
cuprates, further strengthening the Van Hove scenario of Rijghuperconductivityl S0163-182697)00534-1

I. INTRODUCTION oxygen content and Zn concentration.
The theoretical model is briefly described in Sec. II.
The thermal conductivityx of high-T. superconductors In Sec. Ill, the theoretical results are discussed and

presents a characteristic peak below the superconductilgpmpared with  various experimental results in
transition. It is now widely accepted that this peak is mostlyYBa,(Cu,_,Zn,)30,_ 5 compounds. Conclusions are finally
due to the contribution of electrons located in the GuO drawn in Sec. IV.

planest~® Besides, it has been recently shown that the ther-

mal conductivity of high¥, superconductors is consistent Il. MODEL
with an anisotropic superconducting energy gap parameter of
thed,2_ 2-wave type> 8 The electronic contributior, to the thermal conductivity

On the other hand, there is experimehtdl and can be calculated using the theoretical model described in
theoretical''2 evidence that the Fermi surface of high- Refs. 5 and 19. We use a variational expression for the elec-
superconductors presents saddle points close to the Feritipnic contribution to the thermal conductivity
level e . These saddle points lead to logarithmic singulari-
ties in the electronic density of states, the so-called Van
Hove singularitiegVHS). The occurrence of these VHS has
led to the so-called Van Hove scenario of high-

i 11-14
superco_nductlwt)}. . " whereu=(x,y). In Eq. (1), J** andU#* are the trial cur-
In this work, we consider the effect of the position of L (D 1\RE itk DR
; . ents andQf*= (P~ ){* with P{* the elements of the scat-
these VHS with respect to the Fermi level on the therma( : y .2 .1 - ) ;
o . . ering matrix. Their expressions are explicitly given in Refs.
conductivity of a two-dimensionatl,. ,.-wave supercon-

ductor. A chemical way to modify the Fermi energy of a5 avr:/((ja 1c%nsider a strictly two-dimensional electronic spec-
metallic compound is to dope it by impurities. Within the y P

H 0,21
Van Hove scenario of highi superconductivity, it is be- trum given by
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lieved that the Fermi level of optimally doped materi@ls., 52
materials with the highest critical temperatureoincides Kl—ec(l—B)= K.k 2
with the energy of the VHS. When the material is under- or e()~ee(1-4) 2my, Y’ @

overdoped, its Fermi level is shifted from the VHS, leading
to a reduction of the critical temperatufand the supercon- wheremy, is the effective mass in theb (CuO,) plane. The
ducting energy gap?~1° spectrum described by E€]l) gives logarithmic singularities
In this respect, various experimental results on the therin the density of states at;;s=er(1— B). The paramete
mal conductivity « of YBay,(Cu,_,Zn)30;,_s com-  allows one to control the position of the VHS with respect to
pound§®~18for 0<x=<0.017 and &5<0.5 are analyzed. It the Fermi level. We stress that the spectrum given by(Eq.
is shown that these data can be quite well explained by ounas been shown to be in qualitative agreement with angle-
theoretical model. Moreover, a simple relation between resolved photoemission spectra experiments in RAigh-
and § can be extracted from this analysis. We also show thasuperconductofS and seems satisfactory for describing the
this latter relation is correlated to the density of charge carmain electronic properties when tlad-plane contributions
riers and the average in-plane @uvalence as a function of are dominant, see for example Ref. 21.
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On the other hand, various experimental and theoretical
investigation&?® have revealed that the symmetry of the
superconducting energy gap paramefék,T) of high-T.
superconductors is anisotropic and most probably of the
d-wave type. We thus consider such a symmetry for
A(k,T), which can be well approximated #y

Mg (K T)=Anaf O)[ Kz~ k3 Ttant(a (T =T)/T),
3)

whereA ,,(0) is the maximum of the zero-temperature en-
ergy gap,k, is a normalized wave vector along the
=(x,y) direction, anda=2.2.

Scattering of electrons by point defects and acoustic
phonons are both considered to be the most important heat
carrier dissipation mechanisms here. The scattering prob-
abilities, calculated in the Born approximation, are explicitly
given in Ref. 5. In the next section, we discuss our theoret- 1.6 T T T T T T T
ical results and compare them with experimental data on the L ()
thermal conductivity of YB&(Cu, _,Zn,)30;_5
material§®~18for 0=<x=<0.017 and 6 56<0.5.

lll. RESULTS

x

The temperature dependence ofthe normalized electronic g
contributionx./x(T.) to the thermal conductivity obtained
by using the above formulas is shown in Figa)lfor differ-
ent values of then normalized shift between the VHS and the
Fermi level, i.e.,8=(eg—eyns)/eg. For illustration pur-
poses, we have fixed the values of the point defect fraction o Lol Ll b
N=0.05 and the electron-phonon transport coupling constant -0.4  -0.2 0 0.2 0.4
A=0.3% One can se€Fig. 1) that k. presents a peak near B
0.6T. for B=0, a peak which results from the interplay be-
tween mglastlc sc_atterlng O.f electrons by ?COUSUC phpnong nductivity k. / ko(T,) vs reduced temperatufé T, as a function
and elastic scattering by point defects. Besides, the height the relative positiong of the Fermi level with respect to
the peak is lowered and shifted towards higher temperaturgge /an Hove singularities(b) Normalized maximum value
when the Fermi level is shifted from the energy of the VHS’Ke(Tmax)/Ke(T
i.e., wheng is increased. We interpret this behavior as being
mainly due to a decrease of the quasiparticle density of states |8 and x= B2, with So,—=0.11 andy=0.52, respec-

‘;H . Ferrtnl ]let\r/]el algg |tncr9ases,t ngg't'”? Irt]ha ;/r\:eakerl en- tively. The experimental results are well recovered through
ancement ot the electronic contribution 1o the thermal cong, - i6 gretical curves, for reasonable values of the free pa-
ductivity in the superconducting state.

In Fig. 1b), we show the normalized value rameters, i.e.\=0.32 andN=0.05. From these fits, we ob-

Ke(Tman! ke(Te) of the maximum electron contribution to tain the empirical relation betweenand o

the thermal conductivity vs th@ parameter. The height of _ _

the maximum decreases symmetrically with respeciBto (9= Oopi) VT, @

This is strictly due to the fact that we have assumed a symwhere &, and y have been given above.

metrical decrease of . and A,,,,,(0) with 8 (Refs. 15 and We show below that this latter relation can be correlated

25) in our model calculations. to the variation of the Q@) valence of YBaCu;O;_ 5 with
The thermal conductivity maximum of various oxygen stoichiometry and zinc content. The valence dPCu

YBa,Cu;0;7_ s samples is shown as a function of oxygen can be calculated using the equatfon

stoichiometry 8 (Refs. 16—18 and Zn contentx,® respec-

tively, in Figs. 2a) and 2b). For §~0.1 andx=0, the maxi-

mum in k. reaches the highest value. These latter values for Veuo= 2| exfl(Ro—Ri)/B], ®)

6 andx thus correspond to optimally doped samples. As the

oxygen or zinc content are shifted from these values, thavhere theR; parameters are the Cu-O bond lengths in the

maximum value of«, decreases, in agreement with our the-crystal, R, and B are constant values tabulated for many

oretical predictions if we assume that0 at optimal dop- bond typeg” In the case of the Cu-O bonB,=1.679 A and

ing. B=0.37 A. We stress that E¢p) indicates that the oxidation
The solid lines in Figs. @) and Zb) are fits from our state of copper comes from the length of the Cu-O bonds,

model calculations obtained by considering that-(5,,) since higher oxidation states result in shorter bonds.

FIG. 1. () Normalized electronic contribution to the thermal

) of the electronic thermal conductivity &
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FIG. 2. Normalized maximum value of the thermal conductivity
of (a) various YBaCu;0;_ s samples(Refs. 16—18as a function
of oxygen stoichiometrys and (b) of YBay(Cu,_,Zn,);0; com-
pounds(Ref. 6 vs Zn dopingx. The solid lines are fits obtained
within our theoretical modelsee text

FIG. 3. (a) In-plane copper valencéc,, of YBa,Cu;O;_ 5 vs
oxygen conten from Ref. 28.(b) Behavior of the critical tempera-
ture T, of YBa,Cu;0;_ 5 as a function ofs from Ref. 29.

Fig. 4@). One observes thafc,, decreases linearly with
Bond valence sums on copper in the planes have beed! content_. This behavior is again quite similar to_ the
calculated from Eq(5) for undoped YBaCu;0, 5 com- observed (linear decreage (2)fTC with _Zn _content in
pounds as a function of the oxygen concentrat®f2® YBa(ClixZn)sO; material$® as shown in Fig. ). This
These calculations lead to a “two-plateau” curve quite Simi_leads us to_ conclude that_the suppression of the c_rltlcal tem-
lar to the famous relationship betwe@p and & (Ref. 30 as perature with Zn content is also related to a negative charge
shown in Figs. &) and 3b). From these results, Cava transfer to the Cu@planes. This charge transfer modifies the
et al 28 have concluded that the decreasd gfn underéoped Fermi level which does not coincide anymore with the en-
samples is due to a transfer of negative charges to thg'9Y Of the VHS, leading to a suppression of the critical
CuG, planes. .

The same calculations can be made for the zinc-dopeg TABLE 1. CrySta”Qgraph'c parameters afo,c)  of
YBa,Cus0 compounds. The Cu-O bond lengths in the Baz(C_:ul_XZnX)3O7 materials from Ref. 31V, are the values

2 -8 ' . of the in-plane copper GR) valence as calculated from E¢).

crystals can be deduced from the crystallographic data re-
ported for thea, b, andc lattice parameters if we consider

a b c

that the oxygen concentration is not altered by zinc dopingzn, content R) R) R) Veuo
In fact, we can expect that the oxygen concentration of the
different zinc-doped compounds does not change very much 0 3.8204 3.8946 3.8750 2.229
with x due to the constancy of the reported crystallographic ~ 0.950 3.8256 3.8900 3.8750 2.228
c-axis values, cf. Ref. 31 and Table I. The valence ofZLu 1.965 3.8270 3.8900 3.8750 2.226
has been calculated using the crystallographic data reported 2.979 3.8279 3.8899 3.8749 2.224
by Xiao et al! (see Table ) on YBa(Cu;_,Zn,)30;_ 5 5.001 3.8311 3.8899 3.8750 2.220
compounds. 5.952 3.8216 3.8899 3.8749 2.219

The Cuy2) valence as a function of Zn concentration as 6.459 3.8311 3.8922 3.8749 2.217

obtained from Eq(5) is given in Table | and is also shown in




YBa,(Cu; _Zn,)30; vs Zn contentx calculated from Eq(5). (b)
Behavior of the critical temperatuf, of YBa,(Cu; _,Zn,);0; as a

function ofx from Ref. 32.

temperature for finitex values. Besides, from thE;(5) and
T.(X) curves shown in Figs.(B) and 4b), respectively, an
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0 0.02 0.04 0.06 0.08 FIG. 5. Relation between Zn contexntand oxygen stoichiom-
X etry 6 of YBay(Cuy,_,Zn,)30;_s obtained from theT.(5) and
T.(x) curves as shown in Figs(3 and 4b), respectively.
100 . lyzed by using an electronic moc_jel which considers the ef-
fect of the position of the Fermi level with respect to the
A energy of Van Hove singularities in the density of states.
80 . The behavior of the thermal conductivity peak of
i YBa,(Cuy;_,Zn,)30;_s samples with 6x=<0.017 and
r 0<6=<0.5 could be quite well reproduced by the model with
< 60 T ] realistic values of the physical parameters. Besides, a simple
o i relation betweerx and § could be obtained from these fits.
= 40 . We have next shown that the effect of Zn contern the
I in-plane copper valencéc,» is quite similar to the behavior
20 | ] of the critical temperature of YBé&Cu, _,Zn,)30; vs Zn
s doping, like in the case of oxygen-depleted ¥Ba;O;_;
I compoundg® This has allowed us to conclude that the(Zu
o ——to Ly valence(whence the charge density in the planissclosely
0 002 004 006 008 01 012 related to the critical temperature of the cuprates, which con-
X curs with the Van Hove scenario of high-superconductiv-
FIG. 4. (3 In-plane copper valence Veyo ity. From theT () andT.(x) curves, we obtained a relation

betweenx and § in very good agreement with th&(x) ex-
pression obtained from our fits to the thermal conductivity
peak in various YB& Cu, _,Zn,)30;_ s samples.

Finally, it is worth pointing out that we have neglected the
phonon contribution to the thermal conductivity in our
model. Hirschfeld and PutikRéhave recently shown that the

empirical relation between and & can be again deduced thermal conductivity peak observed belowl, in
(Fig. 5. One can see from this latter figure that thex) YBa,Cu;0;_ 5 is essentially due to the electronic contribu-
relation obtained from thd@. curves is in good agreement tion, the phonon contribution presenting a small peak near 20
with Eq. (4) deduced from our fits to the thermal conductiv- K. Since we are mainly concerned here by the thermal con-
ity peak in the superconducting state. These observatiorfductivity peak nearT./2, we believe that our conclusions
give strong support for the above analysis of the thermaghould not be alteredat least qualitatively by accounting
conductivity peak of YBa(Cu; _,Zn,);0;_ 5 within the vVan  for @ phonon contribution.
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