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Influence of Van Hove singularities on the thermal conductivity of highT . superconductors
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We calculate the electronic contribution to the thermal conductivity of a two-dimensiordl._ .-wave
superconductor presenting logarithmic Van Hove singular{tié#4S) in the density of states. The influence of
the position of these VHS from the Fermi level on the thermal conductivity peak observed bgldsv
investigated. Experimental results on different YBai;O,_, compounds with various oxygen stoichiometry
x can be well described by this model with reasonable values of the physical parameters.
[S0163-18296)07133-0

The thermal conductivity(T) of high-T. superconduct- with A(0) the zero-temperature superconducting gap param-
ors (HTS’s) present a characteristic maximum below theeter. SinceA(0) is larger by a factor of 10—100 in highs
critical temperatureT,.! This peak structure has been re- compounds compared to conventional l3w-materials,
cently attributed and described as being due to the contriblE(k)>¢(k) in HTS’s and coherence factors can be ne-
tion of normal electrons in the Culplanes?~® On the other  glected in a first approximation.
hand, high-resolution photoemission dafaon highT, We consider the following electronic energy
compounds have identified the presence of saddle pointspectrunt-®2°
close to the Fermi energyr in the band structure of these

materials, corresponding to two-dimensional logarithmic sin- h?
gularities in the density of states, i.e., Van Hove singularities e(k)—ep(1-8)= ms, kyky s @
a

(VHS).
In this work, we describe the electronic contributionto  \where m%, is the effective mass of electrons in thab

the thermal conductivity of a two-dimensional superconduccy0,) plane. The spectrum described by Eb.gives loga-

tor with saddle points in the band structure. We consider @jthmic = singularities in the density of states at

dy2_,2-wave gap parameter since recent works suggest thaf  —¢_(1— 5). The parametes thus controls the position

this symmetry is the most probable one in the cuprdeS.  of the van Hove singularity from the Fermi level, see also

It is worth mentioning that Dagotto, Nazarenko, and Mdfeo Ref. 16.

have recently proposed a theoretical model which includes  High-T superconductors are nonstoichiometric materials

both the antiferromagnetitHubbard modsland the VHS  ¢ontaining point defects often corresponding to oxygen atom

scenarios for highF. superconductivity. This microscopic yacancies or stacking faults. We thus take into account the

model predicts a gap parameter of the_-wave type and  ejastic scattering of electrons by these point defects using the

allows us to explain the main properties of hifh- yykawa potential. In two dimensions and in the Born ap-

compounds? Besides, Newns, Tsuei, and Pattrtdikave  proximation, the corresponding scattering probability réads
recently shown that thel-wave version of the Van Hove

scenario is “fully viable.” 22 [ 72\ 2 N

The electronic contributior, to the thermal conductivity cleh(k,k")= F<_) WfO(E)
can be calculated using a variational method described S e | [k=K[*+(T*)
elsewhere:®*" The thermal conductivity is easily expressed X[1—f%E')]S(E-E"), 2

in terms of trial electrical and thermal currents and scattering

matrix elements related to the scattering processes which revhereS is the surface of a Cu@plane,N is the fraction of
store the system to equilibrium. We will consider in this point defects of effective chargée, . is the effective di-
work the scattering of electrons by point defects and acoustielectric constant of the material, anB?® is the two-
phonons only. dimensional Thomas-Fermi screening factor.

We point our that we have neglected so-called coherence On the other hand, the scattering of electrons by acoustic
factors which appear in the expression of Bardeen, Rickphonons can be modeled as in the deformation potential
ayzen, and Tewortft for the thermal conductivity of BCS- approximation’’ which is supposed to be valid in the case of
like superconductors. In fact these coherence factors atdeng-wavelength acoustic phonons, assumed to be the domi-
given as functions of the ratie(k)/E(k) wheree(k) is the  nant scattering centers of heat carriers in Highmaterials:
energy spectrum of electrons in the normal state andn the Born approximation, the corresponding scattering

E(k) = Je(k)?+A(0)? is the quasiparticle energy spectrum probability is given by*
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FIG. 1. Critical temperaturé; and zero-temperature energy gap

A(0) vs the shifté of the Fermi level from the energy of the Van
Hove singularities.
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whereq=|k’ —k| is the phonon wave vectok,, is the in-
plane electron-phonon transport coupling constaitis the
phonon frequency (we have assumed a linear two-
dimensional acoustic-phonon spectrmq=ﬁs\/qx2+qy2,
with s the sound velocity in the crysiaM is the mass of the
crystal, and\, is the Bose-Einstein distribution function.

In Egs. (2) and (3), E(k)=(e(k) —&g)?+A(k)? is the
guasiparticle energy spectrum with(k) the k dependent
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FIG. 2. Normalized electronic thermal conductivity/«¢(T;)
vs reduced temperatufB/ T, as a function of the position of the
Fermi energys relative to the energy of the Van Hove singularities.
The fraction of point defect® and the electron-photon transport
coupling constank,, are fixed, respectively, to 0.05 and 0.3. Inset:
Normalized maximum valu&, may/ ke(T¢) Of the electronic ther-
mal conductivity vsé at N=0.05 and\=0.3.

to the inelastic scattering of electrons by acoustic phonons,
presents a peak near 0 6for =0 and then decreases at
lower temperature due to the scattering of low-energy quasi-
particles by point defects. The height of the maximuna iis
lowered in magnitude and shifted towards higher tempera-
tures ass is increased, i.e., when the Fermi level is shifted
away from the energy of the Van Hove singularitiags.

This behavior arises from the decrease of the quasiparticle

gap parameter. The wave vector and temperature dependerdensity of states at the Fermi level wheéhis increased,

of the d,2_,2-wave gap parameter is approximatedby
Aga (K T)=A(0)cogky)
—cogky) Jtanh( a(Te—=T)/T), (4
where kxzkxa and ﬁyzkyb with a and b the crystallo-

graphic parameters along theandb axis, respectively and
a~210

We point out that we can also take into account the de-

pendence of the critical temperaturgand zero-temperature
energy gapA(0) on the parametes$. In the Van Hove sce-
nario of highT, superconductivityT. and A(0) are maxi-
mum for 6=0, i.e., when the Fermi level lies at the Van
Hove singularities® T, and A(0) then decrease whehis

increased, and this behavior is symmetric with respect to

51822 see Fig. 1.

The theoretical temperature dependence of the normalized

electronic contributiornk/«(T.) to the thermal conductiv-
ity is shown in Fig. 2 as a function of th&parameter. These

curves have been obtained by fixing the following realistic

values of the physical parametéfs* T, (§=0)=90 K,
A(0)(6=0)=20 meV, mi,=4m,, &=0.1 eV, Z=2,
I'’=15 (A) "1, and e,.=12¢, where g, is the dielectric

resulting in a weaker enhancement of the electronic thermal
conductivity belowT,.

The maximum value of the electronic thermal conductiv-
ity ke maxiS Shown in the inset of Fig. 2 as a function of the
6 parameter at such fixed valuesifand\, . One observes
that ¢ max IS lowered whens is increased and that this be-
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FIG. 3. Normalized maximum value,,/«(T.) of the thermal
conductivity of YBaCuz0;_, compounds as a function of the

constant in vacuum. The transport electron-phonon couplingxygen contenk. Squares indicate the experimental results of Za-

constant,, and the fraction of point defects are arbitrarily

varitskii, Samoilov, and Yurgen?s7;circles indicate the experimen-

fixed to 0.3(Refs. 25 and 26and 0.05, respectively, for tal results of Jezowksit al. (Ref. 28; diamonds and triangles in-

display in Fig. 2. One can see thgt increases below. due

dicate the experimental data of Cobhal. (Ref. 29.
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havior is symmetric with respect t8, as in the case of the sity of states at the Fermi level. As a result, the electronic
electronic specific-heat jump at, indeed'® thermal conductivity maximum belowl . is lowered, in
Recently some search was made for empirical relationgagreement with experimental data.

between characteristic features. One is the relationship be- We have thus shown that the behavior of the thermal con-
tweenkyaandT.. In Fig. 3, we show the thermal conduc- ductivity maximum in various YBgCu;0,_, samples as a
tivity maximum k.., Of various YB&CuzO,_, function of oxygen doping can be well explained within
sampleé’~?°as a function of the oxygen stoichiomettyWe  the Van Hove scenario of highs superconductivity and is
observe that the highest value &f,,,~1.5 is obtained for of electronic origin indeed.

x~0.1, i.e., near optimal dopingT¢=~92 K). On the other Notice that ad-wave gap parameter has been considered
hand, the value ok, is decreased as the oxygen contentin this work. However, a Van Hove model with aawave
x is shifted from this value. gap parameter should reproduce the thermal conductivity

The solid line in Fig. 3 is the fit from our theoretical peak as well. In view of Ref. 5 this calculation does not seem
model, assuming that the highest valuexgf,, observed in necessary. Nevertheless, we stress that the main difference
YBa,Cu,04 4 corresponds to the optimally doped case, i.e.between the two gap parameter symmetries should be ob-
that the Van Hove singularity coincides then with the Fermiservable at very low temperatutsiue to the presence of
level (6=0). The fit is in very good agreement with the lines of nodes in the-wave gap. It should be thus of interest
experimental results for reasonable values of the free parante measure the very low-temperature behavior of the thermal
eters\,=0.32 andN=0.048. conductivity of highT. materials with various oxygen con-

To summarize, the behavior of the thermal conductivitytent.
of YBa,Cu3;0-,_, at different oxygen doping level can be
explained as follows. At optimal doping~0.1, one may
assume that the Fermi level coincides with the energy of the
Van Hove singularities§=0). As the oxygen concentration Part of this work has been financially supported by the
is modified by annealing the sample, the Fermi energy isARC 94-99/174 contract of the Ministry of Higher Education
changed and does not coincide any more with the Van Hovand Scientific Research through the University ofgeeRe-
singularities, resulting in a decrease of the quasiparticle dersearch Council.
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