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Quasiparticle Transport in the Vortex State of YBa2Cu3O6.9
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The effect of vortices on quasiparticle transport in cuprate superconductors was investigated
measuring the low temperature thermal conductivity of YBa2Cu3O6.9 in magnetic fields up to 8 T. The
residual linear term (asT ! 0) is found to increase with field, directly reflecting the occupation of
extended quasiparticle states. A study for different Zn impurity concentrations reveals good agreem
with recent calculations for ad-wave superconductor. It also provides a quantitative measure of th
gap near the nodes. [S0031-9007(99)08763-3]

PACS numbers: 74.25.Fy, 74.72.Bk
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In unconventional superconductors, where the gap str
ture has nodes along certain directions, it was argued
Volovik [1] that the dominant effect of a magnetic field
should be the Doppler shift of extended quasiparticle sta
due to the presence of a superfluid flow around each v
tex. Reports of a

p
H field dependence in the heat capacit

of YBa2Cu3O6.9 (YBCO) have generally been accepted a
strong evidence for this effect [2]. However, a similar fiel
dependence is also observed in ans-wave superconductor
such as NbSe2 [3], where it can only arise from localized
states bound to the vortex core.

In this respect, it is interesting to look at heat condu
tion, to which only delocalized states contribute. So far,
all measurements performed above 5 K or so, the therm
conductivity k is found to drop with field [4–6], much
as it does in a clean type-II superconductor such as
[7], and eventually levels off to a roughly constant platea
[8]. In Bi2Sr2CaCu2O8 (BSCCO), the crossover from drop
to plateau occurs abruptly, at a field whose magnitude
creases with temperature [6]. Franz has recently propo
that the plateau is due to a compensation between the
creasing occupation of extended quasiparticle statesà la
Volovik and a parallel increase in the scattering of qua
particles by vortices [9]. While this may well be part o
the explanation, it can hardly serve as a direct confirm
tion of the “Volovik effect.” Neither can it explain the
abruptness of the onset of the plateau. The situation
mains quite puzzling, in part because of the large phon
background at these temperatures.

In this Letter, we present a study of heat transpo
which provides a solid experimental basis for a descripti
of quasiparticle properties in terms of the field-induce
Doppler shift of ad-wave spectrum due to the superflow
around vortices. Furthermore, the good agreement fou
with recent calculations by Kübert and Hirschfeld [10
allows us to conclude that, in YBCO at low temperatur
impurity scattering is close to the unitarity limit and vorte
scattering is weak. Moreover, it provides a measure of t
two parameters that govern the Dirac-like spectrum ne
the nodes, responsible for all low-energy properties.
0031-9007y99y82(14)y2943(4)$15.00
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We have measured the thermal conductivity of three o
timally doped untwinned single crystals of YBa2sCu12x-
Znxd3O6.9 down to 0.07 K, with a current along thea
axis of the basal plane and a magnetic field along thec
axis. The nominal Zn concentrations arex ­ 0 (pure),
0.006, and 0.03, corresponding toTc ­ 93.6, 89.2, and
74.6 K, respectively. The data were taken by sweepin
the temperature at fixed field, and the field was changed
low temperature (below 1 K). Data taken by field coo
ing the samples gave the same results. Given that
field of full penetration is estimated to be about 1 T [11
the lowest field point was set at 2 T. The largest sour
of absolute error is the uncertainty in the geometric fa
tor (approximately610%); however, the relative error be-
tween different field runs on the same crystal is due on
to the fitting procedure used to extract the electronic co
tribution (see below), which is less than 10%.

Figure 1 shows the measured thermal conductiv
divided by temperature,kyT , as a function ofT2 in fields
up to 8 T. As discussed in Ref. [12], the only reliable wa
to separate the electronic contribution from the phon
background is to reach theT3 regime for the phonon
conductivity (below about 130 mK), from which a linea
extrapolation to zero yields the purely electronic term
T ­ 0, labeledk0yT .

Zero field.—Let us first focus on the results atH ­
0. A linear term is observed atT ­ 0, of comparable
magnitude in all three crystals. From measurements
a number of pure (optimally doped) crystals of YBCO, w
obtain an average value forJ k a [13]:

k0

T
­ 0.14 6 0.03 mW K22 cm21. (1)

This residual conduction is associated with an impuri
band whose widthg is a new energy scale relevant to a
low-energy properties in superconductors with gap zer
[14]. g grows with the impurity scattering rateG, in a way
which depends strongly on whether impurities act as Bo
or resonant scatterers. In the unitarity limit,g is maximum
and given byg . 0.61

p
h̄GD0 [18], whereD0 is the gap
© 1999 The American Physical Society 2943
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FIG. 1. Thermal conductivity divided by temperature v
T 2 of YBa2sCu12xZnxd3O6.9 in a magnetic field, forH ­ 0
(triangles), 2 (diamonds), 4 (circles), and 8 T (squares). T
bottom panel corresponds tox ­ 0; middle, x ­ 0.006;
top, x ­ 0.03. The lines are linear fits to the data below
130 mK.

maximum. This novel fluid, deep in the superconductin
state, should carry heat and charge. Lee was the firs
point out theuniversalcharacter of that conduction asT !
0 (and frequencyv ! 0), for certain gap topologies [15].
For thedx22y2 gap, the conductance of a single CuO2 plane
is predicted to bes00 ­

e2

2p h̄
2
p

yF

y2
, whereyF andy2 are

the two parameters governing the Dirac-like spectrum ne
a node: Eskd ­

p
´

2
k 1 D

2
k ­ h̄

p
y

2
Fk2

1 1 y
2
2k2

2 . Here
sk1, k2d defines a coordinate system whose origin is
the node, withk1 normal to the Fermi surface andk2
tangential; thusyF is the Fermi velocity andy2 is the slope
of the gap, at the node. The conductivity is independe
of impurity concentration as a consequence of the ex
compensation between the decreasing scattering timet ~

1yg and the growing residual quasiparticle density o
states,Ns0d ~ gyyFy2, when impurities are added, i.e.
s00 ~ Ns0dy2

Ft ~ yFyy2.
Graf and co-workers showed that the residual norm

fluid should obey the Wiedemann-Franz law atT ­ 0 [14],
2944
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so that the thermal conductivity asT ! 0 in a d-wave
superconductor should also be universal, and given by

k00

T
­ L0s00 ­

k2
B

3h̄
yF

y2
n , (2)

wheren is the number of CuO2 planes per meter stacked
along thec axis andL0 ­ p2

3 s kB

e d2.
In recent measurements ofksT d in YBCO, the univer-

sal limit was observed [12]. It is also evident from the
H ­ 0 curves in Fig. 1, noting that the scattering rateG

in the 3% Zn crystal is some 20 to 40 times larger than
is in the pure crystal. Indeed, estimates from a combin
tion of resistivity, microwave, and infrared measuremen
give h̄GykBTc0 ­ 0.014, 0.13, and0.54 for x ­ 0, 0.006,
and 0.03, respectively [12]. Note also that the impurity
bandwidth in the 3% Zn sample is a sizable fraction of th
gap maximum, so that corrections to the universal lim
are expected. Calculations by Sun and Maki give a 30
increase ink0yT for 20% Tc suppression [16], in good
agreement with the observed slight increase (see Fig. 2

For the bilayer structure of YBCO,n ­ 2yc where
c ­ 11.7 Å is thec-axis lattice constant. Combining this
with Eqs. (1) and (2) yields

yF

y2
­ 14 6 3 . (3)

Taking yF ­ 1.2 3 107 cmys (see Ref. [17]), one gets
y2 . 1 3 106 cmys, which corresponds to a slope o
the gap at the nodedDsfdydf ­ h̄kFy2 . 380 K,
very close to that estimated using the simplestd-wave

FIG. 2. Residual linear termk0sHdyT normalized byk00yT
as a function of applied field for pure (squares), 0.6% Z
(circles), and 3% Zn (triangles) samples. Fits to Eq. (4
for each crystal yield the values ofr shown (in units
of T21y2).
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gap,D0 cos2f, in the weak-coupling limit: 2D0 ­ 2 3

2.14kBTc ­ 400 K. The same ratioyFyy2 governs
the linear drop in superfluid density with temperatur
when g ø kBT ø D0. In terms of penetration depth
data, wherelsT d ­ ls0d 1 dlsTd, one hasdlsTd ­
s c

vp
d2 ln 2s knT

h̄kFy2
d [17], where v2

p ­ 2p2kFy2s00, so
that dlyT ­ 4.8 ÅyK for the above values ofyF and
y2. This is in excellent agreement with the microwav
measurements of Zhang and co-workers, who obta
dlayT ­ 4.7 ÅyK [18].

Vortex state.—As seen in Fig. 1, the effect of a
magnetic field applied normal to the CuO2 planes is to
increaseka in YBCO. To ensure that only the electronic
contribution is considered, theT ! 0 limit of kyT is
plotted as a function of field in Fig. 2, for each of the thre
crystals. The enhancement observed asT ! 0 is direct
evidence for itinerant quasiparticle excitationsinduced by
the field. This is in sharp contrast with the behavior foun
both in conventional superconductors [7] and in YBCO a
higher temperatures [4,5,8], where low fields (compare
to Hc2) suppressthe conductivity.

Volovik has shown how even atT ­ 0 a small mag-
netic field can produce quasiparticles near the nod
of a d-wave gap [1]. In the presence of a superflui
flow, the quasiparticle spectrum is Doppler shifted t
Esk, Ad ­ Eskd 2

e
c vk ? A, wherevk is the normal state

velocity andA is the vector potential [17]. In the case
of vortices, the magnitude of the Doppler shift may b
characterized by its average,EH , obtained by integrating
over a vortex-lattice unit cell (of radiusR): EH ­
e
c kvk ? Al , 1

R2

R
dr ryFA , 1

R F0yF ,
p

H, using
2R . intervortex spacing,1y

p
H and the fact that

F0 ­
H

A ? d,, with F0 the flux quantum. Volovik
first derived the

p
H dependence and obtained th

following field-induced density of states (DOS) for a
d-wave gap in the clean limit [1]: dNs0; HdyN0 .p

8yp EHyD0, whereN0 is the DOS at the Fermi level,
EH ­ ah̄

p
2yp yF

p
HyF0, and a is a vortex-lattice

parameter of order unity [19]. The effect is sizable eve
at low fields; in YBCO at 8 T, one expectsEH . 40 K
anddNs0; HdyN0 . 30% (for a ­ 1).

Comparison with theory.—Kübert and Hirschfeld have
calculated the electronic thermal conductivity of ad-wave
superconductor in a field, neglecting vortex scattering [10
At T ­ 0, they obtain, forH k c andJ ' c,

ks0; Hd
T

­
k0

T
r2

r
p

1 1 r2 2 sinh21 r
, (4)

wherer is essentially the ratio of the two relevant energ
scales,g andEH ; in the dirty limit whereEH , g, r ­p

6yp gyEH ~ 1y
p

H. A one-parameter fit of the data
to Eq. (4) for each crystal is shown in Fig. 2. The firs
point to note is that the sublinear dependence on field
well reproduced. Perhaps more important is the fact th
the magnitude of the response in all three cases is ve
e
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much as expected. Indeed, the fits yield the followin
values forr, evaluated at 8 T:0.92, 1.63, and 4.32 for
x ­ 0, 0.006, and 0.03, respectively. These correspon
to a ratiogyEH ­ 0.67, 1.18, and3.12, which shows that
none of the crystals is in the clean limit over the field rang
investigated. Treating impurity scattering in the unitarit
limit, the scattering rate becomesh̄GykBTc0 ­ 0.02, 0.07,
and0.5, respectively (takingD0 ­ 2.14kBTc0), given that
EH . 20 K at 8 T (assumingyF ­ 1 3 107 cmys and
a ­ 1y2). These values are in remarkable agreement w
those given above as independent estimates based on
residual resistivity.

The same theoretical treatment has been applied
the specific heat. Kübert and Hirschfeld have obtain
Ns0; HdyN0 ­ dgpygn ­

p
8yp a

p
HyHc2, where dgp

is the increase in specific heat due to an applied field a
gn is the normal state specific heat at the Fermi level [19
We can reformulate this expression in terms ofa and

y2 such thatdgp ­ b
p

H, whereb ­
8k2

B

3 h̄
1p
F0

a
y2

. So

now we have three equations for the three parametersa,
yF , andy2. Usingb ­ 0.9 mJ K22 T21y2 mol21 [2], we
find y2 ­ 2.2a 3 106 cmys. Fromk0s0; HdyT , we have
ayF ­ 5 3 106 cmys. These two expressions, togethe
with Eq. (3), yield a ­ 0.40. With this value of a,
y2 ­ 0.9 3 106 cmys and yF ­ 1.2 3 107 cmys. All
three values are very reasonable, so that the overall pict
is quantitatively convincing, lending strong support t
the basic mechanism of a Doppler shift by superflo
around vortices. More generally, it validates the theory
transport in unconventional superconductors; in particul
the assumption that in these correlated electron syste
scattering by impurities must be treated in the unitari
limit of strong, resonant scattering appears to be correc

Other measurements.—Let us now compare our results
with other k measurements. Note first that previou
low temperature measurements in YBCO were done w
the field in the basal plane, where the Volovik effect
expected to be much smaller. The two studies were
disagreement, with a 50% increase in 8 T in one case [2
but no change detected in 6 T in the other [21]. At high
temperatures, the fact thatk decreases with field could
come from a number of effects. Perhaps the most natura
vortex scattering, as invoked in the case of Nb. While th
can apply to both quasiparticles and phonons, the fact t
the largely electronic peak belowTc is almost completely
suppressed in 10 T [4] suggests that the former suf
most of the impact. Franz has shown that a disorder
vortex lattice in ad-wave superconductor can result in
quasiparticles scattering off the superflow [9]. At low
temperature, however, we find no indication of significa
vortex scattering, in the sense that there is good agreem
between calculations neglecting vortex scattering and o
data on crystals for which the relative strength of impuri
and vortex scattering must differ markedly from one cryst
to the next. Further work is needed to arrive at a cohere
2945
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description of quasiparticle transport in the vortex sta
which covers both regimes of behavior.

It is interesting to compare our results on YBCO with
the corresponding results on BSCCO, obtained recently
Aubin and co-workers [22]. At temperatures below 0.7 K
an increase inkyT with field is also found, again with a
sublinear (roughly

p
H) dependence. What is striking is

themagnitudeof the response. The application of only 2 T
increaseskyT by about0.20 mW K22 cm21. Now from
our own measurements on pure, optimally doped sing
crystals of BSCCO, the (presumably universal) residu
linear term isk0yT ­ 0.18 6 0.03 mW K22 cm21 [23].
This means that in BSCCO a field of 2 T causes th
quasiparticle conduction todouble,whereas it produces
only a 35% increase in our pure YBCO crystal. In reality
the field dependence in BSCCO is much more than
times stronger, since the impurity scattering rate in th
crystal used by Aubin and co-workers could be as mu
as 100 times larger. Indeed, its residual resistivity
130 mV cm [24], compared with approximately1 mV cm
in our pure YBCO crystals [12]. These considerations lea
us to conclude that the nature of defect scattering in the
two (otherwise quite similar) materials is significantly
different. Either the kind of defect found in nominally pure
crystals is different or the impact that a given defect (e.g
impurity) has on the surrounding electron fluid is differen
It will be interesting to see whether the current theoretic
framework can account for the BSCCO data simply b
adjusting the impurity phase shift, moving it away from
the unitarity limit towards the Born limit.

In summary, we have measured the low temperatu
heat conduction by quasiparticles in the CuO2 planes
of YBCO as a function of magnetic field, for different
impurity levels. In all cases, the residual linear termk0yT
is found to increase with field strength, directly reflectin
the additional population of extended quasiparticle state
The good agreement with calculations by Kübert an
Hirschfeld for ad-wave superconductor allows us to draw
the following conclusions: (1) The Volovik effect is fully
verified, and it is the dominant mechanism behind the fie
dependence of transport in YBCO asT ! 0, for H k c;
(2) vortex scattering, invoked to explain the behavior
intermediate temperatures, is seemingly absent at l
temperature; (3) the widespread assumption that impurit
(or defects) can be treated as unitary scatterers in cor
lated electron systems appears to be verified in YBC
2946
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(4) the nature of impurity scattering differs between
BSCCO and YBCO.
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