
PHYSICAL REVIEW B 66, 014504 ~2002!
Thermal conductivity of single-crystalline MgB2
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Theab-plane thermal conductivityk of single-crystalline hexagonal MgB2 has been measured as a function
of magnetic fieldH with orientations both parallel and perpendicular to thec axis and at temperatures between
0.5 and 300 K. In the mixed state,k(H) measured at constant temperatures reveals features that are not typical
for common type-II superconductors. The observed behavior may be associated with the field-induced reduc-
tion of two superconducting energy gaps, significantly different in magnitude. A nonlinear temperature depen-
dence of the electronic thermal conductivity is observed in the field-induced normal state at low temperatures.
This behavior is at variance with the law of Wiedemann and Franz, and suggests an unexpected instability of
the electronic subsystem in the normal state atT'1 K.

DOI: 10.1103/PhysRevB.66.014504 PACS number~s!: 74.25.Fy, 74.70.2b
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I. INTRODUCTION

The discovery of superconductivity in MgB2 below an
unexpectedly high critical temperatureTc of the order of 40
K ~Ref. 1! initiated intensive studies of its physical prope
ties. Numerous results indicate that the superconducting s
of MgB2 is conventional in the sense that the electron pair
is mediated by the electron-phonon interaction. In most
ports the superconducting energy gap is claimed to be n
less, compatible withs-wave pairing. However, various type
of experiments,2–13 mainly using powder or polycrystalline
samples and often surface sensitive, have given evidenc
two gaps of different magnitude in the quasiparticle exc
tion spectrum of this superconductor. Calculations of
Fermi surface of this material14 reveal three-dimensiona
sheets (p bands! and two-dimensional~2D! tubes (s bands!,
and it seems quite possible that the gap values for th
different parts of the Fermi surface differ substantially. It h
been argued15 that the holelike quasiparticles on the 2D pa
of the Fermi surface experience the larger superconduc
gap with a maximum value close to 1.76kBTc , as predicted
by the original weak-coupling BCS theory.16 The second and
smaller gap is associated with the 3D sheets of the Fe
surface. This intriguing situation and other possible anom
lous features of this seemingly simple metallic compou
ought to be checked experimentally on single-crystalline m
terial.

Below we present the results of measurements of the t
mal conductivityk and the electrical resistivityr parallel to
the basalab plane of the hexagonal crystal lattice of MgB2
as a function of temperatureT between 0.5 and 300 K, an
varying magnetic fieldsH between 0 and 50 kOe, oriente
both parallel and perpendicular to thec axis. In the mixed
state, the observation of a rapid increase of the electro
thermal conductivity with increasingH at constantT!Tc is
consistent with a field-induced reduction of the smaller of
two superconducting energy gaps. Another important ob
vation is that of an unusual nonlinear temperature dep
dence of the electronic thermal conductivity atT!Tc in the
field-induced normal state, in obvious disagreement with
law of Wiedemann and Franz.
0163-1829/2002/66~1!/014504~8!/$20.00 66 0145
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II. SAMPLE AND EXPERIMENT

The investigated single crystal with dimensions of 0
30.1730.035 mm3 was grown with a high-pressure cub
anvil technique, similar to the one presented in Ref. 17,
with a slightly different thermal treatment, described in R
18. The high quality of similar crystals from the same bat
was confirmed by single-crystal x-ray diffraction and ener
dispersive x-ray~EDX! analysis. A standard uniaxial hea
flow method was used for thek(T,H) measurements. Tem
peratures between 0.5 and 2.4 K were achieved in a nonc
mercial 3He cryostat and the regime between 2 and 300
was covered by using a4He flow cryostat. The thermometer
for monitoring the temperature difference in thek(T,H)
measurements were Chromel-Au10.07% Fe thermocouple
with thin wires ~25 mm diameter! for T>2 K and a pair of
ruthenium oxide thermometers below 2.4 K. In the region
temperature overlap, the results of the measurements ofk(T)
gave identical values for both types of thermometers. Si
the thermopower of the Au1Fe alloy is strongly field depen
dent at low temperatures, special efforts were made to en
a reliable calibration of the thermocouples in magnetic fiel
Possible errors due to the thermal conductivity of connect
wires are estimated to be below 1% of the total measu
thermal conductivity. Additional measurements of the ele
trical resistivityr(T) in the ab plane in magnetic fields ori-
ented along the hexagonalc axis were made as well. Th
electrical resistivity was measured by employing a fo
contact configuration with the same contacts used for m
suring the voltage and the temperature difference, resp
tively.

III. RESULTS

A. Electrical resistivity

The electrical resistivityr(T) in zero magnetic field is
presented in Fig. 1. The narrow (DTc50.15 K) supercon-
ducting transition occurs atTc538.1 K. As is shown in the
lower inset of Fig. 1, in the temperature region betweenTc
and 130 K, r(T) may well be approximated byr5r0
1AT3, wherer0 andA are constants. At temperatures belo
50 K, r'r052.0 mV cm. A cubic r(T) dependence ha
©2002 The American Physical Society04-1
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often been observed in multiband transition metals and
associated with interband electron-phonon scattering.19,20

The upper inset of Fig. 1 emphasizesr(T) close to the su-
perconducting transitions in fields ofH50 and H
550 kOe, respectively. For our sample, the bulk upper cr
cal field for the field direction parallel to thec axis,Hc2

c , is
about 30 kOe at zero temperature and decreases with inc
ing temperature,21 as shown in the inset of Fig. 3. Therefo
the data forH550 kOe were obtained with the bulk of th
sample in the normal state. The abrupt slope change
r(T,H550 kOe) at 17 K is most likely related to the ons
of spurious superconductivity in the surface region of
sample.21,22

FIG. 1. In-plane electrical resistivityr(T) of hexagonal MgB2.
The upper inset emphasizes the low-temperature part forH50 and
50 kOe oriented along thec axis. The lower inset demonstrates th
cubic temperature dependence ofr(T) for T<130 K.

FIG. 2. Thermal conductivity vs temperature in theab plane of
MgB2 in zero magnetic field. The solid lines representk(T) mea-
sured on polycrystalline samples@data from~a! Ref. 25,~b! Ref. 26,
~c! Ref. 23, and~d! Ref. 24#.
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B. Thermal conductivity

The thermal conductivity datak(T) in zero magnetic field
are presented in Fig. 2. Thek(T) values are about an orde
of magnitude higher than previously reported for polycry
talline samples.23–26 Also the overall temperature depen
dence ofk is quite different from those earlier data. Inste
of a monotonous increase with temperature we note a dis
maximum ofk(T) at T;65 K. The cause of these differ
ences is obviously the strong influence of intergrain bou
aries on the heat transport in polycrystals, which masks
intrinsic mechanisms of quasiparticle scattering. As may
seen in Fig. 2, no anomaly ink(T) provides evidence for the
superconducting transition atTc . A distinct change of slope
in k(T) at approximately 6 K is observed, however.

In Fig. 3 we displayk(T) in the range between 0.5 and 4
K, measured at selected fixed magnetic fields, oriented
allel to thec axis. The practically overlapping curves forH
533 and 50 kOe indicate that for this field orientation a
theseH values, the normal state has been reached in
whole covered temperature range. The initial decrease ok
with increasing field is relatively large at higher temper
tures, but is progressively reduced with decreasing temp
tures. It finally turns into an increase ofk(H) at constant
temperatures below approximately 1 K. This behavior of
low-temperature thermal conductivity in the mixed state
,H,Hc2 is better illustrated in Fig. 4 where we present t
k(H) curves, measured at constant temperatures below
for field directions both parallel and perpendicular to thec
axis. The typical features of these curves are the rapid in
decrease ofk with increasing field, narrow minima ink(H)
at field values that are low with respect toHc2, and a subse-
quent S-shape-type increase ofk with further increasing
field. The latter feature is particularly pronounced for t
k(H) curves at the lowest temperatures. The low-field
crease is practically independent of the field direction as m
clearly be seen in Fig. 4, where data forHic ~open symbols!

FIG. 3. Thermal conductivity vs temperature in theab plane of
MgB2 for several values of magnetic fields parallel to thec axis.
The arrow indicates the zero-field critical temperatureTc . The tem-
perature dependences of the upper critical fieldsHc2

c and Hc2
ab as

established in Ref. 21 are shown in the inset.
4-2
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andH'c ~solid symbols! are displayed for comparison. Th
increasing slope at higher fields andHic is certainly caused
by approaching the normal state atHc2. This trend is not
observed forH'c, for which Hc2 is estimated to be abou
130 kOe at low temperatures, obviously far beyond our
perimental possibilities.

IV. DISCUSSION

The thermal conduction of a superconductor is usua
provided by electronic quasiparticles (ke) and phonons
(kph), such that

k5ke1kph. ~1!

Upon decreasing the temperature to belowTc in zero mag-
netic field, the reduction of the number of unpaired electro
leads to a decrease ofke and an increasingkph. The overall
behavior ofk(T) in the superconducting state depends
the relative magnitudes ofke and kph and also on the
strength of the electron-phonon interaction. Applying ext
nal magnetic fields induces vortices in the sample. The q
siparticles associated with the vortices not only provide
ditional contributions to phonon scattering and hence
reduction ofkph, but also enhanceke . The competition of
these two processes leads tok(H) curves as shown in Fig. 4

In what follows, we first discuss the low-temperature p
of k(T) in the field-induced normal state, i.e., forH>Hc2.
Subsequently we discussk(T) in the superconducting stat
for H50 and finally turn to the data ofk(H), measured at
constant temperatures in the mixed state, i.e.,H,Hc2.

A. Thermal conductivity in the normal state

One of the main problems encountered in the analysi
the thermal conductivity of a conductor is that a separ
identification of the two terms in Eq.~1! at arbitrary tempera-
ture is not straightforward. In the normal state, a conven
and often used way to estimateke is to employ the

FIG. 4. Thermal conductivity in the basal plane of MgB2 vs H at
several fixed temperatures. The arrows denote the upper cr
field Hc2 for Hic. The solid and open symbols correspond to t
field direction perpendicular and parallel to thec axis, respectively.
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Wiedemann-Franz law~WFL!, relating the electrical resistiv
ity and the electronic contribution to the thermal conduct
ity via

ke~T!5L0T/r~T!, ~2!

where L052.4531028 W V K22 is the Lorenz number.
The validity of this law requires an elastic scattering of ele
trons and it is well established that Eq.~2! is applicable if the
scattering of electrons by defects dominates. This is usu
true at low temperatures, wherer(T)'r0. In our case, the
data in Fig. 1 suggest that Eq.~2! is applicable at tempera
tures below about 50 K. Inserting the appropriate numb
into Eq. ~2! suggests that, at temperaturesTc<T<50 K,
ke(T) provides about half of the total thermal conductivit
As we demonstrate below, the applicability of the WFL f
MgB2 at low temperatures is questionable, however.

Before discussing the validity of WFL at low temper
tures, we note the complications that arise from unusual
tures in ther(T) data shown in Fig. 1, most likely caused b
the influence of superconductivity in minor regions of t
sample with enhancedTc andHc2, different from the corre-
sponding bulk values. The onset of this superconductivity
clearly seen in the upper inset of Fig. 1 by inspectingr(T)
measured in a field of 50 kOe, substantially exceed
Hc2(0), themaximum bulk upper critical field of the sam
sample.21 Superconducting traces in a minute fraction of t
sample may cause a considerable reduction of the total m
sured electrical resistivity but leave the thermal conductiv
virtually unchanged. In this case a failure of the WFL wou
not be surprising. However, because the electrical resisti
of the sample aboveTc is practically temperature indepen
dent, we can, with a great deal of certainty, expect that
intrinsic electrical resistivity of thebulk remains constan
also at lower temperatures. The constant residual resist
r0 is caused by defects which actually set the maxim
mean free path for electrons, independent of temperat
Indeed, results by Xuet al.27 of r(T) measurements on
single-crystalline MgB2 at magnetic fields which presumab
exceed the upper critical field of the minor phase dem
strate that in, e.g.,H590 kOe the electrical resistivity re
mains constant with decreasing temperature down to at l
2 K.

In Fig. 5, we plot as a solid line, the normal-state ele
tronic thermal conductivityke

WFL below 8 K, calculated us-
ing Eq. ~2! with the experimental valuer052.1 mV cm for
H533 kOe. The measured total thermal conductivity, sho
by open circles, is considerably higher thanke

WFL across the
entire covered temperature range. For the estimate of
upper limit of the phonon contribution we assume that
minima of k(H) shown in Fig. 4 are caused by the comp
tition of a decreasingkph and an increasingke . With this
interpretation it is clear that the values ofkmin(H) represent
at most the maximum value of the lattice contributionkph.
The smooth interpolation between these minimum values
k(H) for different temperatures, denoted askph

max, is shown
as the dashed line in Fig. 5. The difference between the m
sured thermal conductivity atH533 kOe and the upper limi
of the phonon contribution,ke

min5k2kph
max, obviously repre-

al
4-3
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senting the lower limit of the electronic contribution,
shown in Fig. 5 by open squares. It may be seen that at l
below 8 K, the electronic contribution is considerably larg
than predicted by the WFL. With increasing temperatu
ke

min approaches the WFL prediction, as is demonstrated
the inset of Fig. 5. Nevertheless, it is impossible to ident
the temperature limit where the validity of the WFL is reco
ered if such a limit exists at all. Considering our procedur
is clear that the true electronic contribution exceeds our
timate, particularly towards the upper end of the conside
temperature range. However, at very low temperatures w
k(H50)!kn ~e.g., at 0.60 K the zero-field thermal condu
tivity is less than 6% of the normal-state thermal conduc
ity!, ke

min must be very close to the trueke . Thus the ob-
served deviation from the WFL and in particular i
temperature dependence, revealing a peaklike structur
ke /T vs T, shown in the inset of Fig. 5, is a reliable result
our investigation.

The violation of the Wiedemann-Franz law at low tem
peratures is very unusual because the validity of this law
expected to hold for the Fermi-liquid ground state of co
mon metals. A similar set of data of Hill and coworkers f
(Pr,Ce)2CuO4 was interpreted as evidence for a breakdo
of the Fermi-liquid theory for this oxide material.28 The non-
Fermi-liquid behavior of cuprates was speculated to be
consequence of possible spin-charge separation, a sce
that is considered in relation with high-Tc
superconductivity.29 The same arguments are hardly releva
for the case of MgB2 where a spin-charge separation is n
expected. Another explanation for the results of Ref. 28 w
recently offered in Ref. 30. It was argued that a peak-ty
structure ofke /T plotted versusT might be the consequenc

FIG. 5. Normal-state thermal conductivity measured inH
533 kOe between 0.6 and 8 K~open circles!. The upper limit of the
phonon thermal conductivitykph

max ~dashed line! and the lower limit
of the electronic contributionke

min ~open squares! are calculated as
described in the text. The solid line represents the electronic co
bution ke

WFL calculated using the Wiedemann-Franz law in Eq.~2!.
In the inset, we plotke

min ~open squares! and L0 /r0 ~solid line!,
respectively. The error bars in the inset mark the maximum un
tainty of ke /T.
01450
st
r
,
in

it
s-
d
re

-

of

is
-

n

e
rio

t
t
s
e

of some kind of transition leading to a gap formation in t
electronic excitation spectrum of the normal state. This s
nario would lead to a peak ofke /T at T0, close to the tran-
sition temperature, an exponential decrease ofke /T below
T0, and a gradual approach to the Wiedemann-Franz valu
L0 /r0 at T.T0. Such a peak atT0;1 K indeed follows
from our analysis of the MgB2 data~see the inset of Fig. 5!.
Unfortunately our data set does not extend to low enou
temperatures in order to confirm the exponential tempera
dependence ofke well below T0.

B. Thermal conductivity in the superconducting state„HÄ0…

A rather unexpected feature in the temperature dep
dence ofk in zero magnetic field is the absence of even
slightest manifestation of the transition atTc538.1 K, as has
already been mentioned in previous reports onk(T) for
polycrystalline materials.23–26 This observation is quite un
usual for superconductors with non-negligible phonon h
transport, because the opening of the superconducting
rapidly reduces the rate of phonon scattering on electr
and should lead to a fast increase ofkph below Tc . The
assumptions that either the phonon-electron scattering
much weaker than phonon-defect scattering, or thatkph is
negligibly small in the vicinity ofTc , which, in principle,
might explain the absence of ak(T) feature atTc , are all
incompatible with the observation that applying a relative
weak external magnetic field of 0.63 kOe, introducing so
additional quasiparticles in the cores of vortices, consid
ably reduces the thermal conductivity at intermediate te
peratures~see Fig. 3!. The possibility that the enhanceme
of kph belowTc is exactly compensated by a reduction ofke
is not considered because, for a BCS superconductor,
slope change inkph(T) at Tc is much more pronounced tha
that in ke(T).31 The latter statement is not true for spec
cases of extremely clean samples of strong-coupling su
conductors, such as Pb and Hg,32,33 where the scattering o
electrons by defects is negligibly small. Our sample of Mg2
with r(300)/r(0)'6.8 cannot really be regarded as fulfil
ing the extreme clean-limit criteria. It is possible, howev
to account for both the absence of a feature ink(T) at Tc and
the obvious slope change ink(T) centered around 6 K by
postulating that the superconducting energy gapD(T) for
quasiparticles which strongly interact with low-frequen
phonons is considerably smaller than the values given by
BCS theory.

In the simplest approximation, the phonon thermal co
ductivity can be calculated as

kph5~v2/3!E C~v!t~v!dv, ~3!

wherev is the mean sound velocity, andC(v) andt(v) are
the specific heat and the average relaxation time of a pho
mode with frequencyv, respectively. The total phonon re
laxation rate may be calculated by assuming that the sim
taneous influence of all independent phonon scatte
mechanismst i can be accumulated in the form

ri-

r-
4-4
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t215(
i

t i
21 . ~4!

The phonon-electron relaxation timetp-e changes most rap
idly upon the opening of the superconducting gap. In R
31, the phonon-electron scattering time in the supercond
ing state takes the form

tp-e
s ~v!5g~v/T,D/T!tp-e

n ~v!, ~5!

wheretp-e
n (v) is the normal-state relaxation time. The fun

tion g(v/T,D/T) is quite complicated, but its main feature
a steplike increase of the phonon relaxation rate at the p
non frequencyv52D/\, a consequence of the fact that
phonon with an energy less than 2D cannot brake a Coope
pair and interacts only with quasiparticles that have alre
been excited above the gap.34 In the ‘‘dominant phonon’’
approximation35 it is assumed that, at temperatureT, the
main contribution to the heat transport in the lattice is due
phonons with frequencies close tovdom, where \vdom
'3.8kBT. For weak-coupling BCS superconductors, whe
D(0)51.76kBTc and D(T) is a standard function tabulate
in Ref. 36,\vdom(T)52D(T) is always fulfilled at the tem-
perature 0.73Tc , i.e., not far belowTc . This is the reason
why kph(T) increases rapidly belowTc , leading to a maxi-
mum of the measuredk, typically close toTc/2.34 For MgB2,
instead of a peak nearTc/2, k(T) exhibits a distinct feature
at aboutTc/6'6 K, which can also be regarded as a pea
type structure on top of the background which decreases
notonously with decreasingT. This suggests that the releva
superconducting energy gap is equal to\vdom at much lower
temperatures than 0.73Tc . Hence, for the quasiparticle
which scatter phonons most effectively, the energy gapD(T)
is about 3 times smaller than the values given by the orig
BCS theory.

In principle, more information could have been extract
from our data by direct comparison with existing theor
for the thermal conductivity in multiband supe
conductors.34,37–39However, since the WFL seems to be i
valid in the normal state of MgB2 at low temperatures, an
attempt to analyzek(T) quantitatively in the superconduc
ing state is hampered by the difficulties in separatingke and
kph in a reliable manner.

C. Thermal conductivity in the mixed state

Before discussing the features ofk in magnetic fields, it is
important to note that the zero-field values ofk at tempera-
turesT!Tc are almost entirely due to the phonon contrib
tion. The electronic thermal conductivity in the superco
ducting stateke,s(T) can be estimated using the theory
Bardeen, Rickayzen, and Tewordt.31 In their model,

ke,s5ke,nf ~y!, ~6!

where

f ~y!5

2F1~2y!12y ln~11e2y!1
y2

11ey

2F1~0!
~T,Tc!
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f ~y!51 ~T>Tc!, ~7!

as well as Fn(2y)5*0
`zn(11ez1y)21dz, y5D(T)/kBT.

Using forke,n the values ofke,n
min shown in Fig. 5 and taking

into account the lowest previously claimed value ofD(0)
51.7 meV,10 it may be shown thatke,s is negligibly small
below 4 K and, therefore,k(H50)'kph.

As may clearly be seen in Fig. 4, thek(H) curves reveal
very similar features at all temperatures below 8 K. The m
intriguing aspect of these curves is the very rapid increas
k at relatively weak fields, after the initial decrease ofkph.
This increase is undoubtedly due to a field-induced enhan
ment of the number of electronic quasiparticles and thus
an increase ofke . For common type-II superconductors
their mixed state, the features ofke(H) are expected to de
pend on the ratio between the electron mean free pathl and
the coherence lengthj0. A rough estimate ofl can be ob-
tained from the residual resistivityr0 employing the Drude
relationr053/@N0lvFe2#, whereN0 is the electronic density
of states at the Fermi level andvF/3 is the average in-plane
component of the Fermi velocity. Using the valuesN0
50.7 states/(eV unit cell) ~Ref. 14! and vF54.9
3107 cm/sec~Ref. 4!, we obtainl'80 nm. Since this value
is considerably larger than the in-plane coherence len
jab,0511.8 nm ~Ref. 21!, our sample is in the moderatel
clean limit. In this limit, ke is expected to be small at a
fields belowHc2, except close toHc2, where it grows ac-
cording to

ke5ke,n@12CT~Hc22H !1/2#, ~8!

whereke,n}T is the normal-state electronic thermal condu
tivity above Hc2 and CT is a temperature-depende
coefficient.40 As may be seen in Fig. 4, for MgB2, the largest
positive slopedk/dH is observed well belowHc2 for both
orientations of the magnetic field. Although the form of E
~8! implies thatk(H) should scale with the value ofHc2, the
thermal conductivity depends only weakly on the field dire
tion up to approximately 6 kOe. This is amazing because
anisotropy of the upper critical fieldHc2

ab/Hc2
c '4.2 at low

temperatures.21

For H'c, after a steep initial increase,k(H) reaches a
region where it exhibits only a relatively weakH depen-
dence. The same tendency is also observed forHuuc but it is
partly masked by yet another increase ofk(H) close toHc2.
For H'c andT<8 K, Hc2

ab;130 kOe~Ref. 21! and is not
accessible in our experimental setup. Therefore the regio
weakH dependence extends to the highest fields reache
this study.

The field dependence ofke , although very different from
what one would expect from a conventional superconduc
can qualitatively be explained in terms of a two-band mo
with two energy gaps of different magnitude associated w
each band. Nakai and co-authors41 analyzed such a mode
where one band with strong pairing (L band! is responsible
for superconductivity, and superconductivity in the seco
band (S band! is induced by Cooper pair tunneling. Cons
quently, the two bands are characterized by a smaller gapDS
and a larger gapDL , and normal-state electronic densities
4-5
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states at the Fermi levelN0,S and N0,L , respectively. The
analysis presented in Ref. 41 shows that the quasipar
states in the vortices are highly confined in theL band but
only loosely bound in theSband. Therefore the quasipartic
states of the vortices in theSband start to overlap already i
weak fields and the resulting density of states equals tha
the normal-stateN0,S at H!Hc2. The situation can be visu
alized as a vortex lattice involving theL-band states, coex
isting with the normal state in theS band where the energ
gap is suppressed. This model explains very well the beh
ior of the electronic specific heat in a magnetic field.2,42 The
field-induced suppression of the smaller gap is claimed to
consistent with the results of point-contact measuremen3,9

and recent scanning tunneling spectroscopy experimen43

In terms of the two-gap model, the saturation of the therm
conductivity much belowHc2 may be regarded as the resu
of the closing of the energy gap in theS band. The heat
transport via quasiparticles of the band associated with
larger gap is significant only in the vicinity ofHc2, and,
eventually, aboveHc2 the full normal-state electronic hea
transport is restored. The lack of a substantial dependenc
ke on the field orientation forH!Hc2 is an obvious conse
quence of the weakly anisotropic 3D nature of thep bands.
From this we conclude that the smaller gap must open in
p band. The rapid increase of the number of quasiparticle
the p bands also naturally explains the very fast drop
kph(H) in small fields, because the corresponding exci
quasiparticles are the dominant scattering centers
phonons at low temperatures.

A more quantitative analysis ofke(H) can be made for
the lowest temperatures where, as may be seen from Fi
the phonon contribution is relatively small in comparis
with the field-induced electronic contribution. At very lo
temperatures, the phonon scattering by electronic quasip
cles is less effective35; therefore, kph(H.0) should not
much deviate fromkph(H50). Indeed, at temperatures o
0.60 and 1.02 K, there is no initial decrease ofk(H) in small
fields. Assuming that the phonon contribution is essentia
H independent and that the smaller gap is completely s
pressed in fields exceeding 20 kOe, we may establish
individual contributions toke of the quasiparticles associate
with either thes or p band. This is illustrated in Fig. 6. A
possible reduction ofkph with increasingH could slightly
change this ratio in favor ofke,p , but only by a few percent
The ratioke,p /ke,s is 0.57/0.43, as estimated from thek(H)
data atT50.60 K. This ratio is remarkably close to the rat
of the densities of electronic states in the two ban
N0,p /N0,s of 0.58/0.42, as calculated by Liuet al.15

and 0.55/0.45 by Belashchenkoet al.44 Similar ratios of
0.55/0.45 and 0.50/0.50 have been extracted from tunne
spectroscopy measurements43 and from specific hea
experiments,2 respectively. From this comparison, we rea
the important conclusion that the electron mean free path
different sheets of the Fermi surface are close to being eq
Indeed, the electronic thermal conductivity may be cal
lated fromke5CevFl /3, whereCe is the electronic specific
heat. SinceCe,i}N0,i and theab components of the Ferm
velocity vF,i ( i 5p,s) are similar for different sheets of th
Fermi surface in MgB2,45 the equality ke,p /ke,s
01450
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'N0,p /N0,s is tantamount to saying that, at low temper
tures, the ratio of the electron mean free paths in differ
bandsl p / l s is close to unity. This observation is essential
view of the current discussion of the possibly different im
purity scattering rates in different bands of electronic sta
of MgB2.46–48

Although the absence of any particular feature atTc in the
zero-field k(T) data, discussed in Sec. IV B, gives on
qualitative support for the existence of parts of the Fer
surface with a gap much smaller than predicted by the s
dard BCS theory, the magnetic-field-induced variation of
low-temperature thermal conductivity may be regarded
strong evidence in favor of the multigap scenario.

At the same time we believe that the model of Haas a
Maki49 for explaining the thermodynamic and optical pro
erties of MgB2 is not appropriate. They proposed thek de-
pendence of a single energy gap to adopt the form of a p
late ellipsoid. Our claim is based on the comparison of o
data set with similar results for materials with strongly a
isotropic gap functions. In Fig. 7, we redraw a figure fro
Ref. 50, which compares the field-induced variation ofke at
temperatures well belowTc for different conventional and
unconventional superconductors, amended by our data
MgB2 at T50.60 K. The Nb data51 reveal the typical salien
features of a clean, almost isotropics-wave superconductor
and confirm the very weak energy transport by quasipartic
far below Hc2, in agreement with Eq.~8!. A considerably
faster, almost linear inH, increase ofke is observed for a
superconductor with nodes inD(k), here exemplified by
UPt3.52 A similar H variation of ke has been observed fo
LuNi2B2C, which led the authors of Ref. 50 to claim a
anisotropy of the energy gapDmax/Dmin.10. The increase of
ke(H) in MgB2 is much faster than in any of these materia
For the field directionH'c, more than half of the normal
state thermal conductivity is restored already atH
50.05Hc2. This means that, with increasingH, instead of the

FIG. 6. Separation of the individual contributions of thes- and
p-band quasiparticles, and the phonons to the normal-state the
conductivity of MgB2 at T50.60 K.
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gradual increase of the number of quasiparticles contribu
to the heat transport, which is characteristic of single-g
anisotropic superconductors, we are dealing with the s
pression of an energy gap on a significant portion of the t

FIG. 7. The electronic thermal conductivity normalized to
normal state value vsH/Hc2. The data for MgB2 are from this
work; the results for Nb, UPt3, and LuNi2B2C are from Refs. 51,
52, and 50, respectively.
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Fermi surface by relatively weak magnetic fields. Thus
features ofke(H) of MgB2 displayed in Fig. 7 may be re
garded as a natural consequence of the existence of two
ferent gaps.

V. SUMMARY

Our k(T,H) data provide evidence for a rapid field
induced enhancement of quasiparticles in the supercond
ing state of MgB2 well below Hc2, consistent with an effi-
cient field-induced closing of the smaller energy gap, th
provoking a fast growth of the electronic thermal conduct
ity. At higher fields, the growth ofke(H) tends to saturate
until, in the vicinity of Hc2, the contribution tok from the
electrons of the band associated with the larger energy
grows rapidly, merging into the practically field-independe
thermal conductivity in the normal state aboveHc2.

At low temperatures, the electronic thermal conductiv
of the field-induced normal state is nonlinear inT and devi-
ates considerably from the prediction of the Wiedema
Franz law. This deviation peaks at about 1 K, suggesting
existence of some transition provoking a gap formation
the electronic excitation spectrum close to this temperatu
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