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Magneto-thermopower of single-crystal MgB2: Evidence for strong electron-phonon
coupling anisotropy

T. Plackowski,1,* C. Sułkowski,1 J. Karpinski,2 J. Jun,2 and S. M. Kazakov2
1Institute of Low Temperature and Structure Research, Polish Academy of Sciences, ul. Oko`lna 2, 50-422 Wrocław, Poland

2Solid State Physics Laboratory ETH, 8093 Zu¨rich, Switzerland
~Received 27 October 2003; published 29 March 2004!

The thermoelectric power of superconducting MgB2 single crystals was measured in the temperature range
4–300 K and in a magnetic field up to 13 T. Both the in-plane (Sab) and out-of-plane (Sc) thermopowers was
found to be positive, with similar, metal-like temperature dependences and an anisotropy ratioSab /Sc of the
order of 3–4 in the whole temperature range. Unexpectedly low values ofSc were qualitatively explained by
the properties of the Fermi surface topology. The analysis of the low temperature (T,40 K), normal-state
thermopower measured in the magnetic field indicated a domination of the phonon-drag thermopower over the
diffusive contribution and gave evidence of a strong~by a factor of 761) anisotropy of the electron-phonon
coupling. The positive magnetothermopower found aboveTc for both directions as well as a negative feature
in Sc(T) at T;27 K for B.2T were tentatively attributed to phonon-drag effects.

DOI: 10.1103/PhysRevB.69.104528 PACS number~s!: 74.70.Ad, 74.25.Fy, 72.15.Jf
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I. INTRODUCTION

Since the discovery of the superconductivity in MgB2 at
remarkable high value ofTc539 K,1 a renewed interest ha
been sparked to the superconducting and normal-state p
erties of the non-oxide superconductors. This interest
further escalated by the revelation that an anisotropic, c
plex Fermi surface of MgB2 gives rise to an existence o
two distinct superconducting gaps connected with the
different Fermi surface sheets. On the other hand, MgB2 is
not as far from conventional superconductors as the highTc

cuprates are. The pairing symmetry iss,2 the driving force is
the electron-phonon interaction.3,4 The differences stem
mainly from the fact that the charge carriers in MgB2 fall
into two distinctive groups:p electrons, similar to those in
graphite; ands electrons, which represent highly unusu
case of covalent bands crossing the Fermi level. This lead
a complex and uncommon features in the band struct
transport properties and superconductivity.5 Resistivity mea-
surements for MgB2 show a low residual resistivity o
0.4 mV cm and resistivity ratioR300/R4.2 values in excess o
20 although the intermetalic compound electron-phonon c
pling is apparently large.6 The resistivity of MgB2 single
crystals has been found to be anisotropic with a resisti
ratio of rc /rab'3.5.7 The Hall effect with magnetic field
parallel to theab plane is negative~electronlike! in contrast
to its positive~holelike! sign with a field parallel to thec
axis, indicating presence of both types of charge carriers
thus, the multiband electronic structure of MgB2.7

In this work we present measurements of the magn
thermopower of the MgB2 single crystals in the temperatur
range 4–300 K and in the magnetic field up to 13 T. Due
small sizes of the available samples a special procedure
been developed to determine an actual temperature di
ence across the sample clamped between two Cu blocks
measurements were performed at configurations with b
magnetic field and temperature gradient aligned along
principal crystallographic directions of the MgB2 structure:
0163-1829/2004/69~10!/104528~8!/$22.50 69 1045
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ab plane andc axis, as well as at a skewed configuratio
with /(B,ab)'30° and¹Tiab plane.

II. EXPERIMENT

Single crystals of MgB2 were grown using with a cubic
anvil high pressure technique.8 All samples were of;0.5
30.5-mm area and of;0.1-mm thickness. Magnetizatio
measurements inH52 Oe performed on three samples s
lected for thermoelectric power TEP measurements h
shown that their properties varied in narrow ranges: tran
tion temperatureTc,onset538.1–38.8 K, transition widths
DTc,ZFC50.65–1.1 K, andDTc,FC51.0–1.6 K and the ra-
tio between field cooling and zero-field cooling signa
FC/ZFC50.4220.69.

Thermoelectric power~TEP! measurements were carrie
using two separate equipments. Initial experiments on
single crystals were performed without magnetic field in t
temperature range 15–300 K by a steady-state-mode, s
automatic instrument fitted in the transport liquid heliu
dewar. One of the samples was further investigated by a f
automatic system working in an Oxford 13/15 T superco
ducting magnet in the temperature range 1.5–300 K. In
system all measurements were performed upon a slow t
perature drift~0.25 K/min!.

In both equipments the sample was clamped between
spring-loaded Cu blocks provided with heaters and a pai
thermometers~see Fig. 1!. Each thermometer pair was car
fully calibrated being glued together~Pt-1000’s for semi-
automatic equipment and Cernoxes 1050 for the autom
one! to limit an error in the determination of small temper
ture differences. The blocks were thermally insulated fro
the surrounding, therefore a thermal difference of any s
might be produced by the heaters. The quality of the ther
contact between the sample and the Cu blocks was teste
electrical resistance measurements, only values belowV
were accepted. The voltage difference between blocks
measured using a A20~EM Electronics! low-noise preamp-
lifier.
©2004 The American Physical Society28-1
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A zero-field calibration of both equipments was pe
formed versus a Pb~6N! sample.9 Since at low temperature
the TEP of copper depends strongly on magnetic field10 and
on the material quality11,12an additional calibration was nec
essary for the automatic equipment. This was performed
sus a superconducting, optimally doped, polycrystall
YBa2Cu3O72d sample with Tc592 K (Tc576 K at B
513 T) at fieldsB50, 2, 4, 6, 8, 10, and 13 T. The obtaine
calibration curves were extrapolated up to 100 K.

Another experimental problem was connected with
determination of the actual temperature difference across
sample (DTs) which differs from that indicated by thermom
eters (DTth). There are two kinds of detrimental temperatu
gradients within Cu blocks influencingDTs measurements
gradients produced by heaters along the vertical axis (DTha
andDThb ; see Fig. 1! and those, of unknown direction, re
sulting from an inhomogeneous temperature distribution
the gas-flow cryostat~their horizontal components are d
noted asDTua andDTub). To get rid of the vertical gradient
the thermometers were fixed on these block surfaces w
are adjacent to the sample. The second problem was o
came by the following compensation procedure. Two sub
quent runs with two different values ofDTth were always
performed~in order to makeDTua and DTub reproducible
we kept all possible run parameters constant, including
temperature drift rate and the gas flow rate!. Then, the fol-
lowing formula was used to determine the actual th
mopowerS of the sample:

S5
U1

DTs,1
5

U2

DTs,2
5

U12U2

DTth,12DTth,2
, ~1!

whereU stands for the measured voltage and indices 1 an
denote the first and second runs, respectively. The validit
this approach was confirmed by several tests withDTth,1
'2DTth,2 and withDTth,1Þ0 andDTth,2'0 on shorter and
longer Pb samples. During the measurements on
MgB2 single crystal we keptDTth,1 linearly varying be-
tween 0.5 K at LHe temperature and 2 K at room tempe
ture, whereasDTth,2 was kept close to zero.

III. RESULTS

Figure 2 presents the zero-field measurements
MgB2 single crystals performed using both equipme
along theab plane and thec axis. The differences betwee
TEP values for different samples and for same sample m

FIG. 1. A setup for thermoelectric power measurements.
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sured by different equipments do not exceed 10% (Sab) and
13% (Sc) at room temperature and 33% (Sab) and 50% (Sc)
at T550 K. The higher data spread for thec axis results is
caused by the particularly short length of the samples al
this direction (;0.1 mm) what made the compensation pr
cedure less effective.

Our TEP values for theab plane exceed these found in
recent work13 (Sab511.3–12.3mV/K at 293 K in our mea-
surements versusSab'7 mV/K measured in Ref. 13!. Mea-
surements performed on polycrystalline material revea
TEP values either close to our in-plane results14 or, more
frequently, values in the middle betweenSab andSc .13,15–21

Surprisingly, despite the fact that thec axis electrical con-
ductivity is much lower than that for theab plane,7 we have
found thatSc values for MgB2 are substantially lower than
the in-plane ones (Sc'3.724.3 mV/K at 293 K!.

The character of the TEP temperature dependence is
similar for both directions: theS(T) dependence is almos
linearly increasing with temperature betweenTc and;80 K
~slope 6.231028 V/K2 for Sab and 2.231028 V/K2 for Sc),
at higher temperature the curvature becomes increasi
negative. This is in contrast with Ref. 13, where a wi
maximum aroundT'60 K was found forSab(T). The inset
in Fig. 2 shows the thermopower anisotropy ratio which is
the order of 3–4 in the whole temperature range.

Figure 3 presents the results of the in-field thermopow
measurements for a configuration withBiab plane
@/(B,ab)50°610°# and¹Tiab plane. Figure 3~a! shows
the TEP behavior in the normal state up toT5100 K. At
B50 normal-stateSab(T) varies almost linearly, atB56 T
the Sab values are only slightly higher, whereas atB513 T
the growth ofSab is already evident~by ;20% at 80 K!.
This nonlinear field dependence of TEP was confirmed b

FIG. 2. Zero-field thermoelectric power measured
MgB2 single crystals along theab plane and thec axis. Symbols
denote results obtained using the semi-automatic equipment~solid
circles, sample A; open circles, sample B; solid triangles, sam
C!; thick solid lines denote measurements performed by the a
matic equipment on sample A. The inset shows the thermopo
anisotropy ratio~solid line, data for sample A by the automat
equipment; the dashed area represents the uncertainty due t
results scatter for all samples!.
8-2
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MAGNETO-THERMOPOWER OF SINGLE-CRYSTAL . . . PHYSICAL REVIEW B 69, 104528 ~2004!
separate measurement ofSab(B) at constant temperature~not
shown!. Figure 3~b! presents a more detailed view of th
influence of the magnetic field on the superconducting tr
sition. In our case the field ofB513 T is enough to destroy
the superconductivity at all. Somewhat lower values of
Bc2 were found here in comparison to these reported in
erature~compare, e.g., Ref. 22!. The reason is probably ou
limited accuracy in aligning theab-plane of the crystal along
theB direction. The dashed curve shows the scaling betw
the MgB2 specific data and the thermopower, see Sec. IV
details. The inset shows the magnified view of the superc
ducting transition atB50. The apparent transition width o
;0.5 K is comparable to the estimated temperature dif
ence across the sampleDTs50.53 K ~which is;20% lower
then the apparent temperature difference,DTth), so that the
actual transition width may be even lower.

Results for a skewed configuration/(B,ab)530°610°
and¹Tiab plane is shown in Fig. 4. Results for the norm
state are very similar to that presented for the parallel c

FIG. 3. Field-dependent thermoelectric power of MgB2 single
crystal~sample A! for Bi¹Tiab plane:~a! in the temperature rang
up to 100 K forB50, 6 and 13 T~the dashed line is proportional t
the normal-state specific heat data taken from Ref. 32!; ~b! in the
temperature range 4–45 K~the inset shows the magnified view o
the superconducting transition atB50).
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figuration~Fig. 3!, howeverBc2 values are substantially low
ered: a field ofB56 T is now enough to destroy superco
ductivity at all.

The thermoelectric power measured forBic axis and
¹Tic axis is presented in Fig. 5. For this configuration t
alignment of the platelet-shaped crystal in aBic axis posi-
tion is of much higher accuracy. On the other hand,
tremely short length of the crystal along thec axis
(;0.1 mm) made our compensation procedure less effec
and higher absolute measurements errors should be expe
Figure 5~a! shows theSc(T) behavior in the normal state u
to T5100 K. ForB50 Sc(T) decreases almost linearly wit
temperature down toTc , for B56 and 13 TSc(T) curves
are linear down to;60 K, then they deviates downwards.
contrast toSab , above;60 K Sc increases approximatel
linearly with the magnetic field~by ;25% at 80 K forB
513 T). This linear-type field dependence of TEP was co
firmed by a separate measurement ofSc(B) at constant tem-
perature~not shown!.

In the superconducting state TEP should drop to zero.
seen, in our case some error remained uncompensated,
ing the apparent value ofSc510.13mV/K just below Tc
~this corresponds to the measured voltage of only;80 nV).
Therefore, we applied an additional correction using
Sc(T,B50) line for T,Tc extrapolated up to 42 K. Figure
5~b! shows the correctedSc data in the region of the super
conducting transition. The apparent transition widths
higher than for theBiab plane configuration:DTc'2 K for
B50. Magnetic fields up to 1.2 T do not modify the shape
the normal state curve, which may be fitted by theaT
1cT3 formula ~dashed line, see Sec. IV!.

The highest field at which we detected a superconduc
transition isB52 T only. However, at this field the norma
stateSc(T) dependence deviates downwards from the th
observed for lower fields. The tendency is more clear for
B56 T curve, for which a round, negative peak with th
maximum atT527 K appears. The height of the peak i
creases with the field~see the curve forB513 T). The origin
of the influence of the magnetic field on normal-state TEP

FIG. 4. Field-dependent thermoelectric power of MgB2 single
crystal ~sample A! for a skewed configuration with/(B,ab)
530°610° and¹Tiab plane.
8-3
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MgB2 seems to be unclear. For pure simple metals
magneto-thermopower was accounted for the increase o
phonon-drag term@the case of noble metals, Cu, Ag, and A
~Ref. 23!# or the change of the electron-phonon enhancem
leading to the increase of the diffusive TEP@the case of Al
~Refs. 24 and 25!#. In the case of the complicated, high
anisotropic and multiband electronic structure of MgB2 the
explanation of the magneto-thermopower is an extrem
difficult task.26 Waiting for the larger single crystals nece
sary for more precise and comprehensive TEP measurem
we could only make some suggestions. If the phonon-d
term is dominating, as was proved by fitting the low te
perature part of the normal-state curves, then, in the
approximation, the magnetothermopower may be tentativ
attributed to the phonon-drag effects too. The main ar
ments are some analogies with more classical materials.
is, the positive magnetothermopower observed
MgB2 aboveTc for both directions resembles the case of t
noble metals,27 for which it was observed that the phono
drag peak is strongly enhanced with the magnetic field. T
negative peak inSc(T) appearing atT;27 K for B.2 T

FIG. 5. Field-dependent thermoelectric power of MgB2 single
crystal~sample A! for Bi¹Tic axis:~a! in the temperature range u
to 100 K for B50,6 and 13 T, the dashed line is a fit used as
correction in Fig. 6~b!; ~b! the corrected data—details of the supe
conducting transition in the temperature range 18–42 K.
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have some similarity with a negative peak in theS(T) at T
535 K for graphite, which is also strongly increasing wi
magnetic field.28,29This low-temperature feature was also a
counted for the phonon-drag effects.

TEP data for all three measurement orientations are s
marized in the phase diagram presented in Fig. 6. The crit
temperature values were determined in the middle of
transition. All theBc2(T) lines have a slightly positive cur
vature. The middle curve, measured at the skewed confi
ration with/(B,ab)530° and¹Tiab plane, goes definitely
closer to that for the out-of-plane (Bi¹Tic) configuration
than to that for the in-plane (Bi¹Tiab) one. This confirms
that theBc2 slope is determined mainly by the orientation
the magnetic field versus crystal axes, and not by the di
tion of the thermal gradient.

IV. DISCUSSION

A. Anisotropy

As shown by the electronic structure calculations,5,30 the
transport properties of MgB2 are determined by contribu
tions four sheets of the Fermi surface of comparable val
of the electron density of states. Twop-type sheets are three
dimensional; the antibonding one centered atkz50 is of
electron type, and the bonding one centered atkz5p/c is of
hole type. The two similar hole-types sheets are almos
cylindrical, with very low out-of-plane dispersion. Table
schematically shows the cross sections of the Fermi sur
sheets along the two principal directions. Each of the ba
contributes to the total diffusion TEP,Sd , according to the
well-known expression which may be derived from the M
formula31

Sd52
p2kB

2T

3ueu S ] ln s

]« D
«5EF

'2
p2kB

2T

3ueu S ] ln AF

]« D
«5EF

,

~2!

wheres5L3AF is the electrical conductivity,AF stands for
the area of the Fermi surface sheet. If, as in the second
of Eq. ~2! the energy dependence of the electron mean-fr
path L is neglected, then, the sign of the TEP contributi
from a particular band is determined rather by the slope
theAF(«) dependence and not by the sign of charge carr
indicated by the sign of the Hall coefficient. A careful anal
sis of the electronic structure data given in Fig. 1 of Ref
leads to the conclusion that the Fermi-surface sheets
nected with boths bands as well as the antibondingp band
are collapsing with increasing energy, whereas the sheet
nected with the bondingp band is expanding with increasin
energy. Thus, the three sheets characterized by the neg
value of the derivative give a positive contribution the diff
sion thermopower. On the other hand, the bondingp band
with positive value of the gives a negative contribution~see
the first column of Table I!. Therefore, for theab plane, for
which all four bands take part in the transport phenome
the three positive diffusive TEP contributions should de
nitely prevail the single negative one. On the contrary, sin
the s bands do not participate in the transport along thc

a
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TABLE I. Schematics of the cross-sections of the Fermi-surface sheets for the particular bands alo
two principal directions. The dashed regions represent filled states. The slope of the Fermi surfac
dependence on energydAF /d« was estimated by the analysis of the electronic structure data given in F
of Ref. 5. The sign of the diffusion TEPSd was determined using Eq.~2!. The sign of the phonon-drag TEP
Sph was determined using the Ziman rule. Namely, the electrons scattered in N-processes by phon
quasimomentum which are crossing filled or unfilled regions of the Brillouin zone~see examples for bothp
band cross-sections for theabplane! give, respectively, negative or positive contributions toSd ~Ref. 33!. The
sign of the Hall coefficientRH was determined by the sign of the curvature of the respective Fermi-sur
cross section.
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axis, the two mutually opposite contributions of thep bands
are expected to roughly cancel each other making the a
lute value of Sc much smaller thanSab . The sign ofSc
cannot be estimated~see the last row of Table I!. The results
of the above analysis seem to agree with the observed re
of the TEP anisotropy, for which 0,Sc,Sab was found.

Despite this qualitative agreement we have also to c
sider the phonon-drag TEP,Sph . That is, since the Debye
temperature of MgB2 is particularly high@Qe f f5920 K at
T5298 K ~Ref. 32!# Sph may play an important role eve
near the room temperature~a maximum ofSph could be ex-
pected atT'Qe f f/55184 K). The estimation of the signs o
the phonon-drag TEP contributions of particular bands m
be performed according to the Ziman rule.33 Specifically, for
the convex Fermi-surface sheets~which is the case, compar
Fig. 3 in Ref. 5! and considering only scattering in N pro
cesses a negative phonon-drag TEP is anticipated for
electron bands and a positive one for the hole bands. Fo
ab plane this gives three positive contributions~from boths
bands and from the bondingp band! and a single negative
one ~from the antibondingp band!. The net value is again
positive, as in the case of the diffusion TEP~it is interesting
to indicate that for bothp bandsSd andSph are of opposite
10452
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signs!. Now, we consider the phonon-drag TEP for thec axis.
The s bands do not contribute. Due to a honeycomb str
ture of bothp bands the curvature of the cross-section alo
the c axis is opposite to that of the cross-section parallel
theab plane~i.e., Sph is positive for the antibondingp band
and negative for the bondingp band!. Thus, bothp bands
Sph contributions again roughly cancel each other result
in the low absolute value ofSc predicted for this direction,
the same as in the analysis of the diffusive TEP.

A similar analysis may be also used for the Hall coef
cient, in this case the sign is determined by the curvature
the Fermi-surface cross-section perpendicular to the m
netic field. The sign prediction forRH for particular bands
exactly agree with these for the phonon-drag TEP~see Table
I!, thus giving a large, positive net result for theab plane and
smaller, undetermined in sign result for thec axis. These
predictions could be compared with the resent measurem
of theRH anisotropy described in Ref. 7. In accordance w
our predictions, the authors found the in-plane Hall coe
cient positive (RHxy51160310212 m3/C at room tempera-
ture!, whereas the out-of-plane coefficient was found sma
in absolute value and negative (RHxz5RHzx5240
310212 m3/C at room temperature!.
8-5
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Summarizing, the analysis of the Fermi surface topolo
leads to the conclusion thatSab should be relatively large an
positive, whereas the absolute value of Sc is expected t
much smaller thanSab due to the interplay between the tw
p bands, giving mutually opposite contributions both in ca
of Sd andSph ~the sign ofSc remained undetermined in th
above analysis!. This agrees well with our experimental re
sults. A further support of the presented physical picture w
given by the Hall effect analysis. However, the above pict
is not able to indicate the dominating mechanism contrib
ing to the thermopower: the diffusive or the phonon-drag o
~this problem will be addressed in Sec. IV B!.

B. Low temperature analysis

The diffusive and phonon-drag TEP are strictly connec
with electronic (Ce) and phonon (CL) specific heat, respec
tively. In low temperature approximations (T!QD) these
relations may be expressed by following simple formulas31

Sd5
2Ce

3ne
, ~3!

Sph5r
CL

3ne
, ~4!

where n is the charge carrier concentration andr is the
phonon-electron coupling parameter defined by the ratio
the phonon-electron scattering rate to the total of pho
scattering rates. Thus,r'1 in case of dominating phonon
electron scattering and 0,r ,1 if other phonon scattering
processes are important.

Therefore, for the total TEP at low temperature a sim
dependence is expected:

S5aT1cT3. ~5!

FIG. 6. Superconducting phase diagram of single-cry
MgB2 derived from TEP measurements at three orientatio
Bi¹Tiab, Bi¹Tic and a skewed one, with/(B,ab)530° and
¹Tiab.
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The a andc coefficients are connected with the Sommerfe
coefficientg (Ce5gT) and theb coefficient describing the
low temperature behavior of the lattice specific heat (CL
5bT3) through the following relations:

a5
2g

3nf uNAe
~6!

c5r
b

3nf uNAe
, ~7!

wherenf u is the carrier concentration per formula unit an
NA is the Avogadro number. Despite the complicated nat
of MgB2 electronic structure the simple formula given b
Eq. ~5! is fulfilled for T<Tc ~compare dashed lines in Figs.
and 5!. To perform more quantitative evaluation of that sc
ing we plottedS/T and Cp /T versusT2 ~see Fig. 7!. From
the specific heat data belowT;40 K the values ofg58.9
31024 J/gat K2 and b53.431026 J/gat K4 have been
found. Due to the multiband nature of the MgB2 the Hall
effect cannot be used for the estimation ofnf u . Therefore,
one should rather use the results of the band structure ca
lations which predict that the totalnf u is of the order of
unity.27,34Thus, just to get an idea on the order of magnitu
of the quantities of interest we assumednf u51 for the
present estimations.

Table II presents thea andc coefficients calculated using
Eqs.~6! and~7! as well as the fitting parameters for TEP. A
seen, thea and c values derived fromCp(T) agree well in
the order of magnitude with these obtained fromSab(T),
supporting the validity of the physical picture used. Mor
over, similar values ofc parameters indicate that the phono
electron coupling for theab plane isr ab'1. Another con-
clusion is that at low temperature the phonon-dr
contribution dominates the totalSab of MgB2. For example,
at T540 K theSph /Sd ratio estimations vary between 5 an
11. This result stands in opposition with the previous int
pretations of the TEP behavior, which attributed the domin
ing role rather to the diffusive TEP.13,18 Similar fitting pro-
cedure performed by authors of Ref. 18 aboveTc in a higher

l
s:

FIG. 7. S/T ~thick solid lines! andCp /T ~dashed line, data taken
from Ref. 32! as a function ofT2; the solid thin lines are fits
according to Eq.~5! for TEP and to theCp5gT1bT3 relation for
specific heat forT,40 K.
8-6
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MAGNETO-THERMOPOWER OF SINGLE-CRYSTAL . . . PHYSICAL REVIEW B 69, 104528 ~2004!
temperature range 45–90 K gave the valuesa51.76
31022 mV/K2 and c51.2631026 mV/K4, and, thus, the
Sph /Sd ratio was found as small as 0.11 atT540 K.

For thec axis, thea parameter~describing the diffusive
TEP! is nearly of the same value as that found forSab ,
whereas thec parameter~describing the phonon-drag TEP! is
one order of magnitude smaller in comparison to its in-pla
counterpart. Hence, theSph /Sd ratio was found equal only to
1.7 at T540 K. This means that at low temperature t
electron-phonon coupling for thec axis, r c , is much lower
than this for theab plane direction:

r ab

r c
5

cab

cc
5761. ~8!

This conclusion, which is the central one for the curre
paper, agrees well with that given in the report on the
Haas–van Alphen effect.35 The authors have found that th
electron-phonon coupling strengthl ~defined as the electro
mass enhancement factor! is a factor;3 larger on the two-
dimensional~2D! s orbits than on the 3Dp orbits.

At higher temperatureSph deviates from the scaling with
CL due to increasing role of the phonon-phonon scatter
thus reducing ther parameter. For simple metals a maximu
at QD/5 is usually observed. Such a feature was not fou
for MgB2 ~it would be expected atT'Qe f f/55184 K),
both for Sab and Sc . Instead, a saturation tendency is o
served~see Fig. 2!.

Due to the scatter of obtaineda and c parameters the
above analysis cannot support or falsify our suggestions~see
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data origin a (mV/K2) c (mV/K4) Sph /Sd at 40 K
specific heat
@Eqs.~6! and ~7!# 6.131023 1.231025 3.1
Sab at B513 T 4.031023 1.631025 6
B56 T 2.131023 1.531025 11
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Sec. III!, that the positive magneto-thermopower found f
both directions aboveTc should be accounted for in terms o
the phonon-drag effects.

V. SUMMARY

In the present report we describe the thermoelectric po
measurements of the MgB2 single crystals performed in th
temperature range 4–300 K and in the magnetic field up
B513 T. Three configurations were studied: withBi¹Tiab
~in-plane!, with Bi¹Tic ~out-of-plane! and with /(B,ab)
530° and¹Tiab plane~skewed configuration!.

Both the in-plane and the out-of-plane zero-field th
mopower was found positive, with similar, metal-like beha
ior and the anisotropy ratioSab /Sc of the order of 3–4 in the
whole temperature range. Low values of theSc are surprising
in the face of the high electrical resistivity along thec axis
reported in the literature.7 This paradox was qualitatively ex
plained in terms of the Fermi surface topology. It was sho
that total TEP of the contributions from particular sheets
the Fermi surface is large and positive for the in-plane dir
tion, whereas for thec axis it should be much lower in ab
solute value~the sign of Sc remained undetermined!.

The low temperature (T<40 K), normal-state ther-
mopower measured in the magnetic field was analyzed
terms of a sum of two contributions: a linear one arisi
from the diffusive TEP and a cubic one connected with
phonon-drag TEP. A scaling with the literature data
normal-state specific heat32 supported this approach. Thi
analysis indicated a dominant role of the phonon-drag th
mopower in comparison to the diffusive one, especially
theab plane~at 40 K the ratioSph /Sd is of the order of 5–11
for theab plane and;2 for thec axis!. A comparison of the
phonon-drag contributions for both directions gave an e
dence for a strong~by a factor of;761) anisotropy of the
electron-phonon coupling. The positive magne
thermopower found aboveTc for both directions as well as
the negative feature inSc(T) at T;27 K for B.2 T were
also tentatively attributed to phonon-drag effects.
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