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Thermal transport properties of MgB ,

T. Muranaka; J. Akimitsu! and M. Sera
!Department of Physics, Aoyama-Gakuin University, Tokyo, Japan
2ADMS, Hiroshima University, Higashi-Hiroshima, Japan
(Received 15 March 2001; published 19 June 2001

The thermal transport properties and magnetic susceptibility of MigBe been studied. The thermoelectric
power with a positive sign shows a neaillylinear increase up te-150 K but shows a saturated behavior at
higher temperatures, which suggests the existence of two types of charge carrier. The magnetic susceptibility
above T, shows a Pauli paramagnetism but shows a substaht@d¢pendence which should include the
information of the band structure of MgBThe thermal conductivity shows a suppression belowvithout a
clear anomaly af . which is a result of the reduction of the normal charge carrier concentration Below
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Since the recent discovery of the superconductivity of Figure 1 shows the temperature dependence of the ther-
MgB, with T,=39K,! extraordinary intensive studies have moelectric powetS) of a MgB, sintered sample. The inset of
been performed to clarify the origin of the superconductivity.Fig. 1 shows the temperature dependence of the electrical
The crystal structure of MgBis that of the hexagonal AlB  resistivity of the sintered sample. The residual resistivity ra-
type, which consists of the hexagonal Mg layer and graphitio is approximately 3.5. The sign & aboveT, is positive
telike B layer. The band structure calculation indicates thags reported by Lorenet al! S shows a discontinuous in-
30% of the density of states at the Fermi energy originatesrease aff. and shows a nearly-linear increase up to 150
from the 2o, , bonding orbital of B in the B layet.The K. Near 150 K, a bending with a negative curvature is ob-
covalency between B-B is so strong as to induce a largserved and a saturated behavior is observed at higher tem-
splitting between the bonding and antibonding bahdis.  peratures. Th& dependence up te 150 K is consistent with
such a case, a strong electron-phonon interaction is expectélat reported by Lorenet al.” The high temperature satu-
in the B layer. This leads to the idea of thevave electron- rated behavior was not observed clearly in the result by Lo-
phonon mechanism of the superconductivity in thisrenzet al. but their data also show a deviation abové50
compound. In fact, the substantial B isotope effect was K from the low temperatur@-linear behavior. Th&-linear
observed The results of the tunneling spectroscdpthe  behavior is usually observed in the conventional metallic
spin-lattice relaxation ratéand photoemissidrsuggestthe  compounds and its slope is proportional taegl/ In the
wave superconductivity. present case, this slope is three or four times larger than

On the other hand, as for the normal state abByethere  those of the noble metals such as Cu and Au, etc. Assuming
exist less reports. The electrical resistivity shows saturatethat theT-linear behavior is that of a metallic compound, the
behavior below~150 K and an increase with increasing present result suggests that of MgB, is roughly 1
temperature above-150 K. The spin-lattice relaxation rate ~2 eV. However, it is not consistent with a large carrier
exhibits aT;T=constant behavior abovE.®> The sign of concentration of~10?3cm® estimated from the Hall coeffi-
the thermoelectric powérand Hall coefficierit is positive,  cient (Ry) assuming a single carriit is reported that th&
which is consistent with the prediction of the hole supercon-

ductivity. It is noted that although the Hall coefficient exhib- SF ' K
its anomalous temperature dependehdetailed studies of
the physical properties in the normal state have not yet been 4L et |
performed. It is important to perform such studies to clarify Al
whether or not the normal state of Mgl really normal. ‘,-fw
In order to clarify if the normal state abovk, is really g 3 g”‘ .
normal or not, we have investigated the temperatiiyede- = ;’
pendence of the thermoelectric power and magnetic suscep- % 5L /f ok /|
tibility of MgB,. In order to clarify the heat conduction 2
mechanism in the superconducting state, we have measured .é"' 3
the thermal conductivity of MgBin a temperature range 1 {f 2T ]
between 4.5 and 250 K. ki |
The sample was prepared as in Ref. 1. The thermoelectric L | | o TK) 200 |
power was measured by the usual dc method and the thermal 00 - 100 200 300
conductivity by the conventional dc method. The dc magne- T(K)
tization was measured using a Quantum Design supercon-
ducting quantum interference devi€®QUID) magnetome- FIG. 1. Temperature dependence of the thermal conductivity of
ter. All the measurements were performed on the sintereMigB,. The inset shows the temperature dependence of the electri-
sample cut from the same ingot. cal resistivity of MgB..
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FIG. 2. Temperature dependence of the magnetic susceptibility F|G. 3. Temperature dependence of the thermal conductivity of
of MgB, measured aH=1T. MgB, below 60 K. The dashed straight line is a guide to the eye.

The insets(a) and (b) show those up to 10 K and 250 K, respec-
dependence oRy, changes below and abovel50 K. R, tively.
shows an increase with decreasing temperature belts0
K and is nearly constant abovel50 K. The temperature of 1.15, 1.09, 1.20, and 1.36 @40, 100, 150, 200, and 250
~150 K where the anomalies are observedSrand Ry K, respectively.L,=24.5nWQ K2 A broad minimum is
seems to correspond to the temperature wheépgdT  formed atT~150K. This suggests that the phonon contri-
changes. Thus, the temperature dependences of all the trarmstion to the heat conduction increases with decreasing tem-
port properties mentioned above change fornTatl50K.  perature below 150 K and with increasing temperature above
Here, we note that the carrier concentration~o10*¥cm® 150 K. The log-log plot of Fig. 4 illustrates this. The inset of
estimated fromR,; may be too large for the conventional Fig. 4 showsk as a function off./T. k shows a suppression
metallic compounds. This strongly suggests that there exidtelow T.. Such aT dependence in different from the en-
two types of carriers, i.e., hole and electron. Quite recentlyhancement belowl . in the highT. cuprate which is ob-
the importance of the existence of the different types ofserved independent of the sample qudlftyc of YNi,B,C
charge carriers was discussed by Voekeal® The fact that  with T.=16 K shows a suppression beldliy accompanied
the T dependences oRy and S show the anomaly alT  with a clear kink atT..*®  of the present sample does not
~ 150K suggests that the balance of the conduction by holshow a clear anomaly but a smooth shouldeil at In the
and electron is changed at150 K. When there exist two early stage of the high: cupurate, the enhancement of
types of carriers, botR,, andSare dominated by the carrier below T, was attributed to the enhancement of the phonon
with a larger electrical conductivity. The resultsRyf, andS  thermal conductivity* Such an enhancement is expected to
suggest that the hole conduction is dominant bete¥b0 K  take place when the phonon is strongly scattered by the
but the electron conduction becomes comparable with the
hole conduction.

In order to check if the anomaly is observed &t T T
~150K in the normal state, we have measured the magnetic 100 £
susceptibility of a MgB sintered sample ai=1T. The -
result is shown in Fig. 2. The magnetic susceptibility shows
a Pauli paramagnetism, as expected. Although an anomaly is
not seen aflf ~150K, it shows a substantial decrease with
increasing temperature. Such a temperature dependence may
be due to a less than large Fermi energy in this compound.
This result includes the information on the band structure. It
is interesting to investigate the magnetic susceptibility of
Mg, _,Al,B, in the normal state where a larger temperature 3 L
dependence is expected because the electron filling by Al L 2 Ak
doping is expected to reduce the Fermi enéftjy.The de- 0.1 A S
tailed study in the normal state is important to understand the o2 e T o
origin of the highT. of MgB.. T(K)

Figure 3 shows th@ dependence of the thermal conduc-
tivity («) of a MgB, sintered sample below 60 K. The insets  FIG. 4. Temperature dependence of the thermal conductivity of
(@) and (b) of Fig. 3 show those up to 10 K and 250 K, MgB, by a log-log plot. The inset shows the thermal conductivity of
respectively. The reduced Lorentz numbeflL, is 1.45, MgB, as a function ofT./T.
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charge carrier abovE. . In such a case, the concentration of with increasing temperature. The overaldependence ok
charge carrier is decreased by forming a Cooper pair and thie that of a conventional metal and the phonon contribution is
mean free path of the phonon becomes longer. However, th@(pe_cted to be small. A s_mall increaserofbove 100 Kis
above explanation was denied by the discovery of the therPossibly due to the small increase of the phonon contribution
mal Hall conductivity where the temperature gradient is in-Which originates from the growing increase of a phonon spe-
duced perpendicular to both thermal current and appliedific heat irrespective of the decrease of the phonon lifetime
magnetic field In the case of YNiB,C, the enhancement With increasing temperature.
of x was observed below T/3, which was attributed to the !N conclusion, we have investigated the thermal transport
enhancement of the phonon thermal conductivity as is displropte'rtles and m%g]:]netm S.ltj.scep.“b'“%c’f MgHhe thermo-
cussed above. The magnitude of the enhancement of the ph%-gfeggepa\évﬁ;"\fso ?(pg? i';’i )f;l)gerétz dofv(\)/ rs tﬁenigg-\‘}/‘lgr?t?(;nal
tnhon thern?al _Ic_ﬁgdéjtf;gr'tya?gl]ogctggpeennhcllsnggnt]z;{pmlg;éy of metallic compounds but shows a saturated behavior at higher
€ sample. nservall : W temperatures. This suggests the existence of two types of
~T./3in YNi,B,C is due to a rather small residual resistiv-

. charge carrier. The magnetic susceptibility ab@yveshows a
ity of ~2 pQycm. In the present sample, such an enhancepg i paramagnetism but shows a substarftidependence

ment ofx is not seen below, and no anomaly is Seen®f.  which may include the information of the band structure of
This indicates that the impurity or defect scattering of theMngl The thermal conductivity shows a suppression below
charge carrier and phonon is large in the present polycrystalrC without a clear anomaly &, being different from the
line sample. If there exists only the contribution from the gnnancement beloW, observed in the high-, cuprate. The

charge carrierx is expected to decrease beldy due to @ g ppression ok below T is a result of the reduction of the
reduction of a normal charge carrier concentration as a resulformal charge carrier concentration beldy.

of the Cooper pair formation. Ther,is expected to exhibit
the exponentiall dependence with an energy gap in the case We would like to thank K. Nagatomo, T. Suemitsu, and
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