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Lattice parameter and T, dependence of sintered MgB superconductor on hydrostatic pressure
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Hydrostatic pressure up to 10 GPa has been applied to determine the lattice compressibility and the depen-
dence of transition temperatuiig of an MgB, superconducting material that shows a very narrow transition
range when prepared by high-pressure sintering. The transition tempeTatuecreases with increasing
pressure at a rate of 1.03 K/GPa. The material has a bulk modulus 172 GPa and the unit cell of the MgB
crystals shows an anisotropic compressibility withdtaxis appearing more compressible than dlile axis.

The experimental results are discussed within the framework of the BCS theory, which gives rise to estimates
in good agreement with the experimental results.
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The discovery of superconductivity in MgBrystals at 39  perature (1#297K) and pressure (00.62 GPa) using
K by Nagamatstet al! has excited intensive interest in and neutron diffraction.
research on this material. It represents the higfiggo far In this paper, we report results on experimental measure-
discovered in a binary system, much higher than the@¢ ment of the electrical resistivity and lattice compressibility,
alloy (T,=23.2K). The simple MgB crystal structure with under hydrostatic pressure up to 10 GPa, of the Mgiper-
the space group of P6/mmia=3.086 A andc=3.524A) conducting material. The MgBmaterial employed in the
consists of a layered stacking with alternating Mg and Bpresent investigation was prepared using a higher pressure
layers on top of each other. A few theoretical analyses hav€3-5 GPa comparing with the pressure of 0.2 GPa used by
been presented to discuss the fundamental mechanism f¥@gamatsu etal’) and higher sintering temperature

sponsible for the superconductivity in this material. The con{1000 °Q. This material shows substantial improvements in

duction bands of thesp?-bonded boron sheets have beenitS superconducting performanté=or example, the transi-

suggested to contribute to the superconductivity, which resuff" range, defined by the width in temperature between
frogrlrfJ the strong eIectron—phonoE interaction )::md the higrPO'nts with 10% and 90% drop of resistivity during the tran-

. . , ition from the normal to the superconducting state, is mea-
ggagtcl)ﬂefzrequency associated with the honeycomblike boro§ured to beAT,~0.5K at the ambient pressure. Since the

. . material was high-pressure sintered, no porosity was ob-
Following the announcement of the discovery, several re gn-p P v

_ served and it has a high mass density of 2.66 §/atose to
ports have been released reporting measurements of the prega theoretical value of Mggof 2.63 g/cm.

sure effects on MgBmaterials prepared under various con-  \yg ytilized an anvil cell fitted into a clamp machine to
ditions. Vogtet al® characterized the bulk modulus of the gptain hydrostatic pressure for measuring the electrical resis-
commercially available high-purity MgBpowders using tjvity using the standard four-probe method. Fositu mea-

high pressure and obtain@j~ 151 GPa using the first-order gyrement of the lattice parameters under pressure, a diamond

Murnaghan equation of state anvil cell was employed and synchrotron x-ray diffracto-
grams were collected on imaging plates, using the photon
B, -1B}, factory beam line 18C at the High Energy Accelerator Re-
V=V, 1+ p—> , search OrganizatiofKEK), Tsukuba, Japan.
Bo The electrical resistance of the MgBuperconducting

material was measured as a function of temperature at each
whereV is the unit cell volume at pressure, By=4, andV,  fixed pressure with the dc four-probe method using a cubic
and B, are the unit cell volume and the bulk modulus atanvil apparatus operated up to 10 GPa. The cubic anvil de-
ambient condition, respectively. This measurement gives risgice is compressed evenly from six directions with six anvil
to a value for the volume compressibility, defined @s  tops thereby producing a hydrostatic pressure on the sample
—(1N)dV/dP, of about 6. %10 2GPa ' to a good ap- material sealed in the gasket. The gasket material is a mix-
proximation. Pressidest al* measured the compressibility ture of amorphous boron and epoxy resin in 4:1 weight ratio.
of the material of Nagamatset al." and obtained a volume Fluorinert liquid is used as the pressure medium to maintain
compressibility of 8.%10"*GPa’. Lorenz, Meng, and hydrostatic pressure. Low temperature down7tK is at-
Chuw prepared the MgBmaterial by a solid-state reaction tained with a continuous flow of liquid nitrogen and helium
method and measured thE, dependence on hydrostatic successively.
pressure up to 1.84 GPa and obtainetl, /dP~ We measured the dependence of the superconductivity
—1.6GPa’. Loa and Syassen showed a theoretical analysigransition temperaturd, on pressure up to 10 GPa. The
and suggested a reducing rate of 1.6 K/Ga in response tsharp drop of resistivity observed at ambient conditions is
pressuré.Jorgensen, Hinks, and Shbreported their results maintained even when pressure was applied, as is shown in
on the crystal-lattice properties of MgBrersus both tem- Fig. 1. A remarkable linear behavior is observed up to the
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FIG. 1. Electrical resistance versus temperature when the P (GPa)

sample is subject to various pressures up to 10 GPa. The transition

from the normal sate to superconducting state takes place within a FIG. 3. Dependence of lattice parametarand c and the unit

very narrow temperature range of about 0.5 K. cell volumeV on the applied pressure up to 10 GPa. The plots are
given in ratios with the corresponding values at ambient condition.

full range of 10 GPa and Fig. 2 shows the experimental datdhe deduced bulk modulus of the MgBhaterial isB,=172 GPa.

with a fitted linear curve that is expressed by

quality of the MgB material. Even when the material is
T.=39.6-1.03P. subject to high pressure, the transition width changed only

) ) slightly. For example, at pressure 7.5 GPa, the transition
The decreasing rate di., 1.03 K/GPa, is much lower than iqth is measured to be 0.6 K, giving rise to the increase of

the value of 1.6 K/GPa obtained by Lorenz, Meng, and Chuthe transition width at a rate less than 0.015 K/GPa. In addi-
and the negative slope of thie~P relationship is against tjon, before the transition to superconducting occurred, the
the theoretical predictions by Hirs€On the other hand, the material showed a metallic behavior upon cooling with a
experimental observation suggests thatould be increased (atio of electrical resistivityp(300K)/p(40K)=1.93 at 1.5
further if a chemical substitution could increase the latticegpg pressure and it increased linearly with pressure reaching
parameter while maintaining the same electronic structures o5 at 9.0 GPa pressure.
in equivalence to producing a negative pressure. Figure 3 shows the dependence of lattice parameders
The transition range is about 0.5 K between the normalnq ¢, and the unit cell volume/ on the applied pressure.
state and superconducting state, demonstrating the supefliere is a significant difference between the contraction rates

of the intraplanar periodicitg and the interplanar periodicity
400 — ¢, the latter reduces about 1.4 times as fast as the former,
signifying that the structure is more compressible in the
direction than in thea/b direction. A least-square linear fit-
4 ting of the experimental data yielded a value for the bulk
] modulusBy=172 GPa while a value oBy=174 GPa was
obtained using a least-square fitting of the Murnaghan equa-
tion. The volume compressibility, defined as=1/By=
—(1/Vy)dV/dP, can be deduced from the experimental data
and showed a weak dependence on the pressure.

The boron-isotope effect has indicated that the supercon-
ductivity in the MgB, material is phonon-mediated that can
be described within the framework of the BCS thetrys-
ing the McMillan formulal! the transition temperaturé,
within the framework of the BCS theory can be approxi-
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FIG. 2. Plot of transition temperatufg. versus pressurf. A . o .
linear behavior is observed afig decreases with increasing pres- Where w is the characteristic phonon frequengy’ is the
sure at a rate of about 1.03 K/GPa. Coulomb pseudopotential describing the repulsive interac-
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tion between electrons, and=N(0)(1%)/M{w?) denotes : . . .
the electron-phonon coupling constant, in whid{0) is the 8
electronic density of states at the Fermi le\@f) the aver- 1O .
aged electron-ion matrix element, aktlthe atomic mass.
The value ofdT./dP can be estimated from the Mc-
Millan formula. Since it is difficult to obtain experimentally
the value ofd In N(0)/dP, we used a theoretically calculated
value, —0.0031/GP&Ref. 8 for dIn N(0)/dP and the value
of dIn w/dP is obtained from the lattice dependence on the
applied pressure through the equatienwy=(Vy/V)?,
wherey is the Gruneisen parameter, which is typically close o
to unity and we here assumeg=1 to obtaind In w/dP=
—dInV/dP. 09t i
The values ofd In V/dP is deduced from the x-ray data
(Fig. 3 and therefore we obtaineddIn w/dP . . . . .
~0.00576 GPal. Incorporating these values farin w/dP 2 4 6
andd In N(0)/dP as well asu* =0.1 and\ =0.7 (Ref. 2 to P (GPa)
the McMillan formula, we can obtaindT./dP~
—1.22 K/GPa, which is very close to our experimental value FIG. 4. Ratio of the temperature coefficient of electrical resis-
of —1.03 K/GPa. However, we should note here that sincaivity, C,(P)/C(0), as afunction of pressure. The inset shows the
the McMillan formula was deduced for isotropic structures,relationship between electrical resistivity and temperature where a
given the anisotropic nature of the MgBtructure, the above linear range exists at high temperature.
analysis has limit in its validity?

On the other hand, the electrical r(_esisiivity was found Oy the discrepancies arise mainly from the differences in
bE wellzg(r)opKomonﬁl to tgmtﬂergtur?, 'ﬁ‘:? CZ+-|C-:hl(P)-I|—' fhe microstructure of the various materials, as they have been
above as snown In the inset of Fg. <. 1he vajueé o ynthesized under different conditions. This has been dem-
dT./dP can also be estimated from an alternative metho nstrated clearly by Monteverds al. as they compared the

ga?::r)])g ?Q;P it?j? dpueggéugfo(rfetg'ec'gzgg:iri'gﬁ:glea:zs'atmtgrdifferences in the supercqnducting behavior under.pressure
thle as’sumption that the electrical resistivipy,, at High of s_e_vere}L Mgg materials prepared under different
temperature is due to phonon scattering weh'can thereforcondltlons. Or_1 thg other_hand, it should be noted that there

2 . ' ffas been no significant difference observed in the onset tran-
have p,rxT/Mwp, Wherewy, is the Debye frequency. Fur-

sition temperature. A most recent stddlyeported aT,. re-
thermore, if we assume In wp/dP~dIn w/dP, we can then P yep ¢

X ducing rate of 1.03 K/GPa on pressure, close to the value we
estimate the value af In w/dP from the pressure dependence

- ; AR ~ reported here.
of the temperature coefficient of electrical resistivity given in

. , ) y In summary, the MgB material synthesized under high
Fig. 4. The value ofi In w/dP thus obtained is 0.008 GPa  ressyre and high temperature shows improved supercon-
from which dT./dP~ —1.58 K/GPa is obtained. This esti-

. >N - ducting performance characterized kg sharp transition
mated value is reasonable in light of the experimental uncelgom normal state to superconducting state), lower de-

tainties and the many approximations in particular inVOIVedcreasing rate(~1.03 K/GPa of transition temperaturd
in the calculations leading to the result. In addition, compar y

. . i i ‘with increasing pressure, ard) lower ratios of electrical

ing our result with a recgrltly available Raman datave  regijstivity p(300 K)/p(40 K). These characteristics in trans-
obtain thatdw/d P~_?.Oc_m_ /GPa using the averaged fre- o hroperties are preserved under pressure to at least up to
guencywg~752cm . It is in good agreement with the Ra-

o ; 10 GPa and the pressure effectTynis well explained within
man result (w/dP~5.4cm ~/GPa) for this frequency.

) il _ the framework of the classical BCS theory based on the
With the availability of more experimental data reported electron-phonon coupling mechanism.

by different authors, we have noticed that there are discrep-
ancies in the reported values of the transition width and the The authors wish to thank Dr. J. P. Lu of the University of
decreasing rate of ; with pressure in particular. We suggest North Carolina at Chapel Hill for helpful discussions.
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