JAIST Repository

https://dspace.jaist.ac.jp/

Title Compressibility of the MgB_2 super c
Prassi des, K. ;: | was a, Y. ; I t o, T. ; I
Uehar a, K. ; Ni shibori, E. Takat a, I

Author(s) . : .
M. ; Ohi shi, Y. ; Shi momur al O. ; Mur an:
AKi mi t su, J.

Citation Physi cal Review B, 64(1):]012509-1-(

Issue Date 2001-06-114

Type Journal Article

Text version publ i sher

URL http://hdl.handle.net/ 10109/ 4617
K. Prassides, Y. | was a, T It o, Dam
Uehar a, E. Ni shibori, M. Takat a, M.
Ohi shi, 0. Shi momur a, T. Mur anaka, F

Rights Aki mitsu., Physical Review B, 64(1),
012509-1-012509-4. Copyripht 2001 b\
Physical Society.
http://1link.aps.org/ abstrpct/ PRB/ v 6 :

Description

AIST

JAPAN
ADVANCED

INSTITUTE OF

® SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



PHYSICAL REVIEW B, VOLUME 64, 012509

Compressibility of the MgB, superconductor

K. Prassides;>? Y. lwasal T. Ito,! Dam H. Chil K. Ueharal E. Nishibori! M. Takata? M. Sakata' Y. Ohishi?
0. Shimomur&, T. Muranaka’, and J. Akimitsti®
LJapan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa 923-1292, Japan
2School of Chemistry, Physics and Environmental Science, University of Sussex, Brighton BN1 9QJ, United Kingdom
SInstitute of Materials Science, NCSR “Demokritos,” 153 10 Ag. Paraskevi, Athens, Greece
“Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
5Spring-8, Japan Synchrotron Radiation Research Institute, Hyogo 679-5198, Japan
5Spring-8, Japan Atomic Energy Research Institute, Hyogo 679-5148, Japan
"Department of Physics, Aoyama-Gakuin University, Chitosedai, Setagaya-ku, Tokyo 157-8572, Japan

8CREST, Japan Science and Technology Corporation (JST), Tokyo, Japan

(Received 27 February 2001; published 14 June 2001

Considerable excitement has been caused recently by the discovery that the binary-boride system with
stoichiometry MgB is superconducting at the remarkably high temperature of 39. lagamatsu, N. Naka-
gawa, T. Muranaka, Y. Zenitani, and J. Akimitsu, Natdd®, 63 (2001)]. This potentially opens the way to
even higherf, values in a new family of superconductors with unexpectedly simple composition and structure.
The simplicity in the electronic and crystal structures could allow the understanding of the physics &f high-
superconductivity without the presence of the multitude of complicated features, associated with the cuprates.
Synchrotron x-ray diffraction was used to measure the isothermal compressibility of, Meialing a stiff
tightly packed incompressible solid with only moderate bonding anisotropy between intralayer and interlayer
directions. These results, combined with the pressure evolution of the superconducting transition temperature,
T., establish its relation to the B and Mg bonding distances over a broad range of values.

DOI: 10.1103/PhysRevB.64.012509 PACS nuniber74.62.Fj, 61.10.Eq, 62.50p, 74.70.Ad

MgB, adopts a hexagonal crystal structure (Aipe, affects the charge transfer between the B planes and Mg, and
space groupP6/mmm)? that is analogous to intercalated Will vary depending on whether the system is in the over-
graphite with all hexagonal prismatic sites of the primitive doped or underdoped regime. .
graphitic structuré¢found in hexagonal BNcompletely filled Here, we address the problem of the evolution of the
and resulting in two interleaved B and Mg layers. In addi-Structural properties of the MgBsuperconductor with ap-
tion, allowing for full charge transfer from Mg to the boron Pliéd pressure using synchrotron x-ray powder diffraction
two-dimensional(2D) sheets, the latter are themselves iso_techn!ques. We find that MgZBema_lns strictly h_exagonal to
electronic with graphite. the highest pressure used. The isothermal interlayer com-

Detailed information on the properties of Mg being, pressibility, d In c/dP at zero pressure is only 1.4 times the

currently, rapidly accumulated. Band structure calculation value of the in-plane compressibilitgIn a/dP, manifesting
Y, rapidly ' "She anisotropic nature of the crystal structure. Nonetheless,

clea_rly reveal_ that,_ while str(_)ng B-B covalent bonding 'S the bonding anisotropy in this material is not as large as
retained, Mg is 'Omzed’ and |ts_ two electrons are fully do'other quasi-2D systems like alkali-metal intercalated graph-
nated to the B-derived conduction ba3r1(§.Superc9nduct|v- ite, and the elastic properties appear only moderately aniso-
ity in MgB, is then essentially due to the metallic nature ofqpic. This information is valuable in testing the predictions
the boron 2D sheets and the presence of strong electrogs competing models for the mechanism of superconductiv-
phonon interactions together with the high-vibrational fre-jty The diffraction experiments in combination with the data
quencies of the light B atoms ensure a high-transitionon the pressure dependenceTgfpermit us to determine its
temperaturé.Support for such a phonon-mediated BCS-typevariation over a wide range of unit-cell volume with an ini-
mechanism has been provided by measurements of the bor@al pressure coefficient In T,/dv=0.18 A~ 3.

isotope effect AT,=1.0 K, isotope exponentg~0.26)/ The MgB, sample used in this work was prepared, as
In addition, T has been found to decrease with applied presfeported in Ref. 1, by heating a pressed pellet of stoichio-
sure at the rate of dT,/dP~1.6 K/GPa up to 1.84 GPh, metric amounts of Mg and amorphous B for 10 h at 700°C
again consistent with mediation of the pairing interaction byunder an argon pressure of 196 MPa and was superconduct-
phonons. An alternative scenario derives from the fact thaing with T.=39 K. Phase purity was confirmed by powder
MgB, is hole doped and superconductivity may be underx-ray diffraction. The high-pressure synchrotron x-ray dif-
stood within a formalism developed for high- cuprate fraction experiments at ambient temperature were performed
superconductivity. Such a theory predicts a positive- on beamline BL10XU at Spring-8, Japan. Mg®as loaded
pressure coefficient ofi, as a result of the decreasing intra- in a diamond anvil cel(DAC), which was used for the high-
plane B-B distance with increasing pressure and appears fwessure generation and was equipped with an inconel gas-
disagree with the experimental observations. However, th&et. The diameter of the top face of the diamond culet was 1
response of the system may be more complex if pressure alsom, and the sample was introduced in a hole made in the
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. . o FIG. 2. Pressure dependence(af the unit-cell volume) and

FIG. 1. Final observedopen circlesand calculatedsolid line) () the normalized hexagonal lattice constarattag) and (c/c,) of
ambient temperature synchrotron x-ray powder diffraction profiles\ 4. at ambient temperature. The lines through the data points are
of MgB, at 1.27 and 5.46 GPa in the range of 7°~43 ( |east-squares fits to the Murnaghan equation-of-§&dge(1)] in (a)
20.49556 A)..Th.e lower lines show the dlfference profiles and the; g its variants iMb) (see text Inset. Schematic diagram of the
vertical marks indicate the observed reflections. MgB, structure.
gasket 0.2 mm deep and 0.4 mm diameter. Silicone oll
loaded in the DAC was used as a pressure medium. PressutdiereKy is the atmospheric-pressure isothermal bulk modu-
was increased at room temperature and was measured willhs, K is its pressure derivative<{dK,/dP), andV, is the
the ruby-fluorescence method. The diffraction patterns werenit-cell volume at zero pressure. The fit results in values of
collected using an image-plate detector=(0.49556 A) K,=120(5) GPa andK;=36(3). The extracted value
with 5 min exposure times. Integration of the two- of the volume compressibility, dInV/dP=8.3(3)
dimensional diffraction images was performed with the localx 10-3 GPa ! implies a stiff tightly packed incompressible
PIP software and data analysis with the Fullprof suite of Ri-gg)ig.

etveld analysis programtS. The anisotropy in bonding of the MgBstructure(Fig. 2

Synchrotron x-ray powder diffraction profiles of MgB ingep is clearly evident in Fig. @) that displays the varia-
were collected at pressures between ambient and 6.15 GRgy, of the hexagonal lattice constamtsindc with pressure.

Inspection of the diffraction data indicated that the pattern,

. s the applied pressure increases, th/j ratio smoothly
could be indexed as hexagonal at all pressures. Thus théaecreasesb ~0.4% t0 6.15 GPa We described the pres-
same structural modelspace groupP6/mmn) was em- y =" ' P

ployed in the refinements of all datasttsThe Rietveld re- sure depgndence of _each lattice CO”?‘ar.‘t W,ith a variant .Of Eq.
finements (2 range=7-43° proceeded smoothlfFig. 1), (1), in which I_<0 gnd its pressur(/a derivativ, were substi-
leading to values for the hexagonal lattice constamts, tuted by the individuaK, andK, (x=a,c) values. The re-
=3.0906(2) A andc=3.5287(3) A at ambient pressure Sults of these fits are also included in Fighpand give
(agreement factors:R,,=3.9%, Rg=5.9%), and a  K,=410(20) GPa, K;=13(1); K =292(12) GPa, K;
=3.0646(1) A andc=3.4860(2) A at 6.15 GPaR,, =85(7).These values clearly reveal the diversity in bonding
=1.0%, Rg=7.0%)]. Figure Za) shows the pressure evolu- interactions present, with the solid being least compressible
tion of the volume of the unit cell of MgBtogether with a in the basal planab, in which the covalent B-B bonds lie
least-squares fit of its ambient-temperature equation-of-stafel In a/dP=0.0024(1) GPa']. However, the interlayer lin-
(EOS to the semiempirical second-order Murnaghamear compressibilityd In c/dP=0.0034(1) GPa'is only 1.4
EOS!? times larger, implying very stiff Mg-B bonding; signifi-

, cantly, it is considerably smaller than those of the structur-
P=(Ko/Kg)[(Vo/V) o—1], (1) ally related strongly anisotropic alkali-metal intercalated
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TABLE |. Bond distances (A) for MgB at selected pressures. T " " " T

Pressurd GPa B-B Mg-B Mg-Mg
38 | g
ambient 1.7844) 2.50941) 3.09062) P=1 bar
3.23 1.77381) 2.49171) 3.07241) i
6.15 1.76941) 2.48371) 3.06461)

graphite(cf. KCq, d Inc/dP=0.0206 GPal.}3Table | sum- £ 36 1

marizes bond-distance information at selected pressures. k=’
The pressure coefficient df, in MgB, is strongly nega-

tive, —dInT./dP~0.042 GPa'Z2 It straddles the values of

conventional noncupratep and d superconductors>0.08

and <0.02 GPal, respectively, while it is more than an

order of magnitude smaller than those in fulleride supercon-

ductors[0.5 GPal for K;Cq (Ref. 14 and 1.0 GPa! for s

Na,CsGs (Ref. 15]. Of course, the relevant comparison , . . . ,

must be between the volume coefficientsTaf. Using the 28.8 29.2

measured volume compressibility of MgBwe obtain 3

d(In T)/dv=0.18 A~3. This is even larger than the “uni- Volume, V (A’)

Yers_a'” value of alk‘r_’“_' fullerideq 0.07 A3 (Ref. 16] and . FIG. 3. Superconducting transition temperaturg,vs unit-cell

implies a very sensitive dependence of the superconductingyiyme, v for MgB,. TheV(P) data from Fig. 2a) were converted

properties to the interatomic distances. The results of cong 1 (v) by using theT.(P) data(solid circleg of Ref. 8 to 1.84

verting theV(P) data in Fig. 2b) to T¢(V) are shown in Fig.  GPa. The line through the points is a guide to the eye.

3. Within the BCS formalism for superconductivityl,. ) ]

(hwpexd —LIN(eg)], wherefiw,, is a phonon energy, distances decrease and should form a stringent test of com-

N(eg) is the density-of-states at the Fermi level, arid the peting models fpr the interpretation of th_e superconducting

electron-phonon coupling constant. Given the highly incomPairing _mechamsm in this material. Detall_ed band structure

pressible nature of the MgBsolid, it is conceivable that the ﬁglr?li)lﬁlr(ljgScrfgr%ueldtrgﬁs?grlebgt)v?ei% ?\;'gedagghé %r;glhgei;/porlg_r

pressure coefficients of bothw,, and J are negligible. T

Then, to first order, Fig. 3 reflectps the modulatiorTfwith the relative importance between the boron layers and the

. . . interstitial metal ions to superconductivity.
decreasindN(eg), which results from the broadening of the P y

. ) Note added in proofRecently, we have extended the
conduction band as the B-g&nd the Mg-B orbital overlap high-pressure StUd)F/) of MgBto 336 GPa using helium and

@ncrea_se_s with increasing external pressure. Such a Situatic?1r1]ethr:1nollethanol as pressure media. No phase transition was
's reminiscent of the ggrbased superconductors and SUg9eSty e ntified to this pressure and the bulk moduli have been

that higherT.'s may be also achieved, for the same band _ /
filling, by increasing the size of the unit-cell volume by (ix;fra:lc(tg;jﬂfrom Eq.(1) as Ko=154(8) GPa andK,

chemical substitution at the interstitial sitemegative-
pressure effegt K.P. thanks Monbusho for funding to visit JAIST. We
In conclusion, synchrotron x-ray powder diffraction at el- thank Spring-8 for the provision of synchrotron x-ray beam-
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with pressure. In combination with the pressure dependencilinistry of Education, Science, Sports and Culture, Japan
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