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Dependence ofT . on hydrostatic pressure in superconducting MgB
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The dependence df, on hydrostatiqHe-gas pressure for superconducting MgBas been determined to
0.7 GPa. We find thal, decreases linearly and reversibly under pressure at thedbtédP=—1.11
+0.02 K/GPa. These studies were carried out on the same sample used in earlier structural studies under
He-gas pressure which yielded the bulk moduBis147.2-0.7 GPa. The value of the logarithmic volume
derivative ofT is thus accurately determined|n T./dIn V=+4.16+0.08, allowing quantitative comparison
with theory. The present results support the emerging picture that,MgB BCS superconductor with
electron-phonon pairing interaction.
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The recent discovetyof superconductivity in MgB at Recent synchrotron x-ray diffraction studies at RT in a
T.=39 K has sparked worldwide a torrent of experimentaldiamond-anvil cellDAC) to much higher pressuréd§—12
and theoretical activity, reminiscent of the frenzy following GPa using dense HéRef. 14 or methanol-ethandl as hy-
the observatioh of superconductivity in La-Ba-Cu-O at a drostatic pressure media yield the bulk mod#&li= 155
comparable temperature almost 15 years ago. Repldf@hg +10 GPa and 15t5 GPa, respectively, in agreement,
with B results in a sizable isotope sHifo lower tempera-  within experimental error, with the He-gas studyA further
tures which points to BCS superconductivity. Other experi-DAC study*® to 7 GPa with silicon oil as pressure medium
ments, such as heat capadifjphotoemission spectroscopy, gives the significantly smaller valug@=120+5 GPa, even
and inelastic neutron scatterift§,also support the picture though the reported 2.9% decrease in unit cell volume upon
that MgB, is a phonon-mediated superconductor in theapplying 6.5 GPa pressure lessthan the 4% decrease
weak-to-moderate coupling regime. found in the other two DAC studigé:'® The strong devia-

High-pressure studies traditionally play an important roletion of the “silicon oil” data'® may arise from difficulties in
in superconductivity. A large magnitude of the pressure deextrapolating the data to zero pressure to obtain the bulk
rivative dT./dP is a good indication that higher valuesf = modulus and/or from shear stresses arising from the solidifi-
may be obtained through chemical means. It is not widelycation of the silicon oil under pressure. The relatively large
appreciated, however, that the pressure depend€gd®), compressibility anisotropy in MgBmandates the use of hy-
like the isotope effect, contains valuable information on thedrostatic pressure in quantitative studies, since shear stresses
superconducting mechanism itself. For example, in simpleapplied by nonhydrostatic pressure media to an elastically
metal BCS superconductors, like Al, In, Sn, and Pp,in-  anisotropic sample can lead to erroneous results.
variably decreases under pressure due to the reduced Several studies of the dependencelgfon pressure have
electron-phonon coupling from lattice stiffenifidviore gen-  appeared for MgR In an experiment utilizing a fluid pres-
erally, an accurate determination of the dependence of botbure medium(Fluoriner, Lorenzet all’ report thatT, de-
T. and the lattice parameters on pressure yields the funwreases linearly with pressure to 1.8 GPa at the rate
tional dependenc&.=T.[a(P),b(P),c(P)] which provides dT.,/dP=-1.6 K/GPa. On the other hand, using the same
a critical test of theoretical models. Hirs€rand Hirsch and  pressure medium, Saitet al® find the more rapid decrease
Marsiglio'! have applied a theory of hole superconductivitydT./dP=—2.0 K/GPa. Both groups cite their results
to MgB, and predicted that for an optimally doped sampleto argue that MgB is a BCS phonon-mediated
T, should increase with pressure, in contrast to the expectesliperconductor’'®as is also argued by Loa and Syassén.
decrease i from lattice stiffening. In further experiments to 25 GPa utilizing the solid pressure

Precise structural data on MgRt room temperaturéRT) medium steatite, Monteverdat all® find that T, decreases
have recently been obtained by Jorgenseal!? for hydro-  under pressure at differing initial rates-0.35 K/GPa to
static pressures to 0.6 GPa in a He-gas neutron diffraction- 0.8 K/GPa),T.(P) showing a quadratic behavior for two
facility which vyield the anisotropic compressibilities of the four samples studied; each of the four samples was
dina/dP=—1.87x10"% GPa!, dInb/dP=-3.07x10"2  prepared using a different synthesis procedure.
GPa !, and the bulk moduluB=147.2-0.7 GPa; the com- In the present experimenk(P) is determined to 0.7 GPa
pressibility along the axis is thus significantly (64%) larger in an ac susceptibility measurement using a He-gas pressure
than that along thea axis. The binding within the boron system; the helium pressure medium remains fluidrl at
layers is evidently much stronger than between the layers=39 K up to 0.5 GPa and thus applies true hydrostatic pres-
These results are in reasonable agreement with electronure (no shear stresseso the sample. We find thak, de-
structure calculations by Loa and Syassén. creases linearly and reversibly with pressure at the rate
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FIG. 1. Real part of the ac susceptibility of MgBs tempera- FIG. 2. Superconducting transition temperature vs applied pres-

ture at ambient and high pressures. The applied magnetic field @ure. Numbers give the order of measurement. Data for points 2
0.113 Oe(rms) at 1023 Hz. The intercept of straight tangent lines g g/ and 11 are shown in Fig. 1. A typical error bar for

defines the superconducting onset at ambient presSu(®) (001 k) is given in the lower left corer; the error in pressure is

=39.25 K. No correction is made for demagnetization effects.  |ogg than the symbol size. Pressure was either changed at RT

o (unprimed numbepds or at low temperatures~60 K (primed
dT./dP=-1.11+0.02 K/GPa. Implications for the nature numbers.

of the superconducting state are discussed.
The powder sample for this study was taken from thethe temperatur@.=39 K. Further details of the experimen-
same mother sample used in parallel neutron diffractiorial techniques are given elsewhéfe.
studiest? It is made using isotopically enrichetdB (Eagle In Fig. 1 are shown representative examples of the super-
Picher, 98.46 at. % enrichméni mixture of !B powder  conducting transition in the ac susceptibility at both ambient
(less than 200-mesh-particle sizend chunks of Mg metal and high pressure. With increasing pressure the narrow tran-
were reacted for 1.5 h in a capped BN crucible at 800 °Gsition is seen to shift bodily to lower temperatures, allowing
under an argon atmosphere of 50 bars. As seen in Fig. 1, tredetermination of the pressure-induced shiffjnto within
resulting sample displays sharp superconducting transitions 10 mK. Remarkably, close inspection of the data for 0.50
in the ac susceptibility with full shielding and an onset tem-GPa reveals a slight shift in the transition curve near its
perature at ambient pressufe(0)=39.25 K. Both x-ray midpoint, accurately marking the position of the melting
and neutron diffraction data show the sample to be singleurve of helium ,,=38.6 K) at this pressure.
phase with AIB-type structure. In Fig. 2, T, is plotted versus applied pressure to 0.7 GPa
The present high-pressure studies were carried out usingand is seen to follow a highly linear dependenik. /d P=
He-gas high-pressure systetilarwood to 1.4 GPa; the —1.11+0.02 K/GPa. The first data point’ was obtained
pressure is determined by a calibrated manganin gauge in tledter first applying a pressure 6f0.7 GPa at RT before
compressor system at ambient temperature. The supercoceoling down to low temperatures-(60 K) and reducing
ducting transition of the 8.12-mg MgBpowder sample is the pressure, yieldinf,=38.88 K at 0.341 GPa. Point' 2
measured by the ac susceptibility technique using a miniawas measured after releasing the pressure at low tempera-
ture primary-secondary coil system located inside the 7-mmture, giving T,=39.25 K at ambient pressuf® GP3g; no
i.d. bore of the pressure cell. A small Pb sphere with 1.7&hange inT. occurred after intermittently warming the
mm diametern(38.58 mg is also inserted in the coil system sample to RTpoint 3). Further data were obtained following
for susceptibility calibration purposes; for selected data thepressure changes at both Rdhprimed datpand low tem-
superconducting transition temperature of this Pb spherperature(primed datia As is observed for the vast majority
serves as an internal manoméleo check the pressure in- of superconducting materials without phase change, the de-
dicated by the manganin gauge. The CuBe pressure cgllendence off; on pressure for MgBis single-valued and
(Unipressg, which is connected to the compressor system bydoes not depend on the pressure-temperature history of the
a 3 mm 0.d.x0.3 mm i.d. CuBe capillary tube, is inserted sample; such history effects do occur in certain Highex-
into a two-stage closed-cycle refrigeraideybold operat- ides containing mobile species at BWe thus find that for
ing in the temperature range 2—320 K. The pressure can hge-gas pressure changes at both ambient and low tempera-
changed at any temperature above the melting cliryef  ture, T.(P) for MgB, is a linear, reversible function of pres-
the helium pressure mediufifor example,T,,=13.6 K at  sure to 0.7 GP&’
0.1 GPa andr,=38.6 K at 0.50 GP&Ref. 21)]. For pres- In the present experiments the sample is surrounded by
sures above 0.5 GPa&,, lies aboveT,; the slight pressure fluid helium nearT,=39 K for all data taken at pressures
drop (few 0.01 GP#aon cooling fromT,, to T, is estimated P<0.50 GPa so that the slopdT./dP=-1.11 K/GPa
using the isochores of H&.All pressures are determined at gives the true hydrostatic pressure dependencg.ofThe

092505-2



BRIEF REPORTS PHYSICAL REVIEW B 64 092505

seen in Fig. 2 to have no effect on the pressure dependence dinv — A m+27 ) 2
T.(P); indeed, solid helium is the softest solid known. Our
value of dT./dP differs significantly from those of other _ .
groupd”® (see discussion aboveusing pressure media Where 752_q|”<“’>/d|”\_/ is the Grueisen parametery
which are either solid at RT or freeze upon cooling down at=N(Ef){I) is the Hopfield paramet%qrgwen by the prod-
temperatures well abovg . uct of the electro_nlc den_S|ty of states and the average-
In view of the strong compressibility anisotrdfyand the ~Sguared electronic  matrix Zelement, and=1.04[1
sizable anharmonicity and nonlinear electron-phonon™ 0-38/**.]/[)‘_M*(1+,0-62\)_] : . )
coupling anticipated for MgB, it is likely that shear stresses  Eguation(2) has a simple interpretation. The first term on
of sufficient magnitude will cause appreciable changes in thée right, which comes from the prefactor to the exponent in
pressure dependence®yf, as observed for other anisotropic the McMillan expression foll ., is usually small relative _to
substances such as the superconducting cXides! organic the secor_1d term, as Wl_II be demonstrated below. _The sign of
superconductor® The largest shear stresses are generatet® logarithmic derivatived In T./dInV, therefore, is deter-
by changing the pressure on a solid pressure medium, sué¢Rined by the relative magnitude of the two terms in the curly
as steatite, or using no pressure medium at all. The sheffackets. The first “electronic” derivative is negative
stresses generated in cooling Fluorinert or other comparablél In 7/dInV~—1 for simple metals §,p electrons™ but
liquids through the melting curve are admittedly much€guals—3 to —4 for transition metalsd electrons (Ref.
smaller and depend on details of the individual experimentaf9], whereas the second “lattice” term is positiigpically
procedures used, such as the cooling rate, change in appliéy~3-5). Since in simple-metal superconductors, like Al,
force upon cooling, etc. Only experiment can determind™. Sn, and Pb, the lattice term dominates over the electronic
whether or not th@.(P) dependences measured in the Fluo-term andA is always positive, the sign afin T./dIn Vs the
rinert pressure mediuth'® are influenced by shear stresses.Same as that in the curly brackets, namely, positive; this ac-
To exclude the possibility of sample-dependent effects, sucRounts for the universal decreaseTof with pressure due to
experiments should be carried out on a single sample. Lorerlttice stiffening in simple metals. In selected transition met-
et al?” have very recently carried out He-gas high-pressuréls the electronic term may become larger than the lattice
studies on the same sample studied by them previously irm, in which casélc would be expected to increase with
Fluorinert’ and find a value ofiT./dP equal to their pre- Pressure, as observed in experimént.

fact that the sample is in solid helium f&#>0.5 GPa is dinT, [d In7n
Y

vious value (1.6 K/GPa), within experimental error; fur- _ L€t us now apply Eq(2) in more detail to a canonical
ther measurements in the same He-gas system on a secoR&S simple-metal superconductor. In Sn, for examflg,
high-quality sample yielded the dependendd./dP=  decreases under pressure at the ratl /dP=

—1.07 K/GPa, a value very close to our present result. This™ 0-482 K/GPa which leads tdInT/dIn V=+7.2% In-
finding lends support to the observation by MonteverdeSerting T¢(0)=3.73 K, (w)=110 K and x*=0.1 into
et al’ thatdT./dP in MgB, may be sample dependent. the_ above McMillan equation, we obtain=0.69 _from
The presentT(P) studies and parallel high-pressure which follows thatA=2.47. Inserting these values into Eq.
structural studies by Jorgensenal? were both carried out (2) and settingd In 7/dInV~—1 from above for simple met-
on the same MgB sample over the same He-gas pressurédls, we can solve Eq2) for the Grineisen parameter to
range, thus allowing an accurate determination of the chang@Ptain y=+2.46, in reasonable agreement with experiment
in T, with lattice parameter. The changeTp with unit cell  for Sh (y~+2.1)? Similar results are obtained for other

V0|ume' for examp|e, is given by Simple-meta| SuperCOHdUCtOFS.
We now repeat the same calculation with the McMillan
dl equation for MgB using the logarithmically averaged pho-
nT, B [dT, . . ?
_:_(_ =+4.16+0.08, ) non energy from inelastic neutron stucfle(s»)=670 K,
dinv Tc\dP T.(0)=39.25 K, andu*=0.1, yielding A\=0.90 and A
) =1.75. From Eq.{1) we havedInT./dInV=+4.16. Since
using the above valuedT./dP=—1.11+0.02 K/GPa,B  the pairing electrons in MgBare believed to bes,p in
=147.2-0.7 GPa, and;=39.25 K. _ charactef? we setd In 7/dIn V~—1.3%Inserting these values
We will now discuss the |.mpI|cat|or.15 of th|§ result fpr the into Eq.(2), we find y=2.36, in reasonable agreement with
nature of_ the super_conductlng state in MgBirst consider e valuey~2.9 from Raman spectroscopy studfesr y
the McMillan equatiof’ ~2.3 from ab initio electronic structure calculations on
MgB,.34 If, on the other hand, one were to use the same bulk
Te={w)/1.20exp{[ —1.041+N) /[N —u*(1+0.620)]} modulus but the pressure derivativedT./dP=
—2.0 K/GPa from Saitcet al,'® one obtains from Eq(2)
valid for strong coupling X<1.5), which connects the value the unusually high valug=3.7.
of T, with the electron-phonon coupling parameter an In extensive specific hedand high-resolution photoemis-
average phonon frequenéw), and the Coulomb repulsion sion studie¥® on MgB,, evidence is found for a multicom-
w*, which we assume to be pressure independent. Taking th@onent superconducting gap; the latter study also reports an
logarithmic volume derivative oT;, we obtain the simple inconsistency in the values of the electron-phonon coupling
relation constant from McMillan’s equation and the renormalization
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of the electronic density of states. These results call intavhich predicts thaf . should increase with pressure for op-

guestion the suitability of the isotropic McMillan equation timally doped samples. However, within their modg}, for

for describing this system. a nonoptimally doped sample may decrease if sufficient
Under the above assumptions, we thus conclude that thghange in the carrier concentration occurs when pressure is

rate of decrease of, with pressure found in the present applied. Further studies, such as high-pressure Hall effect

experiments on MgB is consistent with BCS phonon- measurements, are necessary to clarify this possibility.

mediated superconductivity. From this rate and measure-
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