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1 INTRODUCTION

The past fifteen years have witnessed some of the more memorable discoveries in the
ninety-year-old field of superconductivity, including the hidgh- oxides in 1986 [1], the
alkali-doped fullerenes in 1991 [2], the charge-injected fullerenes in 2000 [3], and the bi-
nary compound MgBin January 2001 [4]. The discovery of superconductivity at such high
temperatures (40 K) in the simplep-metal compound MgBwas quite unexpected. The
absence [5] of the problematic weak-link behavior of the Higlexides and the relative ease
of synthesis in various forms [6] has raised hopes that MgBy be suitable for numerous
technological applications.

To aid in the search for related compounds with even better superconducting properties
and to help identify the pairing mechanism, a great deal of current research is dedicated to
fully characterizing MgB in both its normal and superconducting states. A wide range of
experiments, including isotope effect [7, 8], heat capacity [9, 10], inelastic neutron scatter-
ing [11,12], NMR [13], and photoemission spectroscopy [14], support the picture that MgB
is a phonon-mediated BCS superconductor in the moderate coupling regime. The fact that
the B isotope effect ififteen times that for Mg [8] is clear evidence that the superconduct-
ing pairing originates within the graphite-like,Bayers, consistent with electronic structure
calculations [12,15-18] whereby Mgls a quasi-2D material with strong covalent bonding
within the boron layers. The anisotropy in the superconducting properties is appreciable,
the upper criticafield ratio H% / HE, reportedly being .7 [19] or 2.7 [20], but far less than
that observed in the high: oxides [21]. A full characterization of all anisotropic properties
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awaits the synthesis of sufficiently large single crystals.

High pressure studies traditionally play an important role in superconductivity. Even
without a detailed understanding of why 7, changes with pressure, a large magnitude of
the pressure derivative d7,./dP is agood indication that higher values of T, are possible at
ambient pressure through chemical means. It is not widely appreciated, however, that the
pressure dependence 7.(P), like the isotope effect, contains valuable information on the su-
perconducting mechanism. In fact, in simpl@-metal BCS superconductors like Al, In, Sn,
or Pb,T. is found to invariablydecrease with increasing hydrostatic pressure [22] or isotopic
massin both cases the reduction arises from changes in the lattice vibration spectrum,
electronic properties having minimal effect. In transition-metal systems the isotogde coef
cient may deviate considerably from the BCS vadue- 0.5 and the pressure dependence
T.(P) is determined by changes in both lattice vibration and electronic properties.

Soon after the discovery of superconductivity in MgBiree groups reported indepen-
dently that7, decreased under the application of high pressure, but the rate of decrease
varied considerably. Lorenat al. [23] carried out ac susceptibility measurements in a
piston-cylinder cell to 1.8 GPa using tlielid pressure medium Fluorinert FC77 and ob-
taineddT,./dP ~ -1.6 K/GPa. Saitat al. [24] measured the electrical resistivityto
1.4 GPa using a similar pressure technique with Fluorinert FC70 and reported the pressure
derivative -1.9 K/GPa. Monteverde al. [25] extended the pressure range to 25 GPa in re-
sistivity measurements in an opposed anvil cell with solid steatite pressure mdiliaenof
the four samples studied exhibited widely differing pressure dependences with initial values
of dT,./dP ranging from -0.35 to -0.8 K/GPa. When pressure is applied to a solid pressure
medium like steatite, the sample is subjected to sizeable shear stresses which may plastically
deform a dense sample or compact a loosely sintered sample, as in the experiments of Mon-
teverdeet al. [25]. Shear stresses are known tdluence the pressure dependenc& of
particularly in elastically anisotropic materials such as the Higbxides [26] or organic su-
perconductors [27]. Fluid pressure media such as Fluorinert, methanol-ethanol or silicon oil
remainfluid at RT to a certain pressure, but soon freeze upon cooling at temperatures well
above the superconducting transition temperafure: 40 K of MgB., thus subjecting the
sample to shear stresses, albeit relatively small ones. Only helium refigdhat 40 K for
pressures to 0.5 GPa.

Since in electronic structure calculatiois is determined by the unit cell dimensions
and atom positions, for a quantitative comparison with theory it is essential to complement
the determination of.(P) with accurate measurements of the pressure dependence of the
structure parameters. Effects of pressure on the structure can affect the superconducting
transition temperature through changes in the electronic structure, phonon frequencies, or
electron-phonon coupling. For structures where the pressure effects are isotropic, changes
in the electronic structure are usually subtle because the Fermi energy and features of the
Fermi surface tend to simply scale together with the cell volume. However, when the com-
pression is anisotropic, as a result of stgrantly different bonding strengths in different
crystallographic directions, large pressure-induced changes in the electronic structure can
occur. For example, in the layered copper oxide superconductor Jdui&s, ., where the
compression is 37% larger along thaxis than in the basal plane [28], the pressure-induced
increase inf, for optimally doped material is thought to occur because pressure moves a
band associated with the HgQayer across the Fermi energy, creating new carriers and
“metallizing” the blocking layer [29,30]. Even when such dramatic effects do not occur, the
anisotropic compression in layered materials, such as the copper oxides, can move critical
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features of the density of states (such as the van Hove singularity) with respect to the Fermi
energy resulting in changes in the carrier density[31].

MgB; presents a situation where similar phenomena could occur. The superconductivity
is thought to result from strong electron-phonon coupling to a particular feature of the elec-
tronic structure associated with boremonds which lies close to the Fermi energy [16]. The
layered structure of MgB characterized by Mg-B bonds along thexis and B-B bonds in
the basal plane, is expected to compress anisotropically. Thus, accurate structural data ver-
sus pressure are needed to evaluate the pressure-induced changes in the electronic structure,
as well as the changes in phonon frequencies and electron-phonon coupling, and how these
might contribute to the pressure dependencg.of

Within months after the discovery of superconductivity in MgBeveral groups reported
structural measurements versus pressure [32—35]. The compression is clearly anisotropic,
but quantitative agreement among the experimental results for the bulk modulus and com-
pression anisotropy was poor. Measurements made in helium gas appear to exhibit the
largest compression anistropy(dk/dP)/coll/(da/dP)/ao]} = 1.64(4) [34] and 1.9(3) [35],
while measurements made in otlieids yield lower values- 1.5 in a methanol:ethanol:water
mixture [32] and~ 1.4 in silicone oil [33]. Some of these differences may be due to the
degree to which the pressuitaid is truely hydrostatic. Errors in the accuratesitu mea-
surement of lattice parameters and the extrapolation of the results to zero pressure could also
contribute to the differences. Some authors [25, 36] have concluded that different samples
of MgB,, can exhibit different pressure-dependent behavior. It has been speculated that sam-
ples may differ in the amount of Mg or B vacancies, but there is no clear evidence that such
deviations in stoichiometry are possible in MgB An alternative is that impurity phases
such as MgB, or elemental Mg or B, distributed at grain boundaries or at the center of
grains, modify the pressure, and amount of shear, seen by individual crystallites gfiMgB
sintered grains when pressure is applied.

In this paper, we report paralléh situ neutron powder diffraction and.(P) measure-
ments versus pressure on the same Mg8mple in a He-gas apparatus to 0.6 GPa, thus
avoiding any problems with non-hydrostatic presdiuiels or sample dependent differences.
In addition, we present measurements in a helium-loaded diamond-anvil-cell to 20 GPa on
the same sample. The high precision achieved in these measurements allows a quantitative
interpretation of the change ih versus the changes in structure.

2 EXPERIMENTAL METHODS

2.1 Sample Preparation

The powder sample of MgBfor these studies was made using isotopically-enrich&d

(Eagle Picher, 98.46 atomic % enrichment). A mixturé'd powder (less than 200 mesh
particle size) and chunks of Mg metal was reacted for 1.5 hours in a capped BN crucible
at 800C under an argon atmosphere of 50 bar. As discussed below, the resulting sample
displays sharp superconducting transitions in the ac susceptibility with full shielding. At
ambient pressure the temperatures of the superconducting onset and midpoint lie at 39.25 K
and 39.10 K, respectively. Since this sample contains isotopically'pBrea temperature

shift of AT, ~ 0.2 K should be added to ouF, values before comparing them with those
from other groups using samples not isotopically enrichétt B).



2.2 Neutron Powder Diffraction M easurements

Neutron powder diffraction measurements were made on the Special Environment Powder
Diffractometer at the Intense Pulsed Neutron Source, Argonne National Laboratory [37] ina

He-gas pressure cell [38] at room temperature. Typical data collection times were one hour
at each pressure. Pressures were measured continuously at the pumping station, connected
to the pressure cell by a capillary line, and are accurate and stable within 0.02 GPa. The data
were analyzed by the Rietveld technique using the GSAS code [39]. In inifiaéreents,

the Mg/!B ratio was réined. There was no indication of non stoichiometry within fanes

ment precision of about 0.5%. Fig. 1 shows the raw data afivteck diffraction pattern at
0.63(2) GPa. The sample is single phase and the diffraction pattern is fitoslth peak

widths near the instrumental resolution. This is true at all pressures. There is no evidence
for any structural transitions.
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Fig. 1. Observed time-oftight neutron powder diffraction data and bésRietveld rdine-
ment prdile for MgB, at 0.63(2) GPa. Data collection time was one hour. Crosses (+) are
the raw data. The solid line is the calculatedfpeo Tick marks indicate the positions of all
allowed rdlections. A difference curve (observed minus calculated) is plotted at the bottom.

23 T.(P)Measurementsin He-Gas Apparatus

The measurements of 7T.(P) to 0.7 GPa were carried out using a He-gas high-pressure
system (Harwood). The pressure is determined by a calibrated manganin gauge at room
temperature (RT) located in the compressor system. The CuBe pressure cell (Unipress)
is inserted into a closed-cycle cryocooler (Leybold) with a base temperature of 2 K and
connected to the compressor system by a 3 mm Q.D.3 mm |I.D. CuBe capillary tube
approximately 3 mlong. To minimize shear stresses on the sample when the helium pressure
medium freezes, a technique developed by Schirber [40] is applied, whereby the top of the
15 cm long pressure cell and the capillary tube are kept at a slightly higher temperature than
the bottom so that helium freezes from the bottom up around the sample as the pressure cell
is slowly cooled (30 min) through the melting curve of helium. The pressure in the cell
can be changed at any temperature above the melting &yyt&) of the helium pressure
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medium (for example, 7;,, ~ 13.6 K at 0.1 GPaand 7,, ~ 38.6 K at 0.50 GPa[41]). For
pressures P > 0.5 GPa, T,,, lies above the superconducting transition temperature of MgB,
and the sampleisin frozen helium during the T, measurement; the slight pressure drop (few
0.01 GPa's) on cooling in the solid helium pressure medium fréjmnto 7. is estimated using
the known isochores of He [41]. All pressures are determinégl.at

The superconducting transition of the 8.12 mg Mg#®wder sample is measured by the
ac susceptibility technique using a miniature primary/secondary coil system located inside
the 7 mm I.D. bore of the pressure cell. An EG&G 5210 lock-in afrgrliwith a transformer
preamplfier is used at 0.113 Oe (rm¢ld and 1,023 Hz. A small Pb sphere with 1.76 mm
dia (38.58 mgQ) is also inserted in the coil system for susceptibility calibration purposes
for selected data the superconducting transition temperature of this Pb sphere is used as an
internal manometer [42] to check the pressure indicated by the external manganin gauge.

24 T.(P) Measurementsin Diamond-Anvil-Cell

T.(P) can be determined to much higher pressures using a helium-loaded diamond-anvil-
cell made of hardened Cu-Be alléyted with 1/6-carat diamond anvils and 0.5 mm culet
diameter. The MgBsample 80 x 80 x 25 um?3) together with several small ruby spheres
(5-10um dia.) [43] are placed in a 240m dia. hole drilled through the center of the TawW
gasket. The pressure in the gasket hole can be changed at any temperature from 1.6 K to
RT. Temperature is measured by calibrated Pt and Ge thermometers thermally anchored to
the top diamond. The pressure in the cell can be determined at any temperature below room
temperature (RT) to within 0.2 GPa by measuring the pressure-induced shift in the ruby R1
fluorescence line. The pressure is normally measured at temperatures closé i@fthe
MgBQ

The superconducting transition itself is determined inductively:t6.1 K using two
balanced primary/secondary coil systems connected to a Stanford Research SR830 digital
lock-in ampltier. The ac susceptibility studies were carried out using a 3 G (r.m.s.) magnetic
field at 1000 Hz. Over the transition the signal changed-by nV with a background
noise level of~ 0.2 nV. Further details of the He-gas and diamond-anvil-cell high-pressure
techniques are given elsewhere [44,45].

3 RESULTSOF EXPERIMENT

3.1 Pressure-Dependent Structural Properties

The simple hexagonal structure of MgB; (space group P6/mmm, No. 191) is shown in Fig.
2. The structure contains graphite-like boron layers which are separated by hexagonal close-
packed layers of metals. The center of a hexagonal boron ring lies both directly above and
below each metal.

The variation of the: andc lattice parameters vs. pressure is shown in Fig. 3. Over the
pressure range of this study, the changes are linear and can be expressed as

a = ap[1 — 0.00187(4) P] andc = ¢,[1 — 0.00307(4) P], (1)

whereq, = 3.08489(3) andc, = 3.52107(5) are the zero-pressure lattice parameters/and
is the pressure in GPa. Numbers in parenthesis are standard deviations of the lasastgni
digit. The bulk modulugVi(dP/dV')| obtained from these measurements is 147.2(7) GPa.
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Fig. 2. Crysta structure of MgB; [AIB,-type structurehexagonal space group P6/mmm,
No. 191, with Mg at (0, 0, 0) and B at (1/3, 2/3, 1/2)] viewed along ¢hexis (top) and
perpendicular to am axis (bottom). Small spheres are B atorfegger spheres are Mg
atoms.
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Fig. 3. Normalizeda andc lattice parameters vs. pressure at room temperature for,MgB
based on neutron diffraction measurements from Ref. [38}afressures using helium as

the pressure transmitting medium. Standard deviations of the individual points are smaller
than the symbols. The straight lines are linear least-sqditises the data.

Loa and Syassen [46] used electronic structure calculations vs. cell volume to calculate
a bulk modulus of 140.1(6), in good agreement with the experimental result. They also
calculated the pressure dependence ot:flaeratio, getting a result in nice agreement with

the observed compression anisotropy.



The compression anisotropy, defined as [(dc/dP)/co|/(da/dP)/ae), is 1.64(4). Com-
pression along the axis is 64% larger than along the a axis, consistent with the compara-
tively weaker (Mg-B) bonds that determine thaxis length. A similar anisotropy, but not as
large, has been reported in the refractory diboride, TdB], which is of considerable techno-
logical interest because of its high elastic moduli, high hardness, and high electric conductiv-
ity. By comparison, the compression anisotropy in the layered cupratex(B@- is about
a factor of two [38]. Not surprisingly, the intrinsic compression anisotropy is not observed
when pressure measurements are made in non-hydrostatic media. Recent room-temperature
x-ray diffraction measurements in diamond anvil cells using methanol:ethanol:water [32]
and silicone oil [33] as the pressutaids gave anisotropies of 1.5 and 1.4, respectively. An
x-ray diffraction study to much higher pressures using helium as the prebsdran a dia-
mond anvil cell [35] gives a compression anisotropy of 1.9(3), in agreement with our result
within the error bars.

3.2 Pressure-Dependent Superconducting Properties

3.2.1 T.(P) Measurementsin the He-Gas System

In Fig. 4 we show representative examples of the superconducting transition for MgB; in

the ac susceptibility at both ambient and high pressure in the He-gas system [48]. With in-
creasing pressure the narrow transition is seen to shift bodily to lower temperatures, allowing
a determination of the pressure-induced shiff jrto within + 10 mK. Remarkably, close
inspection of the data for 0.50 GPa reveals a slight jog in the transition curve near its mid-
point, accurately marking the position of the melting curve of helidin ¢ 38.6 K) at this
pressure.
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Fig. 4. Real part of the ac susceptibility of MgBrersus temperature at ambient and
high pressures from Ref. [48]. The applied magnéttd is 0.113 Oe (rms) at 1,023
Hz. Intercept of straight tangent linesfales superconducting onset at ambient pressure
Tomset(0) ~ 39.25 K, with the superconducting midpoifit*(0) ~ 39.10 K. No correction

is made for demagnetization effects.



InFig. 5, the dependence of 7. on pressureisseento behighly linear dT../dP ~ —1.11(2)
K/GPa. Datawere obtained following pressure changes at both RT (unprimed data) and low
temperature (primed data). The dependence of T, on pressure thus does not depend on the
pressure/temperature history of the sample. Such history effects are rare in superconductors
without pressure-induced phase transitions, but do occur in certain Higbxides containing
defects with appreciable mobility at RT [49].
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Fig. 5. Superconducting transition temperature onset versus applied pressure from Ref.
[48]. Numbers give order of measurement. Data for pts6,28, and 11 are shown in Fig.

4. A typical error bar foff, (+0.01 K) is given in lower left cornerthe error in pressure is

less than the symbol size. Pressure was either changed at RT (unprimed numbers) or at low
temperatures- 60 K (primed numbers).

In selected loosely bound solids with large molecular units, likg Gelium atoms are
able to intercalate inside when pressure is applied, diminishing the pressure-induced changes
in the sample properties [50]. An analysis of the Mg&ructure readily reveals that its
hexagonal unit cell is tightly packed with ingwgient space for helium atoms to readily travel
through. To verify that helium does not intercalate inside MgBder pressure, we carried
out a parallel experiment to 0.077 GPa with neon gas instead of helium. In analogy with
the results on g [50], the intercalation of the larger neon atoms into Mg®uld be more
difficult than for helium. The fact that the pressure derivadlye/d P is thesame for both
helium and neon cdirms the absence of intercalation effects in the present experiments.
Since for pressures less than 0.5 GPa the sample is surroundecldyelium during the
T. measurement, the measured sldpg/dP ~ -1.11 K/GPa to this pressure gives the true
hydrostatic pressure dependence for MgBor P > 0.5 GPa the sample is in frozen helium
at temperatures nedp, but, as seen in Fig. 5, no change in the pressure dependgite
is observed. This is not surprising since solid helium is the softest solid knowddition,
the shear stresses are held to a minimum by the carefully controlled manner [40] in which
solid helium is allowed to freeze around the sample.



A similar pressure derivative d7,./dP ~ —1.07 K/GPato ours has very recently been
obtained by Lorenz et al. [36] in He-gas studies to 0.8 GPa on a MgBample synthesized
to stoichiometry with superconducting midpoint&t(0) ~ 39.2 K. These authors also
reexamined in a He-gas system the same sample studied earlier [23]¥#{0) ~ 37.5 K
andfind dT./dP ~ —1.45 K/GPa which they report agrees within experimental error with
their previous resultiT./dP ~ —1.6 K/IGPa to 1.8 GPa in a piston-cylinder device with
Fluorinert FC77 pressure medium. This appears to imply that the shear stresses from frozen
Fluorinert have little effect on the pressure dependencE. af the pressure range to 1.8
GPa.

Choiet al. [51] have recently carried out resistivity studies to 1.5 GPa pressure in daphne-
kerosene pressure medium, obtainitiy/dP ~ —1.36 K/IGPa. The results of all known
T.(P) measurements on MgBire summarized in the Table.

3.2.2 T.(P) Measurementsin the Diamond-Anvil System

In Fig. 6 we show the dependence of T on pressure to 20 GPafor MgB, using a diamond-
anvil-cell with dense helium pressure medium [45], thus extending the pressure range of the
above He-gas studies nearly thirtyfold.. is seen to decrease nearly linearly with pressure

to 10 GPa, consistent with the rate -1.11 K/GPa (dashed line), but begins to display a positive
(upward) curvature at higher pressures. As will be discussed below, this deviation originates
from the increasing lattice stiffness of Mgt higher pressure. In these experiments the
pressure was always changed at RT, but measured at temperaturés near
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Fig. 6. Superconducting transition temperature midpdifit? versus pressure to 20 GPa
from diamond-anvil-cell measurements in Ref. [45]. Data Willed circles ¢) taken
for monotonically increasing pressure, with open circlgsf¢r monotonically decreasing
pressure. The straight dashed line has slope -1.11 K/GPa.

In Fig. 6 it is seen that the width of the superconducting transition gradually increases
from~ 0.3 Kfor P< 10 GPato 0.9 K at 19.2 GPa, increasing somewhat further for the data



with decreasing pressure. This increase in width AT, is seen to be usually accompanied

by a dight broadening of the ruby R1 fluorescence line; both broadening effects point to

a pressure gradient of approximately + 0.3 GPa (+ 1.5%) at the highest pressures. The
magnitude of the shear stresses on the sample would be expected to be larger in the diamond-

anvil-cell than in the He-gas experiment since the pressure range is much gabatey 12

GPa helium freezes at RT so the diamonds must push on solid helium to increase the pressure
further. In addition, in the diamond-anvil-cell it is not possible to cool slowly through the
melting curve of helium with a well-dsed temperature gradient. However, the data in Fig.

6 give no clear indication for shear stress effectdpat any pressure.

Very recently Tisseret al. [52] have carried out ac susceptibility measurements in a
diamond-anvil-cell to 28 GPa on a MgBample withl7™¢(0) ~ 37.3 K at ambient pressure.
Theyfind an initial slopeiT./dP ~ —2 K/GPa,T, decreasing to 11 K at 20 GPa and 6 K
at 28 GPa, a 50% greater decrease than observed by either us (see Fig. 6) or Mosteverde
al. [25]. They also report that the pressure dependditE) shows a bump near 9 GPa
which they speculate may arise from an electronic Lifshitz transition. We suggest that shear
stress effects may also play a role in their measurements. At 20 GPa the width in their
superconducting transition has increasedcb@ K which would correspond to a pressure
gradient of~ 3.5 GPa, an order of magnitude higher than in our helium-loaded diamond-
anvil-cell measurements.

The degree to which shear stresses affect the data of Montestealdd25] is unknown.
However, since shear stresses are potentially much larger in solid pressure media such as
steatite than in frozefiuids such as helium or Fluorinert, it would seem likely that they are
responsible for at least part of the widely differifig( P) dependences to 25 GPa observed
in three of their four experiments.

Table. Summary of available high-pressufg P) data on MgB. T. values are at ambient
pressure from superconducting midpoint in ac susceptibilityand electrical resistivity
measurementsd?, /dP is initial pressure derivative P™**(GPa) is the maximum pressure
reached in experiment .

T.(K) ‘;%(K/GPa) P™*(GPa)| measurement ﬂ;ﬁ?ﬂ;ﬁ reference
391 [-1.1 19.2 Xaer B isotope| helium Fig. 6 [45]
39.1 | -1.11(2) 0.66 Xoer 1B isotope| helium Fig. 5 [48]
39.1 | -1.09(4) 0.63 Xaer - B isotope| helium [53]
39.2 | -1.11(3) 0.61 Xaer - B isotope| helium [53]
40.5 | -1.12(3) 0.64 Xuer 1UB isotope| helium [53]
39.2 | -1.07 0.84 Xac helium [36]
37.4 | -1.45 0.84 Xac helium [36]
374 | -1.6 1.84 X ac Fluorinert FC77 | [23]
373 | -2 27.8 Xac 4:1 meth.-ethanol [52]
38.2 | -1.36 1.46 p daphne-kerosene [51]
375 | -1.9 1.35 p Fluorinert FC70 | [24]
~ 35 | -0.35t0-0.8| 25 p steatite, RT solid| [25]
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Asdiscussed in the Introduction, the initial pressure derivative d7../d P in the present ex-
periment (-1.11 K/GPa) differs siditantly from those (-0.3 to -2.0 K/GPa) obtained by
other groups using pressure media which are either solid at RT or readily freeze upon cool-
ing [23—-25,51,52]. Itis not yet clear whether these widely varying resdlesctedifferences
in the make-up of the samples or differing degrees of shear stress exerted on the samples by
the various frozen or solid pressure media. An inspection of the data in the Table suggests a
possible correlation voiced by Tissetral. [52] that larger values dfiT,./d P| are associated
with lower ambient-pressure valuesBf However, it is dificult to accurately comparg.
values determined in ac susceptibility and electrical resistivity measurements, the latter usu-
ally lying higher, in addition, in the ac susceptibility the value’8f may depend somewhat
on the acfield strength. Further experimentation under carefully controlled conditions is
clearly necessary to investigate this possible correlation.

4 DISCUSSION

The present studies of both the superconducting and structural properties gfuvid&
hydrostatic pressure were carried out on the same high quality, aBple used in the He-
gas measurements to 0.7 GPa. These combined studies thus allow an accurate determination
of the change iff. with unit cell volumeV” for comparison with theory. The changeTn
with V' is given by
dinT, B (dT,
dinV T, \dP ) +4.16(8), @)
using the above value#l,/dP ~ —1.11(2) K/IGPa,B = 147.2(7) GPa, andl, = 39.25
K. This value ofdInT,./dIn V' is somewhat smaller than that (+6.6) obtained by Neaton and
Perali [54] in an estimate based on density functional theory.
We will now discuss the implications of this result for the nature of the superconducting
state in MgB. First consider the McMillan equation [55]

W) “1.04(1 4 A)
Te o T%eXp{A—m(Ho.GQA)}’ @)

valid for strong couplingX < 1.5), which connects the value @f. with the electron-phonon
coupling parametek, an average phonon frequengy) , and the Coulomb repulsion*,
which we assume to be pressure independent [56]. The coupling parameténés dey

A = N(E;) (I?) /[M (w?*)], where N(E,) is the electronic density of states at the Fermi
energy,(I*) the average squared electronic matrix elemé&hthe molecular mass, afd?)

the average squared phonon frequency. Taking the logarithmic volume derivaiiyerof
Eqg. (3), we obtain the simple relation

dinT. dlnn
dlnv__7+A{d1nv+27}’ @

wherey = —dIn (w) /dInV is the Grlineisen parameter= N(E;) (I?) is the Hogield
parameter [57], and

A _LOAA[L+0.3847] N )
(A — p#(1 +0.62))]

EqQ. (4) has a simple interpretation. Tfuest term on the right, which comes from the prefac-
tor to the exponent in the above McMillan expressionfgris usually small relative to the
second term, as will be shown below. The sign of the logarithmic derivdiivg’./dInV,
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therefore, is determined by the relative magnitude of the two termsin the curly brackets.

The second “electronic” term in Eq. (4) involves the logarithmic volume derivative of the
Hopfield parameten = N(E;) (I?), an “atomic” property which can be calculated directly
in band-structure theory [55]. In his landmark paper [55], McMillan demonstrated that
whereasV (E;) and(7?) individually mayfluctuate appreciably as one element is substituted
for another across a transition-metal alloy series and the d-electron count varies, their product
n = N(E;) (I*) changes only gradually, i.e; is a well behaved “atomic” property. One
would thus anticipate thaj changes in a relatively well ieed manner under pressure,
reflecting the character of the electrons near the Fermi energy. An examination of the body
of high-pressure data on simple s,p-metal superconductors, in fact, reveajstiratally
increases under pressure at a rate givedlny,;/dIn V ~ —1 [58]. For transition-metal (d-
electron) superconductors, on the other hand,fleétiphas pointed out thatlnn/dIn V' ~
—3t0 -4 [57].

The second “lattice” term in the curly brackets in Eq. (4) is positive, typicajly 3 —5.

Since in simple metal superconductors, like Al, In, Sn, and Pb, this positive “lattice” term
dominates over the electronic tethinn/dIn V' ~ —1, andA is always positive, the sign of
dInT./dInV is the same as that in the curly brackets, namely positive accounts for the
universal decrease @t with pressure due to lattice stiffening in simple metals. In selected
transition metals the electronic term may become larger than the lattice term, in which case
dInT./dInV is negative and’, would be expected timcrease with pressure, as observed,

for example, in experiments on V [59] and La [60].

Let us now apply Eg. (4) in more detail to a canonical BCS simple-metal superconductor.
In Sn, for example. decreases under pressure at the ddi¢d P ~ -0.482 K/GPa which
leadstallnT,/dInV ~ +7.2[42]. We note that this value @fin7,./dIn V' is almost twice
as large as that for MgB(see Eq. (2))this is exactly what is expected from Eq. (4) sinke
increases fodecreasing values of7.. Inserting for Srl.(0) ~ 3.73 K, (w) ~ 110 K [61],
andp* = 0.1 into the above McMillan equation, we obtain~ 0.69 from which follows
that A ~ 2.47. Inserting the above values into Eq. (4) and settitgn/dInV ~ —1 for
simple metals, we can solve Eq. (4) for the Griineisen parameter to obtain-2.46, in
reasonable agreement with experiment for $r:(+-2.1) [42]. Similar results are obtained
for other conventional simple metal BCS superconductors.

We now repeat the same calculation with the McMillan equation for Mg8&ing the
logarithmically averaged phonon energy from inelastic neutron studiegdt1} 670 K,

T.(0) ~ 39.25 K, andp* = 0.1, yielding A ~ 0.90 andA ~ 1.75 from Egs. (3) and (5),
respectively. Our estimate of ~ 0.90 agrees well with those of other authors [16, 18].
Since the pairing electrons in MgBre believed to be s,p in character [15, 17, 18, 54], we
setdlnn/dInV ~ —1, a value close tdlnn/dInV = Bdlnn/dP ~ —0.81, whereB =
147.2 GPa from Ref. [34] andInn/dP ~ +0.55 %/GPa fromfirst-principles electronic
structure calculations by Medvedesal. [62]. Inserting the values aflnT7,/dInV =
+4.16, A = 1.75, anddInn/dlnV = —1 into Eq. (4), wefindy ~ 2.36, in reasonable
agreement with the value ~ 2.9 from Raman spectroscopy studies [35hors 2.3 from

ab initio electronic structure calculations on Mg3].

In spite of the sigrficant compression anisotropy, electronic structure calculations based
on the high-pressure structural data show that the electronic structure does not change much
at high pressure [62the calculations show that the electfield gradient in MgB is essen-
tially independent of pressure up to 10 GPa. As the elefieid gradient is a very sensitive
characteristic of the electronic charge distribution, one may conclude that no large changes in
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the partial charges of the B 2p states and boron el ectronic structure take place under pressure.

Further results from theory support this conclusion. Medvederaet al. [62] find the Hopfield
parameter for MgB, to only depend weakly on pressure dInn/dP ~ +0.55 %/GPa. The

change in the electronic density of statesdIn N (E;)/dP is also estimated to be very small:

Loa and Syassen [46] (-0.31 %/GPa), Medvedera al. [62] (-0.51 %/GPa), and Vogt et

al. [32] (-0.38 %/GPa). Assuming = 147.2 GPa, one thus obtain&n N(E;)/dInV ~

+0.46, +0.75, and +0.56, respectively. These values are near that (+0.67) expected for a 3D
free electron gas. Sineélnn/dP = dIln N(E})/dP + d1n (I?) /dP, these results imply

that the average squared electronic matrix elemgntin MgB, increases under pressure at

the approximate rate of only +1 %/GPa. The sign and magnitude of the chanij¢&'jn

and(I?) under hydrostatic pressure for MgBre comparable to those found for simple s,p-
metal superconductors. Larger changes are anticipated if uniaxial pressure is applied [64].
The main reason for the observed decreask ofith pressure is not an electronic effect, but

a strong pressure enhancement of the phonon frequencies, an effect which has been directly
observed in Raman measurements [35].

Taken as a whole, the above results thus give considerable evidence that the supercon-
ducting state of MgB is strongly related to that in simple s,p-metal superconductors like
Al, Sn, In, and Pb which exhibit BCS phonon-mediated superconductivity. This is not to
say that superconductivity in MgBs identical to that in the simple metals. Extensive spe-
cific heat [10] and high-resolution photoemission studies [65] on Mg®8e evidence for a
multicomponent superconducting gap.

The above analysis is based on the results of the present high-pressure studies using the
He-gas technique to 0.7 GPa . We now consider the diamond-anvil-cell data to 20 GPa in
Fig. 6. For comparison to theory it is advantageous to use the Murnaghan equation-of-state
to convert pressure to relative voluriigV;

V(P) B'P1 V¥

2o E ©
where we use the valuB = 147.2 GPa from Ref. [34] and the canonical vali® =
dB/dP = 4 supported by a recent calculation [46]. In Fig. 7 we replot the data from
Fig. 6 asT. versus relative volumé&/V,. The maximum pressure applied in the present
experiment (19.2 GPa) results in a volume decrease H0%. Much of the nonlinearity in
the 7. versus pressure plot in Fig. 6 appears to disappear Whisrplotted versu$’/ V.

We now compare thé, versusl//V;, dependence in Fig. 7 to the result from the He-gas

data which yields the initial volume dependerda 7../dInV ~ +4.16 given in Eq. (2). If
we assume this relation holds at all pressures, then we can integrate it to obtain

Tc V +4.16
(39.25K) (7()) ’ @

which is plotted as the upper solid line in Fig. 7. This volume dependence must be accurate
for small pressures whefé/V;, ~ 1, corresponding to the pressure dependefic¢d P =
—1.11 K/GPa from the He-gas data, but rises well above the experimental data at higher
pressures.

Another way to extrapolate the He-gas data to higher pressures is to assufiiestras
linearly with volume chang@V, yielding from Eq. (7)

T, Vo + AV ™10 AV 1%
= = ~(14+416— ) = | —-3.16 +4.16— 8
39.25 K ( Vo ) * Vo ) )
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which is plotted as the straight dashed line in Fig. 7. As they must, the upper solid and
dashed lines agree exactly near /1, = 1. The dashed lineis seen to lie above the experi-
mental data points at higher pressures and to extrapoldte+d K for /1, = 0.76 which
corresponds to an applied pressure-0f5 GPa. A least-squares straight liitethrough all
data in Fig. 7 leads to the estimate tiiat= 0 K for P ~ 60 GPa.

40

30

TA(K)

20

0 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1.00 0.95 0.90 0.85
VIV

0

Fig. 7. T. data fromfigure 6 plotted versus relative volum&V; (from Ref. [45]). See
text for explanation of solid and dashed lines.

It is not surprising thafl. is not a linear function of//V; to very high pressures. In
the McMillan formula in Eq. (3)I. depends exponentially on the solid state parameters
and it is the relatively small changes in these parameters which lead to the large change
in T, under pressure see in Figs. 6 and 7. As pointed out by @hah [56], a more
appropriate method to estimate the dependencg oh relative volumé/ /1, would thus
be to integrate the volume derivatives of these parameters—dIn (w) /dInV = +2.36,
dln\/dInV = dlnn/dInV — dIn{w?) /dInV = —1 — 2(—2.36) = +3.72 to obtain
(w)y = (670 K)(V/V) 2% and A = 0.90(V/V;)>™. Inserting these two volume depen-
dences in the McMillan equation, and assumirig= 0.1 is independent of pressure [56],
we obtain the dependence Bf on relative volume shown as the lower solid line in Fig. 7.
The agreement with the experimental data is quite impressive. Note that according to this
estimate approximately 50 GPa pressure would be required tofrteebelow 4 K. A sim-
ilar calculation was very recently carried out by Cleeal. [56] over a much wider pressure
range this paper also contains a detailed discussion of the pressures dependencks of
andp*. The good agreement between the experimental data to 20 GPa and the predictions
of the McMillan formula using the volume dependences determined from the He-gas high-
pressure data to 0.7 GPa lends additional evidence that superconductivity yogiBates
from standard BCS phonon-mediated electron pairing.

In conventional metals, electron-phonon scattering makes the dominant contribution to
the temperature-dependent electrical resistiyity’). At sufficiently high temperatures,
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Bloch-Griineisen [66] theory gives a linear dependence on temperatyre= 01, where
b oc 72052, 1y is the radius of the Wigner-Seitz sphere, &g is the Debye temperature.
Near RT Choiet al. [51] find the electrical resistivity of MgBto increase linearly with
temperature. Under pressure these autfiasthat the RT electrical resistivity decreases
under pressure at the ratén p,,/dP ~ —3 %/GPa. Using the bulk modulus = 147.2
GPa, this yields/In pp/dInV ~ +4.42. Taking the logarithmic volume derivative of the
above Bloch-Grineisen expression and using the free-electron expressigm@iior setting
v = 2.36 from above, we obtainlIn pg,/dInV = 2y —2/3 = +4.05, in surprisingly good
agreement with the measured value. It is digant that the same value of the Griineisen
parameter yields the pressure dependence of the electron-phonon interaction which accounts
for bothT,(P) andpg,(P).

At first glance the present results appear to be inconsistent with the hole superconductivity
model of Hirsch and Marsiglio [67,68] which predicts tHatshould increase with pressure
if there is no change in the doping level of holes. Indeed, the pressure-induced change
in the concentration of hole-carriers in the bore#band is estimated to be extemely small
[46,62]. Further experiments, such as high-pressure Hall effect measurements, are necessary
to determine what, if any, change in the carrier concentration occurs. The success of the
above analysis of the dependencélpbn pressure gives further evidence that Mg8an
extraordinary superconductor which makes the most out of its conventional BCS electron-
phonon pairing interaction.
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