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We report on specific-heat, high-magnetic-field transport, and ac-susceptibility measurements pn MgB
single crystals. The upper critical field for magnetic fields perpendicular and parallel to the basal planes is
presented in the entire temperature range. A very different temperature dependence has been observed in the
two directions, which yields a temperature-dependent anisotropylwith at low temperatures and2 near
T.. A peak effect is observed farigH~2 T parallel to thec axis, and the critical current density presents a
sharp maximum foH parallel to theab plane.
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Since the discovery of superconductivity in magnesiumand superimposed over a dc field with an angle @
diboride at 39 K in 2001(Ref. 1) an enormous amount of <90°. The specific heat was measured by an ac techfiique.
work has been done, which helped to elucidate many of it$leat was supplied to the sample at a frequencyf the
physical properties. Among others, the two-bandorder of 70 Hz by a light-emitting diode via an optical fiber.
superconductivity has been confirmed by different tech- The induced temperature oscillations were measured by a
niques such as specific hdair Andreev reflectiof. This ~ 12-um-diameter chromel-constantan thermocouple cali-
picture suggests a significant anisotropy of the superconduckratedin situ.
ing state but data reported on the anisotropy of the upper Figure 1 displays the temperature dependence of the field-
critical field H,, scatter from 1.1 to 13, depending on the dependent part of the specific heat up to 7 THifab and
form of material(polycrystals, thin films, single crystaland ~ UP to 2 T forH Lab. In zero field, the specific-heat discon-

method of evaluation. The problem thus remains to be clarifinuity at T represents about 3% of the total signal. This
fied on high-quality single crystals. value is five to six times smaller than that obtained in the

We have determinedl, in MgB, single crystal forH best polycrystalline samplésyhich can be attributed to the

parallel and perpendicular to tia planes by magnetotrans- large contribution of the addenda, given the extremely small
port (down © 5 K and up to 28 T, ac-susceptibilityup to 5

T), and specific heafup to 7 T) measurementdd,, ., re-
veals a classical linear temperature dependenceThdavith
toHc21 ap(0)=3.5 T], while H¢y)ap Shows a positive curva-
ture at temperatures above 20 K and saturates at
HoHc)ab(0)=17 T. As a consequende=H yjap/Hc21 an

is temperature dependent wilh(0 K)~5 andI'(nearT,)

~2. On the other hand, the critical current deduced from
ac-susceptibility measurements presents a sharp maximum
for H||ab.

Experiments have been performed on high-quality MgB
single crystalsshowing clear hexagonal facets with flat and
shiny surfaces(of typical dimensions 5850x 10 um?®).
Four-probe magnetoresistance measurements have been per-
formed for different temperatures and angl#3 betweenH
an_d theab plane_s. Gold electrodes have been eyaporated as 10 15 20 25 30 35 20
stripes overlapping the top plane of the sample with a contact T (K
resistance of~1(), and H was always orthogonal to the
measuring current. The ac susceptibility has been deduced F|G. 1. Temperature dependence of the specific heat at different
from the local transmittiVity measured with a miniature Hall magnetic fields f0H||ab (closed circlesandH | ., (open squares
probe. The ac excitation fieldh(:~3 G, w~23 Hz) was Inset: specific-heat transition aoH, =1 T and woH)jap
perpendicular to thab plane and to the Hall-probe plane, =T u,HLab=3.5T.

AC(TYT (arb. units)

Acy(T)/T (arb. units)
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FIG. 2. Temperature dependence of the upper critical field ob- FIG. 3. Magnetic-field dependence of the resistanceTat
tained by transport(circles, ac-susceptibility (squares and =54 K for various angles betweer and theab plane.H., and
specific-heat(triangles measurements. Inset: temperature depentcs are marked by arrows for the two principal field orientations.
dence of the anisotropy. The influence of the current density is presented for these two ori-

entations(dashed lines from right to leftj=17,50,170 Alcr,

size of our single crystals§100 ng). The data are therefore solid linesj =500 Afcn).

given in arbitrary units and the temperature range is limitecjuced from the magnetotransport measuremesas Fig. 3
to T>12 K. No significant increase of the transition width, can be well fitted by the ellipsoidal Lawrence-Doniach form
AT~2 K, is observed forugH|[c<2 T and uoH|lab  for anisotropic three-dimensional superconductfrs:
<5 T. Despite a clear broadening at higher fields, thelH,(68)sin8/H, apl*+[Hea( 6)cOSOH e ap]*=1 with I'=4.8
specific-heat anomaly remains well defined in our explorecht T=5.4 K (Fig. 4 andI'=3.4 atT=26 K (not shown.
temperature range. This implies that the broadening observed It has been suggested that the positive curvature observed
in polycrystalline samplés is due to randomly oriented an- for H||ab is a consequence of the two-gap structtirdow-
isotropic grains rather than thermodynamic fluctuatibfike  ever, it is worth mentioning that a very similar behavior has
curves are remarkably identical for both directions once theilso been observed in single-gap superconductors such as
field is renormalized by the temperature-dependent anisoNbSe (Ref. 12 or borocarbides® This behavior was be-
ropy coefficient(see inset of Fig. )L It is also worth noticing  lieved to be a characteristic of layered compoutfdsyt it is
that the amplitude of the specific-heat jump decreases vergven more “general” as it has also been observed in the
rapidly with H, implying a rapid increase of the Sommerfeld isotropic (K, Ba)BiQ system:* The origin of this effect thus
coefficienty and therefore of the density of states. An en-still has to be clarified.
tropy conservation construction shows that 0.9yy (where Our specific-heat measurements clearly show khatis
¥ is related to the normal-state density of states H  |ocated at the onset of finite resistivity and the resistaRce
~0.5H.,, in good agreement with recent low-temperature
measurements by Bouquet al® 20
The T.(H) values deduced from the classical entropy
conservation construction, as well as those deduced from
susceptibility(onset of the diamagnetic respopsad trans- 15
port measurements have been reported in Fig. 2. In the latter
case,T.(H) has been defined at tlomset of finite resistivity
(see Fig. 3. All three methods reveal the same results in the
common field range, and the entlde T phase diagram could
be determined from magnetotransport data for both field di-
rections. Note that the resistivity reaches the normal-state St 54K
value at a fieldH Ry~ He2: @s previolusly shown by Welp i )

et al® for HLab (see discussion belgwAs expected for a ol v vy
type-ll superconductor,, 5, varies linearly close tol, 0 30 60 2

and saturates at low temperatugg,tco, 2p=3.5 T). On the 6 (deg)

other handH;|ap reveals a positive curvature closeTg,

which changes to negative below 20 K and saturates at a F|G. 4. Angular dependence of the upper critical fiétgen
much higher value~17 T. A direct consequence of these circleg at 5.4 K. The solid line is a fit to the data by the Lawrence-
two different shapes is that is temperature dependent, de- Doniach formula. Triangles are critical fields taken at the end of the
creasing from~5 at low T down to~2 nearT, (see inset of resistive transitiorHg . Inset: angular dependence of the critical
Fig. 2). Despite thisT-dependent anisotropy, tht () de-  current atugH=2 T andT=18 K (Jo~5X 10° A/cm~3).
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only reaches its normal-state valuRy) for a higher field T T T T T

Hg,. ForHg >H>H,,, the highly non-Ohmic current de-

pendence of the transition has been attributed to surface cor
ductivity by some of us.As shown in Fig. 3, for low current
densities [=17, 50, and 170 A/cR) the transitions are
smooth for both field orientations and, fbrL ab, the onset

of finite resistivity even shifts towards higher fields as the
current density is decreased. This onset becomes sharp ar'S
current independent above 500 A/znfor Hlab and

170 A/cnt for H||ab. The ratio between the fielddg_q

=H,, (for j =500 A/cnt) andHRN (measured at the lowest

currenj is about 1.8 foH L ab and 1.4 forH||ab. This ratio

remains constant for all temperatures apart from those ver 0.1
close toT,, where it is affected by the width of the transition

AT,.

For H||ab, our data are strikingly similar to those ob- 0.1 1
tained by Hempstead and Kimin their pioneering work on uH (T)
surface surperconductivity in NBTays and PRgdng 17 0
sheets. The resistive transition can be analyzed as follows: up
to some characteristjcvalue, the onset of finite resistance is
sensitive tgj due to the existence of a surface sheath whic Lhowing a peak effect at low temperaturels£5x 16° A/cms).

can bear a current keeping the zero resistance ablye -
. . . . . Inset: temperature dependence of the ac suscetibiligyyBt=2 T
For higherj values, this sheath is destroyed and the resis; P P Mo

: ; . for different angles betweeH and theab plane.
tance increases sharplyld=H,, to a fraction ofRy which g P
increases withj. For the lowestj values, Hg =Hcs _ . _ _
~1.7H,,, but the experimental .;/H,, ratio in Ref. 15 was confirmed by specific-heat measurements. A incorrect crite-

" c2y o3 C .

scattered between 1.6 and 1.96 and even droped down PN for the He, determination partly explains the discrep-
1.14 for copper coated Pb-In sheets. Surface superconducti@?cy in the l';'cz values deduced from transport
ity effects should be negligible fdd L ab, but in our experi- measurement&:*’ _ _

mental setup, the current and voltage electrodes overlapping AnOther interesting phenomenon is the observation of a
the sample go over the vertical side planes, which thus inP€2ak effectin the critical currendy, which shows up in our
evitably contribute to surface superconductivity as Well. fransport data in the same way as in Ref. 9. Similarly, this

With triangles, we have plotted in Fig. 4 the angular depeniNCrease inJ appears as a dip in our ac-susceptibility mea-
dence ofHg atT=5.4 K. If surface conductivity is impor- surements, which could be observed Fot ab in a narrow

. o magnetic-field range-2-3 T (see inset of Fig. b As re-
;iagI]; fg;gﬁt:t?o?]r;d:%ib, /tr|_1||s e;fgctsls d?)lvr:/];]mtiief Iorﬁ:?ser cently reported by Pissast aI_.,24.this dip is replaced by a
. Ry'hiez. P o sharp drop for lower magnetic fields and has been attributed
increase of surface conductivity close to thk planes can o 3 possible melting of the vortex sofiijn contradiction
thus account for the cusplike behaviortég at small angles  \ith our specific-heat data, which show that the onset of
which has been first attributed té., by other authord’*®  diamagnetism actualy coincides with tHe, line. As shown
The anisotropy oH., in MgB, crystals has been mea- in Fig. 5, theJ value at the peak position—deduced from the
sured recently by several authors in a limited temperatureusceptibility, following the procedure introduced by Pas-
range by either magnetometié® or thermal-conductivitf*  quini et al?>—rapidly decreases for increasing temperature
measurements. Those measurements yield results very sinti-e., for decreasing magnetic figldSimilarly, as shown in
lar to ours, but it was of fundamental importance to showthe inset of Fig. 5, the peak effect also “disappears” in the
that the “critical fields” obtained from all those measure- susceptibility measurements when the magnetic field is
ments coincide with the thermodynamic transition field de-turned away from the axis. However, this peak is still vis-
duced from specific-heat measurements. Indeed, in manple in our transport measurements felf|ab, suggesting
novel superconductors, fluctuations broaden the transitionghat it could exist for alH and ¢ values. In MgB this effect
from the superconducting to the normal state. One of thenost probably reflects the fact that the shear energy of the
most striking phenomenon that has been observed in thedkix lattice drops towards zero more rapidly than the pinning
systems is the existence of a melting lifig(H). The pres-  energy in the vicinity of the normal state, allowing the vortex
ence of this vortex liquid phase aboVg, complicates the matter to accomodate the disorder close to the transition
determination of the upper critical field,. For instance, more efficiently?®
the onset of a finitéR in these systems indicates the melting  Our J values forH_L ab are much smaller than those pre-
transition, andH, is shifted to a much higher resistance viously obtained in polycrystafs. However, as shown in the
(close toRy; see, for instance, Ref. 22However, fluctua- inset of Fig. 5, if the susceptibility only weakly dependsén
tions are not expected to play any significant role in MgB8  down to ~10°, it decreases rapidly close to thbé plane,

FIG. 5. Magnetic-field dependence of the critical current for
H—uab at T=8.5, 13, 17, 21.5, and 26 Kfrom top to botton,
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showing that the pinning of the vortices is much more effi-strong pinning of theab planes in diborides still has to be
cient for H||ab. The corresponding values at 18 K are clarified, given the rather small anisotropy of this material.
displayed in the inset of Fig. 4, showing thincreases by a In summary, the upper critical field has been deduced

factor of about 4 forH||ab. A similar behavior has been from specific-heat, high-magnetic-field transport, and ac-

observed in the critical current deduced from transport meaSUSceptibility measurements fbirparallel and perpendicular

surements inc axis oriented thin film& and Eltsevet al. to theab planes.H.,L ab reveals a conventional tempera-

) S ture dependence witpoH 0)=3.5T, but the parallel
recently reported on a rapid drop of the dissipation when th%ritical Eeld has a p(?gi)tivceagggva)\ture above 20 Kpand satu-
magnetic field is applied parallel to tteb planes in single

S _ - rates atuoHcy)jan(0)=17 T. Consequently, the anisotropy
crystalst’ A similar cusp in the critical current has been ob- factor I' is temperature dependent, decreasing frof at
served in hight. cuprates in which vortices are strongly |ow temperature to-2 close toT,. The critical current de-
pinning by the weakly superconducting layers between theluced from the susceptibility measurements presents a peak
CuGO, planes when the field is applied parallel to those planegffect for wgHLab~2-3 T and rapidly increases for
(so-called intrinsic pinning). However, the origin of the H||ab.
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