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The superconducting phase diagram of MgBas determined from magnetization, magnetotransport, and
single-crystal specific-heat measurements. A zero-temperature in-plane coherence length of 9.4 nm is deter-
mined. The superconducting anisotropyncreases from a value around 2 n@arto above 4.5 at 22 K. For
Hllc a pronounced peak effect in the critical current occurs at the upper critical field. Evidence for a surface
superconducting state is presented Hiic that might account for the widespread in reported valueg. of
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MgB, has emerged as a fascinating new superconductingon-Ohmic and angular-dependent transport behavior, which
material? which in addition to its surprisingly high value of We attribute to surface superconductivity. The upward curva-
T. displays a variety of unusual properties. It is characterizedure in H25(T) results in a temperature-dependent anisotropy
by an anisotropic, complex Fermi surface consisting of twothat increases from about 2 n€yto above 4.5 at 22 K. We
disconnected sections: a three-dimensional tubular networkote that the occurrence of surface superconductivity could
of mostly boron# states and two-dimensional cylindrical account for the wide variation in reported values for the an-
sheets derived mostly from borenstates’® The appearance isotropy constant.
of multiple superconducting gaps has been preditieith a The MgB, crystals were prepared by heat-treating a 1:1
large gap residing on the two-dimensioriaD) sheets and a mixture of Mg and B under high-pressure conditidhghe
small gap on the 3D network. Specific-hieaind spectro- crystals are well shaped with straight hexagonal facets and
scopic measuremefits give evidence for this scenario. In smooth facegsee the picture in the inset of Fig(bl] with a
addition, calculations within the anisotropic Eliashbergtypical size of 50um. The magnetization and specific heat
formalisnf indicate a strongly anisotropic electron-phononwere measured in a superconducting quantum-interference
interaction. However, one of the basic parameters describindevice (SQUID) magnetometer and ac specific-heat
an anisotropic superconductor, the anisotropy coefficient calorimeter:® respectively.
=H3/HS,, is not well established for MgB Here, H2) Figure Xa) showsM (T) measured on warming after field
and HS, are the in-plane and out-of-plane upper critical cooling the sample foHIlc andHllab, respectively. Breaks
fields, respectively. Reported values vary widely, rangingn the slope of the temperature dependence of the magneti-
from 1.1 to 6 depending on the measurement technique arggtion indicated by the vertical dotted lines are clearly seen
on sample type¥'’ Recent torqu€ and thermal and mark the onset of superconductivity. With increasing
conductivit* measurements on single crystals as well adield there is an essentially parallel shift of the superconduct-
magnetization measurements on powtfeisdicate that the ing transition to lower temperatures. This shift is much more
anisotropy coefficient is temperature dependent, increasingronounced foH|lc, indicating a strong superconducting an-
strongly with decreasing temperature. isotropy of MgB, as discussed below. Figuréb]l shows the

Here we present a detailed study of the superconductingeat capacity of a second crystal from the same batch. In
phase diagram of MgBcombining magnetizatioM(T),  zero field a clear step i€,(T) with a width of about 2 K is
magnetotransport, and single-crystal specific-h€g(T)  observed. With increasing field the step remains well defined
measurements. The transport and magnetization data wesgd the step height decreases as expected. However, in con-
taken on the same crystals. The upper critical fields for intrast to results on polycrystalline sampfese width remains
and out-of-plane fields were determined fraw(T) and  essentially constant. Definirf, using an entropy conserv-
Cy(T) data, yielding a coherence length of,,(0)  ing constructio®’ a phase boundary is obtained that agrees
=9.4 nm. Transport data reveal a pronounced peak effect iith that determined fronM(T) as discussed below. Thus,
the critical current density atlg,. For fields aboveHg,,  the data shown in Fig. 1 represent the thermodynamic bulk
extending to approximately 1HZ,, we observe strongly transition of MgB into the superconducting state.
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FIG. 3. |-V characteristics at 20 K and 1.5d measured for
increasing and decreasing current after field coolsaid arrows
and after zero-field coolingdashed arrows The inset shows the
temperature dependence of the critical current in 16 T

lower, almost current-independent temperature. At even
higher currents a nonmonotonic, hysteretic resistivity behav-
ior arises that is reminiscent of the peak effect. Peak effects,
that is, sharp maxima in the temperature and/or field depen-
"Yence of the critical current, have been observed just below
H.(T) in a variety of low pinning superconductors, includ-

15 20 25T(K)30 35 40

FIG. 1. (a) Temperature dependence of the magnetic moment i
the indicated fields paralle (open symbolsand parallelab (solid

symbolg. The inset in(b) shows a photo of the crystal. The smooth . .
faces and the Au contacts are seen. The irregular shaped features! NbSe (Refs. 20 and 2land borocarbide€Ref. 22. For

the surface are glue residudb) Temperature dependence of the Hllab the resistive transitions do not broaden, in agreement

; i 0,11
heat capacity in several fields. The 3 T data were used to subtrac\fY'th.preV'ous report%. o
the background signal. Figure 3 summarizes the transport behavior in the peak-

effect region at 1.5Mc. The current-voltagel{V) charac-
teristics after field-cooling to 20 K display pronounced hys-

Figure 2 S.hOWS the resistive transitions in various f'.el.ds[eretic behavior. On first increasing the current, a sharp onset
along thec axis. The sample is characterized by a resistivity

= " S =" Jof dissipation occurs near a critical current of 10 mA,
of p=1.6 ) cm at 40 K. With increasing field the resistive whereas for decreasing current zero dissipation is ap-

transition moves to lower temperature and broadens signifi-roached near 5.5 mA. All subsequent current ramps and
cantly. A similar broadening has been observed in previoug,q, they ./ characteristics taken after zero-field cooling fol-

. . ’11
studies on single crysta’r@. However, here we show that .low this curve. These results are a manifestation of a current-

the brpadening is strongly current depen@gnt. Non'Ohm'(fnduced transition from a metastable highvortex phase
behavior appears at the onset of the transition, lab&|gd into a stable lowk, phase. As the sample is field-cooled

With increasing current a steep resistive drop emerges at t%rougthz(H) a high-pinning vortex phase nucleates and
stays in thermodynamic equilibrium until the peak-effect

1.4 0 : 30 temperature is reache@ee inset of Fig. B At lower tem-
1.2k Il ’ peratures this phase may survive as a supercooled metastable
’ state. The application of a strong enough current dislodges

1.0F vortices from their pinned metastable configuration and trig-
£ [ gers a transition into the stable low-pinning state, which does
£ 0.8} not change on subsequent current ramps. In zero-field-cooled
% 0 6- measurements the initial vortex configuration is the result of
€ flux-gradient driven motion of vortices across the sample,

0.4}
0.2}
0.0k

and a low-pinning state analogous to the current-induced
state is created. Thus, the zero-field-codled characteristic
coincides with the stable field-cooleldV characteristic.
Similar results have been reported for Np$Ref. 21 when
fast current ramps are applied, whereas the data in Fig. 3
represent steady states with the applied current set point-by-
FIG. 2. Resistive transition measured on cooling in variousPOiNt. This difference is caused by the stronger pinning (
fields and current densities, 1 mA equals 360 Acfhe onset of ~3000 Alcnf) in our MgB, crystal than typically seen in
non-Ohmic behavior af,, and the peak effect at, are indicated. NbSe (jc~50 Alcn?). Recently, peak effects in also the
At 1.5 T and 10 mA the hysteresis arising between cooling andnagnetic response of MgBhave been reportéed.
warming is indicated by arrows. The magnetic, calorimetric, and transport data are sum-
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FIG. 4. Superconducting phase diagram of Mgl determined FIG. 5. Angular dependence of the resistance. The inset shows

from the magnetization, specific-heat, and transport measurementg,, sample geometry. The comers of the crystal make angles of

i-ed in the oh di h in Eio. 4. B h 120°, and the electrical contacts are marked by cross-hatéhiss.
marized in the phase diagram shown in Fig. 4. Fdc the the polar angle with respect to tleeaxis and¢ is the azimuthal

onsets of superconductivity as determined fréh(T) and  5ng1e with respect to the net current direction. Surface supercon-
Cp(T) coincide with each other and with the location of the gycivity on the vertical side faces is probed in these data.

peak effect within the experimental uncertainty. We identify

this line with the upper critical field for theaX|s,H§2(T). A independent superconducting transition in zero field indi-
zero-temperature value #fg,(0)~3.5T can be estimated, cates an intrinsic mechanism. Nearly identical resistivity re-
which, using the relatiomi¢,(0)=®o/27£5,(0), yields the  sults were obtained on a second, smaller crystal. We also
zero-temperature coherence lengty(0)~9.4 nm. note that the limits of the resistive broadening reported
While the upper critical field foHIIc follows a conven-  earliet® encompass the same coefficient, 1.7. Furthermore,
tional temperature dependence, a pronounced upward curvaen-Ohmic transport data above the bulk upper critical field
ture of He,(T) was observed for theb directions. As a have been reported for NbTa and Pbin sampiéghese re-
result the superconducting anisotropy is temperature depesults, closely resembling those in Fig. 2, have been inter-
dent as shown in the inset of Fig. 4. Similar results havepreted as a signature of surface superconductivity.
recently been obtained from torgtiémagnetizatiort, and Further evidence for a surface superconducting state
thermal conductivity measurements. At high temperaturescomes from the angular dependence of the resistivity of a
v has a value between 1.5 and 2 and reaches values abottird crystal measured in the regime of non-Ohmic transport
4.5 near 22 K. An upward curvature of thi,(T) line and  above the bulk upper critical fieldFig. 5. Pronounced cusp-
temperature-dependent anisotropy have been observed like dips in the resistance with a width of less than 3° are
clean, layered superconductors such as NiBef. 24 and  observed when the field is aligned with tleeaxis. With
borocarbidegRefs. 25 and 26 These features, which cannot increasing angled® the resistance increases rapidly and at
be accounted for with standard effective mass anisotropyhigh angles decreases again due to the superconducting an-
can arise frorff nonlocal corrections, gap anisotropy, or isotropy of MgB,. This kind of angular dependence could be
multiband effects. A two-band mod&f’ may explain the caused by extended crystal defects containing:theis such
properties of MgB since its electron system naturally falls as small-angle grain boundaries. However, x-ray diffraction
into two groups. At low temperatures and high fields thereveals a very high quality of the crystals without any indi-
upper critical field is dominated by the highly anisotropic 2D cation for this type of defect€ Furthermore, the dip is
bands(the 3D gap being largely suppressed in high fiefiis strongly dependent on the azimuthal angldt is most pro-
resulting in the large measured values of the anisotropy. Abhounced when the field is tilted in a plane perpendicular to
high temperatures, nedr,, the superconducting transition the side face §=60°) and is absent for tilt in the plane of
involves the entire Fermi surface, including the 3D bandthe side face = —30°). This behavior is expected for a
resulting in a reduced anisotropy. surface superconducting state. The highest nucleation field
The onset of non-Ohmic transport with decreasing temfor surface superconductivity occurs for fields applied paral-
perature defines a line in the phase diagram lying by a factdel to the surface. The surface superconducting state is rap-
1.66 above thélg, line. This suggests that the resistive onsetidly suppressed with increasing angiebetween field and
is a manifestation of surface superconductfitat Hz, surface®! For the geometry in Fig. 5q is given through
which for a flat surface in parallel magnetic field occurs atsin(a)=sin(@)sin(¢+30°). Thus, for¢=—30°, we geta
1.7H.,. For Hllc the surface superconducting currents are=0, and the surface superconducting state is fully developed,
flowing on the vertical side faces of the platelike crystals.implying a low resistance. Angular dependence arises only
Although resistive transitions as shown in Fig. 2 could infrom the intrinsic anisotropy of MgB For other azimuthal
principle result from filamentary conduction along impurity angles,« grows with ®, causing the rapid suppression of
phases, the observation of a single sharp, currentsurface superconductivity and a steep increase in the resis-
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tance. In fact, if these data are replotted as a function,of ments. The in-plane coherence length is 9.4 nm correspond-

their initial slopes coincide, as is expected.

ing to HZ,(0)~3.5T. The superconducting anisotropy in-

Reportedy values determined from resistivity measure- creases with decreasing temperature from a value around 2

ments (usually the resistive onset?!®is identified with

nearT, to above 4.5 at 22 K. Forllc a pronounced peak

H.,) are generally low, in the range of 2—3. In contrast,effect in the critical current occurs at the upper critical field.
magnetic measuremeftg®’as well as thermal conductiv- Evidence for a surface superconducting state is presented for
ity measurement8 yield y values around 6 at low tempera- Hlic, which might account for the widespread of reported
tures. Since surface superconductivity does not contribute tgalues for the anisotropy coefficient.

the magnetizatioc! nor the thermal conductivity of bulk
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