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Disorder-induced phase transition of vortex matter in MgB,
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Measurements of single crystal MgRuith torque magnetometry in fields up to 90 kOe reveal a sharp peak
in the irreversible torque at about 0.8f,. In the region between peak onset and maximum, pronounced
history effects occur. Angle and temperature dependence of the characteristic peak fields track kthgse of
The features observed suggest that the peak marks a disorder-induced phase transition of vortex matter between
a quasiordered Bragg glass and a highly disordered phase.
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The new superconductor MgBis considered to have but clearly distinct from,H.,. A minor hysteresis loop
great potential for applications, and a lot of research activityMHL ) study shows pronounced history effects in the region
has concentrated on this compouriduch light was shed on  petween the onset and the maximum of the peak. Angle and
the superconducting mechanism; there is mounting evidena@mperature dependence of the characteristic fields is re-
that MgB, is a two-band superconductor with a substantialported, and we propose a phase diagram for MgB
difference between the superconducting gaps of theé WO The measurements were performed on a high-quality
bands'~* About the superconducting phase diagram, hoWsingle crystal of MgB, sampleB of Ref. 5. TheT depen-
ever, less is known. Most “phase diagrams” published con-gance of the magnetizatiofupper inset of Fig. Lshows a
tain_(_)nly _the upper critical fieldsl;,. Here, the situat_ion Was  sharp(0.3 K with a 10-90 % criteriontransition to the su-
clarified insofar as later bulk measurements all find a proyerconducting state at 38.2 K, indicating a high quality of the
nounced anisotropyy of Hc,, decreasing with increasing crystal. Measurements to study the PE were carried out with
temperaturé;® although there are still discrepancies of thea torque option of a Quantum Design 9T PPMS. Measure-

exacty(T) dependences reported. MgB, particularly con-  ment yuns consisted in varying the fietiat fixed angled
cerning the importance of thermal fluctuations and the value

of k=M\/¢, intermediate between the hidh- cuprates and
low-T. superconductors. Studying the vortex matter phasi T 0——9oBoc0
diagram of MgB may thus help in understanding the phase 14 l/ 5
diagrams of various superconductors in a unified way. Hmax Nt
From the study of cuprate superconductors is known tha =
the H-T phase diagram contains more transition lines thar 0d T=14K
the upper and lower critical fields. Identified were, for ex- ~ 0=775 de
ample, a melting transition between a quasiordered vorte" 1 ) g
lattice, called Bragg glass, and a disordered vortex fitiak
well as an order-disorder transition between the Bragg glas
and a highly disordered, glassy phase? The latter
transitiot* has been observed also in IoWy-superconduct- =
ors, such as Nb$g®*®and even in the elemental supercon-
ductor Nb!’ but not in ultrapure Nb crystal$. This transi-
tion is generally associated with a peak in the critical curren ) \ )
densityj. and pronounced history effects. 31 \
In single crystals of MgB, a quasiordered vortex struc- i p=
ture has been observed in low fields by scanning tunnelini - 0 40 30
spectroscopy’ showing that at least under some conditionsa ~ -4-— T T . - . T T ' T
Bragg glass is the stable vortex phase. Since, by tuning th 72 76 80 84 88
amount of quenched random pointlike disorder, the stabiliza
tion of E.i highly disordereq phase can always be favored, an FIG. 1. Torquer/H vs fieldH at 14 K and 77.5 deg. The direc-
order-dlsqrder transition in fields belo¥., ?hQU'd be ob- tion of the field change is indicated by thick arrows. The irrevers-
servable in MgB as well, at least for certain impurity con- ity field H,, and the onset and maximum fiels,, andH,, of
centrations. Although a phase transition distinct frim or  the PE for theH increasing {) and decreasing'} branch are
H¢2 has not been suggested yet in Mg peak effect, and  marked. Also shown are some of the MHI(see text measured,
accompanying history effects have been observed in transabeledA—D. Upper insetM(T) curve in the transition region, in a
port measurements fdi| c.® field H||c of 1 Oe, zero-field cooled®) and field cooled Q).
Here, we report the observation of a pronounced, sharpower inset:7/H vs H of the curve in the main panel, for the whole
peak effect(PE) by torque magnetometry in fields close to, field range.
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FIG. 2. (a),(b),(c) Magnification of MHL's A, B, and D also FIG. 3. Angle dependence of various characteristic fields at 18
displayed in Fig. 1. MHL started from the field increasing branch<- Shown are the upper critical field, (O, from Ref. 3, the
of the full hysteresis loop are shown as dotted lines, while thosdTeversibility field Hi, (®) (Ref. 23, the peak maximum field

started from the field decreasing branch are shown as full ligs. Hmax (A), and the peak onset field,, (V). Full lines are fits of
Width of the hysteresis of MHIB started from the field increasing/ the theoreticaHc,(6) dependencéRef. 5. Dashed lines are guides

decreasing ©/®) branch of the full hysteresis loop, as a function fOf the eye. Inset: Angle dependence of redudedided by
of cycling. H¢,(6)] characteristic fields.

- ) , ference in the vortex configuration betweldh andH ' in the
betweenH anda thec axis of the crystal, and recording the region of MHL A. In the configuration orH!, j. (propor-
torque 7=mxH, wherem is the magnetic moment of the tional to the widt’® of the MHL) is higher, i.e., the vortices
crystal. are pinned stronger. Repeated cycling causes the width of the

One of the curves measured is shown in the lower inset ofHL started fromH' to approach the one started fra,
Fig. 1. For better comparison with magnetization curvesjndicating that the vortex configuration ¢#' is only meta-
7/H vs H is shown. The main panel shows a magnification ofstable. History effects are even more pronounced for MBHL
the PE region. The peak is well pronounced and very sharfFig. 2b)]. Here, the initialH' branch of the MHL started
Various characteristic fields are indicated: The maximum ofrom the H! branch of the FHL(full line indicated by ar-
the peak for field increasingH(,,,) and decreasingH}..,)  rows) is clearly below theH' branch of the FHL(thick
branch of the hysteresis loop, and the onsets of the ;Na}g,k, dashegl indicating larger hysteresis. This behavior contra-
andH} . The separation of the two onset fields is larger,dicts Bean's critical state mod#&l,where the hysteresis of
similar to the case of the cuprate superconductses, e.g., Partial hysteresis loops can never be higher than the one of
Ref. 20. Also indicated is the irreversibility fielt;,, where  the full loop. We point out that simple relaxation effects can-
the two branches of the hysteresis loops meet. The peak r&ot account for this specific effect. It can be explained by the
sembles qualitatively the peaks observed in Nb&efs. 15  vortex configuration on thel! branch of the FHL(where the
and 21 and CeRy.% MHL was startedl having a higherj. than the vortex con-

To investigate possible history dependencek. ofve per- figuration on theH' branch. The variation of the hysteresis
formed several MHL measurements in and around the peakvidth with cycling [Fig. 2(d)] demonstrates the metastable
The field is cycled up and down by a small amount severanature of the vortex configuration on ti& branch of the
times, ideally until the loops retrace each other, indicating™HL, while the vortex configuration of thl" branch of the
that the vortex system reached a stable pinned state in tHeHL is stable, or close to stable. In contrast, no clear devia-
given field'>? MHL measured, within full loops, in four tions in the cycling behavior betweer' and H' branch
different regions of the PE are indicated in the figuke-D).  Started MHL's are visible for MHLC and MHL D [Fig. 2(c)],

Torque 7/H values of MHL A [Fig. 2] vary signifi-  as well as for a MHL measured in the region around 68 kOe
cantly as the MHL is cycled through repeatedly. Partly, this(not shown.
may be explained by relatively strong normal relaxation pro- In summary, betweeti}, andH/ .,, pronounced history
cesses. However, a pronounced difference can be seen Ieffects occur. They can be accounted for by the coexistence
tween MHL started from the field increasingi () branch of  of a metastable high-field vortex configuration with high pin-
the full hysteresis loogFHL), and the one started from the ning and a stable low-field, low pinning configuration.
field decreasingi!) branch. The latter has a significantly Above H/,,, and belowH},, no significant history effects
higher width initially. This effect can be explained by a dif- are observed, indicating that there is only one vortex con-
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smear such featuré8 However, preliminary ac susceptibility
g0 Jphase coexistencei:__o\ Niwarderad datg’ measured on the same crystal indicate the PE to be
\:-,__<> ——H, present both foH|/c andH|ab, confirming that the under-
K e H lying mechanism is a feature for all directions téf
604 AN \-x_\<> —A—H In Fig. 4, theT dependence of the characteristic fields is
Bragg glass '\v\‘\ s Hm shown, for 77.5 deg, which corresponds roughly to the angle
= {6 \v:_‘_<> i wh_ere the PE is most visible. The peak amplitu_de is reduced
2 40 i—2—1—a \ normal quickly by mcrgasmgT, and above 22 Kthe PE is no longer
= 0.8 v—y—V V-, ° 0\ clearly discernible in ther(H) data. This is due to the de-
= {1 06 ¢ R creased sensitivity of the magnetométemnd due to thermal
0.4 o \<> smearing of the effective disorder potential. The inset shows
201z 0.2 that the positions oH,, and H,,, relative toH, are ap-
’ 0="77.5 deg® proximately coqstant. It is, the_rgfore., unlikely that _they
0.0 16 20 24 28 \ would merge with the upper critical field at some higher
0 - T y T - T - 1 temperature. In contragtl;, shifts to lower fields relative to
0 10 20 30 40 H,, as T increases, also likely due to a smearing of the
T (K) effective pinning landscape by thermal fluctuations. There is

FIG. 4. Phase diagram of MgBsingle crystal at an angle of "© indicatio_n thall—_hrr may corr_espond to a ph_ase trar_lsition.
77.5 deg between theaxis of the crystal and the applied field: The ~ Before discussing the PE in terms of a disorder-induced
temperature dependence of the characteristic ﬂd@s Hmax’ and phase transition of vortex matter, we br|eﬂy examine alter-
Hon is given. They mark boundaries between the normal state aniative origins of the PE. The possibility that the PE is due to
the various phases of vortex matter. The irreversibility fidig is ~ inhomogeneities or extended defects is not likely. A second
also shown. The inset shows tledependence of the characteristic crystal grown with the same technique, but under slightly
fields scaled byH,. different conditions, also shows a PE, in similar fields. The

pinning properties of the two crystals fét nearly aligned
figuration, Wh|Ch iS Stable. The |al‘gel’ hySteI’eSiS W|dth Ofpara”e| to thwb p|anes are different in a pronounced Veay
MHL started fromH' indicates pinning in the configuration |, therefore, seems rather unlikely that the two crystals
stable abové ., to be stronger than pinning in the configu- would have identical structural, nonintrinsic features leading
ration stable belowH}, . to a similar PE. A further possibility would be a change of

The variation of the peak onsets and maxima with angle athe elastic constants of the vortex lattice whémpproaches
18 K is shown, together withl ,,(8) andH,,(6),?®in Fig. 3. Hc,, not associated with a phase transitiSrHowever, the
Since the visibility of the peaks is diminished at higher tem-specific forms of the history effects observed in the PE re-
peratures, onsets and maxima were determined frorgion are hard to explain without a phase transition. Thermal
Ar(H)=7(H)—7(H") curves. The characteristic peak melting can rather be excluded. Thermal fluctuations should
fields follow the angular dependencetdf,, as indicated by be much less important in MgBhan in the cuprate super-
fits to the theoreticaH.,(#) dependence according to the conductors: MgB has a Ginzburg number Gi
anisotropic Ginzburg-Landau theofgee Ref. § while the  =1[ykgT,./H2(0)£,(0)]?%, a measure of the importance of
angular scaling of the irreversibility field is less clear. Thisthermal fluctuations, of the order of 19 only, while the
can be seen also in the inset, displaying éh@ependence of cuprates typicall§* haveGi~10~2. On the other hand, ther-
the characteristic fields, reduced by the upper critical fieldmal fluctuations should be more important than, for example,
The onset field is approximately constant at abouH@8 in Nb with Gi~10 1 (Ref. 18, or NbSe with Gi~10"8
and the maximum field at about 018%,. Hj, is located at  (Ref. 21). A calculation of the melting field,,, using Eq.
about 0.81,, but seems to get slightly lower #&-0 deg.  (26) of Ref. 31 leads, at 14 K, tdd,,/H.,~0.97, much

The characteristic fields could not be determined withhigher than the location of the peak and therefore hardly can
enough accuracy in the whole region of angles: Siace account for it although it was shown that point disorder
=mxH andm point, for H|c or H|ab, into the same di- can shiftH,, to slightly lower fields** Also, a liquid pro-
rection, the sensitivity is much lower for angles close to Oduced by thermal melting should have weaker pinning prop-
deg and 90 deg. Due to the pronounced anisotropy of MgBerties than the solid lattice.
at 18 K (y=5.7) (Ref. 5 m tends to be directed almost  An important fact deduced from the MHL experiments is
perpendicular to the planes, except at very high angleghat the high-field phase has got a higher critical current den-
Therefore, the maximum effective sensitivity of the torquesity than the low-field phase. This is the case for the transi-
magnetometer is achieved at angles in the region ofion from a Bragg glass to a highly disordered glassy phase.
75 deg—-80 deg. Superconducting quantum interference déhe fact that we indeed observed this phase transition is
vice (SQUID) measurements performed on the same crystasupported by the pronounced history dependende of the
with H|lc andH|jab showed no sign of a PE in the region region between onset and maximum of the peak, of a form
around 0.81,. This is likely due to insufficient sensitivity of similar to observations of the PE in NbSand not account-
the SQUID and field inhomogeneities in the SQUID magne-able for by relaxation effects. The location relatively close to
tometer, which, due to the movement of the sample, tend tél., is expected for a superconductor with I& and rela-
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tively weak disorde* In NbSe, a superconductor with substitutior’® may help finding a unified description of the
comparable, but even low&i, there is conclusive evidence Phase diagrams of different superconductors.

that the PE is indeed due to the transition between a Bragg " Summary, using torque magnetometry, we observed a
glass and a highly disordered pha&erhe history effects Pronounced, sharp peak effect in single crystal MgBnset
mark the region of metastability, where a macroscopic coex@nd maximum of the peak are located at abouti@;8and
istence of the two phases is possible. Pinning of the phas&83c2, with little dependence on the temperature or the
boundary is directly responsible for the history effects. Thedirection of the applied field. Peak form, history effects be-
location of the PE with respect tH,, together with the LWEEN onset and maximum, as well as the location of the
history effects studied and the observation of a higher critical eak. are tc):on5|stenthW|tBh the pleak effgct ma;\llqng_ a ;()jhasg
current density in the high-field vortex configuration, thus rﬁnsnm? etween the Bragg glass and a highly disordere
indicate that the PE in MgBmarks the transition between P aNset 0 \égrtgifrtnatterb . f thi int b
the Bragg glass and a highly disordered phase, which may be ote adde f er sgﬂmls&on 0 f_brq_f;muscnp  We ?'
termed “amorphous” or “pinned liquid.” If the PE observed came aware of a reporton ac susceptibiiity measurements
by Welpet al® is of the same origin, the larger separation offor Hile, coming to similar conclusions.
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