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We present magnetization results on a proton irradiated MgB2 single crystal that displays a peak in magne-
tization for the field applied parallel to thec axis. Magnetic history effects are observed, which are ascribed to
the occurrence of a disorder driven phase transition close to an inflection point in the magnetization-field curve.
We demonstrate that the angular and temperature dependence of this feature is significantly different to that of
the lower and upper critical fields.
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I. INTRODUCTION

The vortex state of type-II superconductors is bound by
the lower and upper critical fields. Over recent years, vortex
phenomenology has increased in complexity, particularly the
recognition of other phase transitions in the field-temperature
plane. For example, study of cuprate superconductors has
shown there to be a melting transition from vortex solid to
vortex liquid.1

Both low-temperature superconductors and the cuprates
have an order-disorder transition from a Bragg glass to a
highly disordered glassy phase.2–6 This transition is accom-
panied by a peak in magnetization close to the upper critical
field Hc2, known as the peak effect. One explanation of the
peak effect is that the vortex lattice deforms plastically to
occupy more pinning sites thus increasing the critical current
density.7 The transition also displays a metastable field re-
gion in magnetization loops that is dependent on the field
and temperature history. The magnetic history effects are a
distinctive signature of a disorder-driven first-order phase
transition.4

The disorder induced peak effect has been observed in
MgB2 crystals8–10 swhich is an interesting material in its own
right because of the two band nature of the
superconductivityd.11 In a previous work,8 crystals were stud-
ied that had naturally occurring disorder that was relatively
weak. In these crystals a sharp peak effect was observed
using torque magnetometry and it was found that the angular
dependence of the onset to the peak and the maximum of the
peak fields were similar to that of the upper critical field. The
present work demonstrates that in a heavily disordered MgB2
crystal, the temperature and angular dependence of the order-
disorder phase transition are remarkably different to that of
the upper and lower critical fields.

II. EXPERIMENT

A MgB2 virgin single crystal,12 with approximate dimen-
sions 500mm3300 mm330 mm and critical temperature
Tc<38 K, was characterized by determining the lower criti-
cal fieldHc1 and the upper critical fieldHc2. The crystal was
subsequently proton irradiated with the aim of increasing the
density of pinning centers and of enhancingHc2 and the criti-

cal current density. Fifteen consecutive implants were per-
formed with beam energies varied between 400 keV and
2 MeV at a fluence of 1016 cm−2. Using a damage profile
calculation originally created for a polycrystalline fragment,
we can estimate that the proton irradiation induced pointlike
disorder with a fairly uniform profile of approximately 1%
dpasdisplacements per atomd throughout the thickness of the
crystal.13

A peak effect was observed in magnetization-field loops
sM-Hd nearHc2, butHc1 andHc2 remained unchanged. Char-
acterization 3 months after irradiation showed thatHc2 for
the field parallel to thec axis sH icd had increased, and the
peak effect was enhanced due to stronger pinning over a
wide field range. These dramatic changes in theM-H loop
caused by postirradiation aging are described in detail
elsewhere.14 Here we report on magnetization measurements
focusing on the peak effect transition with the applied mag-
netic field, taken during a 1 month period, 6 months after
irradiation where no further change to theM-H loop is ob-
served when compared to the 3-month results.14

M-H loops were taken in an Oxford Instruments trans-
verse vibrating sample magnetometersTVSMd with a maxi-
mum magnetic field of 4 T. Data were measured at tempera-
tures between 5 and 36 K as a function of the angleu
between thec axis and the applied fieldH. The crystalc axis
was aligned to within 1 deg of the field direction by detect-
ing the reversal of magnetic moment orthogonal to the field
direction.15

The lower critical field forH ic sHc1icd was measured
from the onset of remnant magnetization after successively
higher swept field cycles. A full description of the method
along with consideration of demagnetizing effects is de-
scribed elsewhere.12

Magnetic history effects were explored by performing mi-
nor M-H loops in the vicinity of the low-field side of the
magnetic peak.4 The field was increased from a negative
starting value and then reversed at a point about the peak,
thus forming a partial orminor M-H loop. The opposite case,
where the field is decreased from aboveHc2 and again re-
versed at the desired field, was also performed. A third case
for investigating the metastable state was set out by first
cooling in field from aboveTc and then cycling the field up
and down by 50 mT to produce several minorM-H loops.

PHYSICAL REVIEW B 71, 224509s2005d

1098-0121/2005/71s22d/224509s5d/$23.00 ©2005 The American Physical Society224509-1



III. RESULTS

First, we show the temperature and angular dependence of
the lower critical field, the upper critical and characteristic
fields associated with the peak effect. An investigation of the
field-induced history effects around the peak in magnetiza-
tion is then presented.

A representativeM-H loop is shown in Fig. 1 forH ic at
20 K. The peak effect is recognized as the enhanced magne-
tization hysteresis between 1 and 3.3 T. Various fields are
labeled in Fig. 1, which are extracted from the magnetization
hysteresisDm. The onset field to the peak is labeledHon; the
field where the maximum hysteresis inDm occurs is labeled
Hmax; an inflection in the slope wheredsDmd /dH is a maxi-
mum is labeledHinfl ; and the irreversibility field, defined to
be where the hysteresis drops below the noise floor
10−6 emu, is labelledHirr.

In virgin crystals, a kink is apparent in the reversible mag-
netization asHc2 is approached. In this disordered crystal no
kink can be seen at fields aboveHirr ssee Fig. 1d. However,
the large background signal at high fields in the TVSM can
make this reversible feature hard to distinguish, so for these
measurementsHc2 was also extracted using a vibrating Hall
micromagnetometer12 sVHM d where the background signal
is extremely low. The inset to Fig. 1 shows a magnified sec-
tion of the mainM-H loop measured with the VHM at the
same temperature and field alignment as the main figure. As
can be seenDm disappears atHirr and there is no evidence of
reversible magnetization aboveHirr. This suggests the coin-
cidence ofHirr andHc2 in the crystal.

The TVSM measures the global magnetic moment of the
sample, whereas the VHM uses a 20320 mm2 sized, InSb
Hall sensor to measure the magnetic induction from an area
less than 1% of the sample surface. Magnetization results
performed using these two methods, and with the Hall sensor
positioned at different points on the sample, showedM-H
loop shapes andHc2ic values that agree. This suggests the
peak effect feature shown in Fig. 1 is representative of the

bulk sample and not due to any localized nature artifact in-
troduced to the crystal during the irradiation and aging pro-
cess.

The onset to the peakHon, an inflection point of the peak
Hinfl , and the maximum of the peakHmax, have slightly dif-
ferent values on the increasing and decreasing field legs, and
are also influenced by the background signal. For this reason
the magnetization hysteresis was calculated, i.e., the reverse
field leg minus the forward field leg and the characteristic
fields of the peak are then extracted from this curve.

We determined the presence of magnetic history effects
by taking minor hysteresis loopssMHL d in the vicinity of the
magnetization peak. Figure 2sad shows MHLs aboutHinfl at
20 K for the field 20 deg from thec axis. Magnetic history
effects are observed as undershoot for the field increasing
case MHL↑, and overshoot for the field decreasing case
MHL ↓ when compared to the full magnetization or envelope
loop. Figure 2sbd shows the ratio of the MHL and envelope
loop hysteresis,Dmmhl andDmenv, respectively, as extracted
in Fig. 2sad. A value other than unity indicates the presence
of magnetic history effects. As can be seen in Fig. 2sbd, the
history effects extend to fields coveringHon andHinfl , but not
at fields aboveHmax.

The field cooled MHLs consisted of several cycled loops
of 50 mT excursions. The first loop cycle showed the great-
est overshoot in the increasing and decreasing field legs with
subsequent loops following the envelope curve. Figure 2scd
shows the magnetization hysteresisDm for the field cooled
loops, MHL↑, MHL↓ and the envelope curve along withHon
and Hinfl . The field cooled magnetic history effects show a

FIG. 1. A magnetization-field loop measured in a TVSM at
20 K and H ic. A broad peak in magnetization can be seen. The
onset to the peakHon, an inflection point of the peakHinfl , the
maximum of the peakHmax, and the irreversibility fieldHirr are
labeled. Inset is a similar loop measured with a VHM. The TVSM
signal includes a substantial, but reproducible, sloping instrumental
background: the VHM signal is background free.

FIG. 2. sad shows MHL for the field approaching from below
MHL ↑ snd and from above MHL↓ smd along with the full envelope
loop sgray circled at 20 K and the field 20 deg to thec axis. Also
shown are the extracted hysteresis widthsDmmhl andDmenv for the
MHL ↑ and envelope loops, respectively.sbd shows the ratio
Dmmhl/Dmenv for the MHL↑ and MHL↓ data with the horizontal
dotted line being the case of no magnetic history effects.scd dis-
plays the magnetization hysteresisDm for easy comparison of the
MHL ↑ snd, MHL↓ smd, field cooledsFCd s3d and envelope loops
sfull lined. The vertical dashed lines mark the onset to the peakHon

and the inflection point of the peakHinfl .
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greaterDm that extends to lower fields than those for the
MHL ↑ and MHL↓ cases.

Figure 3 shows theH-T phase diagram ofHc1, Hon, Hinfl ,
Hmax, andHc2 for H ic. Hc1sTd has linear temperature depen-
dence over the measured temperature range.Hc2sTd has a
linear slope nearTc that becomes steeper between 20 and
30 K. Extrapolation ofHc2sTd gives the critical temperature
Tc=36 K. Hon, Hinfl , and Hmax can be extracted up to tem-
peratures,33 K, above which the peak effect has dropped
below the noise level.HonsTd and HinflsTd have a negative
curvature roughly above 20 K, but are temperature indepen-
dent at lower temperatures.HmaxsTd has a slight negative
curvature throughout the temperature range. Note thatHon
and Hinfl show similar temperature dependence, which con-
trasts strongly withHc2sTd. The dotted line is a fit of the
HonsTd and HinflsTd curves to the order-disorder transition
model by Gilleret al.5 Deviations from the predicted behav-
ior occur at high temperature and may be a result of thermal
effects which are intentionally neglected in the original
Giller et al. model. The temperature dependence of the tran-
sition field is not dissimilar to that of the peak onset field in
the highly anisotropic high temperature superconductor
Ba2Sr2CaC2O6 sBSCCOd system. In that system the onset of
the peak has been interpreted in terms of a disorder induced
transition from a relatively ordered vortex lattice to a highly
disordered entangled vortex solid.16–18The temperature inde-
pendent part of the onset field curve has been described as a
two-dimensionals2Dd-three-dimensionals3Dd crossover in
the vortex structure of BSCCO19 or as a matching effect.20

These latter descriptions are likely to be unique to BSCCO
and other highly anisotropic superconductors.

Figure 4 showsHon, Hinfl , Hmax, andHc2 as a function of
field angleu from thec axis at 20 K. Asu was tilted towards
theab plane, the peak simultaneously moved to higher field,
broadened in field and the irreversible magnetization de-
creased. For theab-plane field alignment, no peak was vis-
ible at any temperature andHon, Hinfl , and Hmax were not
measurable. Likewise, measurement of the upper critical
field in theab-planeHc2iab was not possible due to the sig-
nal’s rapid diminution above the lower critical field. Figure 4

showsHmax and Hc2 gradually increase over the measured
angular range. In contrast,Hon andHinfl are nearly constant
for u between 0 and 60 deg and then sharply increase at
higher angles. Note thatHon has large errors foru above
70 deg due to broadening in field of the peak as theab plane
is approached.

The inset to Fig. 4 shows the same data as the main figure,
but at 25 K and with more data points forHc2sud.
Previously,9 Hc2sud in MgB2 was shown to deviate slightly
from the anisotropic Ginzburg-Landau theorysAGLTd.21

This was explained within a dirty two-band superconducting
model.22 Differentiating between the AGLT and the two band
model is beyond the scope of our experimental technique.
Therefore, we cannot add a further contribution to this par-
ticular observation. Within the resolution of our experiment,
AGLT provides a sufficient guide to the evolution ofHmaxsud
andHc2sud as shown by the full lines in the main figure and
inset. Using this extrapolation, we estimateHc2iab and calcu-
late the anisotropy parameter for the upper critical field as
g<2±0.5 at both 20 and 25 K. The most significant obser-
vation is the completely different behavior ofHonsud and
Hinflsud in comparison with the angular dependence ofHc2sud
and Hmaxsud. This is in marked contrast to an earlier report
on significantly less disordered crystals.8

A summary ofHinflsud at 7, 10, 15, 20, and 25 K is shown
in Fig. 5. As the temperature is decreased, two changes in
Hinflsud can be seen; the flat curve profile below 60 deg ap-
proaches the low temperature constant value of,1.3 T and
the curve slope change above 60 deg becomes more sharply
defined. The close lying curves reflect the very weak tem-
perature dependence of the transition.

IV. DISCUSSION

The upper critical fields shown in Figs. 3 and 4 are ap-
proximately double the values measured immediately after
irradiation,14 andTc has decreased from 38 to 36 K over the
same period. The change inHc2 is a consequence of the

FIG. 3. H-T phase diagram forH ic. The lower critical fieldHc1

smd, the onset to the peakHon ssd, an inflection point of the peak
Hinfl s3d, the maximum of the peakHmax sPd and the upper critical
field Hc2 snd are shown. Full lines are guides to the eye only. The
dashed lines are data fits to Eq.s1d that is described in Sec. IV.

FIG. 4. The upper critical fieldHc2 snd, the maximum of the
peakHmax s3d, the peak inflectionHinfl smd and the onset to the
peakHon ssd as a function of the field angleu at 20 K. The full
lines are data fits to the anisotropic Ginzburg-Landau theory and the
dotted lines are guides to the eye. Inset is similar data taken at
25 K.
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introduced disorder that resulted from the irradiation and
subsequent aging. However, the anisotropy of the upper criti-
cal field in the virgin crystal12 was g=2.1±0.1, which is
similar to that measured for the 6 month aged sample ofg
=2±0.5. This suggests that the disorder responsible for the
enhancement ofHc2 is isotropic and has remained so as the
sample has aged. Therefore, we are confident that the ob-
served angular dependence of the order-disorder transition
reflects intrinsic properties of the vortex lattice and does not
reflect anisotropic disorder.

We interpret the presence of overshootsundershootd in the
field decreasingsincreasingd minor hysteresis loops MHL↓
sMHL ↑d and the increased magnetic hysteresis in field-
cooled MHLs when all compared to the zero-field cooled full
M-H loop ssee Fig. 2d as demonstration of a first order order-
disorder transition from a Bragg glass to a vortex glass.2–6

For such a disorder driven transition, Gilleret al.5 showed

HonsTd ~ j−3 = Hons0df1 − sT/Tcd4g3/2, s1d

whereHons0d is the zero temperature value of the onset field
to the peak andj is the coherence length. It relates the com-
petition between the elastic energy of the vortex lattice and
the pinning energy of the disorder and assumes the thermal
energy is small in comparison, which is the case in MgB2.
Equations1d is fitted to HonsTd and HinflsTd shown by the
dotted lines in Fig. 3. The fit shows similar temperature in-
dependence to both data sets below 15 K, but underestimates
the data at higher temperatures with the fit curve lying below
the error bars for 25 K and above. The application of Eq.s1d
to Hinfl is justified by the similar temperature and angular
dependence betweenHon and Hinfl seen in Figs. 3 and 4,
respectively, and because they both occur within the field
range of the magnetic history effects as illustrated in Fig.
2scd.

Scaling argument taken from AGLT21 suggest that within
the resolution of our experimentHc2sud follows the depen-
dence

Hc2sud = Hc2ic/scos2 u + ghc2
−2 sin2 ud1/2, s2d

where ghc2 is the upper critical field anisotropy parameter.
On the other hand Eq.s1d shows thatHonsTd /HinflsTd follow
a j−3 dependence. There is noa priori reason that these two
very different types of phase transition should have the same
angular dependence on field and indeed in this highly disor-
dered crystal we find that angular behavior is not the same.
Other factors that could also affect the form ofHonsud and
Hinflsud include any anisotropy in the elastic constants of the
vortex lattice and the role of the two superconducting gaps
on the structure of the vortex core.11

Angst et al.8 observed the PE in native single crystal
MgB2 and showed thatHonsT,ud, HmaxsT,ud, andHc2sT,ud
all fit similarly to AGLT, but HonsT,ud was much closer to
Hc2sT,ud than in our crystal. It should be noted that in the
Angstet al. crystal the peak effect was present at all applied
field angles. Our crystal is more heavily disordered and has
an order-disorder transition at much lower fields and displays
notably different temperature and field orientation depen-
dence to the upper critical field.

V. CONCLUSIONS

We have studied a heavily disordered MgB2 single crystal
that shows a peak effect in theM-H loop with a peak onset
field that is significantly less than the value of Hc2. We have
demonstrated that the vortex transition we have observed is
likely to be that from a low field quasiordered state to a high
field highly disordered phase. The transition displays signifi-
cantly different temperature and field orientation dependence
from both the upper and lower critical fields

We find that the inflection fieldHinfl near the onset of the
peak is a suitable identifying point for the phase transition,
and it is accompanied by magnetic history effects in the
M-H loops suggestive of a first order transition. The tem-
perature dependence ofHinfl fits Eq. s1d from Giller et al.5

with a T-independent profile at low temperatures, but differs
somewhat from that model at high temperatures where ther-
mal effects might play a role. The most striking result is that
the angular dependenceHinflsud deviates strongly from the
behavior of the upper and lower critical fields. It is also in
marked contrast to that found in lightly disordered MgB2.

8

This suggests that our heavily disordered crystal may repre-
sent a different pinning regime than has been previously ob-
served with regard to the pinning-nucleated order-disorder
transition.
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FIG. 5. The inflection point of the peakHinfl is shown as a
function of the field angleu at several temperatures marked by the
symbols in the legend
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