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In this paper we verify that clustering of Mg-deficient regions in superconducting Mg1−xB2 samples, intro-
duces random disorder into the system, sufficient to stabilize a vortex glass phase for small enough values of
x. Employing harmonic susceptibility, among other experimental techniques, we have conducted a systematic
investigation of the glass-liquid frontier in the magnetic field versus temperature phase diagram of vortex
matter for three samples, corresponding to x=0.025, 0.075, and 0.100. Interestingly, the studied melting line
presents a kink in the low-field/high-temperature region of the diagram, indicating that thermal disorder might
become important at larger temperatures, anticipating the melting process of the vortex glass phase.
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I. INTRODUCTION

Although a vortex state, in type-II superconductors, has
been anticipated more than 50 years ago,1 a great deal of
theoretical and experimental efforts have been devoted to
investigate the dynamics of those structures, its dependence
on external excitations and on the inherent properties of the
underlying superconducting material, such as inhomogene-
ities, commonly designated as static disorder.2 As a matter of
fact, the spacial distribution of vortex matter �VM� in super-
conductors is greatly influenced by the occurrence of inho-
mogeneities and/or imperfections.

It is well known that the presence of inhomogeneities in
low-Tc and high-Tc superconductors turns out to be an im-
portant feature leading to a large current transport capability
without dissipation. This is so because regions with less ro-
bust or even suppressed superconducting properties act as
pinning centers, impeding the viscous motion of vortices in
the presence of a transport current. However, such inhomo-
geneities not only affect the dynamic behavior of the mag-
netic flux lines; their presence has important consequences
on the magnetic field versus temperature �H-T� phase dia-
gram, since they suppress long-range translational order on
the Abrikosov lattice.2

For imperfections whose size is on the order of the super-
conducting coherence length, the current theoretical perspec-
tive is that weak-disorder results on a vortex solid phase
denominated Bragg Glass �BrG�,3,4 which retains the topo-
logical order of the flux line lattice but yields broadened
diffraction peaks,5 while uncorrelated strong disorder, like
impurities and oxygen vacancies, results on a topologically
disordered vortex glass �VG� phase.6–15 This VG phase is
expected to be truly superconducting: for low current densi-
ties, the pinning barriers become infinite, preventing any vor-
tex motion, thus resulting in null resistivity.

II. PERCOLATIVE SUPERCONDUCTIVITY
AND THE VG PHASE IN Mg1−xB2

Since the discovery of superconductivity in MgB2 at 39
K,16 a considerable progress in the understanding of the fun-

damental properties of this material has been accomplished.
Regarding VM phases in single crystals, a quasiordered vor-
tex structure has been observed at low dc fields,17 i.e., the
H-T diagram of such clean specimens has a region where the
stable vortex phase is a BrG. Nonetheless, by tuning the
amount of static disorder, the stabilization of a VG phase can
be favored and, consequently, a BrG-VG transition, which is
ordinarily associated with a peak in the critical current den-
sity �peak effect�,18 should become observable at fields
smaller than the upper critical field, Hc2�T�. Besides, a vortex
glass-vortex liquid �VL� VG-VL transition should also ap-
pear in the mixed phase of MgB2 with random disorder.

Members of the Mg1−xB2 system with Mg deficiency in
the range 0�x�0.1 exhibit percolative superconductivity;
specimens with higher levels of Mg deficiency have an insu-
lator like resistive response.19 This behavior is a consequence
of the tendency of Mg-deficient regions to form clusters,
whose typical size grows with increasing x, so that percola-
tive superconductivity is suppressed for larger amounts of
deficiency. Since the typical cluster size falls within the 10
nm range for small values of x,19 one would then expect to
have the adequate environment—a superconductor with
point defects—for probing the BrG-VG and/or VG-VL tran-
sitions of VM. In this work we study the magnetic phase
diagram of three samples of the Mg1−xB2 system with static
disorder, provided in practice by tuning the Mg content of
the specimen. As discussed in the following sessions, we
determined the melting line of the VG phase. The studied
specimens do not present the so-called peak effect, from
which we conclude that the BrG phase, although predictable,
is not present.

III. SAMPLES AND EXPERIMENTAL METHOD

The polycrystalline samples of Mg1−xB2 with 0�x�0.1
employed in this study were prepared by solid-state reaction
methods under high pressure, details of which were given in
Ref. 19. Four samples with different deficiency content were
studied, which were labeled with a roman numeral �I�–�IV�,
ordered according to increasing values of x: sample
I—MgB2, sample II—Mg0.975B2, sample III—Mg0.925B2, and
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sample IV—Mg0.9B2. Sample I, the pristine specimen, was
included in the study as a reference.

To accomplish an accurate study of the influence of static
disorder on the state of VM in Mg1−xB2 samples, we have
employed harmonic analysis, determining the harmonic com-
ponents of the ac magnetic susceptibility, �n. As the tempera-
ture decreases, �3 becomes nonzero below a field-dependent
temperature T3

onset�H�; warming up the sample, �3 vanishes
reversibly at the same temperature, which we associate to the
melting temperature of the VG phase. The association among
any uneven behavior of the magnetic response—either the ac
susceptibility or the magnetization—and a phase change in
VM, has been exhaustively discussed in the literature.20–24 A
particularly instructive debate was maintained by Krusin-
Elbaum et al.22,24 and by Samoilov and Konczykowski,23

regarding the melting of the Bose-glass phase in
YBa2Cu3O7−� with columnar defects. It was argued that, at
low amplitudes of the excitation field, the temperature at
which the imaginary part of �1 peaks can be taken as the
melting temperature. Although acceptable under certain cir-
cumstances, this holds only as an approximation, and the
actual melting occurs at the onset of �3, which is also con-
firmed in the present work, as discussed below. As a matter
of fact, vortex dynamics is generally influenced by frequency
and amplitude of the excitation field, in such a way that
whatever physical quantity is chosen to be monitored, it is
mandatory to ensure that the response is not affected by the
adjustable parameters of the probing field.

Measurements of �n were performed as a function of tem-
perature, �n�T�, up to the tenth order, for different values of
the applied magnetic field, H. The amplitude, Hac, and fre-
quency, f , of the excitation field, where also taken as adjust-
able experimental parameters. Figure 1 exemplifies the mag-
nitudes, �n= ��n�+ i�n�� of the first five harmonics of the ac
magnetic susceptibility for sample II. In this illustration one
may notice that, apart from the fundamental, �1, the most
relevant harmonic is the third, �3. It is worth mentioning
that, in the absence of an applied magnetic field, the ac sus-
ceptibility should exhibit odd harmonics only.25 Our experi-
mental observation confirms this general result. As a matter
of fact, even when large dc fields are present, the harmonic

content is essentially odd. Thus, although we monitored all
harmonics up to the tenth, only the first and third compo-
nents are presented in the majority of the figures in this pa-
per. The hatched region in Fig. 1 emphasizes the existence of
a range of temperatures, T3

onset�T�T1
onset, at which the mag-

netic response of the system is linear. We identify T1
onset with

Tc, whose experimental values were determined to be
�39.0�0.5� K for sample I and �39.2�0.2� K for the other
three samples �II, III, and IV�.

Next section presents our experimental results, starting
from a detailed investigation on how the temperature interval
of the linear magnetic response �i.e., �n=0, n�1� depends
on Hac and f . This study enabled us to establish the appro-
priate conditions for the employment of the third harmonic
susceptibility technique to detect the VG-VL transition in the
studied Mg1−xB2 samples. To conduct all magnetic measure-
ments we employed two Quantum Design commercial mag-
netometers: Magnetic Property Measurement System
�MPMS-5S� and the Physical Property Measurement System
�PPMS-M6000�. We have also used the ACMS module of
the PPMS to measure transport properties, including curves
of resistance as a function of the temperature, R�T�, for a
fixed excitation current, I, and also current-voltage �I-V�
curves, at several values of T and H.

IV. RESULTS AND DISCUSSION

A. Systematic study of �3—dependence of T3
onset

with Hac and f

Figure 2 shows a comparison between curves of �1�T�
and �3�T�, obtained for sample II with two different ampli-
tudes of the excitation field, both at f =100 Hz. This illus-
tration reveals that T3

onset tends to approach T1
onset with the

increment of Hac.
A thorough study about the behavior of T3

onset with Hac
was conducted by means of a large number of measurements
of �3�T� subject to a variety of combinations of the excita-
tion parameters. Selected parts of this study are shown in
Fig. 3 with data taken at different values of the excitation
amplitude for fixed values of f �100 Hz� and H �0.2 T�.
Notice that while T1

onset remains approximately constant at
�37.7�0.4� K, T3

onset decreases sharply to �30.6�0.4� K for
values of Hac around 0.1 mT and below. Thus, in the limit of

FIG. 1. �Color online� Temperature dependence of the harmonic
susceptibilities, �n, for sample II, up to the fifth component, mea-
sured at H=0.2 T with Hac=0.1 mT and f =100 Hz. The only rel-
evant harmonics are odd, especially the first and the third. Data
evidence the existence of a temperature window, T3

onset�T�T1
onset,

within which the susceptibility is linear ��1�0 and �3=0�.

FIG. 2. �Color online� Curves of �1�T� and �3�T�, for sample II,
at different amplitudes of Hac with f =100 Hz and H=0.2 T. No-
tice the difference in T3

onset with the increase in Hac.
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low excitation, one can easily identify, in the THac plane, two
different regimes of the ac magnetic response, one of which
is characterized by �3=0 and �1�0 �linear� and the other
�nonlinear� having nonzero �3 and �1. The normal state,
where �1=�3=0, is also indicated. For Hac�0.1 mT, a
field-induced nonlinear response is obtained, as a conse-
quence of the excessive amplitude of the excitation field. The
steplike form of T3

onset�Hac�—possibly associated to the fact
that too many vortices are forced in and out while the sample
is about to reach its normal state—further emphasizes that an
excessive amplitude of the probing field influences vortex
dynamics and should not be used in a study like this.

The frequency dependence of T3
onset was also investigated

for all studied samples. This part of the study is illustrated
here with data taken with sample II: the amplitude Hac was
maintained constant at 0.02 mT—deep into the region where,
at 100 Hz, the excitation field did not induce spurious non-
linearities �Fig. 3�—and �3�T� measured at various frequen-
cies. In Fig. 4, curves of �3, obtained at two different fre-
quencies, are confronted. Equivalently to the result suggested
in Fig. 2, we observe that increasing the excitation frequency
causes T3

onset to approach T1
onset. The frequency dependence

of T3
onset is shown in Fig. 5. Such panel reveals that for f

�100 Hz, T3
onset stabilizes in a value compatible with the

one obtained through the study of the amplitude dependence.
Therefore, below this threshold frequency, one can surely
distinguish, in the Tf plane, a genuine threshold between the
linear and nonlinear regimes of VM.

Moreover, data in Fig. 5 emphasizes that T3
onset�f� can be

described by Eq. �1�

T3
onset�f� = T3

onset�0� + Af�, �1�

where A, T3
onset�0�, and � are fitting parameters. This expres-

sion has the exact format of that derived by Fisher and col-
laborators �VG model�6,7 for the frequency dependence of
the irreversibility temperature, Tir, in the limit of f →0. The
correspondence is straight: T3

onset�0� is the glass temperature
and �=1 / ��z−1���, being z the dynamical and � the
correlation-length critical exponents, respectively, associated
with the VG-VL transition. Equation �1� was adjusted to the
experimental data �dashed line in Fig. 5�, leading to
T3

onset�0�= �30.9�0.2� K and �= �0.67�0.03�. The obtained
value for the exponent is in excellent agreement with the
value ��=2 /3� derived through a mean-field approximation
for the VG model.2 We take this result as an important evi-
dence that Mg deficiency actually stabilizes the VG phase for
low-x samples of the studied system.

The systematic investigation of the �3 dependence on fre-
quency and amplitude of the excitation field indicates the
proper conditions for employment of the third harmonic sus-
ceptibility in the study of vortex dynamics in type-II super-
conductors. As experimentally demonstrated, its applicability
is restricted to the limit of low-amplitude/low-frequency ex-
citation. The threshold values Hac

th, and f th, below which
T3

onset is independent of such parameters, were determined for
each of the samples studied in this work and are listed in
Table I.

Figure 6 shows a comparison between curves of �1��T�
and �3�T� for sample II. There one can see that the onset
temperature of �1�, indicated by the dashed line, is higher
than T3

onset. This means that between those temperatures,
there is dissipation ��1��0� which, however, is linear with
the excitation amplitude �see region labeled “Linear” in Figs.
3 and 5�, since �3=0. Such behavior is typical of the vortex
liquid phase. For T�T3

onset, where �3�0, VM is in the glass
phase. On the other hand, below the glass temperature,
Tg�H�, it is well known that the electric field at low current
densities �j→0� is nonlinear, E�exp�−�J0 / j�	�.6,7 Exactly at

FIG. 3. �Color online� Dependence of T1
onset and T3

onset with Hac

for sample II. The arrows indicate the approximately constant val-
ues of T1

onset and T3
onset.

FIG. 4. �Color online� Comparison between curves of �1�T� and
�3�T� obtained at different frequencies of the ac field. Although
measurements have been accomplished in the limit of low Hac,
notice the variation in T3

onset with f .

FIG. 5. �Color online� Dependence of T1
onset and T3

onset with f .
The dashed line is an adjustment of Eq. �1� to the experimental data
with T3

onset�f →0�= �30.9�0.2� K and �= �0.67�0.03�. The ap-
proximately constant value of T1

onset and the asymptotic value of
T3

onset are arithmetic averages. Notice the similarity between the
value of T3

onset and the adjusted parameter T3
onset�f →0�.
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Tg, the current-voltage �I-V� characteristic curve is given by
a power law and, for temperatures above Tg, a linear �Ohmic�
behavior is expected, E� j. In terms of magnetic measure-
ments, we equally identified, within the limits of low excita-
tion, two different regimes of VM, whose response is non-
linear below T3

onset and linear above it. In the latter regime,
the energy dissipation, coming from the viscous motion of
vortices, is linear �Fig. 6�, as predicted by the VG model. We
take this as a second sound evidence that, at lower tempera-
tures, VM is at the vortex glass phase.

Experimentally, the melting line of the vortex glass, i.e.,
the VG-VL boundary in the H-T phase diagram, Hm�T�, was
determined by measuring—in the low excitation
limit—�3�T� for several values of the dc magnetic field. As a
matter of fact, a linear response is expected at very low ex-
citations, even in the vortex glass phase. Our data show that,
below the melting frontier, the ac susceptibility has a linear
appearance up to Hac�0.05 mT. This linearity could be ex-
pressed in terms of the quality of a linear fitting, but the
harmonic analysis is a much more sensitive approach, and
shows that a small nonlinear contribution develops ��3�0�
below the melting line. One could possibly ascribe this be-
havior to the fact that the clusters promoting stabilization of
the vortex glass phase are not really point defects, but some-
what larger than the size of individual vortices. Besides,
traces of some weak ordering of the clusters were described
by Sharma and co-workers,19 what could conceivably be
considered as the reason for the observed nonlinear behavior.

B. H-T phase diagram

As discussed above, the frequency and the amplitude of
the excitation field can both affect the temperature below
which �3 emerges from zero. In order to assure the best
possible signal-to-noise ratio without compromising the ac-
tual significance of the experiment, one has to maximize Hac
without exceeding the characteristic threshold of each
sample �Table I�. Having this in mind, we have chosen Hac
=0.02 mT, 0.008 mT, and 0.007 mT, for samples II, III, and
IV, respectively. The frequency was set to f =100 Hz for all
melting lines determined in this work.

Figure 7 depicts the H-T phase diagram obtained for the
Mg1−xB2 samples. For the pristine �i.e., without Mg-
deficiency� specimen, sample I, �3 has nonzero values at all
temperatures in the superconducting phase, i.e., the melting
line of VM, Hm�T�, coincides with Hc2�T�. When defects are
present, however, a randomly distributed static disorder sce-
nario is set and, as discussed earlier in this paper, a VG phase

is stabilized. Solid and dashes lines are fittings whose origin
and meaning we discuss later in the text. As seen in Fig. 7,
the relative area of the liquid phase decreases for increasing
x, what we interpret as a consequence of an increase on the
pinning potential for larger amounts of Mg deficiency. In
fact, this reasonable assumption is consistent with our ex-
perimental determination of the pinning potential, Up, for the
studied samples, as presented and discussed in the following
paragraphs.

An estimate of Up was accomplished examining how the
peak temperature of �1��T�, Tp, corresponding to the situation
of maximum dissipation of energy, resulting from the vis-
cous motion of the magnetic flux lines, evolves for different
values of f . For the thermally activated vortex motion �flux
creep�, Tp is shifted to a higher value with the increase in f .
This shift can be described by an Arrhenius law26,27

f = f0 exp�− Up/kBTp� , �2�

where f0 is a characteristic frequency, kB is the Boltzmann
constant, and Up=Up�T ,H ,J� is the activation energy for
depinning, which is the height of the potential barrier that
vortices must overcome when hopping from one pinning site
to another.

FIG. 6. �Color online� Curves of �1��T� and �3�T� for sample II.
The measurement parameters were: Hac=0.1 mT, f =100 Hz, and
H=0.2 T. A range of temperatures where the dissipation is linear,
i.e., �1��0 and �3=0, is emphasized by the vertical rectangle.

FIG. 7. �Color online� VG-VL threshold for the studied samples
of Mg1−xB2. Hc2�T� is an average line that represents the experi-
mental data obtained for all samples. Experimental points were ad-
justed by a power law �solid lines�, Eq. �3� with 
=4 /3 �vortex-
glass model�. The dashed line is an adjustment of Eq. �4� to the
high-temperature data �see text�.

TABLE I. Threshold values of Hac and f , below which one can
assure that the excitation field has no influence on the experimental
results.

Sample
Hac

th

�mT�
f th

�Hz�

II 0.1 100

III 0.008 100

IV 0.01 100
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Experimentally, measurements of �1��T�, for samples I, II,
III, and IV, were performed with Hac=0.007 mT at different
values of H. As an example, we illustrate, in Fig. 8, �1��T�
curves measured at different frequencies for sample II. No-
tice that Tp is shifted to higher temperatures as f is increased.
Figure 9 presents the dependence of ln�f� with 1 /Tp for the
studied Mg-deficient samples. The solid lines are linear fit-
tings from which we determine the activation energy, Up,
according to Eq. �2�. The obtained values of Up are plotted
against x in the inset of Fig. 9. It is worth mentioning that Tp
for sample I does not change with f , as expected for a speci-
men that does not exhibit the VG phase which, for the other
samples, is stabilized by the presence of point defects. This
assures that the activation energy determined for the two-
level systems described by the Arrhenius behavior, is actu-
ally related to potential barriers created by Mg deficiency,
inexistent in the pristine sample.

We now focus on the format of the Hm�T� contour. In
general,7,28–30 critical borders like the irreversibility, melting
and glass lines, can be empirically described by a simple
power law

Hcr�T� = H0�1 − T/Tcr�0��
, �3�

where Tcr�0� is the temperature of irreversibility, melting or
glass, respectively, at H=0, H0 is the value of Hcr�T� ex-

trapolated to T=0 and 
 is a fitting parameter. In the present
case, 
 was kept fixed at 4/3, which is the value predicted for
the VG-VL line.

The experimental points of Hm�T� were modeled by Eq.
�3� with T3

onset�H=0� in place of Tcr�0�. As shown in Fig. 7,
this power law �solid lines� provides a good fitting to the
low-temperature/high-field data. However, it overestimates
the Hm�T� borders in the high-temperature/low-field regime.
At high temperatures, the format of Hm�T�, simulated by the
dashed lines in Fig. 7, obeys an expression of the type

H�T� = BT2 exp�− T/T0� , �4�

where B and T0 are fitting parameters. This equation is based
on the theoretical model developed by Lopatin and
Vinokur,31 which predicts the anticipation of the melting
transition of VM—which, for the present case, is the VG-VL
threshold, Hm�T�—as a consequence of temperature-induced
depinning of vortices. The parameters that optimize these
fittings for each sample are listed in Table II. As a matter of
fact, the high-temperature portion of the melting line for
sample IV is not as smooth as for the other two Mg-deficient
samples, what is conceivably due to an excessive degree of
disorder; although a kink temperature is recognizable from
the data, Eq. �4� would not provide a good quality fitting to
the experimental points.

This type of thermally assisted depinning, observed pre-
viously by Banerjee and collaborators32 in the VM phase
diagram of BSCCO-2212 with columnar defects, is present
in our experimental data, suggesting that the influence of
defects on the vortex dynamics becomes secondary in the
high-temperature/low-field region, where the Hm�T� frontier
is shifted toward lower temperatures. We identified such re-
gime of the melting line, which is adequately adjusted by Eq.
�4�, as a thermally induced melting of the VG phase in
Mg1−xB2. It is important to emphasize, however, that the
thermally assisted depinning of Eq. �4� was predicted by Lo-
patin and Vinokur for a three-dimensional vortex system in a
superconducting material with columnar defects, exactly as
in the case verified by Banerjee et al. In our samples, the
corresponding defects are not columns but tiny clusters, ran-
domly distributed throughout the volume. It is conceivable
though that the pinning efficiency of such clusters is also
diminished by increasing temperatures, so that an anticipated
melting is likely to occur.33

The two-regime melting line represented by the Hm�T�
curves shown in Fig. 7, indicate that, at low temperatures,
the VG state has properties dependent on the type and effi-
ciency of the static disorder in the system. Figure 10�a�

FIG. 8. �Color online� Curves of �1��T�, for sample II, measured
at a dc field of 1 T, Hac=0.007 mT and frequencies of 100, 300,
1000, and 10 000 Hz.

FIG. 9. �Color online� Arrhenius diagram, ln�f� versus 1 /Tp,
obtained for samples II, III, and IV. The solid lines �main panel� are
linear fittings. Dependence of Up with x is shown in the inset. The
dashed line is just a guide to the eyes and extrapolates to zero as an
indication that the pristine sample has a frequency-independent Tp

�see text�.

TABLE II. Parameters obtained from fittings using Eqs. �3� and
�4�.

Sample
H0

�T�
T3

onset�0�
�K�

B
�T /K2�

T0

�K�

II �7.3�0.2� �34.4�0.3� �1.37�0.03�103 �1.94�0.09�
III �7.4�0.4� �39.5�0.3� �1.7�0.2�1036 �0.4�0.1�
IV �9.5�0.2� �39.5�0.5�
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shows a scaling of the Hm�T� curves, with the low-
temperature/high-field data collapsed. In such panel it be-
comes unambiguous that for all Mg-deficient samples stud-
ied, the experimental points at low temperatures obey a
power law, while those at higher temperatures deviate from
this behavior at the point where a thermally assisted depin-
ning crossover sets in. The reduced variables were defined as
t�=T /T3

onset�0� and h=H /H0. Figure 10�b� is an alternative
way of scaling the Hm�T� curves with a different combination
of the variables. A new parameter is introduced, the kink
temperature Tk, above which thermal depinning occurs �val-
ues of Tk for each of the studied samples are also indicated in
Fig. 7�. For this scaling, we define the variable t�=T /Tk and
the dimensionless parameter �=T3

onset�0� /Tk. As a result, one
can notice in panel �b� of Fig. 10 that the Hm�T� contours
collapse throughout the entire temperature range. The exis-
tence of two distinct behaviors for Hm�T�—below and above
t�=1—is also evidenced. The thermally induced depinning
regime occurs for t��1 while the t��1 region corresponds
to the power-law domain discussed above.

Another important issue is to identify possible connec-
tions among the VG-VL lines determined in this work and
the irreversibility line �IL�, Hir�T�. Figure 11 displays Hm�T�
and Hir�T� for samples �a� II and �b� IV. These specimens
represent extreme situations in our study: in �a�, Hir�T� and
Hm�T� are significantly different whereas in �b� they repre-
sent basically the same contour. To better understand this
difference for sample II, we performed transport measure-
ments. As an example of the results of the transport study,
Fig. 12 shows the temperature dependence of the resistance,
R�T�, for sample II, obtained in the limit of low excitation,
i.e., low transport current �it→0�, and in the presence of a dc
field of 1 T. For T�26.3 K, R�it→0��0, which means that,
up to 26.3 K, the material is in a truly superconducting state,
allowing transport of electric current without dissipation.
We include the point corresponding to this state
��26.3�0.4� K;1 T� in the H-T phase diagram of Fig.
11�a�, which should be compared with the experimental data
��26.8�0.4� K;1 T� corresponding to Hm�T�. This indi-
cates that VM experiences dissipative dynamics, just above
the melting line, in the liquid state.

In addition, we have also conducted experiments to mea-
sure I-V curves, as those shown in Fig. 13�a� for sample II,

obtained for several values of the temperature in a dc field of
1T. It is relatively simple to verify that, for T�26 K, these
curves exhibit a linear behavior. To determine this threshold
temperature, we adjusted the experimental data with an ex-
pression of the type V=dI, where d is a constant. We then
monitored the quality of the fittings for each temperature,
Q�T�, as illustrated in Fig. 13�b�. Using the criterion of 0.1%,
i.e., assuming that good linear fittings are those with Q
�0.999, we determined 26 K as the threshold value of T
below which the I-V response is no longer linear. The
hatched region in Fig. 13�b� represents the tolerance of 0.1%.

This linear characteristic, exhibited by the I-V curves of
sample II for T�26 K, reveals that even in the limit of low
excitation �it→0�, pinning centers present in the material are
no longer effective in preventing the viscous motion of vor-
tices, and R�it→0��0. The threshold for this linear re-
sponse, represented by the coordinates

FIG. 10. �Color online� �a� Scaling of the Hm�T� curves, privi-
leging the low-temperature data. Here, t�=T /T3

onset�0� and h
=H /H0. �b� In this panel, the variables are different from those in
�a�: t�=T /Tk and �=T3

onset�0� /Tk.

FIG. 11. �Color online� Comparison between the Hm�T� and
Hir�T� thresholds obtained for samples �a� II and �b� IV. We used
the M�T� technique to determine the Hir�T� lines.

FIG. 12. �Color online� R�T� measured at H=1 T for sample
II.
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��26.0�0.4� K;1 T�, although not inserted in the already
crowded Fig. 11�a�, should also be compared with the special
points represented there, like the inception of the linear mag-
netic response determined by means of measurements of the
third harmonic ��26.8�0.4� K;1 T�. In view of this result,
it becomes evident that the IL for sample II is not the bound-
ary below which VM is in a state characterized by essentially
pinned vortices, for which R�it→0��0. As a matter of fact,
this feature applies to the vortex glass phase, upperbounded
by Hm�T�, which is, therefore, the true melting frontier.

In contrast to the I-V curves measured for sample II, the
pristine specimen �sample I� exhibits a linear behavior mea-
sured at all temperatures, as shown in the inset of Fig. 13�b�
with curves taken in a dc field of 1T. Linear I-V characteris-
tics, i.e., I�V, are typical of an ideal �without defects� su-
perconducting material. The solid lines are fittings of the
expression V=dI to the experimental points. The nearly con-
stant value of Q�T� for sample I, also shown in Fig. 13�b�,
means that the quality of the fittings remains close to ideal in
the whole range of temperatures, i.e., the experimental points
for sample I form a straight line going through zero.

Vortex trapping allows the stabilization, at least tempo-
rarily, of a nonuniform distribution of magnetic flux in the
whole volume of the superconducting material. Experimen-
tally, the evolution of this metastable state toward thermody-
namic equilibrium is evidenced by magnetic relaxation.34 We
have used relaxation measurements, M�t�, as an additional
tool to study the dynamic behavior of VM in samples II, III,
and IV. Isothermal M�t� measurements35 were conducted af-
ter a field-cooled process followed by a decrease on the ap-
plied field of 
H=1 T. Figure 14�a� illustrates M�t� for
sample II, revealing that the normalized logarithmic decay

rate S=−�1 /M0�dM /d ln�t� diminishes when the temperature
is increased. In Fig. 14�b�, S�T� is presented; the temperature
below which the magnetization decays logarithmically in
time is T=26.5 K. A point with coordinates
��26.5�0.5� K;1 T� was included in the H-T diagram of
Fig. 11�a�. One can see that, within experimental accuracy, it
belongs to the Hm�T� frontier. This is not surprising: below
the VG-VL boundary, vortex motion is limited by pinning
wells and the glassy phase is a consequence of the random
distribution of the pinning centers. Upon reduction in the
applied field, relaxation derives from vortex rearrangements
resulting from a competition between pinning and thermal
energies, as the system evolves to a metastable equilibrium.
Above that frontier, however, vortices are freed from the
attractive wells and competition ceases so that the system
achieves its most favorable configuration at once and no
sizeable relaxation is expected to occur.

V. FINAL REMARKS

The results obtained from the systematic analysis of the
third harmonic allowed us to verify that the appropriate
choice of the experimental parameters—amplitude and fre-
quency of the excitation field—is extremely important when
one wants to study the dynamic behavior of vortex matter by
means of measurements of higher-harmonic susceptibilities.
We have distinguished, in the limit of low excitation, the
genuine transition between the vortex glass and the vortex
liquid phases. The upper limit to the vortex glass state is
strongly influenced by the type and density of static disorder

FIG. 13. �Color online� �a� I-V diagram, obtained at H=1 T for
sample II. �b� Dependence of Q with T for samples I and II. In the
inset, the linear behavior of all of the I-V curves obtained for
sample I is illustrated.

FIG. 14. �Color online� �a� M�t� curves for sample II. Such
curves were normalized to the remanent magnetization M0 mea-
sured 10 min after changing the field. �b� Decay rate as a function
of the temperature. In the inset, we show how S was determined for
M�t� measured at H=1 T and T=10 K.
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existent in the superconducting material and is shifted to
higher values of fields and temperatures with the increase in
disorder. Furthermore, we have verified, for a pristine
sample, the coincidence between the VG-VL contour and
Hc2�T�, meaning that in the absence of inhomogeneities, the
stabilization of the vortex glass phase of vortex matter is
unfavored.

The irreversibility line, frequently identified in the litera-
ture as the melting line of vortex matter, has been compared
to the VG-VL threshold. Although both lines may constitute
the same contour for the sample with higher Mg deficiency
�sample IV�, it is not the case for the other nonpristine speci-
mens �samples II and III�. In addition, magnetic relaxation
studies and measurements of electrical transport evidenced
that, in the neighborhood of the VG-VL line and above, vor-
tices are in an equilibrium configuration—i.e., its dynamics
is not affected by the static disorder present in the material.
Also, we were able to verify the existence of a correlation
between a linear I-V behavior, I�V, and the regime of linear
magnetic response, �3=0 and �1�0, determined by means
of third harmonic measurements. This result confirms that,
indeed, vortex matter is in the vortex glass phase below
Hm�T�, since in the low-excitation limit—low transport cur-
rent or low ac magnetic field—the electrical and magnetic
responses are nonlinear below T3

onset and linear above that
threshold. It should be also mentioned here that the apparent
contradiction of a nonrelaxing magnetization below the irre-
versible line, Hm�T��H�Hir�T�, was already discussed in
an earlier paper36 with data on samples similar to the ones
employed here. That previous work has shown that M�t� re-

laxation is different for vortices entering and leaving the
sample, although both processes can be suitably fitted assum-
ing a Bean-Livingston surface barrier mechanism.

We have also found that, in the high-temperature/low-
field region of the H-T phase diagram, the studied border has
two different regimes, and the VG-VL limit is anticipated for
T�Tk. We have interpreted the occurrence of this anticipa-
tion as a result of the competition between two different
types of disorder—static and thermal—in the material.
Hence, the H-T phase diagram of Mg-deficient samples, as
the ones studied here, is such that at different regions one
type of disorder is more important than the other, what is
manifested by the existence of a kink temperature separating
the two regimes of the VG-VL contour.

As a last remark, we would also like to emphasize that all
evidences collected in this work confirm that the Mg-
deficient clusters of samples II, III, and IV are responsible
for the stabilization of the vortex glass phase in those speci-
mens. The portion occupied by the vortex glass state in the
phase diagram is expanded as x increases and, equally im-
portant, it is absent for the pristine MgB2 sample.
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