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We have measured small-amplitude rf penetration depth ��H ,T� in pure, and C, Li, and �Li+C� doped single
crystals of MgB2. The effect of doping on the critical temperature Tc and on the upper critical field Hc2 was
found to be in good agreement with previous results. We report the presence of clear signatures of irrevers-
ibility in ��H ,T�, associated with the peak effect. Carbon doping enhances the observed feature and shifts its
position on the H-T phase diagram to higher temperatures. In contrast, Li substitution suppresses the peak
effect, moving it to lower temperatures. Analysis of both zero-field cooled and field cooled measurements
suggests that the hysteresis associated with the peak effect is due to macroscopic supercurrents induced due to
vortex pinning upon the magnetic-field ramp.
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I. INTRODUCTION

MgB2 is a two-band �two quasi-two-dimensional �2D� �
bands and two three-dimensional �3D� � bands�, two-gap ��
gap, ���78 K, and � gap, ���29 K� superconductor
with high critical temperature Tc�39 K for an s-wave
superconductor.1 These characteristics have made MgB2 very
attractive for advancing theoretical understanding of super-
conductivity in two-gap systems. Theory has shown that the
two-gap nature has a significant effect on the Hc2�T� phase
diagram, which is governed by the ratio between the intra-
band diffusivities D� /D�.2 The high transition temperature is
advantageous for practical applications; however the poten-
tial is limited by the relatively low values for the upper criti-
cal fields, particularly for the c-axis orientation, Hc2

�c

=3–6 T.
Atomic substitution is a method affecting different physi-

cal quantities such as carrier concentration, density of states,
lattice parameters, and interband and/or intraband scattering
rates in a controlled way. Examining how these quantities
affect the superconducting properties is important both for
theoretical understanding and for improving the potential for
practical use of MgB2. Moreover, doping may influence sig-
nificantly the vortex lattice structure and dynamics. Success-
ful substitutions with Al,3,4 Mn,5,6 and Li �Ref. 7� for Mg,
and C �Refs. 8–10� for B as well as codopings11,13 have been
reported.

Hall-probe measurements of local ac-magnetic suscepti-
bility revealed the existence of the peak effect �PE�, i.e., a
maximum of the diamagnetic screening in a certain region of
the H-T phase diagram, in single crystals of both pure, and
C-doped and Al-doped MgB2.12,14,15 This effect had been
previously observed in both high-Tc and low-Tc supercon-
ductors but theoretically its origin is not yet fully understood
and several possible explanations have been put forth.16 Lar-
kin and Ovchinnikov17 proposed that the effect is caused by
a softening of the elastic moduli of the flux-line lattice �FLL�
in the vicinity of Hc2. Alternatively, it was suggested that, as
the elastic moduli softens, the pinning forces overcome the

elastic ones, marking a transition from weak to strong
pinning.18

A completely different interpretation was generated by the
strong experimental evidence for the peak effect in disor-
dered systems, such as Nb.19,20 Earlier theoretical work on
vortex matter in superconductors with disorder-induced pin-
ning had claimed that instead of the Abrikosov lattice, i.e.,
long-range ordered vortex state, a quasiordered, Bragg glass
phase stabilizes.21 Therefore the peak effect feature was in-
terpreted as a transition from Bragg glass to a disordered
vortex phase. The hysteresis of ac susceptibility which de-
velops at the PE, particularly the low diamagnetic screening
state which results after zero-field cooling �ZFC� the sample
and applying magnetic field, was regarded as evidence for
the Bragg glass vortex phase in MgB2.12,14 A recent experi-
mental study22 using the same technique involved in the
present work found similar hysteretic behavior of the rf pen-
etration depth in a series of high- and low-temperature su-
perconductors. However, Ref. 22 suggests that ramping the
magnetic field after ZFC gives rise to macroscopic screening
supercurrents j, which shift the vortices into a state of inho-
mogeneous distribution, in accordance with the critical state
�Bean� model. The resulting state is a displaced vortex lattice
that is thought to disappear when field cooling �FC� the
sample due to a relaxation of screening currents, therefore
giving rise to hysteresis.

The present work studies the effect of C, Li, and �Li
+C� doping on the vortex dynamics in single crystals of
MgB2. The results of our study are twofold: �1� We show that
the same anomaly of rf susceptibility described in the previ-
ous paragraph is present in both pure and doped MgB2, and
it coincides on the H-T phase diagram with the measured
peak effect from local ac-magnetic susceptibility from Hall-
probe experiments.12,14 �2� We show that the C doping at B
site enhances the maximum of the rf-diamagnetic screening
by increasing the number of pinning centers. Contrary to
this, when Li is substituted for Mg, the peak effect is sup-
pressed to lower temperatures, suggesting a slight reduction
in pinning. Furthermore, studies with both FC and ZFC are
shown to be in good agreement with the proposed scenario
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of relaxing supercurrents after field ramp. The model from
Ref. 22 is discussed in the context of collective pinning
theory as a possible explanation for both the shape of the
anomaly and the history dependence associated with the
peak effect.

II. EXPERIMENTAL DETAILS

The samples used for the present study were single crys-
tals of pristine MgB2, 12% Li substituted at Mg site
�Mg0.88Li0.12B2�, 4.8% and 7.5% C substituted at B site
�MgB1.904C0.096 and MgB1.85C0.15, respectively�, and 12% Li
and 6% C codoped �Mg0.88Li0.12B1.88C0.12�. The crystals
were grown using a high-pressure cubic anvil technique, de-
scribed in Refs. 13 and 23. The current samples come from
the same batches as those studied in Ref. 13 where detailed
information about the crystal structure and stoichiometry are
provided.

The rf susceptibility was measured by placing the sample
inside the coil of a self-resonant LC circuit, powered by a
tunnel diode. The resonant frequency of the tunnel diode
resonator �TDR�, 2�f0=1 /�LC is about 14 MHz. The ex-
perimental data were obtained using a 3He refrigerator with a
90 kOe superconducting magnet. For the present work, both
the dc and the rf magnetic fields were applied along the
crystallographic c axis so that the penetration depth was
measured in the ab plane ��ab�.

When a superconducting material is placed inside the in-
ductor, it produces a change in resonant frequency propor-
tional to the susceptibility, and in turn, to the penetration
depth of the sample, �f ���. Given that the sample shapes
were almost rectangular, following the procedure described
in Ref. 24, the rf susceptibility is obtained from

�f�T� � 4�� =
1

1 − N
�1 −

�

R
tanh	R

�

� , �1�

where N is the demagnetization factor and R is the effective
dimension of the sample as described by Ref. 24.

At low temperatures and for applied magnetic fields H
�Hc1, the penetration depth, and thus the dynamic suscepti-
bility, is �2=�L

2 +�v
2, where �L is the London penetration

depth and �v is the vortex contribution. In the pinning re-
gime, the main contribution to the total penetration depth is
given by the vortex motion, which in turn reduces to the
Campbell pinning penetration depth �C, resulting from the
oscillating Lorentz force exerted by the rf screening currents
on the vortices:

�C
2 =

�0B

4�	p
, �2�

where �0 is the flux quantum and 	p is the Labusch param-
eter, which measures the curvature of the pinning potential,
V�r�, 	p= �d2V�r� /dr2�.

It should be mentioned that, besides technical details,
there are two major differences between the TDR and other
ac techniques, such as the mutual inductance or based on
Hall sensor. One is the frequency range: the mutual induc-
tance technique uses low frequencies, up to kilohertz,

whereas the TDR is used in our case at megahertz values.
However, this difference should not be important as long as
both frequencies are significantly lower than the pinning fre-
quency, most commonly in the gigahertz range. A more im-
portant difference is the magnitude of the excitation ac-
magnetic field. As can be seen from Eq. �2�, by shaking the
vortices with a probe ac-magnetic field, i.e., ac screening
current, the curvature of the pinning potential at the vortex
location can be determined. The excursion that the vortices
make while oscillating depends on the magnitude of the ac-
magnetic field. In our experimental setup, the applied rf field
was estimated to be 5 mOe
brf 
10 mOe. For compari-
son, the ac-magnetic fields used in two studies of the peak
effect in MgB2 �Refs. 12 and 14� are larger than 1 Oe, which
is at least 100 times larger than in the current work. The
implication is that the amplitude of the vortex oscillation
around the equilibrium position are at least 100 times larger
in Refs. 12 and 14; thus the curvature of the pinning poten-
tial is not probed locally but rather is averaged over the
length of the vortex excursion.

III. RESULTS AND DISCUSSION

Figure 1 shows the dynamic magnetic susceptibility for
�a� 12% Li substituted and �b� undoped MgB2. It can be seen
on both figures that, for applied magnetic fields �0H
�12 kOe, there is an anomaly, i.e., a small kink in ��T�. For
the pristine MgB2, the position of the kink �Hp ,Tp� on the
H-T phase diagram is in good agreement with the observed
peak effect from Ref. 12 �see inset of Fig. 4�. When 12% of
Li is substituted for Mg, the critical temperature decreases to
Tc�35 K, as previously reported in Ref. 13. However, it is
evident from Fig. 1�a� that the size of the anomaly is not
significantly affected by doping. The normalized H-T phase
diagram in Fig. 4 shows that the PE is suppressed to lower
temperatures in the Li-doped crystal. A possible explanation
is that doping with Li may actually reduce disorder by filling
Mg vacancies possibly present in pure MgB2 crystals, which
are believed to be magnesium deficient. As a consequence,
the pinning of vortices in the Mg layers is reduced, and
lower energy thermal fluctuations overcome the pinning
forces, smearing the PE. This is supported by crystal struc-
ture results where a narrowing of some x-ray reflection peaks
was found in lithium-doped samples.13 Also, the upper criti-
cal field Hc2�0� is slightly lower in Li-doped crystals, indi-
cating less disorder. de Haas-van Alphen measurements de-
termining the mean-free path would help with clarifying this
hypothesis.

Contrary to the Li doping, when C is substituted for B, the
effect on the vortex dynamics is significantly stronger, as
shown in Fig. 2�a�. A sharper, more pronounced maximum of
the diamagnetic screening develops, similar to previous ob-
servations from local ac susceptibility at lower frequency.14

We now compare two different C concentrations: 4.8% �inset
of Fig. 2�a�� and 7.5% �Fig. 2�a��. First, we note that at
approximately the same field where the PE appears, there are
two transitions at Tc visible in both samples: a lower one
associated with the onset of superconductivity Tc2 and an
upper transition temperature which we define as Tc3, quite
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possibly due to surface superconductivity. The evolution of
Tc2 with applied magnetic field agrees well with that from
resistivity measurements.25 Figure 4 suggests that the posi-
tion of the peak effect shifts to higher magnetic fields as the
C content increases and it appears at significantly larger
fields than in the undoped or Li-doped MgB2.

For clarity, we have plotted separately, in Fig. 3, the phase
diagram for the two C-doped samples. It is important to no-
tice that the three main curves: Hp�T�, Hc2�T�, and Hc3�T�, do
not appear to meet at a tricritical point in our data both for
4.8% and 7.5% C dopings. This is in contrast with the results
obtained in Nb single crystals,20 despite the strong similarity
between the magnetic ac susceptibility of MgB2 and Nb. Our
results support the interpretation that the peak effect is sup-
pressed by thermal fluctuations26 and not necessarily at a
tricritical point where a possible Bragg glass disordering
transition occurs. Moreover, closer examination of our data

in Fig. 3 reveals that the PE becomes more pronounced and
survives to higher temperatures in the sample with the higher
concentration of C. We attribute this to the increase in pin-
ning strength as carbon content increases.

The susceptibility of the codoped sample,
Mg0.88Li0.12B1.88C0.12, is consistent with the cumulative ef-
fect of Li and C �Fig. 2�b��. The peak effect is marked by a
pronounced dip of ��T� and there are two transitions visible
at Tc similar to what is seen in the carbon doped samples
�Fig. 2�b��. Furthermore, the presence of Li shifts the posi-
tion of the peak effect to lower temperatures on the reduced
phase diagram in Fig. 4. The codoping strongly reduces Tc
�inset of Fig. 1�b��. A detailed analysis and possible explana-
tion for the evolution of Tc with doping is given in Ref. 13.

An important characteristic of the peak effect is the pres-
ence of hysteresis in dc magnetization and ac susceptibility.
In order to verify and understand the nature of the hysteresis,
we performed measurements of rf susceptibility both by
zero-field cooling–field warming �ZFC-FW� and field

FIG. 1. �Color online� �a� The rf susceptibility ��T� of
Mg0.88Li0.12B2 in applied magnetic fields from 2 to 54 kOe in steps
of 2 kOe. The position of the peak effect is marked as Tp. �b� The rf
susceptibility ��T� of the undoped MgB2 in magnetic field from 14
to 52 kOe in 2 kOe steps. Inset: Zero field ��T� showing the entire
transition for the studied samples: MgB2 �circles, Tc�38.5 K�,
MgB1.904C0.096 �crosses, Tc�35.5 K�, Mg0.88Li0.12B2 �diamonds,
Tc�35 K�, MgB1.85C0.15 �triangles, Tc�32.8 K�, and
Mg0.88Li0.12B1.88C0.12 �squares, Tc�32 K�.

FIG. 2. �Color online� �a� ��T� of MgB1.85C0.15 at magnetic
fields from 10 to 86 kOe in 2 kOe steps. Inset: ��T� of
MgB1.904C0.096 at magnetic fields from 10 to 58 kOe in 2 kOe steps.
�b� ��T� for the codoped sample Mg0.88Li0.12B1.88C0.12 in fields be-
tween 2 and 78 kOe, in steps of 2 kOe, showing very similar be-
havior such as the C doping. The traces at 46 kOe �and at 40 kOe
for the inset� have been highlighted for more clarity of the peak
effect.
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cooling–field warming �FC-FW� the samples, following a
scenario illustrated in the upper inset of Fig. 5. The results
for both C-doped crystals are shown in Fig. 5. After ZFC the
sample to base temperature T
Tc, the magnetic field was
ramped to a certain value resulting in state 1. Then, as the
temperature is increased on curve 1–2, the susceptibility
shows a diamagnetic peak at Tp before the transition to the
normal state at Tc2 or Tc3. Upon FC the sample from 2 to 3,
the strong peak is no longer present but at the same tempera-
ture Tp the susceptibility develops strong hysteresis, resulting

in a stronger diamagnetic screening at base temperature. By
further increasing the temperature from 3 to 4, the suscepti-
bility follows almost the same path as 2→3, showing only a
weak kink at Tp. Cooling back in field, the trace 4→5 over-
laps with 2→3. The strong maximum in rf-diamagnetic re-
sponse and the strong hysteresis at Tp are only present during
the first temperature sweep after ramping the magnetic field,
after which it only manifests as a kink in ��T�. Therefore, we
can conclude that the state resulting after ZFC to base tem-
perature and increasing magnetic field has a much weaker
diamagnetic susceptibility than the subsequent warming and
cooling of the sample in applied magnetic field �FC�.

Although the rf Campbell penetration depth cannot be
used to rule out the existence of the Bragg glass in MgB2, we
propose, as a possible explanation for the hysteresis associ-
ated with the peak effect, a model based on the idea sug-
gested in Ref. 22 for an individual pinning potential and
extend it to the collective pinning regime. Within the collec-
tive pinning theory,17 following notations from Ref. 27 for a
density of pinning centers n, the free-energy density of the
vortex bundle �FLL� within the correlation volume Vc can be
written as the sum of the pinning and the elastic energy:

�F =
1

2
C66	 �

Rc

2

+
1

2
C44	 �

Lc

2

− f�
n1/2

Vc
1/2 , �3�

where C66 is the shear modulus and C44 is the tilt modulus of
the FLL, f is the pinning force, � the correlation length, and
Rc and Lc describe average distances over which the FLL is
distorted due to shear and tilt, respectively. As detailed
knowledge of pinning in MgB2 is not yet available, the inset
of Fig. 6�a� shows a qualitative plot for arbitrary values of
the constants in Eq. �3�. During the ramping of the magnetic
field after ZFC the sample, within the Bean model, there will
be a macroscopic distribution B�x� of magnetic field inside
the sample, accompanied by a current distribution �0j
=dB�x� /dx �inset of Fig. 6�b��. These currents exert a Lor-

FIG. 3. �Color online� The phase diagram for the C-doped
samples: MgB1.85C0.15 �main graph� and MgB1.904C0.096 �inset�. The
three main curves representing Hc2�T�, Hc3�T�, and Hp�T� are
shown in both graphs.

FIG. 4. �Color online� The reduced phase diagram for the stud-
ied samples, showing the values for Hc2�T� and the peak effect
Hp�T�, normalized to Hc2�0� and to Tc. The symbols are explained
in the legend. Inset: The absolute values of Hc2�T� and Hp�T� for
the undoped MgB2. The values for the peak effect Hp�T� from Ref.
12 are displayed for comparison.

FIG. 5. �Color online� History dependence of ��T� in
MgB1.904C0.096 �main figure� and MgB1.85C0.15 �lower inset� for ap-
plied magnetic field H=35 kOe, following a sequence explained in
the text and sketched in the upper inset.
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entz force �fL= j�0� on vortices causing additional bending
of the vortex bundle from its equilibrium �minimum-energy�
configuration. The displacement takes place until the Lorentz
force is compensated by the pinning forces �dV /dr= j�0�.
The situation is sketched in Figs. 6�a� and 6�b�. At the peak
effect, whether because the pinning becomes strong enough
or because the elastic modulus softens, the vortices relax to
equilibrium. The Campbell penetration depth will then map
the curvature of the pinning potential during the relaxation
process. As seen in Fig. 6�a�, the curvature can change sign
so that the absolute value shows a small kink, very similar to
that observed in the penetration depth of the undoped or
Li-doped MgB2. If in Eq. �3� the number of pinning sites n is
increased �Fig. 6�b�� while all the other parameters are kept
the same, the kink becomes more pronounced, and the be-
havior is very similar to that observed in our C-doped MgB2
data. Therefore, the model suggests that substitution with C
at B sites adds disorder in B planes, increasing the number of
pinning centers. On the other hand, the fact that there is no
clear change in the shape of the anomaly for Li substitution

is consistent with the idea that Li does not increase the den-
sity of pinning sites. Indeed, it slightly lowers the pinning
site density as was inferred from Fig. 4.

When the sample is further FC, the field distribution in-
side is uniform �dashed lines of the inset of Fig. 6�b��, the
supercurrent j=0, and a stable FLL is established. This ex-
plains both the absence of a clear dip in rf susceptibility, and
the absence of hysteresis for subsequent warming and cool-
ing under applied magnetic field. Then, the Campbell pen-
etration depth features only a kink at the peak effect, consis-
tent with a transition from a weak �strong� to strong �weak�
pinning regime as the sample is warmed �cooled� in field.

It must be noted that our findings are similar to those from
Refs. 12 and 14. But in previous reports there is still a visible
minimum in ac susceptibility after FC the sample. However,
both in Refs. 12 and 14, the ac-magnetic field is at least two
orders of magnitude larger than in our experimental setup. As
explained in Sec. II, our technique probes the curvature of
the pinning potential much more locally �over a few ang-
strom based on an estimate similar to that in Ref. 22�
whereas in other techniques the amplitude of the vortex os-
cillation is much larger. Given the relatively long relaxation
time of vortices, it is possible that for larger ac-magnetic
fields a nonequilibrium vortex state is still measured even
after FC the sample. A similar situation was found in the
high-temperature superconductor Bi-2212, where a second
peak in magnetization develops only after t�0.5 s from the
field ramp28,29 as the screening supercurrents relax through-
out the sample.

IV. CONCLUSIONS

In conclusion, we have studied the small-amplitude rf sus-
ceptibility of pure, C, Li, and C-Li-doped MgB2 single crys-
tals. At the peak effect, the rf susceptibility ��T� shows a
kink, similar to that observed in local ac susceptibility mea-
surements. Doping with C was found to have a strong influ-
ence on the peak effect, consistent with increasing density of
the pinning centers, whereas Li substitution seems to slightly
reduce the pinning in MgB2. For practical applications, par-
ticularly in magnet technology, stronger pinning is desirable
because the magnet can sustain higher critical currents. Our
result on single crystals is in good agreement with the strong
increase in the critical current in magnetic field Jc�H�, ob-
served in C-doped MgB2 wires30 and thin films,31,32 which
are more suitable for technical applications. Moreover, in
thin films it was also found that the thermal activation energy
for the vortices is increased by C substitution,32 in good
agreement with our phase diagram from Fig. 4.

We propose that the history dependence associated with
the peak effect is not necessarily a signature of a transition to
a vortex glass phase. Rather it may be the result of additional
distortion of the FLL caused by screening currents induced
during a magnetic-field ramp. Such a model may have
broader implications, possibly explaining the history effects
observed in ac susceptibility measurements on other super-
conductors.

FIG. 6. �Color online� The pinning potential V�r� and the second
derivative �d2V�r� /dr2� �Labusch parameter� of a FLL for arbitrary
fixed values of C66, C44, �, and f in Eq. �3�, and two different values
for n: �a� n1 and �b� 3n1. In both graphs, it is sketched due to the
Lorentz force produced by screening supercurrents j. Inset �a�: The
total free energy of a vortex bundle as a function of distortion
length and the contribution from elastic �first two terms of Eq. �3��
and pinning forces �last term of Eq. �3��. Inset �b�: Field and current
distribution within the Bean model when the field is ramped after
ZFC �continuous lines� and after FC �dashed lines�.
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