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Linear temperature dependence of lower critical field in MgB2
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The lower critical fieldHc1 has been carefully measured on a well-shaped cylindrical dense sample of the
new superconductor MgB2 fabricated by high-pressure synthesis. The penetration depthl is calculated from
the Hc1 data. It is found that a linear relation ofHc1(T) appears in the whole temperature region belowTc .
Furthermore, a finite slope ofdHc1 /dT anddl(T)/dT remains down to the lowest temperature~2 K!. These
are inconsistent with the expectation for an isotropics-wave superconductivity in MgB2.
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I. INTRODUCTION

Recently discovered superconductor MgB2 has generated
a new round of interest in the field of superconductivit1

Many important properties have already been derived, s
as the upper critical fieldHc2515–20.4 T,2–5 the Ginzburg-
Landau parameterk'26,5 and the flux dynamics and vorte
phase diagram.5–11 Recently, a Hall-effect measurement h
been done showing that the charge carriers are holes
very high densityns.1.531023 cm23.12 Elegant transport
measurement13 on the MgB2 bulk sample shows also a
anomalous Hall effect, which is similar to that of the hig
temperature superconductors~HTS!. Measurement on the
Seebeck coefficient14 signals also positive charges in MgB2.
Theoretically there are two major diverse pictures accoun
for the superconductivity.15,16 Based on band calculations
Kortus et al.15 proposed that the superconductivity resu
from the strong electron-phonon interaction and the h
phonon frequency associated with the light B element. T
picture is supported by the recent isotope measuremen
10B and 11B yielding an isotope exponenta'0.26.17 In the
second picture, Hirsch16 suggested an alternative explan
tion, which conjectures the same mechanism of superc
ductivity in MgB2 as in high-temperature cuprate superco
ductors. Recently high-pressure measurement14 shows that
the superconducting transition temperature decreases lin
at a rate ofdTc /dP521.6 K/GPa, in contrast to that pre
dicted by Hirsch’s theory. In order to know the supercondu
ing mechanism, probing the nature of the superconduc
gap and symmetry seems to be very important. Recent
from specific heat,18 tunneling spectroscopy,19–21 and NMR
study22 commonly suggest a phonon-mediated BCS pict
with the isotropic s-wave superconducting energy gapD
ranging from 2 to 8 meV corresponding to the coupli
strength from weak to strong. It is important to point out th
all these are based on some kind of fitting with parameter
the experiment data. For an isotropics-wave superconductor
it needs a minimum energy to excite the charges from
superconducting condensate to the excited states. Thus
can expect an exponentially activated temperature de
dence in the low-temperature region for many thermo
namic parameters, such as the lower critical fieldHc1 and
penetration depthl, etc. Therefore one should observe va
ishing slopesdHc1(T)/dT50 anddl(T)/dT50 in the low-
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temperature region. In this paper, we present the determ
tion of the lower critical fieldHc1 in the whole temperature
regionwithout any fitting parameters. Our data show a linea
temperature dependence of the lower critical field, which
clearly in contrast to an isotropics-wave superconductivity
in MgB2.

II. EXPERIMENT

Samples of MgB2 investigated here were fabricated b
high-pressure synthesis (P56 GPa at 950 °C for 0.5 h! de-
scribed in detail elsewhere.23 The x-ray-diffraction analysis
shows that the major diffraction peaks are from the Mg2
phase. Our samples are very dense with a metallic sh
surface after polishing. The calculated density is ab
2.2 g/cm3, which is very close to the ideal densit
2.4 g/cm3. The dc magnetic measurements were carried
by a vibrating sample magnetometer~VSM!, Oxford 3001,
and a superconducting quantum interference dev
~SQUID!, Quantum Design MPMS 5.5 T. During the ma
netic measurements, the sample axis was always alig
along the field direction.

III. RESULTS

Figure 1 shows the resistive transition of one plate sam
cut from the same high-pressure synthesized bulk as our
lindrical sample. The resistive transition shows that the on

FIG. 1. The resistance measurement of MgB2. The onsetTc is
40 K, and the transition width is less than 1 K. The inset gives
ZFC and FC diamagnetization at 5 Oe.
©2001 The American Physical Society22-1
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Tc
onset is 40 K and the transition width is less than 1 K. Th

inset of Fig. 1 shows the diamagnetic transition of the cyl
der investigated in this work. TheM (T) curves measured in
both the field-cooled~FC! and zero-field-cooled~ZFC! pro-
cesses reveal a sharp transition. To minimize the demag
zation factor, the sample was carefully cut and ground t
cylinder with a diameter of 1.58 mm and 3.50 mm in leng
The demagnetization factor was about 0.15 when the fi
was applied along the axis of the cylinder. After zero-fie
cooled from 50 K to a desired temperature, the magn
field was applied slowly up to 900 Oe, which is much high
than Hc1. Figures 2~a! and 2~b! show the dc magnetizatio
curves obtained by VSM and SQUID, respectively. A
curves show clearly the common linear dependence of
magnetization on field caused by the Meissner effect at
fields.

IV. DISCUSSION

The value ofHc1 is determined by examining the point o
departure from linearity on the initial slope of the magne
zation curve. To do this, a linear fit with points between
Oe and 100 Oe at 2 K ismade. This line passes also throu
the data points measured at other temperatures in the
field region. The fitted linear line is called the ‘‘Meissn
line’’ ~ML !, shown as the dotted line in Fig. 2, which repr
sents the magnetization curve of Meissner state. The re
of subtracting this ML from magnetization curves of SQU
measurements are plotted in Fig. 3. The data from the V

FIG. 2. The magnetization curveM (H) measured by using~a!
VSM and ~b! SQUID. The dotted line is the ‘‘Meissner line’’ de
fined in the text. The temperature is selected as~a! 2–6 K, step 1 K;
8–32 K, step 2 K; 34–38 K, step 1 K; and~b! 2 K, 5–35 K, step 5
K. It is very clear that the initial slope of all the curves is the sam
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bear close resemblance to that from the SQUID, thus t
are not shown here. The value ofHc1 is easily obtained by
choosing a proper criterion ofDM . In Fig. 4~a!, we plot the
Hc1 acquired by using criteria ofDM5131023 and
1024 emu, respectively. Because of the low precision of
VSM, there is only the SQUID result when choosing t
1024 emu criterion. If not specially mentioned, the da
based on the criterion ofDM5131023 emu is chosen
hereinafter. TheHc1 measured by VSM and SQUID coincid

.

FIG. 3. The difference between the linear line and theM (H)
curves measured on the SQUID.DM is shown in logarithmic scale
All curves show a fast drop when the realHc1 is approached. By
using a proper criterion, e.g., 1023 emu, Hc1 is easily obtained.

FIG. 4. The temperature dependence of the~a! nominalHc1 and
~b! Dl. The circles and square symbols are obtained by using
teria of DM5131023 emu andDM51024 emu, respectively.
For the criterion ofDM51024 emu, error bars are given for de
termining the nominalHc1. The low-temperature part is enlarged
the inset of~b!, which shows a clear linearT dependence ofDl.
The dotted line in~b! and its inset is a theoretical calculation usin
Eq. ~2!. Because there is no consistent value of the energy gaD
yet, we choose an intermediate value,D55 meV. It should be
noted here that the value ofD only affects the magnitude ofDl and
does not change the low-temperature behavior ofDl.
2-2
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in the same line, showing that our results are independen
measuring device and technique. Principally by extrapola
the nominalHc1(T) curve to zero temperature, we can g
Hc1(0). Since the value ofHc1(T) determined here is crite
rion dependent, it is difficult to have a comparison with t
values derived by other authors. However, from our data
can conclude that the effective first flux penetration occur
an applied fieldHa of about 150 Oe to 300 Oe depending
the criterion. At an even lower criterion, sinceDM drops
sharply with decreasing magnetic field, therefore theHc1(T)
determined will not be far from that determined with th
criterion of 1024 emu. Taking the demagnetization fact
~0.15! into account, we find thatHc1(0)5150/(1 –0.15)
'176 Oe at the criterion of 1024 emu. A striking feature
here is that the nominalHc1(T) ~without correcting to the
demagnetization factor! shows an approximate linear beha
ior in the whole temperature region as shown by the stra
line in Fig. 4~a!. This approximate linear behavior holds al
for the nominalHc1(T) determined with other criteria, suc
asDM51024 emu.

In order to investigate the temperature dependence of
penetration depthl in the low-temperature region, we us
the expression

Hc15
F0

4pl2
ln k, ~1!

where F05hc/2e'231027 G cm2 is the flux quantum,
andk'26 ~Ref. 5! is the Ginzburg-Landau parameter. Usin
Hc1(0)5176 Oe obtained above, we findl(0)'1700 Å.
The deviationDl(T) of the penetration depth from its zero
temperature valueDl5l(T)2l(0) is calculated from the
data ofHc1 and shown in Fig. 4~b!. Here we take lnk as a
constant sincek is a weak temperature-dependent functio
It is remarkable that the dependence ofDl on temperature
below 20 K (Tc/2) is close to a linear relation, i.e.,Dl}T,
which is more explicit in the inset.

One may argue that the nominalHc1 relation obtained in
our experiment may not reflect the trueHc1 but the flux entry
field because of the Bean-Livingston surface barrier.24 But it
is clear that the influence of surface barrier is not import
in our cylindrical sample because the magnetic hyster
loops are very symmetric even up to 35 K. Another stro
point against this argument is that an extremely small
unreasonableHc1 will be obtained when following the sce
nario of the Bean-Livingston surface barrier. As presented
Ref. 24, the entry fieldHs5F0/4plj5Hc1k/ ln k, which is
about eight times larger thanHc1 assumingk;26. There-
fore, the trueHc1(0) would be about 22 Oe andl(0)
'5400 Å at 0 K if the surface barrier is very importan
which contradicts most experiments.4,5 The reason for not
seeing the importance of the Bean-Livingston barrier in
present sample may be that the surface of our sample
though polished, is not smooth at all leading to a very we
image attractive force.

Another question would concern whether theHc1 deter-
mined here is the lower critical field of grains because of
polycrystalline nature of our sample. As we mentioned p
viously our present sample is a high-pressure synthes
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sample with very high density. Therefore,Hc1 measured here
is not the granular but the bulk property. Recently, muon s
rotation (mSR) and ac susceptibility measurements25 as well
as microwave surface resistance measurements26 also gave
results consistent with ours.

In order to know whether this linear behavior is induc
by the uncertainty in using the criterion forDM , we have
used different criteria, such as 1024 emu, for the determina-
tion of Hc1, but the linear dependence is not changed. T
linear dependence contradicts the prediction for an isotro
s-wave superconductivity supported by some experime
mentioned in the first paragraph of this paper. For an iso
pic s-wave superconductor, the finite-energy gap manife
itself with an exponentially activated temperature dep
dence of many thermodynamic properties. In the isotro
s-wave BCS theory,Dl is given by27

Dl~T!

l~0!
;3.3S Tc

T D 1/2

expS 2
D

kBTc

Tc

T D , ~2!

whereD is the energy gap. The exponential term causes
very weak temperature dependence ofDl(T), i.e.,
dl(T)/dT'0 in the low-temperature region as shown by t
dotted line in the inset of Fig. 4~b!. It is easy to see that the
linear dependence ofDl(T) versusT shown in Fig. 4~b! and
its inset is clearly different from the prediction by the isotr
pic s-wave BCS theory. The finite slope ofHc1(T) andl(T)
in the low-temperature region found here may be underst
in the frame of an anisotropic energy gap.13,28,29There was
an argument contributing this linearity to the supercondu
ing phase fluctuation.30 This possibility can be however rule
out by the observation of a very weak critical fluctuatio
effect in MgB2 characterized by the nonrounded onset sup
conducting transitions measured at different fields.

This linear behavior is similar to that in the YNi2B2C
system31 and in high-temperature superconductors~HTS!. It
may also strongly relate to the approximate linear dep
dence of upper critical fieldHc2(T) in the wide temperature
region for MgB2 as recently observed by experiment2 and
calculated by Haas and Maki32 by assuming an anisotropi
s-wave gap symmetry. In cuprate superconductors, the fi
slope ofdl(T)/dT at 0 K has been ascribed to thed-wave
symmetry33,34 of the energy gap based on the considerat
as follows. In a pured-wave superconductor, the energy g
along the node directions (kx56ky) vanishes and the spec
trum Ns(E) of quasiparticle excitations in the supercondu
ing phase is gapless, which results in the linear depende
of Ns(E) on E at low excitation energies. A finite tempera
ture will excite certain quasiparticles leading to a linear dro
ping of the superfluid densityrs with temperature. As to
otherp-wave superconductors,Dl also shows nonexponen
tial dependence onT because of the nodes of the ord
parameter.35 The linearHc1(T) measured in MgB2 may not
imply d-wave or p-wave superconductivity, but calls ce
tainly for a new understanding. For example, according
the theory by Hirsch,16 it appears to be the same ‘‘hole su
perconductivity’’ in HTS and MgB2. Theorists may get an
answer to the question of whether the finite slope ofHc1(T)
2-3
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and Dl(T) at low temperatures for HTS, YNi2B2C, and
MgB2 is due to the same cause.36

V. CONCLUSIONS

In conclusion, we have measured theM-H curve of a
cylindrical MgB2 sample and obtained its lower critical fie
Hc1(T). A striking linear curveHc1(T) has been observed i
the whole temperature region. Further calculation of the p
etration depth shows also a finite slope in the lo
temperature limit. All these are at odds with the expectati
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