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Out-of-plane and in-plane anisotropy of upper critical field in MgB2
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The anisotropy of the upper critical field in MgB2 has been investigated on single crystalline, dense poly-
crystalline and powder samples by both transport and magnetic measurements. On the single-crystal sample,
Hc2

c andHc2
ab have been measured directly with applied field parallel to thec axis andab plane. The angular

dependence ofHc2 shows deviation from the anisotropic Ginzburg-Landau model at lower temperatures. On
polycrystalline and powder samples,Hc2

c andHc2
ab have been determined by the method proposed by Bud’ko

et al.The value of anisotropy parameterg5Hc2
ab/Hc2

c is temperature and sample dependent, and is about 3 and
4.5 for single and polycrystals, respectively, nearTc . However,Hc2

c (T) are almost the same for all samples.
These features could be an indication of anisotropics-wave superconductivity with pancakelike energy gap or
resulted from the different impurity levels in these samples. The anisotropy ofHc2 in the ab plane has also
been measured on single crystal and we set an upper bound of 1% for the in-plane anisotropy.

DOI: 10.1103/PhysRevB.68.104513 PACS number~s!: 74.25.Fy, 74.25.Ha, 74.25.Op, 74.70.Ad
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I. INTRODUCTION

MgB2 has stimulated intense research activities all o
the world for its highestTc among intermetallic compound
and simple structure.1 Its superconducting mechanism, tw
gap structure, anisotropic properties, and surface super
ductivity are issues of recent interest. Among these iss
the anisotropy of the upper critical field is very important f
both superconducting mechanism and applications of Mg2.
Is the newly found superconductor MgB2 with layered struc-
ture two-dimensional~2D! superconductor like high-Tc su-
perconductors or 3D superconductor like conventional lo
Tc superconductors? After the discovery of this mater
some experiments have been performed to estimate the
isotropy of upper critical fieldg5Hc2

ab/Hc2
c . However, the

value reported ranges between 1.1 and 13 and are depe
on samples and methods.2 It is not very clear whyg depends
on temperature and samples. It is also not clear whether
anisotropic behavior of MgB2 obeys the anisotropic
Ginzburg-Landau relation or not.

Generally, the anisotropy of one material can be estima
on single crystals, textured samples, epitaxial films, a
aligned powders. Usually the anisotropy parameter is un
estimated for aligned powders, epitaxial films, and textu
samples due to the uncertainties in the degree of alignm
or texture. Therefore the anisotropy parameter will
smaller than the real value, and the most reliable value
obtained for single crystals.

Since it is very difficult to prepare MgB2 single crystals,
only a few groups have synthesized MgB2 single crystals at
this point.3–7 Before the preparation of single crystals, t
0163-1829/2003/68~10!/104513~7!/$20.00 68 1045
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anisotropy parameter is reported to be 1.1–1.7 for textu
bulk and partially oriented crystallites,8–10 1.2 for c-axis ori-
ented films,11–13 and unexpectedly large values~5–9! for
powders by the conduction electron-spin-resona
method.14,15 After the preparation of single crystals, the a
isotropy ratio has been determined to be 1.7–3 for sin
crystals by transport measurements3–6 and to be 2–6 by
magnetic measurements.16–18 However, recently, Bud’ko
et al.14 proposed a different method to determine the anis
ropy of the upper critical field on polycrystalline samples a
powders and gave a values ofg56. Even larger values ofg
between 9 and 13 have been reported by Shindeet al.19 for
c-axis oriented films.

In this paper, we report our comparative studies ong for
single crystals and polycrystals by both transport and m
netic measurements. We also report in-plane anisotropy
Hc2 by carefully aligning the magnetic field in the superco
ducting plane. This paper is organized as follows. Section
an introduction. Section II describes the sample prepara
methods and experimental techniques used in this pape
well as the characterizations of our high quality MgB2 single
crystals. In Sec. III, results and discussions on the anisotr
in polycrystalline and single crystalline samples are p
sented. Section III A shows the upper critical fields and
anisotropy parameter determined on polycrystalline sam
by the method from Ref. 14, and gives a detailed discuss
of this method; Sec. III B is devoted to the accurate deter
nation of the upper critical fields and the anisotropy para
eter of single crystals. In Sec. III C the upper critical fiel
and the anisotropy parameter for different form of samp
are compared. Section III D is specifically devoted to t
angular dependence of the upper critical field both out
plane and in plane.
©2003 The American Physical Society13-1
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II. EXPERIMENT

Samples used in this paper are cylinders of pressed p
ders, dense polycrystalline samples, and single crysta
platelets. The MgB2 powders and dense polycrystallin
samples are prepared through directly reacting Mg and B
a Ta tube without pressure. Reaction of starting material
980° C for 1 h followed by quenching to room temperatu
produced powder samples of MgB2, while dense polycrys-
talline samples were obtained by reacting Mg and B
1400° C for 0.5 h, cooled down to 1000° C in 6 h, and th
to room temperature in 2 h. The dense polycrystall
samples prepared in this way are porous. The x-ray diffr
tion reveals that these samples are pure with negligible
purity phase. For polycrystalline samples, no obvious de
has been found under the high-resolution polarizing micr
copy and the superconducting critical temperatures (Tc’s! are
38–39 K with transition width smaller than 0.2 K. For pow
der sample,Tc is about 38.5 K with largerDTc .

The single crystalline samples are grown under a pres
of 3.5 GPa. The starting materials, MgB210.1 Mg, were
first heated to 1700° C in 25 min and kept for 30 min, th
slowly cooled down to 1650° C in 6 h, and finally coole
rapidly down to room temperature. Its crystallinity has be
checked by Laue x-ray photography. The peaks in the L
photograph shown in Fig. 1 show a clear sixfold symme
with negligible extra peaks, suggesting that the crysta
single domain. ThoughTc’s of single crystalline sample
vary from piece to piece in the range of 36–38 K, the tra
sition widths are smaller than 0.3 K. The single crystalli
samples are thin platelets with thickness of ab
20–50mm. The typical superconducting transitions me
sured by superconducting quantum interference de
~SQUID! magnetometer for polycrystalline and single cry
talline samples are shown in Fig. 2

The upper critical fieldHc2 is determined by transpor
measurements using standard four-probe method and
magnetic measurements using SQUID magnetometer.
magnetic measurement, both zero-field-cooled~ZFC! and
field-cooled ~FC! magnetization curves are measured. F
transport measurements of the anisotropy ofHc2, we use a
two-axis sample rotator and a vector magnet system w

FIG. 1. Laue x-ray photograph of MgB2 single crystal with
x-ray parallel to thec axis.
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maximum fields of 50 and 30 kOe for transverse and lon
tudinal directions, respectively. Both resistance vs tempe
ture and resistance vs field curves are measured. In the
plane anisotropy measurement, the field is aligned preci
parallel to the superconducting plane for each in-plane fi
direction.

III. RESULTS AND DISCUSSION

A. Powder and polycrystalline samples

Recently, Bud’koet al.14 proposed a method to determin
the anisotropy ofHc2 on polycrystalline and powder sample
and reported an unexpectedly large value ofg56. They de-
termined theHc2

c and Hc2
ab by characteristic features of th

temperature derivative of magnetization]M /]T at fixed
field. Upon decreasing temperature there is an onset of
magnetic signal and a sudden change of]M /]T at Tc

ab due to
the grain with theab plane parallel to the applied field. With
further decreasing temperature there is a peak of]M /]T for
the field-cold ~FC! process and a kink of]M /]T for the
zero-field-cold~ZFC! process atTc

c . Although it seems pos-
sible to determine theHc2

ab andHc2
c and obtain the informa-

tion on the anisotropy parameter, there are several fac
which affect the determination ofHc2

ab and Hc2
c by this

method, especially the effect of flux pinning. Detailed d
cussions will be given as follows.

There are three factors influencing]M /]T as well as the
determination ofHc2

c . ~i! The shielding current density an
its radii, which increase with decreasing temperature and
sult in the increment of]M /]T until Hc2

c . However, due to
the distribution ofTc of grains at a fixed field resulted from
the distribution of grain orientations, the maximum
]M /]T may be a little higher thanTc2

c . ~ii ! The vortex-
lattice melting, which causes the decrement of vortex den
in sample and results in a sudden change in]M /]T, and
affects the determination ofHc2

c . ~iii ! The flux pinning,
which will prevent vortex coming in and out of the samp
and affect the]M /]T strongly. Depinning will also cause
sudden change in]M /]T and affect the determination o
Hc2

c . The influence of flux pinning on]M /]T is different for
FC and ZFC processes. In the FC process, flux pinning f

FIG. 2. Typical superconducting transitions atH55 Oe for
polycrystalline and single crystalline samples measured by SQ
magnetometer.
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trates the vortex coming out of the sample and hinders
increment of the]M /]T, and the]M /]T will reach its peak
at a temperature higher thanTc

c , near the irreversibility
point. So the anisotropy parameter will be underestimated
the peak of]M /]T in the FC process. In the ZFC and warm
ing process, flux pinning prevents the entry of vortex into
sample and at lower temperatures the]M /]T is mainly con-
tributed from]Jc /]T, the change of critical current densit
with temperature. The rapid change of]Jc /]T at tempera-
tures lower thanTc

c ~nearTc
c) will move the kink of]M /]T

in the ZFC process to temperatures lower thanTc
c . So the

anisotropy of the upper critical field may be overestima
by the kink of]M /]T in the ZFC and warming process. Th
real Tc

c should be between the peak of]M /]T in the FC
process and the kink of]M /]T in the ZFC process. So thi
method can give the upper and lower bounds forHc2

c and
anisotropy parameters.

Of course, if the sample is inhomogeneous, the kink
]M /]T in the ZFC process and the peak of]M /]T in the FC
process will be smeared due to the span ofTc and it will be
very difficult to determine realTc

c . So it is better to estimate
the anisotropy parameter ofHc2 by this method on homoge
neous samples with weak flux pinning.

To test our analysis, we have measured the magnetiza
in both the ZFC and FC processes at fixed fields in a w
temperature range on powder-pressed cylinder and polyc
talline samples, and the temperature dependence of]M /]T
has been derived. The typical data are shown in Figs.~a!
and~b!. The kinks of]M /]T in the ZFC process correspond
ing to Tc

c are more clear for the polycrystalline sample th

FIG. 3. Temperature dependence of the temperature deriva
of magnetization]M /]T in a fixed field for ~a! powder ~b! poly-
crystalline samples. The insets are the enlarged parts of FC pro
showing the determination of upper critical field and irreversibil
field.
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for the powder sample due to the span ofTc in the powder
sample. And the peak in FC is also broadened for the pow
sample as shown in the inset of Fig. 3~a!. For the polycrys-
talline sample, the peak of]M /]T in the FC process is al
most the same as the irreversibility point, the separat
point of FC and ZFC, due to the effect of flux pinning a
shown in the inset of Fig. 3~b!. And the temperature of the
peak of]M /]T in FC is much higher than the temperature
kink in ZFC due to the effect of flux pinning. This is quit
different from the results in Ref. 14, where the peak in F
and the kink in ZFC are at almost the same temperature.
MgB2, the critical current density changes linearly wi
temperature20 and the relative influence on]M /]T is gradual
and smaller compared with the sudden change of the sh
ing current density and its radii atTc

c , which may result in
the kink of ]M /]T. So it seems better to deduce theHc2

c

from the ZFC process data. The temperature dependenc
upper critical fieldsHc2

c andHc2
ab and the irreversibility field

Hirr are shown in Fig. 4 for two polycrystalline samples. T
give a bound to anisotropy parameters, the anisotropy par
eters are calculated by using the data ofHc2

c from both the
FC (Hirr ) and ZFC (Hc2

c ) processes. Temperature depe
dences ofg for both processes are shown in Fig. 5.

B. Single crystalline samples

Though the method proposed by Bud’ko can be used
rough estimation of the anisotropicHc2 of MgB2, it is nec-
essary to study single crystalline samples to determine
anisotropy ofHc2 accurately. Figures 6~a! and ~b! show the
temperature dependence of resistanceR(T) curves at severa
fields both forH//c axis andH//ab plane. It is obvious that
the upper critical field and the irreversibility field are qui
different for the two configurations and superconductivity
MgB2 is anisotropic. However, it is not easy to determine t
accurate values ofHc2 due to the significant broadening o
the transition. TheR(T) curve exhibits a kink structure fo
both field directions though the broadening of transition
suppressed forH//ab plane. The structure ofR(T) curves
shows a strong dependence on transport current density

ve

ess

FIG. 4. Temperature dependence of upper critical fieldHc2
c and

Hc2
ab and irreversibility fieldHirr for two polycrystalline samples

Hc2
c andHc2

ab are determined by the kink and onset points in ZF
Hirr is determined by the separating point of]M /]T in ZFC and
FC processes.
3-3
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non-Ohmic behavior for both field directions, as shown
the inset of Fig. 6~b!. These unusual and remarkable featu
are consistent with the previous reports and could be
plained by two-gap model or surface superconductivity.16,21

For the investigation of the origin of the transition broa
ening in MgB2, direct magnetic measurements have a
been performed on the same single crystalline sample.
ures 7~a! and ~b! show the temperature dependence of
and ZFC magnetization of the single crystal forH//c axis
andab plane, respectively. BothHc2

ab andHc2
c are determined

by the onset of diamagnetism, as shown in the inset of
7~b!. This graph also shows the anisotropy of the upper c

FIG. 5. Temperature dependence of anisotropy parameter c
lated by using the data ofHc2

c deduced from both the FC (Hirr ) and
ZFC (Hc2

c ) processes.

FIG. 6. Temperature dependence of in-plane resistanceR(T) at
several fields for~a! H//c axis and~b! H//ab plane. The inset
shows the current density dependence of resistance for bothH//c
axis andH//ab plane.
10451
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cal field in MgB2. Because the sample is small and hence
signal is small on top of large background noise, we can
measure it at higher fields. However, no kinks are found
the magnetization curves, which is quite different from t
R(T) curves. The onset of diamagnetism closely follows t
line of Hc2 determined by the peak of]R/]T. This fact
strongly suggests that the kink structure is not a sign of b
superconductivity but originated from surface supercond
tivity. Due to the effect of surface superconductivity, we pr
pose to take the onset of resistive transition asHc3, and the
kink point or the sharpest point ofR(T) curves~the peak of
]R/]T curves! as realHc2. The temperature dependence
upper critical field determined in this way is shown in Fig.

u-

FIG. 7. Temperature-dependent ZFC and FC magnetiza
curves at several fields for~a! H//c and~b! H//ab. The inset shows
the upper critical fields determined by the start point of transitio

FIG. 8. Temperature dependence of the upper critical fields
duced from theR2T curves.Hc3 andHkink are defined as the onse
point and the kink point,Hc2 is determined by the peak of]R/]T
curves.
3-4
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Hc3
c is 1.64 times larger thanHc2

c and Hc3
ab is 1.32 times

larger thanHc2
ab in contrast to the theoretical value ofHc3

51.695Hc2.22 So this is another direct evidence of surfa
superconductivity.

C. Comparison of H c2 in polycrystalline and single crystalline
samples

From the above data, the temperature dependence ofHc2
ab

andHc2
c can be compared for polycrystalline and single cr

talline samples, as shown in Fig. 9. The inset of Fig. 9 sho
the temperature dependence of the anisotropy parametg
5Hc2

ab/Hc2
c . Hc2

ab andHc2
c have different temperature depe

dence and henceg is also temperature dependent, which im
plies a breakdown of the anisotropy of the band effect
mass or may be related to the anisotropy of the energy-
structure of MgB2. g is sample dependent and is about 2
for single crystalline samples and 4 for polycrystalli
samples at temperatures nearTc , which may be resulted
from the overestimation by the ZFC data for polycrystalli
samples. The values ofg for single crystals are between th
upper and lower bounds set by polycrystalline samp
However,Hc2

ab is obviously sample dependent whileHc2
c is

almost independent of samples. These features may b
sulted from two origins:~i! The pancakelike energy gap a
isotropy proposed by Posazhennikovaet al.,23 which may
result in a larger change ofHc2

ab while a smaller change o
Hc2

c for samples with differentg values and can result in
temperature-dependentg. ~ii ! Different impurity levels,
which can also result in this phenomenon becauseHc2

c only
depends onjab , Hc2

c (0)5F0 /(2pjab
2 ), while Hc2

ab depends
on bothjab andjc , Hc2

ab(0)5F0 /(2pjabjc). So if only jc

is different for different samples,Hc2
ab andg will change and

Hc2
c will not change for samples with different impurit

levels.
As shown in Fig. 9,Hc2

c follows a conventional tempera
ture dependence andHc2

c (0) is estimated to be about 35.

FIG. 9. Temperature dependence of the upper critical fieldsHc2
c

andHc2
ab deduced from theR2T andM2T curves for both single

crystalline and polycrystalline samples. The inset shows the t
perature dependence of anisotropy parameterg5Hc2

ab/Hc2
c of these

samples.
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kOe usingHc2(0)50.73Tc@2dHc2(T)/dT#,24 with average
slope dHc2

c (T)/dT520.13 T/K and Tc537 K. By Hc2
c

5F0 /(2pjab
2 ), jab(0) is about 9.5 nm. By simple extrapo

lation of Hc2
ab lines to zero-temperature axis,Hc2

ab(0) ranges
from 141 to 191 kOe, andjc(0) ranges from 1.76 to
2.4 nm. So the value ofg should be smaller than 5.5 at zer
temperature.

D. Angular dependence ofH c2

For more accurate determination of anisotropy ofHc2, the
R2H curves have been measured at different anglesu and
different temperatures on two single crystals, as shown
Figs. 10~a! and~b!. Hereu is the angle of the field from the
c axis. The shape of the transition curves changes with
angleu due to the anisotropy of surface superconductiv
Fine structures of the transition curves for the two samp
are different because of their different shapes. Sample
about twice as thick as sample 3. At zero field theTc of
sample 4 is about 1 K lower than theTc of sample 3. To
avoid effects of surface superconductivity and inhomoge
ties, we defineHc2 at eachu as the peak of]R/]H. The
values of upper critical fieldHc2(u) determined in this way
are almost the same for the two samples, as shown in F
11~a! and ~b!. The angular dependence is distorted if t
midpoint of transition is taken as theHc2. It is obvious that
there is no universality of Ginzburg-Landau~GL! relation
with an effective mass anisotropy in MgB2 and the anisot-
ropy parameterg is temperature dependent. The inset of F
11~b! shows the temperature dependence ofg determined by

-

FIG. 10. Field dependence of in-plane resistance at 32 K of
single-crystal samples with the field applied at different angles fr
the c axis between 0° and 90° every 5°.
3-5
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the best fitting with anisotropic GL model,Hc2(u)
5Hc2(0)(cos2u1sin2u/g2)20.5. At temperatures nearTc , the
Hc2(u) can be reasonably well fitted by anisotropic GL r
lation, while at lower temperatures, it deviates from the G
model. The peak at 90° is sharper than the GL model, wh
may be resulted from the effect of special energy gap st
ture of MgB2 or just the effect of surface superconductivi
on the determination ofHc2. To sort out the origin of the
deviation from the GL model, angular dependence of b
qualities such as magnetization and specific heat is ne
sary. The value ofg nearTc is about 2.2, which may be th
real parameter of effective-mass anisotropy. The tempera
dependence ofg can be fitted with relationg(T)5g*
1k(12T/Tc). Here g* 51.87 is the band effective mas
anisotropy andk56 may be resulted from the anisotropy
attractive electron-electron interaction. This result is ve
similar to that reported by Angstet al.17

Using the same method, we also measured the in-p
anisotropy of the upper critical fieldHc2(f) by carefully
aligning the magnetic field exactly in theab plane for eachf
within 0.01°. The current is passed along thea axis, where
we define the direction of the in-plane fieldf50°. Figure
12 showsHc2(f) at T532 K for two samples measure
with two different current densities. As is evident from th

FIG. 11. ~a! Angular dependence ofHc2 for MgB2 single crys-
tals 3 and 4 deduced from Fig. 10, the peak of]R/]H curves and
the mid point ofR2H curves.~b! Angular dependence of norma
ized Hc2. Solid lines are fit by the anisotropic GL model and ins
shows the temperature dependence of anisotropy parameter d
mined by best fitting.
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figure, the dominant component ofHc2(f) has a twofold
symmetry rather than the sixfold symmetry expected fr
the hexagonal crystal structure. The twofold symmetry is d
to the Lorentz force as evidenced by the current density
pendence and the minimum ofHc2(f) for a field perpen-
dicular to the current. After subtracting the twofold symm
try component, the sixfold symmetry component is less th
1%. This result is consistent with the prediction that the s
fold symmetry part ofHc2 is absent in hexagonal systems25

However, it should be noted that a clear anisotropy
Hc2(f) more than 30% in hexagonal material CsxWO3 is
reported in high quality single crystals.26

In conclusion, we have studied the anisotropy ofHc2 on
powder, polycrystalline, and single crystalline samples co
paratively by both magnetic and transport measureme
Angle-resolved magnetotransport properties have also b
studied on single crystals in theab plane and out of plane
The out-of-plane anisotropy deviates from the GL model
lower temperatures, and temperature dependence ofg im-
plies a breakdown of the GL model with an effective-ma
anisotropy, which may be resulted from the special ene
gap structure in MgB2. The sample dependence ofg could
be an indication of anisotropics-wave superconductivity
with pancakelike energy gap or resulted from the differe
impurity levels in these samples, or just due to the overe
mation ofg for polycrystalline samples by the method pr
posed by Bud’ko. Though this method is not very accura
the anisotropy parameter could be estimated roughly, e
cially on homogeneous polycrystalline samples with we
flux pinning. There is almost no anisotropy in theab plane.
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