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Superconducting properties of well-shaped MgB2 single crystals
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We report measurements of the transport and the magnetic properties of high-quality, sub-millimeter-sized
MgB2 single crystals with clear hexagonal-plate shapes. The low-field magnetization and the magnetic hyster-
esis curves show the bulk pinning of these crystals to be very weak. The Debye temperature ofQD

;1100 K, obtained from the zero-field resistance curve, suggests that the normal-state transport properties are
dominated by electron-phonon interactions. The resistivity ratio between 40 K and 300 K was about 5, and the
upper critical field anisotropy ratio was 3.060.2 at temperatures around 32 K.
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The recent discovery1 of binary metallic MgB2 with a
superconducting transition temperature of 39 K has attra
great scientific2–20 and applicatory interests.21–26 The negli-
gibly small effect of its grain boundary on th
supercurrent21–23 suggests increased potential for device a
plications. Also, vortex pinning, and thus the critical curre
is vastly enhanced inc-axis-oriented thin films24,25 or in the
bulk when disorder is induced by proton irradiation.26 Aside
from basic properties such as the charge carrier type,2 many
scientific issues, such as the order parameter symmetry,3,4 the
upper critical field anisotropy ratio,5,12 g5Hc2

ab/Hc2
c , the

QD ,27 and the transport properties of the normal state
still controversial.

Especially, the anisotropy is an important property b
cause it significantly affects the electronic and the magn
properties, such as the pinning mechanism of this mate
The anisotropy ratio has been reported to be 6–9 for
powder. This range of values was estimated by using c
duction electron spin resonance.28 The values for aligned
crystallites,5 c-axis oriented films,12,29 and single crystals
grown by different techniques15,16 are reported to be 1.7
1.3–2, and 2.6–2.7, respectively.

The high superconducting transition temperature in Mg2
has been considered to be due to strong electron-pho
coupling.17,30,31Thus, a very important question exists: c
the normal-state transport properties be described b
simple electron-phonon interaction alone, or does elec
correlation have to be taken into account?

Other issues are the temperature dependence of
normal-state resistivity and the value of the residual resis
ity ratio ~RRR!, r(300 K)/r(40 K). The RRR has been re
ported to vary from 2 to 25 depending on the preparat
conditions,6–10,24,25and the magnetoresistance~MR! of the
0163-1829/2002/65~10!/100510~4!/$20.00 65 1005
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normal state has been reported to vary from 1%
60%,8,10–12 with a rough correlation between higher RR
and higher MR values. These issues can be clarified if th
quantities are measured in very clean single crystals. S
results will also help to construct a theoretical formulation13

Here we report the transport and the magnetic proper
of very clean MgB2 single crystals. The crystals were foun
to have well-shaped hexagonal plates with ana-axis lattice
constant of 3.09 Å. The superconducting transition occur
at 38 K with a sharp transition width of 0.3 K. The low-fiel
magnetization and the magnetic hysteresis curve showed
bulk pinning to be very weak, which supported our cryst
being very clean. Theg and theQD were obtained by di-
rectly measuring the temperature and the field dependenc
the resistance for different field directions.

MgB2 bulk pieces8,14were heat treated in a Mg flux insid
a Nb tube, which was sealed in an inert gas atmosphere
using an arc furnace. Then, the Nb tube was put insid
quartz ampoule, which was sealed in a vacuum. The qu
tube was heated for one hour at 1050°C, then very slo
cooled to 700°C for five to fifteen days, and quenched
room temperature. For all measurements, the single crys
were separated from the resultant matrix by using a mech
cal method. The details of growth can be found elsewher32

The crystal images were observed using a polarizing opt
microscope and a field-emission scanning electron mic
scope ~SEM!. Structural analysis was carried out using
high-resolution transmission electron microscope~HRTEM!.
The magnetization curves were measured by using a su
conducting quantum interference device~SQUID! magneto-
meter. Resistivity measurements were performed using
standard dc four-probe method.
©2002 The American Physical Society10-1
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Figure 1~a! shows a typical SEM image for a MgB2 single
crystal. Most of the crystals were found to have hexagon
plate forms with typical edge angles of 120 degrees and w
very flat surfaces, which were very shiny when observ
using a polarizing optical microscope. The crystals w
about 20–120mm in diagonal length and 2 –10mm in

FIG. 1. ~a! SEM image of a hexagonal, thin plate with a size
about 50 mm, shows smooth surfaces and sharp edges. The w
spots at the edge were stuck weakly on the crystal surface and
about 100 nm in diameter.~b! Optical microscope image of th
four-probe contact leads which were made on a single crysta
using a photolithography technique.~c! Two hundred single crystals
on a Si substrate with theirc axes aligned perpendicular to th
substrate surface within62.5°.
10051
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thickness. A recent study6 showed that@001# twist grain
boundaries, formed by rotations along thec axis ~typically
by about 4 degrees!, were the major grain boundaries i
polycrystalline MgB2 and could be attributed to the weak
Mg-B bonding.6 HRTEM and SEM studies showed no gra
boundaries in our crystals. The smooth surfaces and
sharp edges confirm that our small crystals had the le
probability of having mosaic aggregates of nanocrystals
ther along theab plane or along thec axis; thus, we had a
better chance to study their intrinsic properties with the h
of a microfabrication technique.

To measure the temperature and the field dependencie
the in-plane resistivity of the crystal, we fabricated four ele
trical metal leads~bright area! on the top surface of the crys
tal, as shown in Fig. 1~b!. For lithography, selected MgB2
single crystals were fixed on oxidized Si substrate by hold
their hexagonal edges using a negative photoresist~OMR-83,
TOK Co. Ltd.! as glue. They were then soft baked. After t
surfaces of the samples were cleaned by using Ar-ion mill
with a beam voltage of 350 V and a beam current
0.2 mA/cm2, four electrical pads were patterned using
positive photoresist~AZ 7210, Clariant Industries Ltd.!.
Three metal layers, a 100-nm thick Ti film, a 1000-nm thi
Ag film, and a 100-nm-thick Au film, were deposited in s
quence after another ion milling treatment. The contact
sistances were less than 2V, and the approximate distanc
between the voltage pads was about 7mm. The bias current
for the resistance measurement was 0.1–0.2 mA, wh
judging from the current-voltage characteristics, was in
ohmic range.

FIG. 2. ~a! HRTEM image of a MgB2 single crystal and~b!
selected area electron diffraction pattern for a beam direction
@001# in the hexagonal structure.
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For the bulk properties of the superconductivity, we me
sured the low-field magnetization curveM (T) and the mag-
netic hysteresis curveM (H). Since the volume of one crysta
was rather small, we fixed about two hundred single crys
on a Si substrate with theirc axes aligned perpendicular t
the substrate surface within62.5° as shown in Fig. 1~c!. To
avoid spurious signals from the matrix, we used an opt
microscope and a sample-handling device equipped wi
precisionxyz stage and a microtip to collect large sing
crystals one by one.

To confirm the structure of the MgB2 phase, we took a
plane-view HRTEM image, as shown in Fig. 2. From th
high-resolution image, thea-axis lattice parameter was foun
to be 3.0960.06 Å, which was consistent with the valu
determined from x-ray powder diffractometry performed
polycrystalline samples.1 Figure 2~b! shows the electron dif-
fraction pattern in a selected area for a beam direction
@001#. This result clearly indicates that this crystal has t
hexagonal structure of MgB2.

Figure 3~a! shows the in-plane resistance as a function
temperature. A superconducting transition appears near 3
with a transition width of 0.3 K based on the 10 to 90% dr

FIG. 3. ~a! Resistance of a MgB2 single crystal as a function o
temperature for magnetic fields from 0 to 5 T. The residual resis
ity ratio is about 5. The insets show the resistance for fields of
0.5, 1.0, 2.0, 3.0, 4.0, and 5 T both perpendicular and parallel to
crystal c axis. ~b! The upper critical field determined from a 10%
drop of the resistance as a function of the temperature for sev
fields up toH55 T.
10051
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of the resistance curve at zero field. The RRR is abou
which was confirmed for several of our crystals and is co
sistent with the values recently reported for sing
crystals.15,16 This is quite different from the reported value
for polycrystals6–10 and for high-quality thin films.24,25 Ex-
trinsic effects, such as impurities or grain boundaries, mi
be the origins of these diverse observations.6,7 The c axis
resistivity of single crystals should be studied in order
obtain a better understanding; however, this is still challe
ing due to the thickness of our crystals.

The solid line in Fig. 3 is a fitting curve obtained usin
the Bloch-Gru¨neisen formula27 in the normal state:R(T)
5R01Rph(T) whereR0 is the temperature-independent r
sidual part andRph(T) the phonon scattering contributio
given by the relation:

Rph~T!5R1S T

QD
D m E

0

QD/T zmdz

~12e2z!~ez21!
, ~1!

with R1 being a proportionality constant. The best fit to o
data was obtained withm53.0 andQD;1100 K. This val-
ues of theQD is comparable to those~746-1050 K! previ-
ously reported based on the specific heat and resistivity m
surements on polycrystalline samples.17,18,33–35This result
suggests that the normal-state transport properties are

FIG. 4. ~a! Low-field M (T) curves of MgB2 single crystals
measured at 20 Oe for fields parallel and perpendicular to thec axis.
~b! M (H) hysteresis curves measured at 5 K.

-
0,
e

ral
0-3



in

f
e
a

th

at
-
ra

v

si
nt

in

e
ta

h

.

ic

ted
g-
the

n not

lue

-
an

as

etic
-
on
g-
ery

-
omi-

an

nd
tia-
a-
sti-
We
a-

RAPID COMMUNICATIONS

KIJOON H. P. KIM et al. PHYSICAL REVIEW B 65 100510~R!
described by an electron-phonon interaction without tak
an electron-electron interaction into account.

The two insets of Fig. 3~a! show the field dependencies o
the in-plane resistances while maintaining the applied fi
perpendicular to the current path. The magnetoresistance
T was found to change with the direction of the field wi
respect to the crystal axis. For fields parallel to theab-plane
(Hiab) and to thec axis (Hic), the magnetoresistances
40 K were&3% and;20%, respectively, which was con
firmed for several of our crystals. To determine the tempe
ture dependence of the upper critical fieldHc2, we measured
the resistance at several fields up to 5 T. From these cur
we obtainedHc2(T) as shown in Fig. 3~b!, where a 10%
drop of the resistance was adopted to determineTc(H). The
ratio of the upper critical field forHiab to that forHic was
3.060.2 at temperatures around 32 K. This value is con
tent with those for single crystals grown by differe
techniques.15,16

Figure 4~a! shows theM (T) curves measured at 20 Oe
the zero-field-cooling~ZFC! and the field-cooling~FC!
modes. TheTc onset was observed to be;38 K, which is
consistent with the value obtained from the resistance m
surement. The difference between the FC and the ZFC da
quite small compared to those for polycrystalline samples8,14

and for single crystals prepared at higher temperature,16 sug-
gesting that pinning is very weak in our single crystals. T
different values ofM (T) for different field directions give a
demagnetization factorD*0.6, which is consistent with the
value calculated by considering the shape of the crystals

Figure 4~b! shows the magnetic hysteresis curvesM (H)
at 5 K. The M (H) data show a negligible paramagnet
w
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background, which is quite different from the case repor
by de Limaet al.5 There are two notable features in the ma
netic hysteresis curves. One is an asymmetry between
ascending and the descending branches, which has bee
observed in bulk pinning dominated polycrystals19,20and thin
films.24,25The other is the fact that theJc(H) is not a mono-
tonically decreasing function of the magnetic field. The va
of Jc , as estimated by using the Bean model,36 has a maxi-
mum of ;1.53105 A/cm2 at H;500 Oe. The first behav
ior can be explained by surface pinning in very cle
samples, not by the strong extrinsic pinning sites, such
grain boundaries and crystallographic defects.37

In summary, we report the transport and the magn
properties for high-quality MgB2 single crystals. A supercon
ducting transition occurred at 38 K with a sharp transiti
width of 0.3 K. The low-field magnetization and the ma
netic hysteresis curve showed the bulk pinning to be v
weak. From the resistance measurement, aQD of ;1100 K
was obtained using the Bloch-Gru¨neisen formula, which sug
gested that the normal-state transport properties were d
nated by an electron-phonon interaction rather than by
electron-electron interaction. A RRR of 5 and ag of 3.0
60.2 at temperatures around 32 K were obtained.
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18Ch. Wälti et al., Phys. Rev. B64, 172515~2001!.
19M.-S. Kim et al., Phys. Rev. B64, 012511~2001!.
- 20Y. Takanoet al., Appl. Phys. Lett.78, 2914~2001!.
21Y. Bugoslavskyet al., Nature~London! 410, 563 ~2001!.
22D.C. Labalestieret al., Nature~London! 410, 186 ~2001!.
23K.H.P. Kim et al., cond-mat/0103176~unpublished!.
24W.N. Kanget al., Science292, 1523~2001!.
25C.B. Eomet al., Nature~London! 411, 558 ~2001!.
26Y. Bugoslavskyet al., Nature~London! 411, 561 ~2001!.
27Charles P. Poole, Jr.,Handbook of Superconductivity~Academic

Press, Florida, 2000!, pp. 31,32.
28F. Simonet al., Phys. Rev. Lett.87, 047002~2001!.
29S. Patnaiket al., Supercond. Sci. Technol.14, 315 ~2001!.
30J. Kortuset al., Phys. Rev. Lett.86, 4656~2001!.
31M. Monteverdeet al., Science292, 75 ~2001!.
32C.U. Junget al. ~unpublished! or Jae-Hyuk Choi, Ph.D. disserta

tion, Postech, Korea, 2001.
33R.K. Kremeret al., cond-mat/0102432~unpublished!.
34F. Bouquetet al., Phys. Rev. Lett.87, 047001~2001!.
35M. Putti et al., cond-mat/0106344~unpublished!.
36C.P. Bean, Phys. Rev. Lett.8, 250 ~1962!.
37M. Pissaset al., cond-mat/0108513~unpublished!.
0-4


