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Superconducting properties of well-shaped MgB single crystals
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We report measurements of the transport and the magnetic properties of high-quality, sub-millimeter-sized
MgB, 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 temperatge of
~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:@.2 at temperatures around 32 K.
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The recent discovelyof binary metallic MgB with a  normal state has been reported to vary from 1% to
superconducting transition temperature of 39 K has attracte60%&°-1? with a rough correlation between higher RRR
great scientifit 2% and applicatory interest-2° The negli-  and higher MR values. These issues can be clarified if these
gibly small effect of its grain boundary on the quantities are measured in very clean single crystals. Such
supercurreft =23 suggests increased potential for device ap+esults will also help to construct a theoretical formulation.
plications. Also, vortex pinning, and thus the critical current, Here we report the transport and the magnetic properties
is vastly enhanced in-axis-oriented thin film&"*or in the  of very clean MgB single crystals. The crystals were found
bulk when disorder is induced by proton iradiatfSrAside to have We||-5haped hexagona| p|ates withaaaxis lattice
from basic properties such as the charge carrier typany  constant of 3.09 A. The superconducting transition occurred
scientific issues, such as the order parameterbsymﬁ\étrye at 38 K with a sharp transition width of 0.3 K. The low-field
upper critical field anisotropy rativ;? y=HZ/HZ,, the  magnetization and the magnetic hysteresis curve showed the
®p,%" and the transport properties of the normal state argyik pinning to be very weak, which supported our crystals
still controversial. being very clean. Thes and the®, were obtained by di-

Especially, the anisotropy is an important property bewg .4y measuring the temperature and the field dependence of
cause it significantly affects the electronic and the magneti e resistance for different field directions

properties, such as the pinning mechanism of this material. MgB, bulk piece&*were heat treated in a Mg flux inside

The anisotropy ratio has been reported to be 6-9 for th% Nb tube, which was sealed in an inert gas atmosphere b
powder. This range of values was estimated by using con- ' 9 P y

duction electron spin resonanteThe values for aligned using an arc furnac_e. Then, the Nt_’ tube was put inside a
crystallites® c-axis oriented filmd22 and single crystals 9uartz ampoule, which was sealed in a vacuum. The quartz

grown by different techniqué%® are reported to be 1.7, tube was heated for one hoqr at 1050°C, then very slowly
1.3-2, and 2.6-2.7, respectively. cooled to 700°C for five to fifteen days, and quenched to
The high superconducting transition temperature in MgB "00m temperature. For all measurements, the single crystals
has been considered to be due to strong electron-phondiere separated from the resultant matrix by using a mechani-
Coup|ing}7'30'31Thu5, a very important question exists: can cal method. The details of growth can be found elsewﬁ%re.
the normal-state transport properties be described by &he crystal images were observed using a polarizing optical
simple electron-phonon interaction alone, or does electromicroscope and a field-emission scanning electron micro-
correlation have to be taken into account? scope (SEM). Structural analysis was carried out using a
Other issues are the temperature dependence of thegh-resolution transmission electron microscdg&TEM).
normal-state resistivity and the value of the residual resistivThe magnetization curves were measured by using a super-
ity ratio (RRR), p(300 K)/p(40 K). The RRR has been re- conducting quantum interference devi&QUID) magneto-
ported to vary from 2 to 25 depending on the preparatiormeter. Resistivity measurements were performed using the
conditions®~1024253nd the magnetoresistang®lR) of the  standard dc four-probe method.
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10 um

FIG. 2. (8) HRTEM image of a MgB single crystal andb)
selected area electron diffraction pattern for a beam direction of
[001] in the hexagonal structure.

thickness. A recent stuflyshowed that[001] twist grain
boundaries, formed by rotations along thexis (typically

by about 4 degreg¢swere the major grain boundaries in
polycrystalline MgB and could be attributed to the weaker
Mg-B bonding® HRTEM and SEM studies showed no grain
boundaries in our crystals. The smooth surfaces and the
sharp edges confirm that our small crystals had the least
probability of having mosaic aggregates of nanocrystals ei-
ther along theab plane or along the axis; thus, we had a
better chance to study their intrinsic properties with the help
of a microfabrication technique.

To measure the temperature and the field dependencies of
the in-plane resistivity of the crystal, we fabricated four elec-
trical metal leadgbright area on the top surface of the crys-
tal, as shown in Fig. (b). For lithography, selected MgB

FIG. 1. (a) SEM image of a hexagonal, thin plate with a size of single crystals were fixed on oxidized Si substrate by holding
about 50 um, shows smooth surfaces and sharp edges. The whitgygijr hexagonal edges using a negative photoré3istR-83,
spots at the edge were stuck Weakly on 'Fhe crystal §urface and wefenK Co. Ltd) as glue. They were then soft baked. After the
about 100 nm in diametetb) Optical microscope image of the ¢ taces of the samples were cleaned by using Ar-ion milling
four-probe contact leads which were made on a single crystal b%ith a beam voltage of 350 V and a beam current of
using a photolithography technique) Two hundred single crystals 0.2 mA/en?, four electrical pads were patterned using a
on a Si substrate v_vith theiir: axes aligned perpendicular to the positive phc,)toresist(AZ 7210, Clariant Industries Lti.
substrate surface withir: 2.5°. Three metal layers, a 100-nm thick Ti film, a 1000-nm thick

Ag film, and a 100-nm-thick Au film, were deposited in se-

Figure Xa) shows a typical SEM image for a MgBingle  quence after another ion milling treatment. The contact re-
crystal. Most of the crystals were found to have hexagonalsistances were less thaf)2 and the approximate distance
plate forms with typical edge angles of 120 degrees and witlhyetween the voltage pads was abouj. The bias current
very flat surfaces, which were very shiny when observedor the resistance measurement was 0.1-0.2 mA, which,
using a polarizing optical microscope. The crystals wergudging from the current-voltage characteristics, was in the
about 20-120um in diagonal length and 2-1@&m in  ohmic range.
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FIG. 3. (a) Resistance of a MgBsingle crystal as a function of FIG. 4. (a) Low-field M(T) curves of MgB single crystals

temperature for magnetic fields from 0 to 5 T. The residual resistivimeasured at 20 Oe for fields parallel and perpendicular to &hés.
ity ratio is about 5. The insets show the resistance for fields of 0.0¢) M (H) hysteresis curves measured at 5 K.

0.5, 1.0, 2.0, 3.0, 4.0, and 5 T both perpendicular and parallel to the
crystal ¢ axis. (b) The upper critical field determined from a 10%
drop of the resistance as a function of the temperature for sever
fields up toH=5 T.

éﬂf the resistance curve at zero field. The RRR is about 5,
which was confirmed for several of our crystals and is con-
sistent with the values recently reported for single
. o crystalst>*8 This is quite different from the reported values
For the bulk properties of the superconductivity, we measg, polycrystal§° and for high-quality thin film&42> Ex-
sured the low-field magnetization curk&(T) and the mag-  rinsic effects, such as impurities or grain boundaries, might
netic hysteresis curvM_(H). Since the volume of one crystal pe the origins of these diverse observatidfAsthe ¢ axis
was rather small, we fixed about two hundred single crystalggsistivity of single crystals should be studied in order to
on a Si substrate with thewr axes aligned perpendicular t0 gptain a better understanding; however, this is still challeng-
the substrate surface withih2.5° as shown in Fig.(t). To ing due to the thickness of our crystals.
avoid spurious signals from the matrix, we used an optical The solid line in Fig. 3 is a fitting curve obtained using
microscope and a sample-handling device equipped with ghe Bloch-Gimeisen formul® in the normal stateR(T)
precisionxyz stage and a microtip to collect large single =Ry+Ry(T) whereR, is the temperature-independent re-

crystals one by one. sidual part andR,(T) the phonon scattering contribution
To confirm the structure of the MgBphase, we took a giyen by the relation:

plane-view HRTEM image, as shown in Fig. 2. From this

high-resolution image, tha-axis lattice parameter was found

to be 3.090.06 A, which was consistent with the value R h(T):R1<

determined from x-ray powder diffractometry performed on .

polycrystalline sampleSFigure 2b) shows the electron dif-

fraction pattern in a selected area for a beam direction ofvith R, being a proportionality constant. The best fit to our

[001]. This result clearly indicates that this crystal has thedata was obtained witm=3.0 and®,~ 1100 K. This val-

hexagonal structure of MgB ues of the® is comparable to thos€746-1050 K previ-
Figure 3a) shows the in-plane resistance as a function ofously reported based on the specific heat and resistivity mea-

temperature. A superconducting transition appears near 38 gurements on polycrystalline samplé®33-3This result

with a transition width of 0.3 K based on the 10 to 90% dropsuggests that the normal-state transport properties are well

T\™ repT z"dz
I
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described by an electron-phonon interaction without takingpbackground, which is quite different from the case reported
an electron-electron interaction into account. by de Limaet al® There are two notable features in the mag-
The two insets of Fig. @) show the field dependencies of netic hysteresis curves. One is an asymmetry between the
the in-plane resistances while maintaining the applied fieldascending and the descending branches, which has been not
perpendicular to the current path. The magnetoresistance atdbserved in bulk pinning dominated polycrystai€and thin
T was found to change with the direction of the field with films.2*?>The other is the fact that thk(H) is not a mono-
respect to the crystal axis. For fields parallel to #iieplane  tonically decreasing function of the magnetic field. The value
(H|ab) and to thec axis (H|c), the magnetoresistances at of J., as estimated by using the Bean motfdhas a maxi-
40 K were<3% and~20%, respectively, which was con- mum of ~1.5x10° A/cm? atH~500 Oe. The first behav-
firmed for several of our crystals. To determine the temperaior can be explained by surface pinning in very clean
ture dependence of the upper critical fiéld,, we measured samples, not by the strong extrinsic pinning sites, such as
the resistance at several fields up to 5 T. From these curvegrain boundaries and crystallographic defééts.
we obtainedH.,(T) as shown in Fig. @), where a 10% In summary, we report the transport and the magnetic
drop of the resistance was adopted to deterrig¢l). The  properties for high-quality MgBsingle crystals. A supercon-
ratio of the upper critical field foH||ab to that forH||c was  ducting transition occurred at 38 K with a sharp transition
3.0£0.2 at temperatures around 32 K. This value is consiswidth of 0.3 K. The low-field magnetization and the mag-
tent with those for single crystals grown by different netic hysteresis curve showed the bulk pinning to be very
techniqueg>1® weak. From the resistance measuremer@gof ~1100 K
Figure 4a) shows theVi(T) curves measured at 20 Oe in was obtained using the Bloch-Greisen formula, which sug-
the zero-field-cooling(ZFC) and the field-cooling(FC) gested that the normal-state transport properties were domi-
modes. TheT . onset was observed to be38 K, which is nated by an electron-phonon interaction rather than by an
consistent with the value obtained from the resistance mealectron-electron interaction. A RRR of 5 andyaof 3.0
surement. The difference between the FC and the ZFC data is0.2 at temperatures around 32 K were obtained.
quite small compared to those for polycrystalline sanfpiés
and for single crystals prepared at higher temperdfuseg- This work was supported by the Ministry of Science and
gesting that pinning is very weak in our single crystals. TheTechnology of Korea through the Creative Research Initia-
different values oM (T) for different field directions give a tive Program. This work was partially supported by the Na-
demagnetization factdd =0.6, which is consistent with the tional Research Laboratory Program through the Korea Insti-
value calculated by considering the shape of the crystals. tute of Science and Technology Evaluation and Planning. We
Figure 4b) shows the magnetic hysteresis cunkdgH) acknowledge Do Hyun Lim and Taek-Jung Shin at lljin Dia-
at 5 K. The M(H) data show a negligible paramagnetic mond Co., Ltd., for their help.
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