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Ambient-pressure synthesis of single-crystal MgB and their superconducting anisotropy
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We synthesized single crystalline MgBnder ambient pressure by using conventional materials and equip-
ment. The single crystals of MgBvere of good quality, where the crystal structure refinements were success-
fully converged withR=0.020. The measurements of the magnetic properties yielded a sharp superconducting
transition at 38 K with transition widtAT.=0.8 K. The upper critical field for applied field parallel to thie
plane Q—|§§) reveals a positive curvature, whilé,, parallel to thec axis (HS,) increases linearly in tempera-
ture dependence, which yields a temperature dependence of the superconducting anisotropy yatio of
=H35/HS, with y~1 nearT, and 4.0 at 25 K.
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[. INTRODUCTION ties compared with crystals grown under high pressure in the
literature®?*and the correspondence between sample edges

The recent discovery of superconductivity at 39 K inand crystalographic axis is not hard to recognize. Using these
magnesium diboride MgB(Ref. 1) has attracted great sci- Crystals, we investigated the superconducting properties
entific interest because of the high@tamong conventional through magnetization measurements, and found that the an-
metals and intermetallic compounds. Several experiments iriSotropy parametery of Hc, strongly depends on tempera-
dicated phonon-mediatestwave BCS superconductivity ~ ture, in particular just below .
and the appearance of a double energy gap was preditted.

Specific hedt and spectroscopicmeasurements, scanning Il. AMBIENT PRESSURE SYNTHESIS AND

tunneling spectroscopy’ gave evidence of this prediction. CHARACTERIZATION

However, several key parameters such as the upper critical

fieldsH ., and their anisotropy ratig, the magnetic penetra-
tion depth\, the coherence length and Ginzburg-Landau
parametek are not well established because of the difficulty
of growing high quality MgB single crystals.

In particular, the anisotropy ratig=H25/H¢, is impor-
tant to characterize superconducting properties and for appli-
cations of MgB. Here H2 and HS, are the in-plane and
out-of-plane upper critical fields, respectively. The reported
v values vary widely depending on the measurement meth-
ods or on the sample types. The values determined from
resistivity on polycrystal$? aligned crystallites? c-axis ori-
ented filmst>~**and single crystals~?*have been reported
to be 6-9, 1.7, 1.3-2, and 2.6—3, respectively.

So far, there have been several reports on superconducting
properties in MgB single crystalg>'"1®24Most of these
crystals were synthesized under high pressure, typically 5
GPa, with high pressure facilities. Shapes of crystals grown
under high pressure are mostly irregular, so that it is almost
impossible to recognize the correspodence between the crys-
tal shapes and crystalographic axes. This causes experimen-
tal difficulties for measurements on anisotropic properties.

In this paper, we report on a method to grow a single
crystal under ambient pressure, which does not require spe- FIG. 1. (a) SEM image of a MgB single crystal with a size of
cial equipments. Then we characterize the crystals in variousbout 100um. (b) X-ray precession photograph of the single crys-
ways. The grown crystals shows good crystalographic qualital.

The single crystals were grown in the stainléS&/S304
tube. Typical dimensions of stainless tubes are 32, 1.5, and
110 mm for the outer diameter, the wall thickness, and the
length, respectively. The inner surface of the tube was sealed
by Mo sheet(99.95%, Nilaco C9. with the size of 0.05
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TABLE I. Structural parameters of single crystals. Lattice con- 01 T T T T T
stants:a=b=3.0863(4) A, c=3.5178(4) A. Agreement factors: oof p
. c B
R=0.020,R,=0.027 (,=weight). o1 | cnmm—
Atom  atomic orientation Uy; (%) U3 (A%) By (A?) ﬂm i
3 o3 H =tm?
Mg (0,0,0 0.00782) 0.00542) 0.3822) gm 3 T 2 e
B (1/3,2/3/2  0.00682) 0.00582) 0.37%2) ook } o R ZFC
Y —— Hile ZFC
jj: Hlle2FC 2
X 100X 200 mn? to avoid direct reaction between the con- ' : m > - = -
tainer materials and Mg/B materials. One end of the SUS304 K
tube was pressed with a vise and sealed in an Ar gas atmo- o
sphere by arc welding. The starting materials of €9B.9%, FIG. 3. Temperature dependent magnetization curves for the

Furuuchi Chemical Co.chunk with the size of 35 mm MgB, single crystal. FC and ZFC denote the field cooling and zero
and a Mg(99.99%, Furuya Metal Cpchunk, which was cut  field cooling curves, respectively.
out with the size of about 1 chfrom Mg block, were filled
inside the tube. Then the other end of the tube was pressddane view of the high resolution transmission electron mi-
with a vise and sealed in an Ar gas atmosphere by arc weld=roscope(HRTEM) images and electron diffraction patterns
ing, as well. For crystal growth, the temperature of the fur-in selected areas for beam directions[910] and[001], as
nace inside, which the cruscible was put, was raised fronghown in Fig. 2, which indicated an atomic arrangement with
room temperature to 1200 °C for 40 min. The single crystalghe P6/mmmcell of MgB,. From the left hand side of Fig.
finally obtained were about 100—3@an, which had a partly 2, we recognize two kind of layers with different spot sizes
hexagonal shape with a shiny golden color when observealternately stacking along theaxis. Neither extra spots nor
under an optical microscope. ;treaks were found, indicating that the crystal is of high qual-

The single crystal images observed by a scanning electrofty-
microscope(SEM) is shown in Fig. 1a). The crystals were
foun_d to have very flat surfaces. The structural analysis Was |, ANISOTROPY OF THE UPPER CRITICAL FIELD
carried out using a x-ray precession camera, a four-circle
diffractometer, and a transmission electron microscope The temperature dependence of the magnetization curve
(TEM). The x-ray precession photograph indicated that thevas measured at 1 mT along thexis and theab plane by
crystal has a hexagonal structure, as shown in FRig.. The  a superconducting quantum interference device magnetome-
diffraction data were collected by using graphite monochro+er. Figure 3 represent the results of magnetization measure-
mated Md , radiation at room temperature, and refined byments for the MgB single crystal. It shows thi®l (T) curves
the least-square procedure using 86 reflections as the averaigethe zero-field-cooling and field-cooling modes. The onset
of the measured 866 reflections. Finally, we obtained strucef superconducting transition was obtained Tat=38 K,
tural the parameters as shown in Table I. with transition widthsAT.=0.8 K both forH|ab and for

To confirm the structure of the MgBphase, we took a H|c, indicating the high quality of the samples, where
|ab(||c) denotes the fieltH perpendiculafparalle) to thec
axis, respectively. The transition temperatures are slightly
lower thanT; of polycrystalline speciments=39 K), as
well as those of single crystals described in previous
resultst>1"1824The suppression of . was considered to be
due to impurity contamination from container materid,
Mo, and NB. In order to check the contamination, we per-
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FIG. 2. Electron diffraction patterns and HRTEM images of a 00 02 04 05 08 H‘;‘% 1214 16 18 20
MgB, single crystal for beam directions §£10] and[001] in the
hexagonal structure. FIG. 4. The magnetic hysteresis curvdgH) at 5 K.
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FIG. 5. Temperature dependence of the magnetization on zero- 2ol
field cooling in several fields fofa) H||ab and(b) H||c. d
S . . T 2 %0 ) 6 £
formed a qualitative analysis by an electron probe microana- T

lyzer (EPMA). As a result, no contamination from our con-
tainer elementéMo, Fe, Ni, and Cowas detected within a  FIG. 6. (a) Upper critical field forH2) andH¢, determined from

0.1% accuracy. the onset of the superconductivity in Figgapand gb) as a func-
Figure 4 shows the magnetic hysteresis cuiMé$i) at 5  tion of the temperaturéd ) reveals a positive curvature, whitt,
K for applied fields up to 2 T foH|ab and forH|c, indi-  has a linear temperature depender(bg.Temperature dependence

cating the characteristic curve of type-Il superconductor®f the upper critical field anisotropy=H35/HS, .
with very small hysteresis loops. This implies that the single,

ab e .
crystal has slight pinning effects, indicating pure single crys-IS seen thati;; shows a positive curvature in the tempera-

tals with high quality. ture dependence nedri., and then rises rapidly at lower

Figure 5 shows the temperature dependence of magneﬁempgratures. In contrasH¢, increases linearly with de-
zation M(T) curves on warming after field cooling of the Creasing temperature. These temperature dependenkies of
sample for(a) H||ab in a magnetic field up to 5 T antb) have23also been observed in MgBingle crystgls. by Lyard
H|c in a magnetic field up to 2.5 T. The superconductinget al~® and were thought to be a characteristic feature of
transition shifts to lower temperatures as the field is in-2yered superconductors such as NpZerherefore, the an-
creased. The superconducting transition temperatures in SOtropy ratioy=Hg,/Hc, is found to be temperature depen-
nite fields are determined by extrapolating the negative paent, as displayed in Fig(l6). It increases from about 1 near
of the M(T) curve linearly and by finding the crossing point Tc to 4.0 at 25 K. The extrapolation {25 andHS, lines to
to the horizontal line extended from the normal state. Usinghe zero temperature axis yieIdH§§(0)~13.6 T and
this criterion, the upper critical fields of MgBfor applied  Hg,(0)~3.4 T, with y~4.0. Using the Ginzburg-Landau

fieldsH| abandH|c are obtained, as shown in Figiah It  equationH ,=®,/(27&?), the coherence lengths were

TABLE Il. Comparison of physical parameters with single crystals prepared by different methods.

References References M. Xu et al. References
Parameter Our sample 21, 19, and 24 15 and 25 (Ref. 18 17, 20, and 23
a(A) 3.08634) 3.085%1) 3.08515) 3.04711) 3.09+0.06
c(A) 3.51784) 3.5182) 3.52015) 3.4041)
R 0.020 0.015-0.020 0.018
Ry 0.027 0.015-0.020 0.025
T.(K) 38 38-39 38.1-38.3 39 38
H22(0)(T) 13.6 14.5' 23 21-22 19.8 17
HS,(0)(T) 3.4 3.183.1° 7.0-75 7.7 35
v(T) 1(T,)-4.0(25 K) 1(T)-4.2(22 K) 2 2.8(35 K)-6(15 Ky 2.2(T,)-3(30 K) 2.60 K) 2(T.)-4.4(22 K)

&/alues determined from the magnetic measurement.
bvalues determined from the magnetic torque measurement.
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yielded to be&,,(0)~10 nm andé,(0)~3 nm. These val- standard.

ues are similar to the previous results obtained from mag- We measured the magnetic properties of single crystalline
netic measurements on powder samfllesr on single MgB,, and found a marked anisotropiZ} reveals a posi-
crystalg®~*3and the values determined from the calculationtive curvature whileHS, increases linearly in the temperature
using the two band modéf, but do not agree with the re- dependence. The anisotropy ratie= H22/HS, of the upper

ported y-values determined from resistivity measurementscritical field is shown to be increased from about 1 HEato
on bulk sampleS~181011.293nd c-axis-oriented films?* 4.0 at 25 K.

which are around 1.1 to 3, as shown in Table II.
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