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Out-of-plane and in-plane anisotropy of upper critical field in MgB,
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The anisotropy of the upper critical field in MgBas been investigated on single crystalline, dense poly-
crystalline and powder samples by both transport and magnetic measurements. On the single-crystal sample,
HS, andH2> have been measured directly with applied field parallel tocthgis andab plane. The angular
dependence dfl ., shows deviation from the anisotropic Ginzburg-Landau model at lower temperatures. On
polycrystalline and powder samples$, and H';‘g have been determined by the method proposed by Bud'ko
et al. The value of anisotropy parametgr H?S/ng is temperature and sample dependent, and is about 3 and
4.5 for single and polycrystals, respectively, n@ar However,HS,(T) are almost the same for all samples.
These features could be an indication of anisotr@pi@ave superconductivity with pancakelike energy gap or
resulted from the different impurity levels in these samples. The anisotropi,0fn the ab plane has also
been measured on single crystal and we set an upper bound of 1% for the in-plane anisotropy.
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I. INTRODUCTION anisotropy parameter is reported to be 1.1-1.7 for textured

bulk and partially oriented crystallitds° 1.2 for c-axis ori-

MgB, has stimulated intense research activities all oveented films\*~** and unexpectedly large valugs—9 for
the world for its highesT, among intermetallic compounds Powders by the  conduction electron-spin-resonance
and simple structurklts superconducting mechanism, two Method-"After the preparation of single crystals, the an-

gap structure, anisotropic properties, and surface supercof(ﬁog& ‘g l;a“ct)rat:?ss gﬁergedgﬁ:?&n;ﬁ%s?ngetol'ggg'zf_oé ilngle
ductivi_ty are issues of recent_ _inter_est. _Among_ these issue Zlgnetic ymeasu?emerﬁ%‘.lg However, recently, Bud’kg
the anisotropy of the upper crlt-lcal field is very |.mportant for gt 114 proposed a different method to determine the anisot-
both superconducting mechanism and applications of MgB ropy of the upper critical field on polycrystalline samples and
Is the newly found superconductor MgRvith layered struc- powders and gave a valuesp¥ 6. Even larger values of

ture two-dimensiona(2D) superconductor like higliy, su-  between 9 and 13 have been reported by Shatdsl 1° for
perconductors or 3D superconductor like conventional low-c-axis oriented films.

T. superconductors? After the discovery of this material, In this paper, we report our comparative studiesyofor
some experiments have been performed to estimate the apingle crystals and polycrystals by both transport and mag-
isotropy of upper critical fieldy=H2/HS,. However, the Netic measurements. We also report in-plane anisotropy of
value reported ranges between 1.1 and 13 and are depend by carefully aligning the magnetic field in the supercon-

on samples and methodi#t is not very clear whyy depends ~ ducting plane. This paper is organized as follows. Section Iis
N introduction. Section Il describes the sample preparation

. : X . . methods and experimental techniques used in this paper, as
anisotropic behavior of MgB obeys the anisotropic well as the characterizations of our high quality Mgingle

G|r1GZburg-|I_Iantdhau re]at;on or ?Ot' terial b timat rystals. In Sec. lll, results and discussions on the anisotropy
enerally, tn€ anisolropy of one material can be estima e(Ew polycrystalline and single crystalline samples are pre-

on single crystals, textured samples, epitaxial films, andgnteq. Section 111 A shows the upper critical fields and the
aligned powders. Usually the anisotropy parameter is undelynisotropy parameter determined on polycrystalline samples
estimated for aligned powders, epitaxial films, and texturec[)y the method from Ref. 14, and gives a detailed discussion
samples due to the uncertainties in the degree of alignmeny this method; Sec. 11l B is devoted to the accurate determi-
or texture. Therefore the anisotropy parameter will benation of the upper critical fields and the anisotropy param-
smaller than the real value, and the most reliable value igter of single crystals. In Sec. Il C the upper critical fields
obtained for single crystals. and the anisotropy parameter for different form of samples

Since it is very difficult to prepare MgBsingle crystals, are compared. Section IlID is specifically devoted to the
only a few groups have synthesized Mg8&ingle crystals at angular dependence of the upper critical field both out of
this point>~’ Before the preparation of single crystals, the plane and in plane.
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FIG. 2. Typical superconducting transitions k=5 Oe for

) ) polycrystalline and single crystalline samples measured by SQUID
FIG. 1. Laue x-ray photograph of MgBsingle crystal with  magnetometer.

x-ray parallel to thec axis.

maximum fields of 50 and 30 kOe for transverse and longi-
Il. EXPERIMENT tudinal directions, respectively. Both resistance vs tempera-

Lo : re and resistance vs fiel rv re m red. In the in-
Samples used in this paper are cylinders of pressed pov&EJ e and resistance vs field curves are measured the

ders, dense polycrystalline samples, and single crystallinBIalne anisotropy measurem_ent, the field is alig_ned precigely
platelets. The MgB powders and dense polycrystalline parallel to the superconducting plane for each in-plane field

samples are prepared through directly reacting Mg and B iﬁj Irection.

a Ta tube without pressure. Reaction of starting materials at

980° C fa 1 h followed by quenching to room temperature Il. RESULTS AND DISCUSSION
produced powder samples of MgBwhile dense polycrys- _
talline samples were obtained by reacting Mg and B at A. Powder and polycrystalline samples

1400° C for 0.5 h, cooled down to 1000° C in 6 h, and then  Recently, Bud’koet al* proposed a method to determine
to room temperature in 2 h. The dense polycrystallinethe anisotropy ofl, on polycrystalline and powder samples
samples prepared in this way are porous. The x-ray diffracand reported an unexpectedly large valueyef6. They de-
tion reveals that these samples are pure with negligible imtermined theHS, and H2) by characteristic features of the
purity phase. For polycrystalline samples, no obvious defe%mperature derivative of magnetizatiaitM/JT at fixed
has been found under the high-resolution polarizing microsfie|d. Upon decreasing temperature there is an onset of dia-
copy and the superconducting critical temperatufiess{ are  magnetic signal and a sudden changeMf/ gT at T2° due to
38-39 K with transition width smaller than 0.2 K. For pow- the grain with theab plane parallel to the applied field. With
der samplell; is about 38.5 K with largeAT. further decreasing temperature there is a peak\faT for
The single crystallln(_a samples.are grown under a pressut®q field-cold (FO) process and a kink 0dM/4T for the
of 3.5 GPa. The starting materials, MgBO0.1 Mg, were ;o4 fie|-cold(ZFC) process alrS. Although it seems pos-
first heated to 1700° C in 25 min and kept for 30 min, thenSible to determine thHig andHS, and obtain the informa-

S'OV.V'V cooled down to 1650° C in 6 h, and fmally cooled tion on the anisotropy parameter, there are several factors
rapidly down to room temperature. Its crystallinity has beenWhich affect the determination o2 and HC. by this
checked by Laue x-ray photography. The peaks in the Laue c2 c2 DY

photograph shown in Fig. 1 show a clear sixfold symmetrymEth.Od’ espemally the effect of fiux pinning. Detailed dis-
cussions will be given as follows.

with negligible extra peaks, suggesting that the crystal s There are three factors influenciayyl/oT as well as the

single domain. ThougT's of single crystalline samples o e S .
vary from piece to piece in the range of 36—38 K, the tran__determ|nat|on oH¢,. (i) The shielding current density and

sition widths are smaller than 0.3 K. The single crystallineltS radii, which increase with decr_easgng temperature and re-
samples are thin platelets with thickness of aboutSUlt in the increment 0fM/4JT until He, . However, due to
20-50.m. The typical superconducting transitions mea-the d|$tr|t_)ut|(_)n ofT. of grains at a f_|xed field result_ed from
sured by superconducting quantum interference devicthe distribution of grain orientations, the maximum of
(SQUID) magnetometer for polycrystalline and single crys-dM/JT may be a little higher tharTc,. (i) The vortex-
talline samples are shown in Fig. 2 lattice melting, which causes the decrement of vortex density
The upper critical fieldH, is determined by transport in sample and results in a sudden change’/My/JT, and
measurements using standard four-probe method and Hffects the determination ofic,. (iii) The flux pinning,
magnetic measurements using SQUID magnetometer. Fayhich will prevent vortex coming in and out of the sample
magnetic measurement, both zero-field-cool&FC) and and affect thesM/dT strongly. Depinning will also cause a
field-cooled (FC) magnetization curves are measured. Forsudden change i@dM/JT and affect the determination of
transport measurements of the anisotropyHe$, we use a H¢,. The influence of flux pinning oaM/4T is different for
two-axis sample rotator and a vector magnet system with-C and ZFC processes. In the FC process, flux pinning frus-
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= HS, andH2? are determined by the kink and onset points in ZFC.
= T H,,, is determined by the separating pointd¥/JT in ZFC and
~ Temperature ( K )
£ ool FC processes.
0.1 for the powder sample due to the spanTgfin the powder
0

sample. And the peak in FC is also broadened for the powder
Temperature (K) sample as shown in the inset of Fig{aB For the polyqrys-
talline sample, the peak @fM/JT in the FC process is al-
FIG. 3. Temperature dependence of the temperature derivativenost the same as the irreversibility point, the separating
of magnetizatioryM/dJT in a fixed field for(a) powder(b) poly-  point of FC and ZFC, due to the effect of flux pinning as
crystalline samples. The insets are the enlarged parts of FC proceghown in the inset of Fig.(8). And the temperature of the
showing the determination of upper critical field and irreversibility peak ofdM/4T in FC is much higher than the temperature of
field. kink in ZFC due to the effect of flux pinning. This is quite
different from the results in Ref. 14, where the peak in FC
trates the vortex coming out of the sample and hinders thgn the kink in ZFC are at almost the same temperature. For
increment of the’M/JT, and thedM/JT will reach its peak MgB,, the critical current density changes linearly with
at a temperature higher thafig, near the irreversibility temperatur® and the relative influence ofM/4T is gradual
point. So the anisotropy parameter will be underestimated bygnd smaller compared with the sudden change of the shield-
the peak o/M/aT in the FC process. In the ZFC and warm- jng current density and its radii &5, which may result in
ing process, flux pinning prevents the entry of vqrtex into theihe Kkink of dM/JT. So it seems better to deduce thé,
sample and at lower temperatures #/4T is mainly con- o the ZFC process data. The temperature dependences of
trllbuted fromad./dT, the change of critical current density upper critical fieldsHS, anngg and the irreversibility field
with temperature. The ragld change @ /JT at tempera- a6 shown in Fig. 4 for two polycrystalline samples. To
tures lower tharT; (nearTc) will move the kink ofdM/JT  give a hound to anisotropy parameters, the anisotropy param-

in the ZFC process to temperatures lower thgn So the  eters are calculated by using the dataHgs, from both the
anisotropy of the upper critical field may be overestimated-~ (H,,) and ZFC {°
rr

! - ) <p) processes. Temperature depen-
by the kink of dM/4T in the ZFC and warming process. The yences ofy for both processes are shown in Fig. 5.
real T¢ should be between the peak 6kM/JT in the FC
process and the kink afM/JT in the ZFC process. So this _ _
method can give the upper and lower bounds Hgs, and B. Single crystalline samples
anisotropy parameters. Though the method proposed by Bud’ko can be used for
Of course, if the sample is inhomogeneous, the kink ofrough estimation of the anisotropkt,, of MgB,, it is nec-
dM/JT in the ZFC process and the peakadfl/JT inthe FC  essary to study single crystalline samples to determine the
process will be smeared due to the spaofind it will be  anisotropy ofH., accurately. Figures(6) and (b) show the
very difficult to determine real’g. So it is better to estimate temperature dependence of resistaR(E) curves at several
the anisotropy parameter bf., by this method on homoge- fields both forH//c axis andH//ab plane. It is obvious that
neous samples with weak flux pinning. the upper critical field and the irreversibility field are quite
To test our analysis, we have measured the magnetizatiomsfferent for the two configurations and superconductivity in
in both the ZFC and FC processes at fixed fields in a wideMgB, is anisotropic. However, it is not easy to determine the
temperature range on powder-pressed cylinder and polycrysccurate values dfl ., due to the significant broadening of
talline samples, and the temperature dependeng®adbT  the transition. TheR(T) curve exhibits a kink structure for
has been derived. The typical data are shown in Fig®. 3 both field directions though the broadening of transition is
and(b). The kinks ofdM/dT in the ZFC process correspond- suppressed foH//ab plane. The structure dR(T) curves
ing to T¢ are more clear for the polycrystalline sample thanshows a strong dependence on transport current density and
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FIG. 5. Temperature dependence of anisotropy parameter calcu-
lated by using the data ¢S, deduced from both the FGH(,,) and
ZFC (H,) processes.

non-Ohmic behavior for both field directions, as shown in
the inset of Fig. &). These unusual and remarkable features
are consistent with the previous reports and could be ex-
plained by two-gap model or surface superconductifiy.

For the investigation of the origin of the transition broad-
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ening in MgB,, direct magnetic measurements have also g, 7. Temperature-dependent ZFC and FC magnetization
been performed on the same single crystalline sample. Figrves at several fields féa) H//c and(b) H//ab. The inset shows
ures 7@ and (b) show the temperature dependence of FCthe upper critical fields determined by the start point of transition.

and ZFC magnetization of the single crystal tdf/c axis

andab plane, respectively. BotH?S andH¢, are determined  cal field in MgB,. Because the sample is small and hence the
by the onset of diamagnetism, as shown in the inset of Figsignal is small on top of large background noise, we cannot
7(b). This graph also shows the anisotropy of the upper critrmeasure it at higher fields. However, no kinks are found in

the magnetization curves, which is quite different from the

HSy () R(T) curves. The onset of diamagnetism closely follows the

1 o | MeB, line of H, determined by the peak ofR/4T. This fact
~ Single-#1 strongly suggests that the kink structure is not a sign of bulk
% 0.8 H//¢c Hyine superconductivity but originated from surface superconduc-
- tivity. Due to the effect of surface superconductivity, we pro-
g 06 pose to take the onset of resistive transitiorHas, and the
S 04l kink point or the sharpest point &(T) curves(the peak of
k3 JR/JT curves as realH.,. The temperature dependence of
D 0.20130koef25 J20f15F10] 5 0 upper critical field determined in this way is shown in Fig. 8.
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FIG. 6. Temperature dependence of in-plane resist&{d¢ at
several fields for(a) H//c axis and(b) H//ab plane. The inset
shows the current density dependence of resistance forHbbih
axis andH//ab plane.
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FIG. 8. Temperature dependence of the upper critical fields de-

duced from theR— T curvesH.; andH,;,, are defined as the onset
point and the kink pointH., is determined by the peak eR/JT
curves.
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Resistance ( mQ )
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HS, is 1.64 times larger thamS, and H2) is 1.32 times .
12 14

larger thanH"g‘S in contrast to the theoretical value bf;; 10
=1.69H,.%? So this is another direct evidence of surface Field ( kOe )

superconductivity.

FIG. 10. Field dependence of in-plane resistance at 32 K of two
single-crystal samples with the field applied at different angles from

C. Comparison of H, in polycrystalline and single crystalline the  axis between 0° and 90° every 5°.

samples

From the above data, the temperature dependenb@bf kOe usingH ;,(0)=0.73T [ —dH,(T)/dT],?* with average
andH¢, can be compared for polycrystalline and single crys-slope dHS,(T)/dT=-0.13 T/K and T,=37 K. By H¢

AMc2 Rl ' : c2 c2
talline samples, as shown in Fig. 9. The inset of Fig. 9 shows= <D0/(27-r§§b), &.p(0) is about 9.5 nm. By simple extrapo-
the temperature dependence of the anisotropy parameter lation of H2! lines to zero-temperature axid25(0) ranges
=HZ/HE, . HE) andHE, have different temperature depen- from 141 to 191 kOe, and,(0) ranges from 1.76 to
dence and hence is also temperature dependent, which im-2.4 nm. So the value of should be smaller than 5.5 at zero
plies a breakdown of the anisotropy of the band effectivetemperature.
mass or may be related to the anisotropy of the energy-gap
structure of MgB. vy is sample dependent and is about 2.5 D. Angular dependence ofH .,
for single crystalline samples and 4 for polycrystalline o .
samples at temperatures neBy, which may be resulted For more accurate determination of amsotropy-lgﬁ, the
from the overestimation by the ZFC data for polycrystallineR—H curves have been measured at different anglesd
samples. The values of for single crystals are between the different temperatures on two single crystals, as shown in
upper and lower bounds set by polycrystalline samples'.:'gs- 1@a) and(b). Here @ is the angle of the field from the
However,H2 is obviously sample dependent whité, is € axis. The shape of the transition curves changes with the
almost indecpendent of samples. These features may be r ngle 6 due to the anisotropy of surface superconductivity.
sulted from two origins(i) The pancakelike energy gap an- ine structures of the transition curves for the two samples
isotropy proposed by Posazhennikogtal,?® which may are different because of their different shapes. Sample 4 is
result in a larger change a:ngg while a smaller change of aboutl tvxgcg aiéh'ka EIIS san:EIe ?;hA'\IE zefro f|eldl fr3"eo1f
HZ, for samples with differenty values and can result in sampie 2 1S abdu ower than thel, of sample 5. 10
temperature-dependeng. (i) Different impurity levels avoid effects of surface superconductivity and inhomogene-

. A ties, defineH t h th k oBR/9H. Th
which can also result in this phenomenon becadSgonly les, we definet, at eachd as the peak o ©

N 5 ) b values of upper critical fieldH.,(6) determined in this way
depends oty ch(o)b:‘bol(zwfab)' while Hc, depends  5re aimost the same for the two samples, as shown in Figs.
on both&,, andé;, HE(0)=®o/(2méapéc). Soifonlyée  11(a) and (b). The angular dependence is distorted if the
is different for different samples33 andy will change and  midpoint of transition is taken as the,. It is obvious that

¢ will not change for samples with different impurity there is no universality of Ginzburg-LanddGL) relation
levels. with an effective mass anisotropy in MgEnd the anisot-
As shown in Fig. 9H¢, follows a conventional tempera- ropy parametey is temperature dependent. The inset of Fig.

ture dependence artd,(0) is estimated to be about 35.1 11(b) shows the temperature dependence afetermined by
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FIG. 12. Angular dependence of upper critical field in tite
pIane,Hﬁ‘g(qS), for two single crystalline samples and the current
density dependence &f22( ).

o from fitting
— r=1.876x(1-T/T)
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EREIE
Temperature (K )

—_
(2]
T

s single-#4
e single—#3

H,,(6) /M, (0)

: 6L Nodel figure, the dominant component &f.,(¢) has a twofold
I MgB. single orystal symmetry rather than the sixfold symmetry expected from
0.5 . \ 2 \ \ the hexagonal crystal structure. The twofold symmetry is due

20 0 20 40 60 80 100 120 to the Lorentz force as evidenced by the current density de-
6 (des. ) pendence and the minimum bf.,($) for a field perpen-
FIG. 11. (8) Angular dependence ¢, for MgB, single crys-  dicular to the current. After subtracting the twofold symme-
tals 3 and 4 deduced from Fig. 10, the peak/BfJH curves and  try component, the sixfold symmetry component is less than
the mid point ofR—H curves.(b) Angular dependence of normal- 1%. This result is consistent with the prediction that the six-
ized H,,. Solid lines are fit by the anisotropic GL model and inset fold symmetry part oH, is absent in hexagonal systefis.
shows the temperature dependence of anisotropy parameter detétfowever, it should be noted that a clear anisotropy of

mined by best fitting. Heo(¢) more than 30% in hexagonal material ,B&0; is
reported in high quality single crysta$.
the best fitting with anisotropic GL modelH,(6) In conclusion, we have studied the anisotropyHq$ on

=H,(0)(cog+sirtd/?) %5 At temperatures nedr,, the  powder, polycrystalline, and single crystalline samples com-
Heo(6) can be reasonably well fitted by anisotropic GL re- paratively by both magnetic and transport measurements.
lation, while at lower temperatures, it deviates from the GLANgle-resolved magnetotransport properties have also been
model. The peak at 90° is sharper than the GL model, whicl§tudied on single crystals in treb plane and out of plane.
may be resulted from the effect of special energy gap struclhe out-of-plane anisotropy deviates from the GL model at
ture of MgB, or just the effect of surface superconductivity lower temperatures, and temperature dependence iof-
on the determination oH.,. To sort out the origin of the Plies a breakdown of the GL model with an effective-mass
deviation from the GL model, angular dependence of bulk@nisotropy, which may be resulted from the special energy
qualities such as magnetization and specific heat is nece§ap structure in MgB The sample dependence pfcould
sary. The value ofy nearT, is about 2.2, which may be the be an indication of anisotropis-wave superconductivity
real parameter of effective-mass anisotropy. The temperatuith pancakelike energy gap or resulted from the different
dependence ofy can be fitted with relationy(T)= y* impurity levels in these samples, or just due to the overesti-
+k(1—T/T,). Here y*=1.87 is the band effective mass mation ofy for polycrystalline samples by the method pro-
anisotropy and=6 may be resulted from the anisotropy of Posed by Bud'ko. Though this method is not very accurate,
attractive electron-electron interaction. This result is verythe anisotropy parameter could be estimated roughly, espe-
similar to that reported by Angst al’ cially on homogeneous polycrystalline samples with weak
Using the same method, we also measured the in-planX pinning. There is almost no anisotropy in tak plane.
anisotropy of the upper critical fielth ,(¢) by carefully
aligning the magnetic field exactly in ttad plane for eachp
within 0.01°. The current is passed along thexis, where
we define the direction of the in-plane fiels=0°. Figure This work was partly supported by a Grant-in-Aid for
12 showsH.,(¢) at T=32 K for two samples measured Scientific Research from the Ministry of Education, Science,
with two different current densities. As is evident from the Sports and Culture, Japan.
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