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Determination of superconducting anisotropy from magnetization data on random powders as
applied to LuNi2B2C, YNi2B2C, and MgB2
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~Received 27 June 2001; published 12 October 2001!

The recently discovered intermetallic superconductor MgB2 appears to have a highly anisotopic upper
critical field with Hc2

max/Hc2
min[g.5. In order to determine the temperature dependence of bothHc2

max andHc2
min

we propose a method of extracting the superconducting anisotropy from the magnetizationM (H,T) of ran-
domly oriented powder samples. The method is based on two features in (]M /]T)H : the onset of diamagne-
tism atTc

max, that is commonly associated withHc2, and a kink in]M /]T at a lower temperatureTc
min . Results

for LuNi2B2C and YNi2B2C powders are in agreement with anisotropicHc2 obtained from magnetotransport
measurements on single crystals. Using this method on four different types of MgB2 powder samples we are
able to determineHc2

max(T) andHc2
min(T) with g'6.

DOI: 10.1103/PhysRevB.64.180506 PACS number~s!: 74.25.Dw, 74.60.Ec, 74.25.Ha
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Anisotropic type-II superconductors have been studied
a number of years1 with a revisited interest after the discov
ery of strongly anisotropic high-Tc cuprates. The possibility
has recently been raised that MgB2 (Tc'40 K) may also be
highly anisotropic.2 The quantitative characterization of th
anisotropy is usually one of the first questions3 to be ad-
dressed after the material is synthesized. One of the m
accurate methods of extracting the anisotropy parameteg
5Hc2

max/Hc2
min is by measuring the torque upon the sing

crystal sample in intermediate fieldsHc1!H!Hc2 inclined
relative to the crystal axes@we are interested here in uniaxi
materials with large Ginzburg-Landau~GL! parameterk
5l/j; l andj are the penetration depth and the cohere
length, Hc1 and Hc2 are the lower and the upper critica
fields#.4 The method is based on the existence of the tra
verse magnetization in anisotropic superconductors wh
causes the torque, the angular dependence of which dep
only on g.5

Often, materials are first synthesized in a polycrystall
form. Anisotropy estimates of such samples can be infer
by a number of measurements. In one of the comm
schemes,6 a powder of the material is mixed with a low
magnetic background epoxy and aligned in a high magn
field. The alignment is made permanent by curing the epo
The necessary requirements include a powder that consis
single crystalline grains with a considerable normal st
magnetic anisotropy. The samples obtained in this way
suitable for anisotropic magnetization measurements. U
ally, uncertainties in a degree of alignment lead to unde
timates ofg.

We describe here a simple method to assess the aniso
and to delineateHc2

max(T) and Hc2
min(T) by analysis of the

magnetizationM (T) taken for several values of the applie
field H. We establish the validity of this method by compa
son of anisotropicHc2(T) measured directly~by magne-
totransport! on single crystals of quaternary borocarbi
superconductors7 LuNi2B2C and YNi2B2C, with the values
extracted from theM (H,T) data on randomly oriented pow
ders. We then use the method to determine the curve
Hc2

max(T) andHc2
min(T) for MgB2 and to obtaing'6, close to
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the values given in Ref. 2. Throughout this work we w
analyze zero field cooled magnetization data, however,
position of the features observed does not depend on
measurements history, as it will be shown below for MgB2.

Single crystals of LuNi2B2C and YNi2B2C were grown
using the Ni2B flux growth technique.7,8 Four different
samples of MgB2 were used in this work:~i! polycrystalline
sintered Mg11B2, ~ii ! MgB2 wire segments, and commercia
99.5% purity MgB2 powders from two sources:~iii ! Accumet
Materials Co. and~iv! Alfa Aesar. Samples~i! and ~ii ! were
synthesized by reacting elemental boron with Mg
950° C.9–11

The anisotropicHc2(T) of LuNi2B2C and YNi2B2C
single crystals were measured directly by monitoring res
tanceR(H,T) near the superconducting transition. For t
magnetization measurements, single crystals of borocarb
and bulk samples of MgB2 were ground to powder, mixed
with Epocast 121 epoxy~the epoxy has weak featureless di
magnetism in theH2T range of interest!, stirred to assure
random orientation of particles and cured at 120° C for 1
dc magnetization measurements were performed in Quan
Design MPMS-5 or MPMS-7 superconducting quantum
terference device~SQUID! magnetometers. Resistance
borocarbides were measured using LR-700 ac resista
bridge (f 516 Hz, I 51 –3 mA) and theH2T environ-
ment of the MPMS instruments. Contacts to the samp
were made with Epo-tek H20E silver epoxy. Currents we
flowing in theab plane, whereas the field was applied pe
pendicular to the current, along thec axis or in theab plane.

The data on anisotropicHc2 for nonmagnetic borocar
bides were reported in several publications.12–15 Since the
Hc2 anisotropy appears to be somewhat sample depend
we performed direct magnetotransport measurements
samples from the same batches that were used for ran
powder magnetization measurements. Figure 1 shows re
sentative resistance,R(H), data for LuNi2B2C measured at
constant temperatures for two field orientations. The re
tively measured superconducting transition broadens slig
in field; this results in criterion-dependentHc2(T) curves.
Still, the anisotropy ofHc2(T) turns out practically criterion
©2001 The American Physical Society06-1
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independent. In the following we use the criterion of t
maximum slope intersection with theR50 line, as shown in
Fig. 1.

An example of magnetization data,M (T), in a constant
field, H530 kG, for a powder sample of LuNi2B2C is
shown in Fig. 2 along with the temperature derivati
]M /]T. We interpret the behavior of]M /]T as follows~see
Fig. 3!. Upon cooling a powdered sample in a fixedH, there
is a deviation from a roughlyT independent normal stat
magnetization~for nonmagnetic materials as is the case
the three compounds discussed here! to an increasingly dia-

FIG. 1. RepresentativeR(H) curves for LuNi2B2C. Data shown
are from 6 to 14 K taken every 2 K. The criterion forHc2(T) is
shown by the vertical arrow in the upper panel.

FIG. 2. MagnetizationM (T) for H530 kG and its temperature
derivative for a randomly oriented powder of LuNi2B2C. The ver-
tical arrows showTc

min(H) andTc
max(H).
18050
r

magnetic signal atT5Tc
max. A second sharp feature will oc

cur in ]M /]T when the sample temperature passes thro
Tc

min . This can be most clearly understood by consider
what happens to the sample upon warming. ForT,Tc

min all
grains are superconducting whereas forT.Tc

min part of them
will become normal, depending upon their orientation w
respect to the applied magnetic field. Therefore, upon wa
ing throughTc

min there will be a kink in]M /]T associated
with the onset of normal state properties in an increas
number of appropriately oriented grains. In Fig. 2 this can
seen in the]M /]T plot with Tc

max510.6 K and Tc
min

58.7 K. The temperaturesTc
min and Tc

max are marked with
vertical arrows in Fig. 2. It is worth noting that when a sing
Hc2(T) value is obtained from measurements on polycrys
line samples it is actually the maximum upper critical fie
Hc2

max(T).10,11

The M (T) data taken for a number of fixed fields we
analyzed in a similar manner; the resulting curvesHc2

min(T)
andHc2

max(T) are presented in the upper panel of Fig. 4~open
symbols!. These are plotted together with the directly me
sured anisotropicHc2(T) from magnetotransport measur
ments on LuNi2B2C single crystals from the same batch. It
seen that both sets of data are in agreement. We obtag
'1.2–1.3. Albeit slightly higher, this value ofg is consistent
with values reported in literature: e.g.,g'1.2.15 Similar
measurements and analysis were performed on YNi2B2C.
The results are shown in the lower panel of Fig. 4. T
slightly higher mismatch between the magnetotransp
Hc2’s of single crystals and those extracted from powd
magnetization measurements than for the case of LuNi2B2C
might be due to arbitrary in-plane field orientation
magneto-transport measurements, choice of criteria an
error bars in the measurements.

It is worth noting that the method of extracting the anis
tropic Hc2(T) and the anisotropy parameterg from the pow-
der data presented here constitutes a robust procedure
pendent of a particular model for describing the anisotro
Moreover, the method is just based on the existence of a k
in ]M /]T located atT5Tc

min , a feature which should be

FIG. 3. Sketch of the maximumHc2
max(T) and the minimum

Hc2
min(T) upper critical fields. For a given applied fieldH, the rela-

tion H5Hc2
min(Tc

min)5Hc2
max(Tc

max) defines temperature
Tc

min ,Tc
max. The open~shaded! rectangles represent supercondu

ing ~normal! grains forT,Tc
min , Tc

min,T,Tc
max, andT.Tc

max.
6-2
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present for any angular distribution of the grains~as long as
it is continuous, but not necessarily random!. The analysis of
the M (H,T) data can be pushed further to relateg to other
material characteristics (k, l, etc!.22,23This, however, would
have involved more information@e.g., randomness, assum
tions on linear dependences ofM on (Hc22H) and (Tc
2T)] and we will not pursue this here. It should be not
that in superconductors with strong fluctuations~like HTSC!
the region of superconductor-normal transition and the k
in ]M /]T may be smeared. In such cases this simple met
may become less accurate. Fortunately, neither RNi2B2C nor
MgB2 compounds suffer from this difficulty.

With the validity of this method established for boroca
bides, we can use it for MgB2.24 An example of zero field
cooled~ZFC! and field cooled~FC! magnetization curves fo
H55 kG and their temperature derivatives is shown in F
5. As in borocarbides, a clear feature atTc

min is seen in
]M /]T at the same temperature both in ZFC and FC d
With increasingH, this feature moves down in temperatu
faster thanTc

max and disappears forH.25 kG.
Hc2

min(T) andHc2
max(T) curves were deduced from magn

tization data collected in fixed fields for four differen
samples of MgB2. These data are presented in Fig. 6. D

FIG. 4. The upper panel: the minimum upper critical fie
Hc2

min(T) ~open circles! and the maximum oneHc2
max(T) ~open tri-

angles! for LuNi2B2C powder obtained by analysis of]M /]T.
Filled circles and triangles areHc2

c (T) and Hc2
ab(T), respectively,

from magnetoresistance measurements on LuNi2B2C crystals. The
lower panel: the same for YNi2B2C.
18050
k
d

.

a.

a

for the sintered powder and the powdered wire segments
very similar. TheHc2

max(T) curves are consistent with th
reported10,11 polycrystalline magnetotransportHc2(T). The
extracted anisotropy isg'526. Both commercial MgB2
powders haveTc values that are 1–1.5 K lower than sintere
powder or wire segments~see Fig. 6!, presumably due to
higher levels of impurities/defects. The features in]M /]T
are less pronounced in commercial powders, however,
resulting anisotropies are similar to those observed in cl
MgB2 ~Fig. 6!. For these samplesg'627. It is worth not-
ing that the irreversibility temperature~see inset to Fig. 5! is
well separated in temperature from the feature observe
Tc

min and the irreversibility line10 for MgB2 is clearly distinct
from the obtained anisotropicHc2(T) curves.

FIG. 5. MagnetizationM (T) of the powder sample of MgB2 at
H55 kG ~ZFC: open circles; FC: line! and their temperature de
rivatives ~ZFC: filled circles; FC: line!. Inset: temperature depen
dence ofDM5MFC2MZFC , vertical arrow shows the irreversibil
ity temperature.

FIG. 6. AnisotropicHc2(T) curves for four different samples o
MgB2 obtained from the analysis of magnetization. Filled circl
and up triangles: sintered powder; open circles and up triang
wire segments; crosses and astericks: Accumet; open diamond
down triangles: Alfa Aesar. The right vertical arrow showsTc for
sintered powder and wires, the left one, for commercial powde
6-3
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There have been reports of theHc2 anisotropy for MgB2.
The anisotropyg for separate particles settled on a flat s
face is 1.73.16 For a hot-pressed bulk sample,g'1.1.17 Mea-
surements onc-axis oriented thin films18 gave g51.822,
with the higherg for films with higher resistivity and lower
Tc . Recently, there were several announcements on gro
and anisotropic properties of sub-mm sized single crystal
MgB2.19–21In all three cases the residual resistance ratio w
527 and the transition temperature was'0.521 K lower
than for polycrystalline materials.9,11,24 The Hc2 anisotropy
was found to be in the range 2.623. A significantly higher
Hc2 anisotropy (g'629) was inferred from conduction
electron spin resonance measurements and from fits to
reversible part ofM (H) on high purity and high residua
resistance ratio samples.2 The results for MgB2 obtained in
this work are consistent with the latter and are at the hig
end of the wide spread of values in the literature.

The method of extracting the superconducting anisotr
suggested in this paper works well for random powders
LuNi2B2C and YNi2B2C, for which the results were com
pared with direct measurements ofHc2. Moreover, theg
values so obtained are in agreement with the microsco
theory,25 according to which

g25
^D~kF!vab

2 &

^D~kF!vc
2&

, ~1!

wherev i are the Fermi velocities and̂•••& stand for Fermi
surface averages. For the isotropic gap functionD(kF)
5constant, the band structure estimates give26,27
18050
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g5A^vab
2 &/^vc

2&'1.2. ~2!

This, however, is not the case for MgB2. The ratio
^vab

2 &/^vc
2& averaged over thewhole Fermi surface for this

material is close to unity,28 whereas our values ofg2 are in
the range 25250. This is indicative of a strong anisotropy o
D(kF). There are arguments29 that the electron-phonon inter
action is particularly strong on the Fermi surface she
shaped as slightly distorted cylinders along thec crystal di-
rection. The ratiô vab

2 &/^vc
2& averaged only over these cy

inders is estimated as'40.30 If the gapD on the remaining
Fermi surface sheets is negligible, we expect the superc
ducting anisotropy to beg'A40'6, the value close to tha
extracted from our analysis of the magnetization.

In conclusion, we suggest a simple method of evaluat
of the anisotropy of the upper critical field from the analys
of the temperature dependent magnetization of randomly
ented powders. In the case of nonmagnetic borocarbides
results are in good agreement with the direct measurem
on single crystals and with the band-structure calculatio
provided the gap is isotropic. For MgB2, the estimated an-
isotropy isg'527, which can be reconciled with the ban
calculations only if the superconducting gap on the cylind
cally shaped sheets of the Fermi surface is dominant.
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