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Anisotropic vortex pinning in the layered intermetallic superconductor CaAlSi

Ajay Kumar Ghosh,* Y. Hiraoka, M. Tokunaga, and T. Tamegai†

Department of Applied Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
~Received 14 March 2003; published 3 October 2003!

We have studied anisotropic magnetic properties of layered intermetallic superconductor CaAlSi with mod-
erate anisotropy. Near the upper critical field there is a prominent peak effect forHuuc at low temperatures and
it becomes weaker forHuuab. The estimated correlation lengthLc suggests the presence of three-dimensional
collective pinning around the peak effect. The critical current densities forHuuc andHuuab have been extracted
and compared. Flux pinning mechanism in CaAlSi is anisotropic. Collective core pinning is observed forHuuc
whereas there is a signature of deviation from it forHuuab. The vortex phase diagram, including the upper
critical field, irreversibility field, and peak field, has been studied. The thermodynamic critical field and
Ginzburg-Landau parameter have been estimated from the equilibrium magnetization. The nature of scaling of
the maximum pinning force densities with the thermodynamic critical field has been discussed. The tempera-
ture dependence of London penetration depth is consistent with single fully gapped state in CaAlSi.
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I. INTRODUCTION

The discovery of MgB2 ~Ref. 1! has been followed by
several studies of the physical properties of hexagonal su
conductors such as germanides2 and silicides.3,4 Among sili-
cides with AlB2 structure, so far CaAlSi is reported to b
with the second highest critical temperature.3 In this com-
pound, several studies including the band-structure calc
tion have been reported, which reveal that both the hon
comb layer formed by Al and Si and the intercalated
layers control various superconducting properties.3,5 How-
ever, not much work has been done on the mixed state
other related physical properties.

The mixed state properties of MgB2 and related supercon
ductors have been investigated by various groups recent
shed light on the several physical properties and th
correlations.6 Magnetization as a function of temperature a
field has been studied to explore the possibilities of its ap
cations. The magnetic hysteresis in MgB2 has been studied
by several groups. According to Larbalestieret al., the linear
behavior of the parameterH0.25DM is reported to be valid
within a broad range of temperature.6 Studies of the mag-
netic moments of single crystalline MgB2 lead to the extrac-
tion of various parameters which are found to be consis
with the standard Ginzburg-Landau~GL! and London
models7. The hysteresis curves are analyzed on the basi
the scaling properties of magnetization at various temp
tures, which reveal that irreversible magnetization of Mg2
is dominated by the bulk pinning up toT/Tc50.9.8 The criti-
cal current density for a pellet of MgB2 is reported to be of
the order of 105 A/cm2 at 4.2 K,9,10 which is high enough to
apply it for technological applications. In a thin film o
MgB2, Jc is measured fromM -H hysteresis andI -V curves
and found to be 105 A/cm2 at a magnetic field of 50 kOe a
15 K.11 The analysis ofJc in MgB2 from hysteresis shows
that the pinning via the spatial fluctuation in critical tempe
ture is important.12

Near the upper critical field, the temperature a
magnetic-field dependent peak effect is another interes
feature of conventional superconductors such as Nb3Ge,13
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2H-NbSe2,14 and high-temperature superconductors inclu
ing MgB2.15 Also, the study of the peak effect would b
informative regarding the softening of vortices in these la
ered superconductors.

We have studied the hysteresis of magnetization of sin
crystalline CaAlSi for two field orientations with respect
the hexagonal honeycomb layers~ab plane!. The peak effect
has been studied along two directions. The anisotropic na
of the critical current density and the pinning force densit
along two field orientations are evaluated and the poss
mechanism of the pinning is discussed. The vortex ph
diagram including irreversibility fields is determined. Th
London penetration depth is extracted from the equilibriu
magnetization and the thermodynamic critical field.

II. EXPERIMENT

The ingots of CaAlSi prepared by arc-melting of 1:1
stoichiometric mixture of Ca, Al, and Si in Ar environmen
are used to prepare the feeding and seed rods for the floa
zone method to grow single crystals in Ar environment.16 A
single crystal with shiny surfaces from the boule is cut in
rectangular shape with dimensions 3.031.2230.95 mm3.
We confirmed the reproducibility of data using other piec
of crystals. The magnetizationM is measured by the supe
conducting quantum interference device magnetom
~Quantum Design MPMS! for the applied field in two direc-
tions with Huuc andH'c in the temperature range betwee
2.0 K and 5.5 K.

III. RESULT AND DISCUSSIONS

The critical temperature of single crystalline CaAlSi
determined both from the magnetization at 5 Oe and ze
field resistivity measurements. The onset critical tempera
is 6.0 K with a transition width of 0.2 K and the residu
resistivity ratio of 2.7.17

The hysteresis curves at various temperatures are sh
in Figs. 1~a! and 1~b! for Huuc and H'c, respectively. We
show the hysteresis curves of CaAlSi at 2.0 K in the insets
©2003 The American Physical Society03-1
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Figs. 1~a! and 1~b! for Huuc andH'c, respectively, as rep
resentatives of several temperatures. TheM -H curves for
Huuc show a sudden strong increase in magnetization
certain field below the upper critical field as shown in F
1~a!. For Huuc, the peak effect is very prominent at 2 K@see
the arrows in Fig. 1~a!#. The height of the peak is reduce
with increasing temperature and the peak in the magne
tion becomes invisible above 4.5 K. The hysteresis cur
for Huuab shows weak signatures of peak effect only at lo
temperature as shown in Fig. 2~b! ~see the arrow!. Therefore,
the peak effect is anisotropic in CaAlSi. It reflects the dire
tional dependence of the pinning strength in CaAlSi.

The critical current densitiesJc(A/cm2) have been esti-
mated using the relation of extended Bean model:18,19

Jc5
40Mrem

b~12b/3a!
. ~1!

Here,Mrem(emu/cm3) is the irreversible magnetization an
a ~cm! and b ~cm! are lateral dimensions of the samplea
.b). The variation of critical currents with field are show
in Figs. 2~a! and 2~b!, for Huuc andHuuab, respectively. In
case ofHuuab we have not discriminated between two d
ferent components ofJc flowing in theab plane and alongc
axis. The critical current density in CaAlSi is smaller in o
der of magnitude in comparison to that in MgB2.9 Clearly,
Jc(H) for Huuc shows the peak effect close to the irreve
ibility field. As the temperature decreases the peak beco

FIG. 1. Magnetization curves at various temperatures from
K to 5.5 K at an interval of 0.5 K for~a! Huuc and ~b! Huuab.
Arrows show some of the peak positions. Insets of~a! and~b! show
the hysteresis curves at 2.0 K as representatives forHuuc and
Huuab, respectively.
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prominent and shifts towards higher magnetic fields. It h
been observed that MgB2 follows small bundle pinning, par-
ticularly close toTc , whereJc follows an exponential law:

Jc~H !5Jc~0!exp@2~H/H0!3/2#. ~2!

Here,H0 is a constant andJc~0! is the critical current density
at zero field.12 In CaAlSi, the variation ofJc does not fit with
the above formula.

The peak effect has been observed in both low-Tc and
high-Tc superconductors with a wide range of the anisotro
parameter. The occurrence of the peak effect in conventio
superconductors was first discussed by Pippard.20 Larkin and
Ovchinnikov ~LO! have explained the peak effect in critic
current density near the upper critical field based on the s
ening of the flux lattice.21 The concentration of pinning cen
tersn and the correlation volumeVc , which displaces inde-
pendently under the Lorentz force for a distance less than
coherence length, are very effective parameters to contro
nature of the peak effect. According to LO formulations t
peak effect disappears for the conditionf .a2(C̃44C66)

1/2.
Here,C̃445C44(12H/Hc2)k22 (k: GL parameter!, f is the
force of interaction of individual pinning centers with vorte
lattice,a is the vortex spacing, andC66 andC44 are shear and
tilt elastic moduli, respectively. Therefore, the variation
the strength of the peak effect in CaAlSi is caused by
change in the ratio of pinning strength and the elastic ene

0

FIG. 2. Critical current density as a function of the applied fie
for ~a! Huuc and ~b! Huuab. In both cases the temperatures a
between 2.0 K and 5.5 K with an interval of 0.5 K.
3-2
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Very strong peak effect in Nb3Ge and anisotropic
2H-NbSe2 around 0.9Hc2 has been thoroughly studied.13,14

The typical critical current density just below the peak effe
in 2H-NbSe2 is 1 –30 A/cm2 at 4.2 K and 10 kOe.22 How-
ever, the peak effect in MgB2, with strong pinning and cur-
rent density, is also observed in the variation of real a
imaginary parts of the ac susceptibility as functions of b
magnetic field and temperature.15 The peak effect in CaAlS
is more pronounced in comparison to that in MgB2.15 In
addition, the borocarbide superconductors with a typi
critical current density of 10 A/cm2 at 3.0 K also shows pea
effect.23,24 In CaAlSi, the critical current density just below
the peak effect is about 20–30 A/cm2 for Huuc and
5 –10 A/cm2 for Huuab at 4.0 K which is comparable to tha
in 2H-NbSe2 and is much lower than of MgB2. The peak
effect in 2H-NbSe2 is reported to be caused by the transiti
between the ordered and the disordered state of vortic25

However, magnetic decorations in NbSe2 have shown that
the enhancement of critical current density and the topol
of the vortex structure are uncorrelated.26 Therefore, the ac-
tual reason for the peak effect needs further studies.

The peak effect is controlled by several intrinsic para
eters such as the product of number of pinning centers
correlation volume, elastic moduli, and the strength of p
ning of individual centers. Following LO model we have th
pinning force densityFp5JcB5(W/Vc)

1/2. Here,W is the
volume density of pinning centers andf the elementary pin-
ning interaction.Vc is the correlation volume. Therefore, th
change in (W/Vc)

1/2 is manifested inFp around the peak
effect region.21 In CaAlSi, the lower critical current densit
and presence of the peak effect indicate that the strengt
the individual pinning center is optimized with respect to t
elastic energy which generates favorable condition for
peak effect. We have estimated the collective pinning len
Lc usingLc;j(J0 /Jc)

1/2, whereJ0 andJc are the depairing
critical current and critical current density, respectively, a
j is the coherence length.27 In the temperature and field re
gion around peak effect, for example, at 4.2 K and 3 kO
J0 /Jc;106 and we estimate thatLc is about 461 mm. The
typical value ofLc for NbSe2 in the peak effect region is
;10 mm.28 A dimensional crossover is possible from tw
dimensional to three-dimensional collective pinning whenLc
becomes larger than the half of the sample thicknes13

Around the peak effect in CaAlSi,Lc is smaller than the hal
of the thickness (;900 mm) of the sample. Therefore, thre
dimensional LO collective pinning describes the peak eff
in CaAlSi.

In both NbSe2 and YNi2B2C, the peak effect is observe
for both Huuc andHuuab.14,24Also, in MgB2 the peak effect
is reported for both directions.15,29 In anisotropic supercon
ductors, shear moduli are different for different directions30

Accordingly, the strength of pinning has variation with dire
tion, which is the major cause of the change in the stren
of the peak effect for two directions. The angular depende
of the peak effect may be important in this compound, an
will be a future study.

Figure 3 shows the phase diagram of CaAlSi. The ir
versibility field Hirr determined with the criterion ofJc
51 A/cm2 for both Huuc and Huuab is also shown. The ir-
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reversibility fields show linear variation with temperatur
The vortex phase diagram in Fig. 3 includes the upper c
cal fields Hc2 for both Huuc and Huuab obtained from the
temperature dependence of magnetization at various field16

The position of the peak effect,Hp , is also plotted in Fig. 3.
Hp closely follows the temperature dependence ofHc2 and it
supports the softening of vortex lattice as its origin.

We have extracted the pinning force densityFp5JcB and
plotted in Figs. 4~a! and 4~b! as a function of applied field. In
the inset of Figs. 4~a! and 4~b!, Fp /Fp(max) is plotted with
the reduced magnetic fieldH/Hirr . Though the scaling is
observed at lower range of temperature, the global fea
reveals that the scaling of pinning force density forHuuc is
not present at higher temperature such as 5.5 K in CaAlS
suggests that the pinning mechanism is different at hig
temperatures close to the transition temperature. Howe
the pinning scenario up toT54.5 K remains almost similar
including the peak effect.

It is noticeable that the variation ofFp for Huuab is en-
tirely different from that forHuuc. In the latter case,Fp
gradually decreases with the magnetic field and shows
broad peak as observed forHuuc @see Fig. 4~b!#. The pinning
mechanism may be unaltered over a wide range of temp
ture from 2 K to 4.0 K.However, the scaling is not observe
again at high temperatures above 4.5 K. Therefore, the
ning mechanism is more sensitive to temperature in the fi
orientation ofHuuab. It clearly manifests the anisotropic pin
ning strength of individual centers with magnetic field.
will be interesting to mention that the pinning force dens
in nonmagnetic borocarbide is studied forHuuc andHuuab.24

The magnitude and the nature of variation ofFp(H) is found
to be quite different for two directions. The possibility o
other mechanisms besides nonlocal effects, which is ge

FIG. 3. Vortex phase diagram of CaAlSi. Solid circles and op
circles representHc2 for Huuab and Huuc, respectively@obtained
from earlierM (T) measurements#. Solid squares and open squar
representHirr for Huuab and Huuc, respectively, obtained from
Jc(H) of the present study. Open and solid triangles correspon
the peak positions forHuuc andHuuab, respectively, at several tem
peratures. The solid lines through the data points are guide to e
Thermodynamical critical fieldsHc at various temperatures fo
Huuc andHuuab are shown in the inset.
3-3



-
o

a
te
et

or
r-

-
in

in

r
o

tio
-

mic
e
-
es

lk
re-

r

-

l is
th

he
lSi
ed

ra

or

GHOSH, HIRAOKA, TOKUNAGA, AND TAMEGAI PHYSICAL REVIEW B 68, 134503 ~2003!
ally observed for clean and high-k superconductors, is attrib
uted to the origin of the complexity of angular dependence
pinning force density.24

In the variation ofFp /Fp(max) withH/Hirr for Huuc, the
position of the peak indicates the nature of pinning. Pe
positions at 0.4 to 0.5 demonstrate that the pinning cen
are superconducting in nature with reduced order param
TheFp /Fp(max) versusH/Hirr for Huuc in CaAlSi shows a
peak aroundH/Hirr ;0.3 @see inset of Fig. 4~a!# for Huuc.
According to the previous studies on the low-Tc supercon-
ductors, it will be at 0.33, which represents that the c
pinning is responsible for such variation of the critical cu
rent density forHuuc.31,32With the change in the field orien
tation, the peak positions is shifted towards 0.1, indicat
deviation from the collective core pinning.

We have evaluated the equilibrium magnetization us
Meq5(M 11M 2)/2 for all temperatures whereM 1 andM 2

are magnetizations for increasing and decreasing field,
spectively. Following the procedure shown by Thomps
et al. for borocarbide superconductors33 we have evaluated
the reversible magnetizations. The reversible magnetiza
as a function of field forHuuc andHuuab at various tempera

FIG. 4. Variations of pinning force densityFp with the magnetic
field at various temperatures for~a! Huuc and ~b! Huuab. Insets
show the variation ofFp /Fp(max) with the reduced fieldH/Hirr .
The scaling relation for each direction is found at lower tempe
tures.
13450
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tures is shown in Figs. 5~a! and 5~b!, respectively. Integrating
the area under these curves we extract the thermodyna
critical field Hc and plot it in the inset of Fig. 3. We hav
assumed that the linearMeq-ln(H) relation can be extrapo
lated to lower-field range, where the large irreversibility do
not allow an accurate estimation ofMeq . Hc values are al-
most the same for two directions, giving evidence for bu
nature of superconductivity which strongly supports our p
vious finding of cusplike angular dependence ofHc2 near
Huuab.16 Using Hc(T)5Hc(0)(12t2), Hc(0) is evaluated
as 0.45 kOe. With this value andHc2(0)5A2kHc(0), we
have evaluated in-plane London penetration depthlab(0)
53140 Å. Together with the coherence length ofjab(0)
5196 Å ~Ref. 16! the GL parameterk is evaluated as 20 fo
Huuc.

The London penetration depth forHuuc, lab , can be in-
dependently obtained by using the London formula

24pM5
aF0

8pl2
lnS bHc2

H D . ~3!

Here,F0 is the flux quantum, anda andb are constants of
the order of unity. In case of the core corrections in highk
superconductor,a and b may differ from unity.34,35 Using
the slope of Meq versus lnH in the region of Hc1!H
!Hc2, and taking a5b51, we have extractedlab as
shown in Fig. 6. The variation oflab(T) is comparable to
BCS model as shown in Fig. 6, whereas two-fluid mode
not. The magnitude of the London penetration dep
lab(0)53100 Å is consistent with that extracted using t
thermodynamic critical field. This fact suggests that CaA
is a typical BCS superconductor with single fully open
gap.

-

FIG. 5. Equilibrium magnetization with the magnetic fields f
~a! Huuc and ~b! Huuab at various temperatures.~a!–~h! represent
2.0–5.5 K at an interval of 0.5 K in each panel.
3-4
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ANISOTROPIC VORTEX PINNING IN THE LAYERED . . . PHYSICAL REVIEW B68, 134503 ~2003!
Scaling of pinning force density with the thermodynam
cal critical field provide the insight into the energy scale
the involved vortices.36 We have plotted the maximumFp for
two directions withHc in the inset of Fig. 6.Fp(max) is
found to be scaled asFp}Hc

h , whereh52 and 1.6 forHuuc
andHuuab, respectively. It is interesting to mention that th
exponent (h) for LuNi2B2C is 2 for Huuab.36 Since the line
energy of vortex is proportional toHc

2 , it is reasonable to say
that the lower value ofh for Huuab is correlated with the
deviation from the collective core pinning.

Another interesting feature observed from the equilibriu
magnetization is the nonlinear variation ofMeq with ln(H).
The variation of the equilibrium magnetization with logarit
mic magnetic field reveals that at lower temperatures
nonlinearity is prominent in both cases~see Fig. 5!. As the
temperature is increased to 5.5 K the variation ofMeq be-

FIG. 6. London penetration depthlab of CaAlSi as a function of
temperature. The solid line and dotted lines represent BCS
Gorter-Casimir two-fluid models, respectively. Inset shows
variation ofFp(max) with Hc for Huuc andHuuab.
ata

d

.
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-
C
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.
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comes linear for both field orientations. According
Kogan’s formulation, highk and clean materials show non
linearity for the nonlocal corrections.37 However, nonlinear-
ity in Meq-ln(H) curves in clean superconductor is in such
way that the slopedMeq /d ln(H) decreases at highe
fields. By contrast, the slope increases at higher fie
in CaAlSi. This may correspond to the situation
Lu(Ni0.91Co0.09)2B2C, where the crossover from the Londo
to the linear regime shows up.38

IV. CONCLUSIONS

We have studied the magnetic hysteresis of single crys
line CaAlSi. The hysteresis of magnetization shows p
nounced peak effect forHuuc and weak peak effect fo
Huuab. The observed peak effect is sensitive to the tempe
ture. The collective correlation length forHuuc is about 4
61 mm, indicating the three-dimensional collective pinnin
in the peak effect region of CaAlSi. The variation of critic
current densities with field is anisotropic in nature. The sc
ing properties are observed forHuuc, with an evidence of the
collective core pinning. A different nature of scaling indica
ing rapid decrease inJc with H is found for Huuab. The
maximum pinning force densities for both directions sc
with the thermodynamic critical field with exponent 2 an
1.6 for Huuc and Huuab, respectively. The in-plane Londo
penetration depth obtained from equilibrium magnetizat
follows BCS-type temperature dependence, withl(0)
53100 Å, suggesting the presence of single fully open
gap.
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