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Angular dependence of the upper critical field in CaAlSi single crystal:
Deviation from the Ginzburg-Landau anisotropic mass model

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

Department of Applied Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
~Received 30 October 2002; published 6 August 2003!

The anisotropic upper critical field in CaAlSi with an AlB2 structure has been investigated by magnetic,
transport, and specific heat measurements. The variation ofHc2 with u, the angle between theab plane and the
applied field, determined from the transport measurements at various temperatures, show a cusplike behavior
nearu50° unlike the prediction of the Ginzburg-Landau anisotropic mass model. Rather, the angular depen-
dence is consistent with Tinkham’s formula for thin film superconductors. We have found an increase in the
anisotropy parameter with temperature. The negligible in-plane anisotropy ofHc2 is consistent with the small
mean free path in this compound.
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The discovery of MgB2 with an AlB2 structure has cre
ated tremendous interest in investigating the various phys
properties of compounds having similar structures.1 Silicides
with AlB2-structures have been reported recently.2 Studies of
superconducting properties in such systems will be helpfu
explain the mechanism of superconductivity in this class
hexagonal materials. Also, the study of these supercond
ors is related to the technological application of them in
vices. Among the various silicides with an AlB2-type struc-
ture is a high pressure superconducting phase of C2
with a Tc of 14 K.3 Recently, ternary silicides like
Sr(Ga0.37Si0.63)2 and CaAlSi were reported to b
superconducting.2,4 The common feature of these two sil
cides is the existence of hexagonal honeycomb layers
randomly distributed Si and Ga or Al and intercalated lay
of Sr or Ca. On the basis of a band structure calculation
CaSi2 the electronic structure near the Fermi level was att
uted to the mixed state of Sr 4d states andp states of Si and
Ga in Sr(Ga0.37Si0.63)2.4 According to the band structure ca
culations, the hybridized states of Ca 3d andp states of Al
and Si control the superconductivity in CaAlSi.5 The physi-
cal properties are affected both by atoms in~Al, Si! sites as
well as Ca sites of the silicide compounds. Some other
nary and pseudobinary intermetallic compounds with sim
structures are also reported to be superconducting.6

In order to investigate the role of honeycomb layers w
other intercalated layers anisotropic normal as well as su
conducting state properties need to be studied intensi
using single crystals. The upper critical field characteriz
the normal to superconducting state transition is one s
property. Investigating the angular dependence ofHc2 the
roles of various layers and the interaction among them
be explored. We have measured the anisotropic magne
tion and transport properties of single crystalline superc
ducting CaAlSi. The upper critical field has been determin
at various angles,u, from a variation of the resistivity with
magnetic field at several temperatures. The variation of
anisotropy parameter with temperature has also been in
tigated. Results are compared with the existing theories
pressing the angular variation of the upper critical field.

The ingots of CaAlSi are prepared by arc melting a 1:
stoichiometric mixture of Ca, Al, and Si in an Ar environ
0163-1829/2003/68~5!/054507~5!/$20.00 68 0545
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ment. The ingots are then used to prepare the feeding
seed rods for the floating-zone method to grow the sin
crystal. Single crystals are grown with a growth rate of
mm/h in an Ar environment with a flow rate of 1 l/min. Th
rods are rotated in the opposite directions at an angular sp
of 20 rpm. Single crystals with shiny surfaces are extrac
for the measurements. The typical dimensions of the crys
are 3.031.031.0 mm3. The magnetization measurements
a function of temperature are done with applied field bo
parallel and perpendicular to thec axis using a superconduc
ing quantum interference device magnetometer~MPMS-XL,
Quantum Design!. The transport measurements are done
ing a four-probe method. We have measured the resistiv
along thec axis andab plane as a function of temperature b
putting different contacts for the two cases so that the cur
flows uniformly. The in-plane resistivity is measured as
function of the magnetic field at various temperatures. A v
tor magnet system with horizontal and vertical compone
and a two-axis sample rotator is used to apply the magn
field in any direction. We have also measured the resistiv
as a function of the magnetic field for various in-pla
angles. The specific heat as a function of the temperature
been measured at several fields forHuuab by the relaxation
method.

The critical temperature of single crystalline CaAlSi
determined from field-cooled and zero field-cooled magn
zations at 5 Oe, shown in the inset of Fig. 1~a!. The onset
critical temperature is 6.0 K, with a transition width of 0.2 K
as shown in the inset of Fig. 1~a!. The resistivity along thec
axis andab plane is shown in the inset of Fig. 1~b!. The ratio
of rc /rab is about 3.1 at room temperature. The field-coo
magnetization (M ) at various magnetic fields forHuuc and
Huuab is shown in Fig. 1. The upper critical fieldsHc2

c and
Hc2

ab are determined from the onset of diamagnetism
shown in Fig. 1~a!. The variations ofHc2

c andHc2
ab are plotted

in Fig. 2. The anisotropic nature of CaAlSi sample is r
vealed clearly. On close inspection it is revealed that thou
the variation ofHc2

c is linear below 5.5 K that ofHc2
ab is not,

particularly below 4.5 K. We have also shownHc2 in Fig. 2
obtained from the specific heat measurements~see the inset
©2003 The American Physical Society07-1
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of Fig. 2! at several magnetic fields forHuuab, which clearly
supports the bulk nature of superconductivity in CaAlSi
this configuration.

For dirty isotropics-wave superconductors, the extrap
lated upper critical field is given by Hc2(0)5
20.69Tc(]Hc2 /]T). The slopes ofHc2

ab(T) andHc2
c (T) are

24.05 and22.08 kOe/K, respectively. The related valu
are Hc2

ab(0);16.8 kOe andHc2
c (0);8.6 kOe which are

equivalent to an anisotropy of 1.95. We have extracted
coherence lengthsjc(0) and jab(0) from the relations
jab(0)5@F 0/2pHc2

c (0)#1/2 and jc(0)
5F 0/2pHc2

ab(0)jab(0), where F 0 is the flux quantum.
From the above critical field values, the coherence leng

FIG. 1. Field-cooled magnetization as a function of the tempe
ture. ~a! is for Huuc from 1 to 8 kOe, and~b! is for Huuab from 1
kOe to 16 kOe with intervals of 1 kOe. The inset of~a! shows the
temperature dependence of the field-cooled~FC! and zero field-
cooled magnetizations at 5 Oe. The inset of~b! shows the variation
of resistivities along thec axis (rc) and theab plane (rab).

FIG. 2. The upper critical fields of CaAlSi forHuuc ~open circle!
and Huuab ~open square! extracted fromM2T and specific heat
~solid circle! measurements. The inset shows the specific heat
function of temperature at 5 kOe forHuuab.
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are calculated asjab(0)5196 Å andjc(0)5100 Å . The
mean free path is calculated froml 53/@rN(0)vFe2# @r is
the resistivity,N~0! the density of states at Fermi level,vF
the Fermi velocity#. According to the band structure calcula
tion of CaAlSi, the density of states~DOS! at the Fermi level
is contributed by Ca–3d states which dominate over the 3p
states of Al and Si~about six times!. The total DOS at the
Fermi level @N(0), 1/eV/cell# is 1.13.5 Since no measure
ments have been reported onvF for CaAlSi, we assume the
values for MgB2 to obtain a rough estimation.7 l is estimated
as 29 Å in CaAlSi, from which we confirm our assumptio
l !j that CaAlSi belongs to dirty superconductors.

The resistivity as a function of the applied magnetic fie
(H) is shown in Fig. 3 for four temperatures: 3.0, 4.2, 5
and 5.5 K. Each panel of Fig. 3 is for anglesu ranging from
0° to 90° with an interval of 5°. We have also measur
negativeu and close tou50° with closely spaced intervals
The upper critical fieldHc2 has been determined from th
criterion of r50.5rn , wherern is the normal state resistiv
ity. In Fig. 4, Hc2 is plotted as a function ofu. It is observed
that there is a cusplike behavior close tou50°. This feature
is found at all measured temperatures as revealed in Fig
In addition, we have extractedHc2 with the conditionsr
50.1rn and r50.9rn which show similar cusplike varia
tions with u as shown in the inset of Fig. 4.

According to the Ginzburg-Landau~GL! anisotropic mass
model the variation ofHc2 can be represented as8

Hc2~u!5Hc2
uu ~cos2u1g2sin2u!20.5. ~1!

Here,Hc2
uu is the critical field corresponding tou50° andg

is the anisotropy parameter. We have plotted theHc2(u)
from Eq.~1! in Fig. 4 with the dotted lines. The experiment
data points clearly deviate from this behavior, particula

-

a

FIG. 3. The resistivity as a function of applied magnetic field
various angles fromu50° to u590° every 5° at~a! T53.0 K, ~b!
4.2 K, ~c! 5.0 K, and~d! 5.5 K. The two lines for each angle are fo
increasing and decreasing magnetic fields.
7-2
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aroundu50°. In the case of MgB2, it is found that the GL
model can well describe the angular variation ofHc2 mea-
sured by the torque magnetometry.9

Starting from the GL equation and based on the flux qu
tization, Tinkham calculated the variation ofHc2(u) for a
thin film of thicknessd satisfying the conditiond!j. The
formulation shows that the angular dependence can be
pressed as10

UHc2~u!sinu

Hc2
' U1S Hc2~u!cosu

Hc2
uu D 2

51. ~2!

In this case,Hc2
' and Hc2

uu are the critical fields foru590°
andu50°, respectively. We have found that Eq.~2! nicely
reproduces the experimental data points~see Fig. 4!. In the
region of smallu, the cusplike behavior of Tinkham’s for
mula matches well with the experimentalHc2 values, as
shown in the inset of Fig. 4 for 4.2 K. However, since we a
dealing with a bulk single crystal with its thickness mu
larger thanjc , application of the thin film formula seem
unreasonable.

In superconducting multilayers formed by artificial dep
sition of superconducting and nonsuperconducting lay
there have been several reports on the crossover from a
like three-dimensional~3D! character to a Tinkham-like 2D
character induced by the temperature or thickness of no
perconducting layers.11 In these reports the coupling betwee
the superconducting layers is caused either by Josep
tunneling or by proximity effects in the presence of insul
ing layers~Nb/Ge!~Ref. 12! or normal layers~Nb/Cu!,13 re-
spectively. In Nb/Cu multilayers, the angular dependence
Hc2 shows a transformation from a rounded behavior to
cusplike behavior continuously induced by the change
dCu, the thickness of the Cu layer, fromjc5dCu to jc
56dCu. Tinkham’s formula predicts that the slope arou
u→0° should be expressed by,udHc2 /duu5(Hc2

uu )2/2Hc2
' ,

while it approaches zero in the GL model. On a close insp
tion of Hc2(u), the best fitting to Tinkham’s formula is foun

FIG. 4. The variations of the upper critical field with the angleu
for the temperatures 3.0, 4.2, 5.0, and 5.5 K. The solid and do
lines are Tinkham’s formula and the GL model, respectively. T
inset shows the magnified cusp region at 4.2 K which is well rep
duced by Tinkham’s formula.Hc2, with the conditionsr50.1rn

and r50.9rn at 4.2 K, are shown in the inset by cross and p
symbols, respectively.
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for 4.2 K. However, at intermediate angles the deviation
tween the experimental points and the theoretical formul
evident as in the cases of 3.0 and 5.5 K. A similar deviat
from Tinkham’s formula in the two-dimensional regime
observed in Nb/Cu.13 It should be noted that a cusplike be
havior occurs even in multilayers with a relatively small a
isotropy. In Nb/Cu multilayers, the slope 1/Hc2(dHc2 /du) is
almost zero only whenHc2

ab/Hc2
c &1.5. As soon asHc2

ab/Hc2
c

.2, the slope becomes finite, indicating the presence of t
dimensional superconductivity.13

In the case of multilayers, the two dimensionality is e
pected in the conditiondn.jc.ds , wheredn andds are the
thicknesses of the normal and superconducting layers. T
means that the presence of a rather thick normal laye
required for the presence of cusplike behavior. In order
pursue such a possibility, we reexamine the structure
CaAlSi. In Fig. 5, we show an x-ray diffraction pattern in th
u22u scan. Here we set the crystal on a diffractometer
that thec-axis is perpendicular to the x ray for 2u50°. Clear
fivefold and twofold superstructure peaks are observed, fr
which the realc-axis lattice constant is 21 Å for the forme
case. How these two kinds of superstructures~co!exist is not
clear. Furthermore, the origin of superstructures and wh
layer is superconducting is a matter of future study. Desp
all these uncertainties, the largerc-axis unit cell opens a
possibility for the thick normal layer separating superco
ducting layers in CaAlSi. Admittedly the presence of a s
perstructure certainly helps to make the system more
dimensional; still the conditiondn.jc(5100 Å! is not sat-
isfied. Whether a two-dimensional behavior is possible wh
dn is comparable to or slightly smaller thanjc should be
clarified in due course. Alternatively, CaAlSi may have a
ditional inhomogeneities of a much larger scale, such as
nar inclusions, to make the system more two dimensiona
is interesting to note that the variation ofHc2 in another
hexagonal layered superconductor Cs0.2WO3 with the polar
angle,u, shows a similar variation.14 Also, it is reported that
Hc2(u) in MgB2 single crystal shows deviation from the G
model.15

We have extracted the anisotropy parameterg5Hc2
ab/Hc2

c

from both magnetization and transport measurements,
plotted them in Fig. 6~a! as functions of the reduced temper
ture t5T/Tc . g in CaAlSi increases with the increase
temperature. This is, to the best of our knowledge, the fi
experimental observation of the increase ing with tempera-
ture in superconductor with a MgB2-like structure.16 It is
important to mention that the increase ing with temperature

d
e
-

FIG. 5. X-ray diffraction pattern in theu22u scan showing~00
l ) peaks. The inset shows theu scan for the~001! peak.
7-3
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has been observed in single crystal of (LaSe)1.14(NbSe2).17

g at 0.1 K is about 40, which increases to 130 at 1 K a
decreases to 50 with a further increase in temperature to
K.17 Since the detailed structure of the Fermi surface and
order parameter of CaAlSi are not available, we try to co
pare the present results in terms of the model applicable
MgB2, the structural analog of CaAlSi. Assuming the anis
tropic nature of the order parameter,Dc.Dab , the increase
in g with temperature is predicted for MgB2.18

We have also measured the in-plane variation ofHc2 as a
function of the in-plane angle,f, using the resistivity as a
function of the magnetic field at 4.2 K. The variation
Hc2(f) is shown in Fig. 6~b!. The anglef50° represents
the direction of the current. The observed twofold symme
in Hc2(f) of CaAlSi in Fig. 6~b! is attributed to the effect o
Lorentz force. The in-plane anisotropyHc2

max(f)/Hc2
min(f) is

about 1.02 at 4.2 K (t50.7), including the Lorentz force

FIG. 6. ~a! Anisotropy parameter as a function of the reduc
temperature (t) extracted from transport and magnetization me
surements.~b! In-plane upper critical fields at various in-plan
anglesf at 4.2 K. Hc2 has been determined from the criterion
r50.5rn , wherern is the normal state resistivity. The line is a fit t
the data points,Hc2(f)5a cos(2f)1b.
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effect. The sixfold symmetry component consistent with t
crystal symmetry is much smaller than that. It would be
teresting to mention that the ratio ofHc2

max(f)/Hc2
min(f) is

1.95 in Cs0.2WO3 with Hc2
max(f) and Hc2

min(f) at f560°
and f590°, respectively. In Cs0.1WO2.9F0.1,
Hc2

max(f)/Hc2
min(f) is 1.33 att50.7. In both cases,Hc2(f)

exhibits a clear sixfold symmetry att50.8 which is attrib-
uted to the hexagonal crystal symmetry of t
superconductors.14,19 In borocarbide superconductor, the r
tio, Hc2

^100&/Hc2
^110& is found to be 1.03 with a fourfold

symmetry.20 In the present case we have no clear signature
the periodic nature of the in-planeHc2(f), which is consis-
tent with the fact that CaAlSi belongs to dirty supercondu
ors where local electrodynamics should apply.

In conclusion, we present measurements of the magn
zation with temperature and resistive properties with
magnetic field applied at various angles with respect to
hexagonal plane of single crystalline CaAlSi. The upp
critical fields show an anisotropic behavior. The angu
variation of the upper critical field obtained from the tran
port measurements shows a cusplike behavior nearu50°
consistent with Tinkham’s model for thin films.Hc2 obtained
from specific heat data clearly reveals the absence of sur
superconductivity in CaAlSi. The anisotropy parameter
CaAlSi obtained fromr(H) and M (T) increases with tem-
perature. The ratio of the resistivities along thec axis andab
plane is about 3.1 at ambient temperature. No intrinsic
plane anisotropy has been observed.
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