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Angular dependence of the upper critical field in CaAlSi single crystal:
Deviation from the Ginzburg-Landau anisotropic mass model
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The anisotropic upper critical field in CaAlSi with an AlBtructure has been investigated by magnetic,
transport, and specific heat measurements. The variatibiRofvith 6, the angle between treb plane and the
applied field, determined from the transport measurements at various temperatures, show a cusplike behavior
near#=0° 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 anisotragy,aé consistent with the small
mean free path in this compound.
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The discovery of MgB with an AIB, structure has cre- ment. The ingots are then used to prepare the feeding and
ated tremendous interest in investigating the various physicaleed rods for the floating-zone method to grow the single
properties of compounds having similar structur&ilicides  crystal. Single crystals are grown with a growth rate of 2
with AIB,-structures have been reported recehBjudies of  mmyh in an Ar environment with a flow rate of 1 Imin. The
superconducting properties in such systems will be helpful t94gs are rotated in the opposite directions at an angular speed
explain the mechanism of superconductivity in this class ofyt 20 ypm. Single crystals with shiny surfaces are extracted
hexagonal materials. Also, the study of these superconducfy, ¢he measurements. The typical dimensions of the crystals
ors is related to the technological application of them in de-are 3.0¢ 1.0x 1.0 mn?. The magnetization measurements as

){"(r:es'i Amorr:ig r‘ﬁhervarlmrjs S'I'C'dres :’d'th t?r? AZIB;1ype strfuc- Sla function of temperature are done with applied field both
vtlitfl Z Efll_ gf ffﬁig eRz';epﬁﬂ;O teL:?lar)g/] giliiisdeeso Ii2kC: parallel and perpendicular to tleeaxis using a superconduct-
C . 1

Si(GazShedo and CaAlSi were reporied to be 09 TSI RCEIONES FRURe TEGREIEEIE R,
superconducting? The common feature of these two sili- g P

cides is the existence of hexagonal honeycomb layers witf'9 @ four-prc_)be method. We have mgasured the resistivities
randomly distributed Si and Ga or Al and intercalated layer<!0nd thec axis andab plane as a function of temperature by
of Sr or Ca. On the basis of a band structure calculation oPutting different contacts for the two cases so that the current
CasSj the electronic structure near the Fermi level was attripflows uniformly. The in-plane resistivity is measured as a
uted to the mixed state of Sidstates ang states of Si and function of the magnetic field at various temperatures. A vec-
Ga in Sr(Ga3:Sips9,.* According to the band structure cal- tor magnet system with horizontal and vertical components
culations, the hybridized states of Cd andp states of Al and a two-axis sample rotator is used to apply the magnetic
and Si control the superconductivity in CaAfSThe physi-  field in any direction. We have also measured the resistivity
cal properties are affected both by atomgA, Si) sites as as a function of the magnetic field for various in-plane
well as Ca sites of the silicide compounds. Some other biangles. The specific heat as a function of the temperature has
nary and pseudobinary intermetallic compounds with similabeen measured at several fields Ftjjab by the relaxation
structures are also reported to be superconduéting. method.

In order to investigate the role of honeycomb layers with  The critical temperature of single crystalline CaAlSi is
other intercalated layers anisotropic normal as well as supettetermined from field-cooled and zero field-cooled magneti-
conducting state properties need to be studied intensivelyations at 5 Oe, shown in the inset of Figa)l The onset
using single crystals. The upper critical field characterizingcritical temperature is 6.0 K, with a transition width of 0.2 K,
the normal to superconducting state transition is one sucHs shown in the inset of Fig(d). The resistivity along the
property. Investigating the angular dependenceHes the  4yis andab plane is shown in the inset of Fig(l). The ratio
roles of various layers and the interaction among them cags pelpap is about 3.1 at room temperature. The field-cooled

be explored. We have measured the anisotropic magnetizﬂﬁagnetization ) at various magnetic fields fdd||c and
tion and transport properties of single crystalline supercon; ||ab is shown in Fig. 1. The upper critical fieldsS, and
L .

ducting CaAlSi. The upper critical field has been determine 1,ab d ined f h ¢ di .
at various anglesg, from a variation of the resistivity with c2 are determined from the onset o ;ilmagnetlsm as

magnetic field at several temperatures. The variation of th€hown in Fig. 1a). The variations oH¢, andH¢; are plotted
anisotropy parameter with temperature has also been invel! Fig. 2. The anisotropic nature of CaAlSi sample is re-
tigated. Results are compared with the existing theories ex¢ealed clearly. On close inspection it is revealed that though
pressing the angular variation of the upper critical field.  the variation ofH, is linear below 5.5 K that oHZ5 is not,
The ingots of CaAlSi are prepared by arc melting a 1:1:1particularly below 4.5 K. We have also showh, in Fig. 2
stoichiometric mixture of Ca, Al, and Si in an Ar environ- obtained from the specific heat measuremés¢® the inset
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FIG. 3. The resistivity as a function of applied magnetic field at
FIG. 1. Field-cooled magnetization as a function of the temperavarious angles fron#=0° to #=90° every 5° ata) T=3.0 K, (b)
ture. () is for H||c from 1 to 8 kOe, andb) is for H||ab from 1 4.2 K, (¢) 5.0 K, and(d) 5.5 K. The two lines for each angle are for
kOe to 16 kOe with intervals of 1 kOe. The inset(aj shows the increasing and decreasing magnetic fields.
temperature dependence of the field-coole€) and zero field-
cooled magnetizations at 5 Oe. The insefmfshows the variation are calculated ag,,(0)=196 A and £.(0)=100 A . The
of resistivities along the axis (p;) and theab plane (ap). mean free path is calculated frohs3/[pN(0)ve€e?] [p is
the resistivity,N(0) the density of states at Fermi level;
of Fig. 2) at several magnetic fields fét||ab, which clearly — the Fermi velocity. According to the band structure calcula-
supports the bulk nature of superconductivity in CaAlSi fortion of CaAlSi, the density of statéd®OS) at the Fermi level

this configuration. is contributed by Ca-@ states which dominate over the 3
For dirty isotropics-wave superconductors, the extrapo- states of Al and S{about six timegs The total DOS at the
lated upper critical field is given byH.(0)= Fermi level[N(0), 1/eV/cell] is 1.13° Since no measure-

—0.69T¢(dH,/dT). The slopes oH32(T) andHS,(T) are  ments have been reported op for CaAlSi, we assume the
—4.05 and—2.08 kOe/K, respectively. The related values values for MgB to obtain a rough estimationl.is estimated
are H30(0)~16.8 kOe andHS,(0)~8.6 kOe which are as 29 A in CaAISi, from which we confirm our assumption
equivalent to an anisotropy of 1.95. We have extracted thé<¢ that CaAlISi belongs to dirty superconductors.
coherence lengths.(0) and &,,(0) from the relations The resistivity as a function of the applied magnetic field
Ean(0)=[ D oJ2rHE,(0) ]2 and £:(0) (H) is shown in Fig. 3 for four temperatures: 3.0, 4.2, 5.0,
= 2mH2(0)£,4(0), where @ is the flux quantum. and 5.5 K. Each panel of Fig. 3 is for anglésanging from

From the above critical field values, the coherence lengthf” t© 90° with an interval of 5°. We have also measured
negatived and close t9=0° with closely spaced intervals.

The upper critical fieldH., has been determined from the
20 : - . "
CaAlSi criterion of p=0.50,,, wherep, is the normal state resistiv-

1 . . . . .

ity. In Fig. 4,H, is plotted as a function of. It is observed
] that there is a cusplike behavior closefte 0°. This feature
is found at all measured temperatures as revealed in Fig. 4.
] In addition, we have extracted., with the conditionsp
=0.1p,, and p=0.9, which show similar cusplike varia-
tions with # as shown in the inset of Fig. 4.
° L 9, According to the Ginzburg-Land&aGL) anisotropic mass
o4 model the variation oH_, can be representedsas

T® Heo(6)=Hl,(cog6+ y2sir?6) 05, (1)

FIG. 2. The upper critical fields of CaAlSi fat||c (open circle Here,H, is the critical field corresponding t=0° andy
andH||ab (open squareextracted fromM —T and specific heat IS the anisotropy parameter. We have plotted Hhg(6)
(solid circle measurements. The inset shows the specific heat as 0om Eq.(1) in Fig. 4 with the dotted lines. The experimental
function of temperature at 5 kOe fét||ab. data points clearly deviate from this behavior, particularly
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FIG. 4. The variations of the upper critical field with the angle

for the temperatures 3.0, 4.2, 5.0, and 5.5 K. The solid and dotte
lines are Tinkham'’s formula and the GL model, respectively. The

inset shows the magnified cusp region at 4.2 K which is well repro
duced by Tinkham’s formulaH.,, with the conditionsp=0.1p,
and p=0.9, at 4.2 K, are shown in the inset by cross and plus
symbols, respectively.

aroundf#=0°. In the case of MgR it is found that the GL

model can well describe the angular variationHyf, mea-
sured by the torque magnetometry.
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FIG. 5. X-ray diffraction pattern in thé—26 scan showing00
I) peaks. The inset shows tlfescan for the(001) peak.

fpr 4.2 K. However, at intermediate angles the deviation be-
tween the experimental points and the theoretical formula is
evident as in the cases of 3.0 and 5.5 K. A similar deviation

from Tinkham'’s formula in the two-dimensional regime is
observed in Nb/Cd® It should be noted that a cusplike be-
havior occurs even in multilayers with a relatively small an-
isotropy. In Nb/Cu multilayers, the slopeH/,(dH,/d6) is
almost zero only wheii2/HS,<1.5. As soon a$i25/HS,
>2, the slope becomes finite, indicating the presence of two-
dimensional superconductivity.

In the case of multilayers, the two dimensionality is ex-

Starting from the GL equation and based on the flux quanpected in the conditiod,,> £.>ds, whered,, andd; are the

tization, Tinkham calculated the variation bf.,(6) for a
thin film of thicknessd satisfying the conditiord<¢. The

thicknesses of the normal and superconducting layers. This
means that the presence of a rather thick normal layer is

formulation shows that the angular dependence can be exequired for the presence of cusplike behavior. In order to

pressed &8

H¢,(0)cosd
AL,

H o B)Sinﬁ‘

1
Heo |

2

)

=)

In this caseHg, and H!Z are the critical fields for9=90°
and #=0°, respectively. We have found that E@) nicely
reproduces the experimental data poifgse Fig. 4. In the
region of small@, the cusplike behavior of Tinkham’s for-
mula matches well with the experimenthl., values, as

shown in the inset of Fig. 4 for 4.2 K. However, since we are

dealing with a bulk single crystal with its thickness much
larger thané., application of the thin film formula seems
unreasonable.

In superconducting multilayers formed by artificial depo-

sition of superconducting and nonsuperconducting Iayera”a
there have been several reports on the crossover from a Gly;

like three-dimensional3D) character to a Tinkham-like 2D

pursue such a possibility, we reexamine the structure of
CaAlSi. In Fig. 5, we show an x-ray diffraction pattern in the
60— 26 scan. Here we set the crystal on a diffractometer so
that thec-axis is perpendicular to the x ray fow20°. Clear
fivefold and twofold superstructure peaks are observed, from
which the realc-axis lattice constant is 21 A for the former
case. How these two kinds of superstructu@sexist is not
clear. Furthermore, the origin of superstructures and which
layer is superconducting is a matter of future study. Despite
all these uncertainties, the largeraxis unit cell opens a
possibility for the thick normal layer separating supercon-
ducting layers in CaAlSi. Admittedly the presence of a su-
perstructure certainly helps to make the system more two
dimensional; still the conditionl,,> £.(=100 A) is not sat-
isfied. Whether a two-dimensional behavior is possible when
is comparable to or slightly smaller thafz should be
rified in due course. Alternatively, CaAlSi may have ad-
itional inhomogeneities of a much larger scale, such as pla-
nar inclusions, to make the system more two dimensional. It

character induced by the temperature or thickness of nonsys interesting to note that the variation bf., in another
perconducting Iaygr%l.ln these reports the coupling between hexagonal layered superconductor, @§O; with the polar
the superconducting layers is caused either by Josephs@ingle,s, shows a similar variatiot Also, it is reported that

tunneling or by proximity effects in the presence of insulat-
ing layers(Nb/Ge(Ref. 12 or normal layergNb/Cu),*® re-

H.,(6) in MgB, single crystal shows deviation from the GL
model®®

spectively. In Nb/Cu multi_layers, the angular depend_ence of We have extracted the anisotropy parameaterH32/HS,
Hc, shows a transformation from a rounded behavior to &rom both magnetization and transport measurements, and
cusplike behavior continuously induced by the change implotted them in Fig. @) as functions of the reduced tempera-

dcy, the thickness of the Cu layer, frofi,=dc, to &
=6d¢,. Tinkham’s formula predicts that the slope around
6—0° should be expressed biyH.,/d6| = (HIL)%/2HL,

ture t=T/T;. y in CaAlSi increases with the increase in
temperature. This is, to the best of our knowledge, the first
experimental observation of the increaseyinvith tempera-

while it approaches zero in the GL model. On a close inspecture in superconductor with a MgBike structure® It is

tion of H,(6), the best fitting to Tinkham’s formula is found

important to mention that the increaseqirwith temperature
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A—r—T 9 ; effect. The sixfold symmetry component consistent with the
| = M(T) | 38 [ 5 ] crystal symmetry is much smaller than that. It would be in-
gl T RED o M%@%@ teresting to mention that the ratio &fgy (¢)/Hgy () is
o | 12 %r ] 1.95 in Cg, WO, with H(¢) and HI"(¢) at ¢=60°
oL | m% 8.4 . and  ¢$=90°, respectively. In GSWO, oFg 1,
8o [ ] H () /HD () is 1.33 att=0.7. In both casedl ()
I @ (b) exhibits a clear sixfold symmetry at=0.8 which is attrib-
ba 06 08 1 81007500 50 o0 150 uted to the hexagonal crystal symmetry of the
t o (deg) superconductor¥"'® In borocarbide superconductor, the ra-

tio, HX9/H{1 is found to be 1.03 with a fourfold
FIG. 6. (a) Anisotropy parameter as a function of the reducedsymmetry?® In the present case we have no clear signature of
temperature t) extracted from transport and magnetization mea-the periodic nature of the in-plaré.,(¢), which is consis-
surements.(b) In-plane upper critical fields at various in-plane tent with the fact that CaAlSi belongs to dirty superconduct-
angles¢ at 4.2 K.H, has been determined from the criterion of ors where local electrodynamics should apply.
p=0.5p,, wherep, is the normal state resistivity. The lineis afitto  |n conclusion, we present measurements of the magneti-
the data pointsHc,(#)=a cos(2p)+b. zation with temperature and resistive properties with the
magnetic field applied at various angles with respect to the
hexagonal plane of single crystalline CaAlSi. The upper

has been observed in single crystal of (LaSgNbSe).Y critical fields show an anisotropic behavior. The angular
y at 0.1 K is about 40, which increases to 130 at 1 K andvariation of the upper critical field obtained from the trans-
decreases to 50 with a further increase in temperature to 12°rt measurements Sh?""s a cusplike behavior read®
K.Y Since the detailed structure of the Fermi surface and th&onsistent with Tinkham's model for thin filmbl., obtained
order parameter of CaAlSi are not available, we try to com{rom specific heat data clearly reveals the absence of surface
pare the present results in terms of the model applicable fopuPerconductivity in CaAlSi. The anisotropy parameter in
MgB,, the structural analog of CaAlSi. Assuming the aniso-CaAISi obtained fromp(H) and M(T) increases with tem-
tropic nature of the order parametér,™>A,,, the increase perature. The ratio of the rg5|st|vmes along thaX|s. an_dat_) .
in y with temperature is predicted for MgB® plane is about 3.1 at ambient temperature. No intrinsic in-
We have also measured the in-plane variatiokigf as a  Plane anisotropy has been observed.
function of the in-plane anglep, using the resistivity as a
function of the magnetic field at 4.2 K. The variation of
Hca(¢) is shown in Fig. 60). The angle¢=0° represents A.K.G. would like to acknowledge Japan Society for the
the direction of the current. The observed twofold symmetrypromotion of Science$JSP$ for financial support. This
in Heo( ) of CaAlSiin Fig. Gb) is attributed to the effect of \work was supported by a Grant-in-Aid for Scientific Re-

Lorentz force. The in-plane anisotropf*(¢)/HT"(4) is  search from the Ministry of Education, Culture, Sports, Sci-
about 1.02 at 4.2 Kt=0.7), including the Lorentz force ence, and Technology.
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