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Anisotropic vortex pinning in the layered intermetallic superconductor CaAlSi
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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 effédt|foat low temperatures and
it becomes weaker fdf ||ab. The estimated correlation length suggests the presence of three-dimensional
collective pinning around the peak effect. The critical current densitield flarandH||ab have been extracted
and compared. Flux pinning mechanism in CaAlSi is anisotropic. Collective core pinning is obsert¢cfor
whereas there is a signature of deviation from it fjtab. 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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. INTRODUCTION 2H-NbSe,'* and high-temperature superconductors includ-
ing MgB,.%® Also, the study of the peak effect would be
The discovery of MgB (Ref. 1) has been followed by informative regarding the softening of vortices in these lay-
several studies of the physical properties of hexagonal supegred superconductors.
conductors such as germanitiesd silicides* Among sili- We have studied the hysteresis of magnetization of single
cides with AIB, structure, so far CaAlSi is reported to be crystalline CaAlSi for two field orientations with respect to
with the second highest critical temperatdrin this com-  the hexagonal honeycomb laydeb plane. The peak effect
pound, several studies including the band-structure calcularas been studied along two directions. The anisotropic nature
tion have been reported, which reveal that both the honeyef the critical current density and the pinning force densities
comb layer formed by Al and Si and the intercalated Caalong two field orientations are evaluated and the possible
layers control various superconducting propertigsdow- mechanism of the pinning is discussed. The vortex phase
ever, not much work has been done on the mixed state angiagram including irreversibility fields is determined. The
other related physical properties. London penetration depth is extracted from the equilibrium
The mixed state properties of Mglnd related supercon- magnetization and the thermodynamic critical field.
ductors have been investigated by various groups recently to
shed light on the several physical properties and their
correlation€ Magnetization as a function of temperature and
field has been studied to explore the possibilities of its appli- The ingots of CaAlSi prepared by arc-melting of 1:1:1
cations. The magnetic hysteresis in MgBas been studied stoichiometric mixture of Ca, Al, and Si in Ar environment
by several groups. According to Larbalesttral, the linear  are used to prepare the feeding and seed rods for the floating-
behavior of the parametéd®2°AM is reported to be valid zone method to grow single crystals in Ar environm
within a broad range of temperatteStudies of the mag- single crystal with shiny surfaces from the boule is cut into
netic moments of single crystalline MgBead to the extrac- rectangular shape with dimensions 8.0.22x 0.95 mnf¥.
tion of various parameters which are found to be consisteriiVe confirmed the reproducibility of data using other pieces
with the standard Ginzburg-Landa(GL) and London of crystals. The magnetizatiov is measured by the super-
modelg. The hysteresis curves are analyzed on the basis afonducting quantum interference device magnetometer
the scaling properties of magnetization at various temperafQuantum Design MPMgSfor the applied field in two direc-
tures, which reveal that irreversible magnetization of MgB tions withH||c andH_ c in the temperature range between
is dominated by the bulk pinning up WT,=0.98 The criti- 2.0 K and 5.5 K.
cal current density for a pellet of MgBs reported to be of
the order of 18 A/cm? at 4.2 K®°which is high enough to
apply it for technological applications. In a thin film of
MgB,, J. is measured fronM-H hysteresis andl-V curves The critical temperature of single crystalline CaAlSi is
and found to be 10A/cm? at a magnetic field of 50 kOe at determined both from the magnetization at 5 Oe and zero-
15 K The analysis ofl, in MgB, from hysteresis shows field resistivity measurements. The onset critical temperature
that the pinning via the spatial fluctuation in critical tempera-is 6.0 K with a transition width of 0.2 K and the residual
ture is important? resistivity ratio of 2.7’
Near the upper critical field, the temperature and The hysteresis curves at various temperatures are shown
magnetic-field dependent peak effect is another interestingn Figs. 1@ and 1b) for H||c andHL c, respectively. We
feature of conventional superconductors such ag@}®  show the hysteresis curves of CaAlSi at 2.0 K in the insets of
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FIG. 1. Magnetization curves at various temperatures from 2.0 0.1 1.0 10
K to 5.5 K at an interval of 0.5 K foa) H||c and (b) H||ab. H (kOe)
Arrows show some of the peak positions. Insetgapfand (b) show
the hysteresis curves at 2.0 K as representativesHfgc and FIG. 2. Critical current density as a function of the applied field
H||ab, respectively. for (8) H||c and (b) Hl||ab. In both cases the temperatures are

between 2.0 K and 5.5 K with an interval of 0.5 K.
Figs. 1@ and 1b) for H||c andH_Lc, respectively, as rep-
resentatives of several temperatures. TWeH curves for prominent and shifts towards higher magnetic fields. It has
H||c show a sudden strong increase in magnetization at heen observed that MgBollows small bundle pinning, par-
certain field below the upper critical field as shown in Fig.ticularly close toT., whereJ. follows an exponential law:
1(a). ForH||c, the peak effect is very prominent at 2[Kee 3
the arrows in Fig. ()]. The height of the peak is reduced Je(H)=J.(0)exd — (H/Hg)*7]. 2

with increasing temperature and the peak in the magnetizgygre 1 s a constant and,(0) is the critical current density
tion becomes invisible above 4.5 K. The hysteresis CUIVeSt 7ero fieldk? In CaAlSi, the variation of, does not fit with
for H||ab shows weak signatures of peak effect only at IOWthe above formula.

temperature as shown in Figii2 (see the arroy Therefore, The peak effect has been observed in both Towand

t_he peak effect is anisotropic in CaAlSi. It rgflects the dlrec'high-Tc superconductors with a wide range of the anisotropic
tional depe_ndence of the pinning strenzgth in CaAlSi. . parameter. The occurrence of the peak effect in conventional
The critical current densitie3(A/cm®) have been esti- g nerconductors was first discussed by Pippatarkin and
mated using the relation of extended Bean mdfét Ovchinnikov (LO) have explained the peak effect in critical
current density near the upper critical field based on the soft-
= °em (1) ening of the flux latticé! The concentration of pinning cen-
b(1-b/3a) tersn and the correlation volum¥,, which displaces inde-

Here, M, ,(emu/crd) is the irreversible magnetization and pendently under the Lorentz forcg for a distance less than the
a (cm) andb (cm) are lateral dimensions of the sample ( coherence length, are very effectlye parameters to c_ontrol the
>b). The variation of critical currents with field are shown Nature of the peak effect. According to LO formulations the
in Figs. a) and 2b), for H||c andH||ab, respectively. In peak effect disappears for the conditiér-a*(Cy,Cee) ™

case ofH||ab we have not discriminated between two dif- Here, C,,=Ca4(1—H/H ) k2 (x: GL parametey; f is the
ferent components af, flowing in theab plane and along  force of interaction of individual pinning centers with vortex
axis. The critical current density in CaAlSi is smaller in or- lattice,a is the vortex spacing, artgg andC,, are shear and
der of magnitude in comparison to that in MgB Clearly, tilt elastic moduli, respectively. Therefore, the variation in
J.(H) for H||c shows the peak effect close to the irrevers-the strength of the peak effect in CaAlSi is caused by the
ibility field. As the temperature decreases the peak becomeashange in the ratio of pinning strength and the elastic energy.
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Very strong peak effect in NiBe and anisotropic 20
2H-NbSe around 0.81;, has been thoroughly studiéd’* i
The typical critical current density just below the peak effect -
in 2H-NbSg is 1-30 A/cn? at 4.2 K and 10 kO& How- 151
ever, the peak effect in MgB with strong pinning and cur-
rent density, is also observed in the variation of real and ©
imaginary parts of the ac susceptibility as functions of both 9 10 [
magnetic field and temperatuteThe peak effect in CaAlSi E
is more pronounced in comparison to that in Mg8 In
addition, the borocarbide superconductors with a typical 51
critical current density of 10 A/cfat 3.0 K also shows peak
effect?>?* In CaAlSi, the critical current density just below
the peak effect is about 20-30 A/émfor H||c and
5—10 Alcnt for H||ab at 4.0 K which is comparable to that
in 2H-NbSe and is much lower than of MgB The peak
effect in 2H-NbSe is reported to be caused by the transition
between the ordered and the d|§0rdered state of voftices. FIG. 3. Vortex phase diagram of CaAlSi. Solid circles and open
However, magnetic de_c_oratlons n NQS@VE shown that ;. cjes represent, for H||ab and H||c, respectively[obtained
the enhancement of critical current density and the topology, o, earlierM (T) measurementsSolid squares and open squares
of the vortex structure are uncorrelat@dr herefore,_the ac-  representH;, for H||ab and H||c, respectively, obtained from
tual reason for the peak effect needs further studies. J.(H) of the present study. Open and solid triangles correspond to

The peak effect is controlled by several intrinsic param-the peak positions fd ||c andH||ab, respectively, at several tem-
eters such as the product of number of pinning centers angeratures. The solid lines through the data points are guide to eyes.
correlation volume, elastic moduli, and the strength of pin-Thermodynamical critical field$d, at various temperatures for
ning of individual centers. Following LO model we have the H||c andH||ab are shown in the inset.
pinning force density=,=J.B=(W/V,)"2 Here,W is the
volume density of pinning centers afidhe elementary pin- reversibility fields show linear variation with temperature.
ning interactionV. is the correlation volume. Therefore, the The vortex phase diagram in Fig. 3 includes the upper criti-
change in W/V,)'? is manifested inF, around the peak cal fieldsH, for both H|[c and H||ab obtained from the
effect regior? In CaAlSi, the lower critical current density temperature dependence of magnetization at various figlds.
and presence of the peak effect indicate that the strength dfhe position of the peak effedt],, is also plotted in Fig. 3.
the individual pinning center is optimized with respect to theH,, closely follows the temperature dependencelgf and it
elastic energy which generates favorable condition for thesupports the softening of vortex lattice as its origin.
peak effect. We have estimated the collective pinning length We have extracted the pinning force dengity=J.B and
L. usingL .~ £(J/J.) Y2 whered, andJ, are the depairing plotted in Figs. 4a) and 4b) as a function of applied field. In
critical current and critical current density, respectively, andthe inset of Figs. @) and 4b), F,/F,(max) is plotted with
¢ is the coherence lengffi.In the temperature and field re- the reduced magnetic field/H,,, . Though the scaling is
gion around peak effect, for example, at 4.2 K and 3 kOepbserved at lower range of temperature, the global feature
Jo/J.~10F and we estimate that, is about 4-1 um. The  reveals that the scaling of pinning force density Flfc is
typical value ofL. for NbSe in the peak effect region is not present at higher temperature such as 5.5 K in CaAlISi. It
~10 #m.?® A dimensional crossover is possible from two- suggests that the pinning mechanism is different at higher
dimensional to three-dimensional collective pinning when temperatures close to the transition temperature. However,
becomes larger than the half of the sample thickhéss. the pinning scenario up t=4.5 K remains almost similar,
Around the peak effect in CaAlSL, is smaller than the half including the peak effect.
of the thickness {900 um) of the sample. Therefore, three It is noticeable that the variation &, for H||ab is en-
dimensional LO collective pinning describes the peak effectirely different from that forH||c. In the latter casef,
in CaAlSi. gradually decreases with the magnetic field and shows no

In both NbSe and YNiLB,C, the peak effect is observed broad peak as observed fdt|c [see Fig. 4b)]. The pinning
for bothH||c andH||ab.1*?*Also, in MgB, the peak effect mechanism may be unaltered over a wide range of tempera-
is reported for both direction$:?° In anisotropic supercon- ture fran 2 K to 4.0 K.However, the scaling is not observed
ductors, shear moduli are different for different directidhs. again at high temperatures above 4.5 K. Therefore, the pin-
Accordingly, the strength of pinning has variation with direc- ning mechanism is more sensitive to temperature in the field
tion, which is the major cause of the change in the strengtlorientation ofH||ab. It clearly manifests the anisotropic pin-
of the peak effect for two directions. The angular dependencaing strength of individual centers with magnetic field. It
of the peak effect may be important in this compound, and iwill be interesting to mention that the pinning force density
will be a future study. in nonmagnetic borocarbide is studied féf|c andH||ab.?*

Figure 3 shows the phase diagram of CaAlSi. The irre-The magnitude and the nature of variatiorFg{H) is found
versibility field H;,, determined with the criterion o, to be quite different for two directions. The possibility of
=1 Alcn? for both H||c andH||ab is also shown. The ir- other mechanisms besides nonlocal effects, which is gener-

T (K)
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tures is shown in Figs.(8) and 8b), respectively. Integrating
the area under these curves we extract the thermodynamic

0 5 10 15 20 critical field H, and plot it in the inset of Fig. 3. We have
H (kOe) assumed that the linedfl,-In(H) relation can be extrapo-
lated to lower-field range, where the large irreversibility does

FIG. 4. Variations of pinning force densify, with the magnetic Nt allow an accurate estimation M¢q. H. values are al-
field at various temperatures f¢a) H||c and (b) H||ab. Insets ~Most the same for two directions, giving evidence for bulk

show the variation of ,/F,(max) with the reduced fielét/H,, .  hature of superconductivity which strongly supports our pre-
The scaling relation for each direction is found at lower tempera-vious finding of cusplike angular dependencettf, near
tures. H||ab.® Using H.(T)=H¢(0)(1—t?), H(0) is evaluated

as 0.45 kOe. With this value and.,(0)=2«H.(0), we

ally observed for clean and highsuperconductors, is attrib- have evaluated in-plane London penetration depsi(0)
uted to the origin of the complexity of angular dependence of= 3140 A. Together with the coherence length &f,(0)
pinning force density* =196 A (Ref. 16 the GL parametek is evaluated as 20 for
In the variation ofF,/F ;(max) withH/H;,, for H||c, the Hl|c. _ _
position of the peak indicates the nature of pinning. Peak The London penetration depth fét||c, Ay, can be in-
positions at 0.4 to 0.5 demonstrate that the pinning centerdependently obtained by using the London formula
are superconducting in nature with reduced order parameter.
TheF,/F,(max) versusH/H;,, for H||c in CaAlSi shows a M= a®g | BHco
peak aroundH/H;,, ~0.3 [see inset of Fig. @] for H||c. =g 2\ TH
According to the previous studies on the I@y-supercon-
ductors, it will be at 0.33, which represents that the coreHere, @ is the flux quantum, and and 8 are constants of
pinning is responsible for such variation of the critical cur-the order of unity. In case of the core corrections in high-
rent density forH||c.3-*2With the change in the field orien- superconductore and 8 may differ from unity®>** Using
tation, the peak positions is shifted towards 0.1, indicatinghe slope ofM, versus IrH in the region ofHg<H

3

deviation from the collective core pinning. <H.,, and takinga=pB=1, we have extracted,, as
We have evaluated the equilibrium magnetization usingshown in Fig. 6. The variation of,,(T) is comparable to
Meq=(M; +M _)/2 for all temperatures wheid , andM _ BCS model as shown in Fig. 6, whereas two-fluid model is

are magnetizations for increasing and decreasing field, resot. The magnitude of the London penetration depth
spectively. Following the procedure shown by Thompsom,,(0)=3100 A is consistent with that extracted using the
et al. for borocarbide superconductdtsve have evaluated thermodynamic critical field. This fact suggests that CaAlSi
the reversible magnetizations. The reversible magnetizatiois a typical BCS superconductor with single fully opened
as a function of field foH||c andH||ab at various tempera- gap.
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1104 [ comes linear for both field orientations. According to
: Kogan’s formulation, highk and clean materials show non-

: E : linearity for the nonlocal correctiorié.However, nonlinear-
0.1L -— Hlab 1 : ity in M¢qIn(H) curves in clean superconductor is in such a
i ] way that the slopedMcq/dIn(H) decreases at higher
fields. By contrast, the slope increases at higher fields
in CaAlSi. This may correspond to the situation in
Lu(Nig ¢:C0y g9 2B-C, where the crossover from the London

to the linear regime shows uf.

7500

ab

A (A)

5000 |
IV. CONCLUSIONS

We have studied the magnetic hysteresis of single crystal-
line CaAlSi. The hysteresis of magnetization shows pro-
nounced peak effect foH||c and weak peak effect for
H||ab. The observed peak effect is sensitive to the tempera-

FIG. 6. London penetration depihy, of CaAlSi as a function of  ture. The collective correlation length féi||c is about 4
temperature. The solid line and dotted lines represent BCS and 1 um, indicating the three-dimensional collective pinning
Gorter-Casimir two-fluid models, respectively. Inset shows thein the peak effect region of CaAlSi. The variation of critical
variation of F ,(max) with H, for H||c andH||ab. current densities with field is anisotropic in nature. The scal-

ing properties are observed felf|c, with an evidence of the

Scaling of pinning force density with the thermodynami- collective core pinning. A different nature of scaling indicat-
cal critical field provide the insight into the energy scale ofing rapid decrease id. with H is found for H|[ab. The
the involved vortice$® We have plotted the maximuff, for maximum pinning force densities for both directions scale
two directions withH. in the inset of Fig. 6.F ,(max) is with the thermodynamic critical field with exponent 2 and
found to be scaled #8,xH?, wheren=2 and 1.6 foH||c 1.6 for HI[c andH]|ab, respectively. The in-plane London
andH||ab, respectively. It is interesting to mention that the penetration depth obtained from equilibrium magnetization
exponent ¢) for LuNi,B,C is 2 for H||ab.?® Since the line  follows BCS-type temperature dependence, witl0)
energy of vortex is proportional 2, it is reasonable to say 3100 A, suggesting the presence of single fully opened

that the lower value ofy for H||ab is correlated with the 93P
deviation from the collective core pinning.

Another interesting feature observed from the equilibrium
magnetization is the nonlinear variation kffeq with In(H). A.K.G. would like to acknowledge Japan Society for
The variation of the equilibrium magnetization with logarith- the Promotion of Science§ISP$ for support. This work
mic magnetic field reveals that at lower temperatures thevas supported by a Grant-in-Aid for Scientific Research
nonlinearity is prominent in both cas¢see Fig. 5. As the  from the Ministry of Education, Culture, Sports, Science and
temperature is increased to 5.5 K the variationMf, be-  Technology.
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