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Abstract Muon spin rotation (1 SR) experiments were per-
formed on the intercalated graphite CaCg in the normal and
superconducting state down to 20 mK. In addition, AC mag-
netization measurements were carried out resulting in an
anisotropic upper critical field H.,, from which the coher-
ence lengths £,,(0) = 36.3(1.5) nm and &.(0) = 4.3(7) nm
were estimated. The anisotropy parameter yy = Hcazh /HS
increases monotonically with decreasing temperature. A sin-
gle isotropic s-wave description of superconductivity cannot
account for this behavior. From magnetic field dependent
SR experiments, the absolute value of the in-plane mag-
netic penetration depth A, (0) = 78(3) nm was determined.
The temperature dependence of the superfluid density o5 (T")
is slightly better described by a two-gap than a single-gap
model.

Keywords Superconducting materials - Penetration depth -
Muon spin rotation and relaxation
1 Introduction

The field of graphite intercalation compounds (GICs) gained
attention after the discovery of the superconductor CaCg
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with a rather high value of the superconducting transition
temperature 7c >~ 11.5 K [1]. Superconductivity in GICs
was first reported in the potassium-graphite compound KCg
with T, >~ 0.14 K [2]. Until the discovery of the supercon-
ductor CaCg, the highest 7. was observed in KTl; 5Cs with
T, >~ 2.7 K, synthesized under ambient pressure [3]. How-
ever, high pressure synthesis was found to increase 7. up to
5 K in metastable compounds such as NaC, and KC3 [4, 5].
According to experimental and theoretical work, CaCg can
be described as a classical BCS superconductor with a sin-
gle isotropic gap Ag ~ 1.7 meV [6, 7]. The upper critical
field H.> shows a remarkable anisotropy with zero temper-
ature values poHg(0) ~ 0.3 T and uoHc”‘zb 0)~19T, for
the external field H parallel to the c-axis or parallel to the
ab-plane, respectively [8]. A recent ARPES study indicated
the existence of a possible second superconducting gap [9]
with a small zero temperature value Ago =~ 0.2(2) meV.
Tunneling experiments [10] gave strong indications for the
existence of a superconducting anisotropic s-wave gap in
CaCg, providing different zero temperature gap values for
changing current injection directions, Ay >~ 1.7 meV and
A‘(‘)b =~ 1.44 meV. The muon-spin rotation («SR) technique
is a powerful method to characterize the superconducting
gap symmetry in superconductors [11]. £SR measurements
down to very low temperatures may allow to access a possi-
ble second small gap, which should manifest itself in the
low temperature superfluid density in terms of an inflec-
tion point [11]. A recent uSR study [12] supports a sin-
gle gap isotropic s-wave description of superconductivity in
CaCg, although the low temperature region was not studied.
In this work, we present extended measurements down to
20 mK and investigate possible order parameter symmetries
(single-gap isotropic s-wave, single-gap anisotropic s-wave,
two-gap isotropic s-wave) by means of SR experiments.
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Fig. 1 (a) AC magnetization curves of CaCg taken at poH = 80 mT
and 0 mT. M’ and M"” denote the real and the imaginary part of the AC
magnetization, respectively. The arrow indicates the onset criterion to
determine 7.(H) (crossing of the two lines). (b) Temperature depen-
dence of the upper critical fields HS, and Hc"zh for the external mag-
netic field H ||c and H ||ab, respectively, as determined by AC magne-
tization. The inset shows the calculated upper critical field anisotropy

YH = Hcazb /HE, as a function of temperature

2 Experimental Results

CaCg samples were prepared from Highly Oriented Py-
rolytic Graphite (HOPG, Structure Probe Inc., SPI-2 Grade)
and calcium metal (Sigma Aldrich, 99.99% purity) by
means of the molten alloy method. The detailed preparation
procedure is described elsewhere [13]. In order to reduce
the melting point of the calcium, lithium (Sigma Aldrich,
99.9% purity) was added. The atomic ratio 3:1 of calcium
and lithium was measured in a stainless steel reactor un-
der argon atmosphere. The molten alloy was cleaned in the
glove-box. After immersing the graphite pieces, the reactor
was tightly sealed. Intercalation at 350 °C was carried out
in an industrial furnace for 30 days. The resulting sample’s
color is gold and the surface possesses a shiny metallic lus-
tre. The final sample is a superconductor with an onset tem-
perature 7z ~ 11.2 K, in reasonable agreement with earlier
studies [1, 6, 7].

To characterize our sample, we carried out detailed AC
magnetization measurements presented in Fig. 1. The AC
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component of the applied magnetic field was uoH = 1 mT
at v = 1 kHz. Figure la shows typical AC magnetization
curves at 80 mT (real M'(T) and imaginary M"(T) part),
and the straight lines indicate the onset criterion to deter-
mine 7. The temperature dependence of the upper critical
field components H, (H||c) and Hc“zb (H||ab) are displayed
in Fig. 1b. The values of the H, and Hcazb were determined
from AC magnetization using the procedure illustrated in
Fig. 1a. The upper critical field is anisotropic and follows
the temperature dependence as reported in [8] and [14]. In
the framework of the anisotropic Ginzburg—Landau theory,
the upper critical field for H||c and H ||ab is given by

HoH (0) = 0
e T e (006:0) 0
¢ _ 0
HoHEO) = 5 o

where ®g = h/2e = 2.07 x 10715 Tm? is the flux quan-
tum, and &, . are the corresponding coherence length com-
ponents at zero temperature. With the linearly extrapo-
lated values of the upper critical field at zero temperature,
/,L()Hcazb(()) =2.1(3) T and uoH(0) = 0.25(2) T, and in
the equation above we obtain &,,(0) = 36.3(1.5) nm and
£.(0) = 4.3(7) nm. These values are comparable to earlier
reports such as resistivity measurements (&,5(0) = 29.0 nm
and &.(0) = 5.7 nm) [8], or susceptibility studies (&,5(0) =
35 nm and &.(0) = 13 nm) [15]. Remarkably, the upper
critical field HC“Z}’ shows a positive curvature in the stud-
ied temperature region which was not observed in previous
investigations. A similar positive curvature was observed
near 7, in MgB, [16] where it was explained by a two-
gap model. However, we should keep in mind that other ex-
planations are also possible. Complementary experiments,
such as studies of the superfluid density, as performed in this
work, are necessary to draw definite conclusions. The tem-
perature dependence of the upper critical field anisotropy
YH = Hcazb /H¢, is shown in the inset of Fig. 1b. We interpo-
lated the measured upper critical field values with a third or-
der polynomial and determined the ratio yg . The anisotropy
parameter yy increases monotonically with decreasing tem-
perature, showing a similar temperature dependence as with
MgB, [17]. Note that a single gap isotropic s-wave descrip-
tion of superconductivity cannot account for this behavior of
vu(T).

1SR experiments were carried out at the w M3 beamline
using the GPS (General Purpose Spectrometer) and the LTF
(Low Temperature Facility) spectrometers at the Paul Scher-
rer Institute PSI Villigen, Switzerland. Six pieces of CaCg
forming an area of ~10 x 14 mm? were used in the exper-
iment. In the intercalation process, the Ca atoms penetrate
from the side of the graphite sample and diffuse along the
ab-plane. Reducing the sample size in the ab-direction fa-
vors Ca diffusion, and consequently leads to a higher sample
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Fig. 2 (Color online) Measured uSR asymmetries A(¢) in CaCg.
(a) Asymmetry in zero magnetic field (ZF). (b) Asymmetry in 80 mT
transverse field (TF). The black data points were taken at 15 K (well
above T¢) and the red ones at 20 mK

quality than just using one large piece. For the LTF experi-
ments, the samples were glued on a silver plate with the help
of Apiezon N grease and covered by silver coated polyester
foil. In contrast, for the GPS experiments the samples were
supported between the two arms of a specially designed
fork by means of kapton tape. This technique allows only
the incoming muons that stop in the sample to be counted
and, therefore, the background signal is reduced. The mag-
netic field (uoH = 80 mT) was applied along the crystallo-
graphic c-direction at 15 K well above T¢.. Then the sample
was cooled down to the lowest temperature (20 mK for the
LTF spectrometer), and uSR spectra were recorded with in-
creasing temperature. The same procedure was applied in
the GPS spectrometer, down to the lowest temperature of
~1.6 K available in this device. The initial spin polariza-
tion of the implanted muons is perpendicular to the applied
magnetic field H. The uSR experiments were performed
at H > Hg,, i.e., the sample was in the vortex state. Mag-
netic field dependent measurements were performed in the
GPS spectrometer. At each magnetic field H, the field was
set at a sample-temperature of 15 K (well above Tt), and a
1SR time spectrum was recorded, then it was cooled down
to 1.6 K, and another SR time spectrum was taken. Before

and after the uSR experiments, the same piece of CaCg was
measured in the AC susceptometer, where no difference was
observed by comparing the two measurements.

In the vortex state of a type II superconductor, the muons
probe the inhomogeneous local magnetic field distribu-
tion P(B) due to the vortex lattice [18]. From the second
moment (AB2) of P(B), the in-plane magnetic penetra-
tion depth A, can be extracted according to the relation
(AB*y=C A;ﬁ (C is a field dependent quantity) from which
the superfluid density pg o< k;bz can be extracted [19]. Thus,
1SR provides a direct method to measure the superfluid den-
sity in the mixed state of a type II superconductor. Figure 2a
shows the ©SR asymmetries A(¢) recorded in LTF in zero
magnetic field above T, and at 20 mK. The two time spectra
overlap, indicating the same magnetic ground state at both
temperatures. The time dependence of the asymmetry can
be described by the static Kubo—Toyabe formula, showing
only the presence of randomly distributed nuclear magnetic
moments, but no realization of magnetism. Figure 2b shows
the SR asymmetries taken at 15 K and at 20 mK in a field
of uoH = 80 mT. A clear damping of the uSR signal at
20 mK is visible, which can be ascribed to the presence of
the vortex lattice. For a detailed description of uSR studies
of the vortex state in type II superconductors, see, e.g., [18].
The uSR time spectra were fitted to the following expres-
sion:

ATF(1) = Agce @sch’/? cos(yu Bsct + ¢)
+ At,ge(("’g’)2/2 c08(Yy Bogt + ¢)
+ Aagcos(yy Bagt + ¢) 2)

Here, the indices SC, bg and Ag denote the sample (su-
perconductor), the background arising from possible non-
superconducting parts of the sample and the nonrelax-
ing silver background, respectively. A denotes the ini-
tial asymmetry, o is the Gaussian relaxation rate, y, =
27 - 135.5342 MHz/T is the muon gyromagnetic ratio, B
is the average magnetic field at the u™ stopping site, and
¢ is the initial phase of the muon-spin ensemble. A set of
1SR data were fitted simultaneously with Asc, Apg, AAg,
Byg, Bag, Obg, and ¢ as common parameters, and Bsc and
osc as free parameters for each temperature. The same ex-
pression was used to analyse the data recorded with the
GPS spectrometer (here no silver background signal was
present).

The analysis of the field dependence of the measured
SR relaxation rate ogc o (A B2) allows to estimate the ab-
solute value of the in-plane magnetic penetration depth A,
assuming that CaCg can be described as a single isotropic
s-wave gap superconductor. The measured values of osc are
plotted in Fig. 3. To analyze our data, we used the formula
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Fig. 3 Field dependence of the Gaussian relaxation rate ogc in CaCg
measured at 7 = 1.6 K. The solid line corresponds to the calculated
curve using (3) (see text)

developed by Brandt [19]:

Dy B
osc X~ 01727/#% 1— BC
c2

3
B -2
x [ 1+1.21(1— - A 3)
Bc2

Although the formula was derived for high « type II su-
perconductors (x > 5), it was suggested to work also for
low values of « at magnetic fields \/B/Bg, > 0.5 [12].
From the measured SR relaxation rates osc and (3), one
obtains 145 (0) = 78(3) nm and B, (0) = 170(5) mT. The
solid line in Fig. 3 represents the corresponding fit (the
point at 200 mT was not included in the fit). To estimate
the Ginzburg-Landau parameter x, we use our values of
&4p(0) = 36.3(1.5) nm and A,5(0) = 78(3) nm giving «k &~
2.1. It is worth to mention that the value of B, is smaller
than that estimated from the AC magnetization measure-
ments (B¢, (0) =250 mT).

It is generally assumed that the superfluid density pgs is
related to the in-plane magnetic penetration depth A,, by
the simple relation pg o )L;f. However, for magnetic fields
close to B, this proportionality must be corrected because
the order parameter ¥ (r) is reduced due to the overlapping
vortices. In this case, the spatial average of the superfluid
density is given by [12]:

ps(T) = (|9 (NP 2(T) = (1 = B/BG(D)Ag (T),  (4)

where (...) means the spatial average. Values of k;,f were
calculated using (3) and for the values of BS, we used the re-
sults of our AC magnetization measurements (see Fig. 1b).
The temperature dependence of the superfluid density ps(T)
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Fig. 4 (Color online) Temperature dependence of the normalized su-
perfluid density ps(7)/ps(0) in CaCg¢ measured at 80 mT. The in-
set shows the low temperature region. The black line corresponds to
a single-gap isotropic s-wave, the blue, dotted line to a single-gap
anisotropic s-wave, and the red, dashed line to a two-gap isotropic
s-wave description of ps(7). For a detailed explanation, see text

determined at 80 mT is plotted in Fig. 4. We analyzed
ps(T) using three different models: (i) single-gap isotropic
s-wave (ii) single-gap anisotropic s-wave, and (iii) two-gap
isotropic s-wave. To calculate the temperature dependence
of the magnetic penetration depth within the local approxi-
mation (A > &), we applied the following formula [20, 21]:

ps(T) = ps(0)

(o e
mJo Jaap\IE/) JE2 — A(T,¢)?
(5)

where pg(0) is the zero temperature value of the superfluid
density, f = [14exp((E — Eg)/kgT)]" is the Fermi func-
tion, ¢ is the angle along the Fermi surface, and A(T, ¢) =
Aoh(T/T:)g(¢). The temperature dependence of the gap is
expressed by h(T/T.) = tanh(1.82[1.018(T,./T — 1)]°31)
[22]. For the isotropic s-wave gap (i) g%(¢) = 1 and for the
anisotropic s-wave gap (ii) g5n(¢) = (1 + acos4dep)/(1 +
a), where a denotes the anisotropy of the gap. The two-gap
fit was calculated using the so called «-model and assuming
that the total superfluid density is the sum of the two com-
ponents [21, 22]:

+ (1 —w)

mn=mm@ﬂ£ﬂ£ ﬁ&@g) ©

00, Ag,1) p(0, Ag2)

Here, Ag,1 and Ag are the zero temperature values of
the larger and the smaller gap, and w (0 <w <1) is a
weighting factor representing the relative contribution of the
larger gap to ps. The results obtained for the different models
are plotted in Fig. 4. The black line represents the result for
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the single s-wave gap model (i) with ps(0) = 96.5(5) um~2,
Aog = 0.79(1) meV, T, = 6.80(2) K, and 2A¢/kpT. =
2.70(5), describing CaCg as weak coupling BCS supercon-
ductor. The reduction of T, agrees well with our AC magne-
tization measurements for 80 mT. The blue, dotted line rep-
resents the anisotropic s-wave gap analysis (ii) with Ag =
0.81(1) meV and a ~ 0.37 for the gap anisotropy. These
values do not agree with the reported ones from tunneling
experiments (A >~ 1.7 meV and AS}’ ~ 1.44 meV) [10].
The two-gap analysis (iii) (red, dashed line) yields Ag 1 =
0.85(2) meV for the larger gap and Ag = 0.23(1) meV for
the smaller one. Only ~9.4(3) % of the superfluid density is
associated with the smaller gap. The smaller gap agrees with
Ap2 = 0.2(2) meV reported in [9]. Our larger gap value
is significantly smaller (Ag,1 = 1.9(2) meV). Although the
best agreement is found for the two-gap scenario, no final
conclusion can be drawn from this analysis. All three sce-
narios describe the observed temperature dependence of the
superfluid density. For a direct comparison with [12], we
omitted the values of ps(7T") below 2 K. In this case, the
single s-wave gap fit yields pg(0) = 91.6(9) um~2, Ag =
0.84(1) meV, T. = 6.75(2) K, and 2Ag/ kT = 2.90(5).
The values presented in [12] are: ps(0) = 85.1(3) pm_z,
Ag = 0.868(5) meV, and 2A¢/kpT. = 3.6(1). The higher
applied magnetic field (120 mT in [12]) may account for the
differences. Here, one should point out that our low temper-
ature data are essential to determine the zero temperature
values of pg and A.

3 Conclusions

In conclusion, we carried out extensive AC magnetization
measurements to map the temperature dependence of the
upper critical field HC“2” and H{, in CaCg and to evaluate
the coherence length. The values of &,;(0) = 36.3(1.5) nm
and £.(0) = 4.3(7) nm are in good agreement with those re-
ported previously [8, 15]. We found that the upper critical
field anisotropy yyg = HC“Z}’ /Hg, increases with decreasing
temperature. From magnetic field dependent ;SR experi-
ments, the absolute value of the in-plane magnetic penetra-
tion depth was determined to be A, >~ 78(3) nm, in agree-
ment with previously reported values [7, 12]. Furthermore,
low temperature ;SR experiments were performed in order
to map the whole temperature dependence of the superfluid
density ps(7). We analyzed the temperature dependence
of ps with three different models: (i) single-gap isotropic
s-wave, (ii) single-gap anisotropic s-wave, and (iii) two-gap
isotropic s-wave. All models describe the measured ©SR
data almost equally well, although a slightly better agree-
ment was achieved using the two-gap model.
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