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In the past few years, a growing number of su-
perconducting materials have been suggested for use
in Superconducting nanowire single-photon detectors
(SNSPD), including amorphous materials, see for exam-
ple [1]. Amorphous films are interesting because they are
easier to fabricate on a larger variety of substrates, since
no close matching between the two crystal structures is
necessary. Amorphous films can also be more easily in-
tegrated into more complex micro- and nanostructures,
such as optical cavities or multilayers, because they typi-
cally do not require elevated substrate temperatures dur-
ing film deposition. Therefore they are more likely to be
compatible with other materials and lithographic tech-
nologies. Last but not least, one can expect more homo-
geneous films and nanostructures on length scales from
a few nanometers to micrometers because there are no
grain boundaries, for example. W, Si; _ is particularly in-
teresting as a material for X-SNSPD because of the good
X-ray absorption properties of W which has motivated us
to investigate W,5i;_, films of different composition and
thickness.

The W,Si;_, films were prepared by co-sputtering
of pure W and Si targets in an Ar atmosphere at room
temperature. The deposition parameters have been op-
timized to obtain maximum T; for thin (down to 5 nm)
and thick films (> 100 nm) and varying composition
0.15 < x < 0.3. The resulting film thicknesses have been
measured with a step-profiler and an AFM from which
we calculated the deposition rates. The compositions of
the films have been verified with EDX. We are now able
to produce W,Si;_, films with the desired thickness and
composition with high reproducibility. The measured T¢
values of thick and thin films compare favorably with
published data [2, 3]. A comprehensive set of normal-
state and superconducting material parameters were de-
termined from magneto-conductivity measurements as

shown in Fig. 13.1, which are important for the design
and the operation of SNSPD and X-SNSPD [4]. Typical
values for the most important parameters are given in Ta-
ble 13.1, together with values for NbN and TaN films.

The knowledge of the W,Si;_, material parameters
allowed us to apply our recently developed detection
model [5, 6]. We have found strong indications that in
W,Sij_y a much lower energy (corresponding to mid-
infrared photons) is necessary to completely suppress su-
perconductivity in a significant part of the strip cross-
section. The enhanced sensitivity to low-energy photons
is a consequence of the reduced T, and the lower density
of states of W,5ij_, as compared to NbN and may ex-
plain some of the peculiar differences between W,Si;_,
and nitride based SNSPD [6].
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F1G. 13.1 — Resistance as a function of temperature and
magnetic field for a typical Wy gSipo film of 10 nm thick-
ness.
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TaB. 13.1 -

Summary of the most important material parameters of a
typical thin Wy gSig film compared to the respective pa-
rameters of similarly thick NbN and TaN films.

Energy Coherence Penetration Diffusion
Material | gap length depth coefficient

(meV) (nm) (nm) (nm?/ ps)
NbN 2.3 4.2 430 52
TaN 1.3 5.2 520 60
WSi 0.53 8.0 1400 75
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13.1 Influence of doping on the BEC-phase boundary

in Baz_,Sr,Cr,0g

In the previous annual report, we described how chemi-
cal disorder influences the structure and magnetic inter-
actions in the solid solution Bas_,SryCr,Og. The Cro*-
ions are arranged in pairs, forming dimers with a strong
interaction constant ]y between the spin—% electrons in-
side the dimers and weaker interdimer interactions J’. For
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F1G. 13.2 — The derivative p = dx/dB of the susceptibility
x versus applied magnetic field B, for several compositions
of Bag_,SryCryOg. Results from pulsed field magnetome-
try experiments at T ~ 1.5K. The black circles indicate
the extrema which mark the value of the critical field B..
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the mother compounds, Ba3zCr,Og and Sr3CryOg, the elec-
tronic system has been reported to show a field-induced
ordering phase transition which has been described in
terms of a Bose-Einstein-condensation (BEC) of magnetic
quasiparticles (triplons) [1, 2] which are formed by the
above described dimerized electronic spins in the lattice.
The critical field above which this condensation occurs
depends largely on the value of Jy.

For Baz_,SryCryQOg, Jo varies in a peculiar way with
Sr content x [3]. Based on a neutron-diffraction analysis
of the structural properties at room temperature and at
T = 2K, we could show that the stoichiometry depen-
dent disorder leads to a gradual suppression of a struc-
tural phase transition in Baz_,SryCr,Og which strongly
influences the magnetic properties of the spin system, al-
lowing us to explain these results [4].

As the change of the magnetic interactions should also
modify the critical fields B. for the magnetic ordering
(Bc &~ 12.5T in BagCry,Og and B, = 30.5T in Sr3Cr,Og),
we have performed low temperature magnetometry ex-
periments in high magnetic fields. To estimate the depen-
dence of B, on x, we have performed pulsed field magne-
tometry experiments in fields up to 65T at the Hochfeld-
Magnetlabor Dresden-Rossendorf for x in the range 2.5 - 3.0.
As the phase transition of the spin system is supposed to
be of second order, the derivative p(B) of the measured
susceptibility x(B) should peak at the transition field. In
Fig. 13.2, we have plotted p(B) = d?M/dB? = dx/dB.
Note that B.(x) increases with x.

The variation of B. due to the variation of the mag-
netic interactions with x should be accompanied by a
shift of the critical temperature T.(B) of the magnetic or-
dering. To examine T; in more detail, we have performed
cantilever magnetometry experiments in high magnetic

T T T T T T

10 O z=3,Aczeletal., T
@ = 3,pulsed field —e—
Xz = 2.9, cantilever
3r @ =29, pulsed S ]
X T =28, Cantilever}_m o °
@ =28, pulsed (o)
6 B m 7

o
O@°

At @ 1

¥ 7 S

26 28 30 32 34 36 38 40
fieldin T

F1G. 13.3 — The critical temperature T, for the triplon con-
densation as a function of the applied magnetic field for
x € {3,2.9,2.8}. The open circles represent data points
from [2]. The colored areas are guides to the eye only.
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fields at temperatures down to T = 350 mK for x=2.8 and
x=2.9. From the second derivative of the obtained magne-
tization M we have calculated p(B) = d2M/dB?. The crit-
ical field corresponds to the value at which p(B) reaches
its maximum, as in the above described pulsed field ex-
periments.

In Fig. 13.3, we have plotted T.(B), resulting from
these measurements for Bag 1Srp9Cr,Og, Bag,Sr §CrrOg
and pure Sr3Cr,Og. The observed phase boundaries are
shifted towards lower magnetic fields when lowering x,
in accordance with Fig. 13.2. To verify these results from
magnetometry experiments, we are currently performing
high field heat capacity experiments for x = 2.9.
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13.2 Superconductivity and correlated Fermi liquid be-
havior in noncentrosymmetric Caslry;Gey

Inversion symmetry is an important concept for under-
standing superconductivity, allowing to classify super-
conductors by the order parameter symmetry as conven-
tional (s-wave) or unconventional (p-, d-, f-wave). How-
ever, for structures lacking inversion symmetry, the clas-
sification loses its strict meaning and parity-violating su-
perconductivity is allowed. Thereby, a mixture of spin-
singlet and spin-triplet pairing states within the same or-
bital channel can occur (see, e.g., [1, 2]).

CePt;Si, the most discussed noncentrosymmetric
superconductor, displays pronounced unconventional
properties, such as the coexistance of magnetism and su-
perconductivity, the large Hy,, and a very unusual spin-
relaxation rate 1/T;. CePt;Si is, however, also a heavy-
fermionic superconductor, so its unconventional proper-
ties may not only come from the lack of inversion symme-
try [3]. Other noncentrosymmetric compounds with in-
dications for unconventional superconducting properties
are Li,Pt;B, Mo;Al,C, and LaNiC,. In the other noncet-
rosymmetric superconductors, s-wave pairing appears to
be dominant and no unconventional properties were ob-
served [4]. To improve our understanding it is important
to explore novel types of noncentrosymmetric supercon-
ductors.

The cubic noncentrosymmetric Na;Pt,Ge, structure-
type with the space group I[43m, is a rather
rare structure with only five known examples:
Na,Pt,Ge, [5], EugNi Gay [6], Caslr,Siy [7], Sralr,Sny [8],
and Ca;Ni Gay [9]. So far a detailed study has been per-

formed for Eu;Ni,Ga, [10] only and electronic structure
calculations only exist for Sr3Ir,Sn, [8].

We have now reported [11] the discovery, the crys-
tal structure, and the elementary physical properties of
Ca;lr,Gey, which is a new member of the NajPt,Ge,
structure type. We show that this compound is a low-
temperature superconductor, while above T it is a para-
magnetic metal, with Fermi liquid behavior, showing in-
dications of strong electron-electron correlation.

In Fig. 13.4, we show the powder x-ray diffraction pat-
tern at ambient temperature of a sample with the nom-
inal composition Ca;lr,Ge,. The compound is found to
crystallize in the Na;Pt,Ge, structure type with the cu-
bic body centered [43m space group with the lattice pa-
rameter 2 = 7.56895(4) A. The material is found to be
air sensitive and a small CaO impurity (2%) is observed
in the x-ray diffraction pattern, but all other experimen-
tally observed intensities are in very good agreement
with the Na;Pt,Ge, structure type. The crystal structure
of Ca,lr,Ge, is shown in Fig. 13.5a. The Ir atoms are
surrounded by the Ge atoms in a tetrahedral coordina-
tion. These edge-sharing and corner-sharing IrGe, tetra-
hedra form a 3D network. The channels in the structure
are occupied by Ca atoms; this channel-type array re-
sembles that found in NaPd;Ge, and NaPd,Si, and re-
lated structures [12, 13]. The Ir-Ge framework consists of
Ir,Ge, polyanions built from tetrahedral stars, as shown
in Fig. 13.5b. These tetrahedral stars do not contain any
interstitial atoms, as expected from the short Ir-Ir dis-
tance.

In Fig. 13.5¢, we show the Ir tetrahedron found both
at the center and at the origin of the unit cell of the com-
pound. The tetrahedral structural motifs present, and
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F1G. 13.4 — Powder x-ray diffraction pattern of Cajlr,Ge,
at room temperature. Dark-blue squares: measurement; red
curve: calculation; upper tic marks: calculated peak posi-
tions for Caslr,Ge,; lower tic marks: same for 2% CaO
impurity; lower curve, difference between observed and cal-
culated pattern.
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(a) Crystal structure of Caslr,Ge,, the Ge-
Ir bonds are depicted, (b) Ir,Ge, polyanion
in the shape of a tetrahedral star, (c) Ir
tetrahedron in the center of the unit cell.

their arrangement in the cell, result in Ca;lIr,Ge, having
a noncentrosymmetric crystal structure.

In Fig. 13.6, we present the normalized resistivity
p(T)/p(6 K) of Ca,lr,Ge, in zero external magnetic field
and in a temperature range 0.6 - 6 K. A clear transition
to superconductivity is observed, with a critical tempera-
ture mid-point of T, ;s = 1.7 K, reaching zero resistance
at T,(p = 0) ~ 1.4 K. The bulk nature of the supercon-
ductivity, confirmed by the specific heat (see Fig. 13.6b),
is suppressed in an external magnetic field of ypH =1T.

Based on the Debye model and Fermi statistics the
specific heat of the normal state can be calculated accord-
ing to

C=C.+C =T+ BT?,

where, v and 8 denote the electronic and the phonon con-
tributions, respectively. The electronic contribution is, un-
der the assumption of a degenerate electron gas of non-
interacting particles, linear in the density of states at the
Fermi-level D(Er):

2
7T
T= ?k%D(EF)'

With kg =~ 1.38 x 1072% J.K~!, we obtain for Ca,Ir,Ge,
with 7 ~ 25 m]-mol~! - K=2 a D(Ef) ~ 10.6 states/eV,
and with 8 ~ 1.64 - m] - mol~! - K=* a Debye temperature

In the inset of Fig. 13.6b, we show the measured C./T
data after subtraction of the phonon contribution. The su-
perconducting transition temperature is determined to be
T, = 1.8 K, by an entropy conserving construction (solid
line in the inset of figure 13.6b), in agreement with the
transition temperature observed in the resistivity mea-
surement. The discontinuity at T; is found to be AC/ T, =~
38 mJ-mol~!-K~2, in good agreement with comparable
intermetallic compounds. For the normalized discontinu-
ity in the specific heat, we obtain a value of AC/yT; =
1.52, which is close to the standard weak-coupling BCS
value of AC/vT, = 1.43. Well above T¢, the compound is
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F1a. 13.6 — Low-temperature resistivity and specific heat measurements
on a polycrystalline sample of Caslr,Ge, in the vicinity of the supercon-
ducting phase transition.

a paramagnetic metal, with Fermi liquid behavior (data
not shown). The value of the Kadowaki-Woods ratio and
Stoner enhancement factor indicate a significant electron-
electron correlation in this compound.

In conclusion, we have synthesized a new compound
Ca;lr,Gey by high-temperature solid-state synthesis in
the noncentrosymmetric NazPt,Ge, structure type. We
observe a clear transition to superconductivity below 2
K in the resistivity and in the specific heat. The physical
properties display indications for electron-electron cor-
relation and correlated Fermi-liquid behavior. Therefore,
Ca,lr,Ge, is a new candidate material for the investiga-
tion of the admixture of spin-singlet and spin-triplet pair-
ing states in noncentrosymmetric superconductors.
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