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11.1 Physics of superconducting thin-
film nanostructures and possible
applications as fast single-photon
detectors

Superconducting single-photon  detectors

(SSPD) which are based on a current-biased
superconducting meander strip, have been
attracting a lot of attention. They are ex-
tfremely fast and very sensitive and could be
used in such diverse areas as quantum en-
cryption, infrared astronomy or spectroscopy.
We are working on a better understanding of
the detection principle and to shed a light
on the underlying physics of superconducting
nanostructures.

E-beam lithography

The performance of SSPD crucially depends
on the quality of the lithographic processes
during their production. The strip cross-section
and the parameters characterizing the su-
perconducting state have to be as homoge-
neous as possible along the entire length of
the strip. Therefore, we are continuously work-
ing on improving our lithographic technolo-
gies. During the last year we have imple-
mented a dry-etching step into our produc-
tion process.

Our collaborating partners at the University
of Karlsruhe produce high-quality NbN films
with thickness typically between 4 and 10 nm.

These films are prepared by DC-magnetron
sputtering. In order to achieve homogeneous
films with a high T, the sapphire substrate
needs to be heated to about 750°C. These
high temperatures during film deposition pro-
hibit the use of the lift-off technique. Our al-
ternative approach starts from such extended
films. Using e-beam lithography we then write
the desired structure into a resist that is put on
top of the NbN fim. Reactive ion etching is
then used to remove the unprotected areas
of the NbN film.

After additional photolithography processes
to make the necessary conduction paths for
connecting the device to external electron-
ics we obtain the final structures. In Fig. 11.1
we show an example of a meander structure
with 200 nm wide and 10 nm thin strips. This

Substrate: . Silicon

Detector Area: 13.5 ym x 10.5 ym
Conduction Path: 200 nm
Filling Factor:  0.25
Film Material: ~ NbN
Film Height: 10 nm
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Figure 11.1: SEM picture of a 200 nm wide NbN me-
ander on a Si substrate in false color representation
to emphasize different elements.
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meander showed excellent superconducting
properties (1). Similar structures will be tested
to demonstrate their potential as SSPD.

Critical-current density in NbN bridges

The detection model that has been previously
described in detail requires bias currents of
about 90% to 95% of the depairing critical-
current density.  Such high current densities
can only be reached if the meander strip lines
remain free of magnetic vortices, otherwise
the dissipation-free current transport will be
limited by the depinning of vortices. We have
systematically measured critical-current den-
sifies in NbN bridges with widths ranging from
100 nm to 10 pum to shed light on the mecho-
nism determining the critical-current density.

We have found that the experimentally de-
termined crifical-current densities in sub-um
wide bridges can be well described by the
mean-field Ginzburg-Landau depairing criti-
cal current density (see Fig. 11.2 for a 300 nm
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Figure 11.2: Critical current density j. as a function
of reduced temperature T'/T.(0) for NbN bridges
of different widths. The solid line is a fit of the
Ginzburg-Landau depairing critical-current density to
the data of the 300 nm wide bridge. The inset shows
an AFM-image of the 4.9 um wide bridge.
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wide bridge). Wider bridges deviate substan-
tially from this tfemperature-dependence be-
low a certain temperature. We interpret this
reduction in critical-current density below the
expectations for the depairing critical-current
density as the entry of vortices due to self-field
of the applied current. This can be qualito-
tively described with an edge-barrier model
(2) taking info account edge effects in anal-
ogy to the Bean-Livingston surface barrier (3).

Transition metal nitrides

Currently, NbN is used as the standard mate-
rial for these kind of single-photon detectors
and in many respects it is a very good mate-
rial. However, to increase the spectral range
of these detectors and to check the validity
of the detection model, the use of other su-
perconducting materials would also be inter-
esting. In 2007 a versatile magnetron sputter-
ing machine has been installed in the FIRST
lab at ETHZ. This has opened up the oppor-
tunity to prepare a whole range of elemen-
tal and composite superconducting thin films.
We have dlready been able to prepare amor-
phous MoN films with T, ~ 6 K. We will further
optimize deposition parameters and charac-
terize these films to evaluate their potential as
an alternative 1o NoN.

11.2 Low temperature magnetic field
dependence of the specific heats
of V5Si and LuNi,B-C

The differential-thermal analysis (DTA) method
used in our laboratory is particularly suited to
detect sharp phase transitions, e.g., first-order
phase transitions, and it does not require large
sample masses (4; 5). Since very high quality
samples often only exist in form of small crys-
tals, such a sensitive method is of high value.
In addition, it is offen desirable to choose a
method that yields a high data-point density
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within a reasonable measuring time. Com-
mon techniques, such as AC or relaxation
methods, are sensitive but very time consum-
ing. As an example, the relaxation method
implemented in a commercial PPMS platform
(Quantum Design) usually takes several min-
utes per data point for data acquisition while
the DTA technique takes only approximately
3 seconds per data point, at an impressive
data-point density of typically 170 data points
per Kelvin. High resolution and high dato-
point density are needed for the observation
of small and sharp effects.

In superconductors, not only the discontinu-
ity in the specific heat at T, contains valuable
information about the superconducting state,
but also the field dependence of this quantity
below T, is of utmost interest because it may
be influenced by the symmetry of the order-
parameter and perhaps also by other factors
6:7:8:9).

V3Si

In the standard theory of superconductivity
the magnetic-field dependence of the spe-
cific heat in the mixed state is Ac,/T'(H) =
(cp(H) —cp(H =0))/T =~vH/Ho(T) for T — 0,
where v is the Sommerfeld coefficient char-
acterizing the specific heat of the electronic
system in the normal sate. In this classic sce-
nario, v(H), a thermodynamic probe of the
electronic density of states af low energy, is
expected to be linear in H up to H., (10). At
temperatures T > 0, the field dependence of
Ac,/T is expected fo be more complicated,
and a non-linear behavior has been observed
in a number of compounds.

We measured the specific heat of V3Si for
fields up to H=8.3 T. Fig. 11.3 shows two DTA
data sets for ygH =0Tand 6 T. The pugH =6 T
data show a structural martensitic transition
taking place close to Ty, which is nearly en-
tirely suppressed by superconductivity in zero
magnetic field. Figure 11.4 shows a small tem-
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Figure 11.3: ¢,/T-DTA data of a V;Si single crystal
for yoH=0Tand 6 T.
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Figure 11.4: ¢, /T-DTA data of V5Si in a small temper-
ature interval around T=7.5 K, starting with o H=0T
(open circles) for the lowest curve and 4 T for the
highest curve, uoH increasing in intervals of 0.5 T.

perature interval around T=7.5 K for selected
fields. The non-linear field dependence at low
magnetic fields is already visible in this figure.

Extracting the ¢,/T(H) data for a fixed
temperature T=7.5 K results in the data
plotted in Fig. 11.5(a), demonstrating the
magnetic-field dependent specific-heat dif-
ference Ac,/T(H) of V3Si (open circles). The
dashed line is a guide to the eye and visual-
izes an approximately linear behavior above
wH > 2 T It can clearly be seen that the
data deviate from linearity below poH < 2T
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where it is better described by a H'/2 depen-
dence. For comparison, we have plotted in
the same figure the data of Ramirez (11) from
a polycrystalline V3Si sample. The deviation
from linearity becomes very significant for low
fields close to the lower critical field H.;. In
analogy to Ref. (11) we can fit our data to
Ac,/T = A(H — H%)'Y? with H?, = 0.2 T being
the field where magnetic flux starts to enter
the sample, and A ~ 8.6 mJ mole~! K-2 T-1/2,
in good agreement with the result of Ref. (11).

LUNiQBQC

Figure 11.5(b) shows in a similar way the mag-
netic field dependent Ac,/T-DTA data for a
LUNixB>C single crystal, obtained at a fixed
temperature T=7.5 K. The dashed line is a
guide to the eye and visualizes the linear be-
havior above ugH > 1T. Again it can clearly
be seen that the data deviate from linearity
below uoH < 1T where it is better described
by a H'/?2 dependence. A fit according to
Ac,/T = A(H — Hy)'/? with H.; = 87mT ((13))
gives A ~ 5.4mJ mole~! K—2T-1/2,

For comparison we have reproduced the
data of Nohara et al. (12) for LuNi:B,C in Fig.
11.5. Again, our data confirm the observation
that also in LuNiuB,C Ac, /T is not linear in H.

These findings are noteworthy since both V3Si
and LuNi;B,C are supposed to be s-wave
systems. While the deviation of Ac,(H)/T
from linearity and especially its approximate
x H'/? dependence is usually interpreted as
an indication for lines of nodes in the energy
gap (8), one can state here that such a be-
havior as we observe in the s-wave supercon-
ductors V3Si and LuNiyB,C is likely a more a
general phenomenon of type Il superconduc-
tors.
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Figure 11.5: Magnetic-field dependence of the spe-
cific heat difference Ac,/T at T=7.5 K for different
crystals. The thick lines represent fits according to
Ac,/T=A(H-H1;)'/2 (see text). The dashed lines are
guides to the eye to visualize the approximate lin-
ear behavior for the magnetic fields poH >2 T in the
case of V3Si and poH >1 T in the case of LuNiyB>C.
(a): data of a V3Si single crystal obtained from DTA
measurements (open circles), in comparison with the
data of Ramirez [11](filled circles).

(b): data of a LuNi;B5C single crystal obtained from
DTA measurements (open circles), together with the
data of Nohara et al. [12] (filled circles).

11.3 Bose-Einstein condensation in

TICuCl3?

TICuCl; is @ quantum- spin- 3 system, that
shows a gap between the ground state and



52

the first excited states for low magnetic fields
woH. £ 5.5T and at low temperatures. At
higher magnetic fields the gap is suppressed,
and a Bose-Einstein condensation (BEC) of
magnetic S=1 excitations (called triplons or
magnons) is supposed to occur, leading to
a magnetic phase with anti-ferromagnetic
long-range order of the fransverse spin com-
ponents.

Meanwhile a considerable number of other
materials have been found that exhibit vari-
ous features which can be explained within
the same framework (14; 15; 16). The main
target we have been pursuing during the last
year was to demonstrate the existence of
state with macroscopic phase coherence in
this compound.

The idea of BEC has already been used quite
successfully to explain the fransition of “nor-
mal” to “superfluid” *He. The strong interac-
fions that exist in liquid *He may alter the na-
ture of the fransition, however. For instance,
while 90-95% of the particles of an atomic en-
semble are in the “superfluid” phase below
the transition temperature of an atomic BEC,
just a few percent (~ 9%) of the Helium-atoms
are condensed in superfluid *He.

One of the relevant parameters indicating
that a system is Bose-Einstein condensed is the
number of particles in the ground state N,
which gets macroscopically large for T' — 0K.

In the case of TICuCls the total magnetizo-
tion M = gugN (17) is proportional to the to-
tal number of excited triplons N, where g is
the Landé g-factor and up is the Bohr mag-
neton. We therefore analyzed this quantity
in detail. The temperature dependence of
the magnetization M(T) along the applied
magnetic field H shows a cusp-like minimum
at a finite temperature T.(H) for fixed mag-
netic field H (see Fig. 11.6). The increase of
M for T < T, is a consequence of the con-
densation of the magnetic quasiparticles and
the increasing number of particles N, in the
ground state forming the condensate. Theo-
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Figure 11.6: The total magnetization M per Cu?t
TICuCl3 for H || b. The low-temperature regime
for T < T, is fitted according to gupn(T) =
g (nerit +no(l — (%)"‘)). The dashed red curves
are for fixed a=4. The black curves are fits for vary-
ing exponent a. The black dotted curve represents a
fit for o = 3 at po H=9T.

retical arguments predict a T-dependence of

3
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We have fitted the low-temperature magne-
tization according to a more general power
low

M(T)

T)
il Sl — T) =
N, guB N, guBn( )

= guB(Nerit + 1o (1 - <g>a>) :

where N, is the total number of dimers and
et = ME=Te) s the critical density at which
condensation occurs. This value corresponds
to the normalized magnetization m(T' = T,.) =

gupnes. At zero temperature we obtain

m(T) =

11. PHASE TRANSITIONS AND SUPERCONDUCTING PHOTON DETECTORS



Annual Report 2007/08

m(0) = gupn(0) = gup(neric + no) and there-
fore n(0) = net + no. For an ideal Bose gas
n(0) corresponds to the condensate density.
As soon as inferactions between the particles
are considered the depletion of the conden-
sate has to be taken into account. The quan-
tity n(0) = n.(0) +7(0) is then a sum of the con-
densate density n.(0) and the density of non-
condensed particles 72(0). The latter term rep-
resents the number of triplons per Cu?*-dimer
scattered out of the ground state due the in-
teractions between the particles. It depends
on the number of condensed particles and

3
can be expressed as 7(0) = 33 %;(O))z,
where m ~ 2.8 x 10~2° kg is the effective mass
of a triplon and ;= = 315K (18) is the two-
particle interaction potential . Extracting n(0)
from our fits, we can therefore calculate the
condensate density at zero temperature n.(0)
for various magnetic fields (see Fig. 11.7). As
one would naively expect from simple argu-
ments (17: 18) n.(0) increases with increas-
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Figure 11.7:

(@) The number of condensed triplons per Cu?* of
TICuCl3 at T=0 K for H || b.

(b) The percentage of particles in the condensate at
T=0K for H || b.

(c) The extracted exponent o from M (T < T.) data
of TICuCl; for H || b.
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ing magnetic field. The percentage of the
condensed particles with respect to the to-
tal number of triplons is approximately 96%
and slightly decreases with increasing mag-
netic field.

From this high percentage of condensed par-
ticles we conclude that the triplons in T1CuCls
form a weakly interacting Bose gas right
above H., and that the intferaction increases
with increasing particle density (i.e. with in-
creasing the magnetic field H).
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