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We analyze the evolution of the normal and superconducting properties of epitaxial TiN films, char-
acterized by high loffe-Regel parameter values, as a function of the film thickness. As the film thickness
decreases, we observe an increase of the residual resistivity, that becomes dominated by diffusive surface
scattering for d < 20 nm. At the same time, a substantial thickness-dependent reduction of the supercon-
ducting critical temperature is observed compared to the bulk TiN value. In such high-quality material
films, this effect can be explained by a weak magnetic disorder residing in the surface layer with a char-
acteristic magnetic defect density of approximately 10'> cm~2. Our results suggest that surface magnetic

disorder is generally present in oxidized TiN films.
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I. INTRODUCTION

Thin metallic films are exploited in numerous optical
applications from nanophotonics and telecommunications
at room temperature [1,2] to superconducting electronic
devices at cryogenic temperatures [3,4]. Critical for optical
and electronic applications, improving the film quality is
a multifaceted problem that includes dealing with various
disorder types that have different impacts on the electronic
properties at ambient conditions and on the superconduct-
ing state. A classical example is the effect of paramagnetic
impurities in metals, where a minute concentration of
impurities can become detrimental at low temperature (7),
resulting in a Kondo effect [5], the suppression of the
superconducting gap [6], and a drastic enhancement of
the inelastic scattering [7]. In thin films, a more important
effect is produced by magnetic disorder formed sponta-
neously within oxidized native surface layers, which man-
ifests in enhanced dephasing [8,9], Cooper-pair breaking
[10,11], and magnetic flux noise [12,13].
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Titanium nitride (TiN) thin films exhibit good chemical
stability down to nanometer thickness [14] and are used
in the fabrication of superconducting devices for pho-
ton detection [15] and for quantum-information processing
[16-19]. Low dielectric losses at microwave frequencies
observed in TiN films are associated with a relatively small
surface density of two-level system defects that contribute
to decoherence of the resonators and qubits [20-23]. In
spite of a possible relation between the two-level sys-
tems and the magnetic disorder [24], the impact of the
latter in TiN films is much less understood. Although
the experiments do not exclude an unknown time-reversal
symmetry-breaking mechanism in superconducting TiN
[25], the interpretation is complicated by a high level of
nonmagnetic disorder. Thin TiN films, typically fabricated
for superconducting devices, are characterized by a rela-
tively small Toffe-Regel parameter of kz/ < 10, where kf
is the Fermi wave vector and / is the carrier mean free
path. Thus, a gradual suppression of the superconductiv-
ity in thin films is attributed to the interplay of disorder
and interactions [26—29] or the Berezinskii-Kosterlitz-
Thouless phase transition [30]. In order to clarify the role
of the magnetic disorder in thin films, one needs to isolate
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this effect by studying epitaxial films exhibiting excellent
electrical properties.

In this work, we focus on the electronic and
superconducting properties of the epitaxial TiN films
with an exceptionally low level of nonmagnetic disorder,
kpl ~ 500. At decreasing film thickness (d) in the range
200 > d > 3 nm, we observe an almost tenfold increase
of the residual resistivity, which manifests a predominant
contribution of diffusive surface scattering for films thinner
than 20 nm. At the same time, the superconducting critical
temperature in thin films is reduced by over a factor of 3
when compared to the bulk value in TiN. In contrast to
previous experiments, the high structural and thus electri-
cal quality of the materials studied allows us to rule out the
possible impact of nonmagnetic disorder on the supercon-
ductivity. We theoretically confirm that a minute amount
of magnetic scattering centers, which reside mainly near
the surface of the film and which are irrelevant to nor-
mal state transport, can account for the suppression of
the superconductivity of small-thickness films. Our results
imply that magnetic defects with a surface density of about
10'? cm™? reside within the naturally oxidized top layer of
TiN, similarly to other materials [8—13].

I1. FABRICATION AND MEASUREMENT SETUP

TiN films are grown on a (111) c-sapphire substrate at a
temperature of 800°C by dc reactive magnetron sputtering
from a 99.999% pure Ti target. The growth is performed
in an argon-nitrogen environment at a pressure of 5 mTorr
and an Ar : N, flow ratio of 2:8 sccm. The films with differ-
ent d values are divided chronologically in two sets (1 and
2), each set grown without opening the chamber. Between
the two growth processes, the chamber is opened and the Ti
target replaced. Between the subsequent TiN runs during
the deposition period, no other material is deposited.

The electronic properties of the unpatterned TiN films
from the two sets are obtained by means of variable-angle
spectroscopic ellipsometry [31] at room temperature (data
for plasma frequency w,) and also by resistance measure-
ment in a homemade “He variable temperature insert and a
cryodilution refrigerator. The resistance measurements are
carried out with a 370 AC Lake Shore resistance bridge at

a bias current of 316 nA or less.

Sheet resistance R2% ¥ of films with d = 3,10, 100 nm
is measured by the van der Pauw method at room tempera-
ture. The T dependencies of resistance R(7) and RRR =
R3OK/RIOK are measured in a quasi-four-probe config-
uration. At low 7, RIX is extracted using the relation
RIOK — R3OOKRRR™!. Films with d = 4, 5,20,200 nm are
patterned in Hall bridges, and R;(7) with RRR are investi-
gated in a four-probe configuration. The uncertainty in the
measurement of R2% ¥ is determined from the statistics in
different samples of the same thickness.

II1. RESULTS AND DISCUSSION

The epitaxial TiN films are known to exhibit single-
crystalline order [32,33]. In the following, we start from
a demonstration of the exceptional metallic properties of
our films and investigate the electron-phonon scattering
and disorder scattering contributions to the film resis-
tivity. This enables us to evaluate the thickness of the
oxide (“dead”) layer on the surface of the film and the d-
dependent mean free path at low 7. Next, we study the
superconducting properties and analyze the suppression of
the superconducting critical temperature 7, with decreas-
ing film thickness. Using the Abrikosov-Gorkov theory
[6], we estimate the density of the magnetic defects in
fabricated films and observe that in the thin-film limit,
the magnetic disorder has a predominantly surface origin.
The electronic properties of the films are summarized in
Table 1.

Structural characterization of our TiN films is summa-
rized in Fig. 1. In the body of panel Fig. 1(a), we plot
the x-ray diffraction data for a coupled @ — 26 scan of a
20-nm TiN film. Here, we identify and mark by the verti-
cal arrows the two main reflexes of TiN (111) and Al,O;
(0006), respectively, for the film and for the substrate.
The gray-scale plot in the inset demonstrates that both
these reflexes (marked by the same arrows) correspond to
localized points in the reciprocal space, evidencing that
our epitaxial TiN films are monocrystalline. In Fig. 1(b),
we plot the atomic-force-microscope (AFM) image of a
5-nm-thick TiN film and its substrate along with the rep-
resentative cuts. The root-mean-square surface roughness

TABLE I. Parameters of the TiN films.
d R3OK RRR T, & w, (300 K) 7(10 K) (10 K)
(nm) (ohm/sq) (K) (nm) (eV) (fs) (nm)
Set 1 20 9.8 +1.0 3.2 5.6 22 7.02 18 8.0
10 26.6 2.3 2.2 4.5 22 6.85 11 5.5
5 103 +6.3 1.7 3.8 20 6.44 7 35
Set2 200 0.99+0.2 7.0 4.5 41 6.41 43 19
100 1.9+0.1 6.2 4.5 42 6.97 33 17
4 130 +18.5 1.9 1.9 31 7.01 6 35
3 264 + 14.5 1.5 1.4 26 7.02 4 2.2
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FIG. 1. Characterization of the epitaxial TiN films. (a) X-ray
diffraction study of a 20-nm TiN film. Body: Coupled w — 20
scan, obtained with a Shimadzu XRD-7000 S diffractometer (Cu
source, Ky = 1.5406 A). Inset: Gray-scale reciprocal space map
obtained with an Oxford diffraction Gemini R diffractometer (Mo
source, K,; = 0.7093 A) for Aw = 3° around the central value
of w = 9.05°. In both plots, the vertical arrows mark the positions
of the TiN (111) reflex from the film and the (much stronger)
Al,03 (0006) reflex from the sapphire substrate. (b) AFM images
of the 5-nm TiN film (on the lhs) and the sapphire substrate
(on the rhs) along with the corresponding representative cuts.
The rms roughness of the TiN film is below 0.25 nm, which
corresponds to the atomically smooth surface.

of the TiN film is below 0.25 nm, which corresponds to an
atomically smooth surface. Details of additional x-ray pho-
toelectron spectroscopy (XPS) of our samples are given
in the Supplemental Material [34]. The XPS results are
obtained on the basis of the method described in Ref. [35].

Figure 2 summarizes the electronic transport properties
of the fabricated TiN films of different thicknesses. Here,
we plot the experimental 7 dependencies of the sheet resis-
tance R, for TiN films in zero magnetic field. At decreasing
T, the R; initially drops linearly and saturates at a residual
resistance below about 50 K. This linear-in-temperature
behavior is fully consistent with the high-7" asymptote of
the Bloch-Griineisen formula that holds in normal met-
als down to temperatures 7 o 6p/3 [36], where 6p is the
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FIG. 2. The temperature (7) dependence of sheet resistance
(Ry) for five films with different thicknesses: 20 nm (set 1), 10 nm
(set 1), 5 nm (set 1), 4 nm (set 2), and 3 nm (set 2). Body: The
Ry (T)-dependence in the wide T range. The critical temperatures
of transition to the superconducting state are 5.6, 4.5, 3.8, 1.9,
and 1.4 K for 20, 10, 5, 4, and 3 nm, respectively. Inset: The R(7)
dependence for the TiN films at low temperatures in the log-log
scale. The data are obtained with a (quasi) four-probe method;
the bias current is 316 nA.

Debye temperature. Our estimate of 6p for TiN is in the
range of 480—600 K (see Supplemental Material [34] for
details), in agreement with the previously reported val-
ues [37]. This metallic behavior is typical for all studied
films and reveals a substantial electron-phonon scatter-
ing contribution down to a few-nanometer film thickness.
The residual resistance ratio, listed in Table I, reaches
RRR =7, emphasizing the high quality of the films. The
room-temperature resistivity o> K = R30Kq attains val-
ues as low as p°° K ~ 20 uQcm for d > 100 nm, which
is similar to the best reported results in thin films [14,38]
as well as in a thick single crystal [37]. This similarity
is not surprising given the fact that p3% ¥ is determined
by the phonon scattering, rather than disorder, once again
emphasizing the quality of the material and its conceptual
difference from the disordered TiN films investigated in
most previous works [25,30,39].

We now investigate the electron-phonon (e-ph) interac-
tion in our films in more detail, which allows us to evaluate
the thickness of the dead layer on the surface of the films
and understand the d dependence of the e-ph coupling
strength. In Fig. 3(a), we analyze the phononic contribution
to the TiN film conductance at room temperature, defined
as G’ = ()™ * — R{*¥)~!. Plotted as a function of d,
the G3)° ¥ shows a linear dependence with a finite intercept

around dpp &~ 1.9 + 0.5 nm for set 1 (see the guideline).
In other words, the phonon-induced conductance scales
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FIG. 3. The analysis of the strength of the electron-phonon

(e-ph) coupling with film thickness decrease. (a) The thickness
dependence of the electron-phonon contribution to the conduc-
tance, G’ = (R} X — RI*®)~!. The linear fit of these data
provides the estimate of the thickness of an insulating dead layer
at the surface of the TiN film: dp; = 1.9 nm. (b) The slope of
the high-T linear part of the T dependence of the resistivity as a
function of d. The resistivity is corrected for the finite dead-layer
thickness as p*(7) = Ry(d — dpr). The data indicate a minor
variation of the strength of the electron-phonon scattering in the
two sets (red dots are for set 1 and blue dots for set 2). (c) The
heat power flow, normalized to volume, versus (Tf — Tg), where
Ty is the noise temperature and 7} the bath temperature. The data
are obtained for five samples with thicknesses of 20, 5, and 3 nm.

linearly with d*, where d* = d — dp, indicating that a
minor size effect observed in G3go K versus d is consistent
with a trivial decrease of the effective film thickness. Most
likely, the insulating dead layer at the surface of our TiN
films consists of a mixture of titanium oxide and oxynitride
[40,41]. The presence of such a dead layer is consistent
with the XPS spectra (see Supplemental Material Table 1
[34] for the XPS film profile). As shown in Fig. 3(b), where
we plot the slope of the high-T linear part of the 7" depen-
dence of the resistivity as a function of d, the correction
for the dead-layer thickness, introduced as p* = Ryd*, is
capable of accounting for the observed d dependence of
the (e-ph) scattering in both film sets.

Further insight into the e-ph coupling at low tempera-
tures, in the residual resistance range, is obtained via noise
thermometry [42]. In this experiment, five bridge samples
made of 3-, 5-, and 20-nm-thick films are dc biased and
the resulting noise temperature (7) is measured with the
help of a homemade noise amplification stage (see Fig. 6
in Appendix A for the details). The dependence of the Ty
on the joule power per unit volume, P, is demonstrated in
Fig. 3(c). This dependence is very well described by the
heat outflow law P = X, w(T3 — T3), where T}, is the bath

temperature and X, is the effective e-ph coupling. The
exponent of 5 in this expression corresponds to the case
of e-ph relaxation in clean metals. The measured X,
increases at decreasing d from 20 to 3 nm, roughly by a
factor of 2 or even stronger, if one takes the finite dpp into
account. Note that Xy, is directly proportional to the cou-
pling strength in the BCS theory of the superconductivity
[43]. As such, the noise thermometry indicates stronger
BCS coupling in thinner films, which is the opposite of
the trend observed in 7, as a function of d in the data of
Fig. 2. This conclusion is important for our discussion of
the superconducting properties below.

Unlike the case of e-ph conductance Gggo K the anal-
ysis of residual resistivity reveals a much stronger size
effect in the dependence of the film thickness. At low T,
the mean free path increases and we observe the size effect
at decreasing d, with a transition from the dominant bulk
scattering in thick films to the surface scattering in thin
films. Figure 4 shows that, in both sets, the residual resis-
tivity measured at 7 = 10 K increases at least by a factor of
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FIG. 4. Size effect in the residual resistivity. (a) Resistivity as a
function of film thickness. The red circles correspond to the data
for set 1 and the blue diamonds to set 2. The values of resistivity
are corrected assuming the dead layer to be p = R!° ®(d — dp).
The red and blue dashed lines are fits for the FS model [Eq. (1)]
assuming diffusive surface scattering. (b) The disorder-limited
mean free path / = [yp;/p* in TiN films (shown by symbols) as
a function of d, along with the FS-based fits for the two sets. (c)
The typical T dependencies of the second critical magnetic field
B, for three films with different thicknesses: 5, 10, and 20 nm
(set 1, from left to right). The B(T) dependencies are obtained
from the shift of the superconducting transition temperature in
a perpendicular magnetic field identified as the point where the
resistance is half that of a normal state. These data are used
to determine the Ginzburg-Landau superconducting coherence
length &y at 7= 0 K.
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4 for decreasing d. Assuming diffusive surface scattering,
we fit the data using the Fuchs-Sondheimer (FS) model
[44,45]:

pé‘ -1 3]0 /oo 1
p* - 24* J, A

where d* = d — dp;. and the fit parameters /, and p; are,
respectively, the mean free path and the resistivity in the
thick-film limit. The best fits shown by the dashed lines
in Fig. 4(a) correspond to /[y = 50 =5 nm and pj = 2.7 £
0.2 n2cm for set 1 and /o = 50+ 5 nm and pj = 2.6 +
0.2 uQ2cm for set 2. This procedure allows us to eval-
uate the d-dependent mean free path / = lyp;/p* in our
films, shown by symbols in Fig. 4(b), and estimate the
loffe-Regel parameter as high as kply = \/372hly/e?p; ~
500 in the thick-film limit. This estimate is two times
bigger than the mean free paths obtained independently
from the data on the transport relaxation time and diffu-
sion coefficient extracted from the measured p*, plasma
frequency w,, and the Ginzburg-Landau superconducting
coherence length (see Table I). The plasma frequency is
measured by ellipsometry at room temperature, and the
coherence length is determined using the relation (£y)? =
—®y(dBe2/dT)~" /2 T, from the temperature dependen-
cies of the second critical magnetic field B.,(7T); see Fig.
4(c). The transport relaxation time is estimated as t, =
1/(p'" ®wleo), assuming that @, is temperature indepen-
dent [46]. In our analysis of the size effect in the residual
resistance, we exclude the Mayadas-Shatzkes (MS) model
[47], which focuses on the scattering of electrons at grain
boundaries in polycrystalline thin films. The negligible
granularity in our epitaxial films directly follows from our
XRD and topography data in Fig. 1. Consistently, when
applied to our data, the MS model returns a negligible con-
tribution of scattering at grain boundaries (see Fig. 3S in
the Supplemental Material [34] for the details).

We conclude the transport studies in the normal state of
our TiN films by evaluating the charge carrier density, 7,
from the product p*/. In the spirit of Ref. [14], we use the
FS model fits of Fig. 4(a) and the free-electron expression
[45] pl = (3n?)3n=2/3h/e?, where h is the Planck con-
stant and e is the elementary charge. In this way, we obtain
n = 2.9 x 10> cm™3, which is the same order of magni-
tude compared to the density n = 8 x 10?2 cm™ expected
for a single electron per Ti atom, as well as to the experi-
mental value of n &~ 5 x 10?> cm ™3 obtained from the Hall
effect measurements in nominally identical films [31]. This
observation is also consistent with the fact that the Bloch-
Griineisen temperature is close to the Debye temperature in
our analysis of the e-ph scattering (see Fig. 4S of the Sup-
plemental Material [34]), which excludes a diluted metal
scenario [48]. Altogether, our analysis does not support
the conclusions of Ref. [14] that the charge transport in

1 .
75) (1—e ™ /Myar, (1)

epitaxial TiN films is dominated by the minority carriers
from slightly filled bands.

Next, we analyze the superconducting properties of the
fabricated TiN films. We observe a sharp transition to the
superconducting state that occurs below a few kelvins at
T = T,; see the inset in Fig. 2. For simplicity, we deter-
mine the critical temperature 7, in Table I as the point
where the resistance is half that of R!®K. Note that the
variation of 7, in the experiment by far exceeds the width
of the resistive transition; therefore, the results discussed
below are insensitive to the criterion used to define the
transition point [49]. In both sets, the 7. values consid-
erably diminish as d is reduced. The critical temperature
is systematically lower within set 2 and varies by more
than a factor of 3 for the thinnest films (see Table I). Note
that the effect of decreasing 7, occurs in high-quality films
with Ry <« h/e?; that is, the films are far away from the
superconductor-insulator transition [27]. In this case, the
nonmagnetic disorder does not affect 7.. Thus, we also
exclude the Berezinskii-Kosterlitz-Thouless phase transi-
tion [30] and the impact of Coulomb interactions [50],
responsible for a decrease of 7, in thin dirty supercon-
ducting films (see Fig. 7 in Appendix B for details). We
also eliminate possible effects of the reduced carrier den-
sity and/or BCS-coupling strength in thin films [51,52],
because the observed trends in w), (Table I) and the e-ph
coupling [Figs. 3(b) and 3(c)] are absent or opposite to that
for T,.

Both the observed differences in T, between the two sets
and its decrease upon the reduction of d can be explained
by the presence of a minute amount of magnetic disorder,
which has a well-known detrimental effect on 7. owing to
pair-breaking spin-flip scattering [6]. The spin-flip scatter-
ing time 7, and the critical temperature of the supercon-
ducting transition 7, are related via the Abrikosov-Gorkov
(AG) equation [6,53]:

(Y —y (! h 1 5
“(E) =V (5 * —znkm) v (z)’ @

where ¥ (x) is the digamma function, and T(C) is the critical
temperature in the absence of magnetic disorder. The solid
line in the inset of Fig. 5 demonstrates the dependence of
the normalized T, as a function of the normalized spin-flip
rate x = 1/ (2mkpTt,) given by Eq. (2). This dependence
is used to extract the spin-flip rate from the measured 7,
for each TiN film studied.

For both sets of samples, we assume the same 70 = 6 K,
which is the highest reported value of the critical tempera-
ture in TiN [37]. Figure 5 (body) presents the dependence
of the spin-flip scattering rate 7! as a function of an
inverse thickness d~!. Note that the timescale of t falls in
the range of 1—15 ps, which is roughly 3 orders of magni-
tude longer compared to the transport scattering time 7, for
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FIG. 5. The illustration of a detrimental effect of magnetic dis-
order on T in thin films. Body: The estimated spin-flip scattering
rate 7,”! as a function of an inverse thickness 1/d. Inset: The solid
line demonstrates the dependence of the normalized 7. as a func-
tion of the normalized spin-flip rate x = i/ (2wkgT z,) given by
Eq. (2). This dependence is used to convert the measured 7, for
each studied TiN film to the spin-flip rate. The fitting of the data
(z;! vs d~!) demonstrates that the dominant contribution to the
spin-flip scattering in thin films originates from the near-surface
magnetic disorder: Ny ~ a/(vpts) = Np + Ns x a/d, where a =
0.4 nm [54] is the TiN lattice constant, vr is the Fermi velocity,
Np and N; are the effective bulk and the surface number of the
magnetic scatterers, respectively. The dashed lines demonstrate
the best fits for the two sets, obtained with the bulk defect num-
ber of Ny = 3 x 107 for set 1 and N, = 2.5 x 10~ for set 2 and
the surface defect number of Ny = 2.8 x 1073, the same for both
sets.

scattering off the nonmagnetic disorder (Table I). There-
fore, we once again exclude the role of the nonmagnetic
disorder in the scaling of transition temperatures in thin
films.

Figure 5 demonstrates that the spin-flip scattering rate
increases at decreasing d. We argue that this is consis-
tent with the surface magnetic disorder that dominates in
thin films. For d < &, the superconductivity is sensitive to
the total volume density of the magnetic scatterers regard-
less of their distribution within the cross section of the
film. Hence, the d dependence of the 7! indicates that
extra spin-flip scattering in thin films originates from the
magnetic disorder residing near the surface.

We apply a simplified theoretical model capable of qual-
itatively reconciling our data. Using the data of Fig. 5,
we extract the effective density of the magnetic scatterers
Ny, including the bulk VN, and the surface N; contribu-
tions explicitly. It is convenient to normalize the numbers
Ny, Np, and N, respectively, per three-dimensional (3D)
and two-dimensional (2D) unit cells in TiN, such that

Ny = Np + Ng x a/d, where a ~ 0.4 nm [54] is the TiN
lattice constant. The relation between the Ny, and the spin-
flip scattering rate reads Ny, ~ a/(vrt;), where vg is the
Fermi velocity. The dashed lines in Fig. 5 demonstrate the
best fits for the two sets, obtained with N, = 3 x 107 for
set 1, N, = 2.5 x 107 for set 2, and N; = 2.8 x 1073, the
same for both sets. These estimates are obtained using the
average value of the Fermi velocity vy ~ 4 x 107 ¢cm/s
extracted from experimental values of electron diffusivity
D and the electron scattering time 7, as vp ~ /D/1y (see
Fig. 5S in the Supplemental Material [34]). While differ-
ent values of V, can account for a growth-related variation
between the sets, the same value of N; indicates that the
observed drop of T, at decreasing d is an important sys-
tematic effect in thin epitaxial TiN films. The values of
N; provide us with an estimate of the surface density of
magnetic defects that is as small as a >N, = 10'> cm ™2,
at least an order of magnitude smaller in comparison
with the typical density of the surface magnetic moments
(approximately 5 x 103 cm™2), reported for Al, Nb, and
NbN superconductors [13,24,55-57]. Note, however, that
relevant for the 7, reduction are only those magnetic scat-
terers that strongly couple to the conduction electrons. This
could, at least partly, explain the very small density of the
surface magnetic disorder obtained in our analysis.

Finally, we discuss the possible microscopic origin of
the surface magnetic disorder. It should be noted that mag-
netic materials are never used in the TiN growth chamber;
therefore, a trivial contamination with paramagnetic impu-
rities is excluded in the studied films. The surface character
of the magnetic scattering in thin films indicates the impor-
tance of the TiN interfaces either with the substrate on
the bottom or with the dead layer on the top. Similar to
the observations in copper [7,8], aluminum [13], and nio-
bium [11] films, we propose that the naturally oxidized
top layer can be responsible for the magnetic disorder in
our films. The magnetic moments in this case can orig-
inate from the unpaired 3d electrons bound to Ti™>-Oj
defect complexes [58], where Oy is the oxygen vacancy,
which can result even in a room-temperature ferromag-
netism in TiO, [59—62]. Recently, a long-range magnetic
ordering in nonstoichiometric epitaxial TiN;_, with x =
0.12 £ 0.02 was revealed in Ref. [63], which originates
from the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action between the unpaired localized spins mediated by
nitrogen vacancies. Such spins, yet in much smaller con-
centration, can also be considered as possible magnetic
scatterers in our TiN films, both in bulk and on the sur-
face. In the end, it is worth mentioning that in our analysis
of the T, reduction at decreasing d, we ignore peculiarities
of the band structure in TiN, which is argued to be a corre-
lated material close to the Mott-insulator phase transition
point [54]. Possible interplay between the band structure
and magnetic disorder in thin TiN films is an intriguing
target for future experiments.
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IV. CONCLUSIONS

In summary, we analyze the electronic properties of
the epitaxial TiN films of exceptional quality (k! ~ 500),
which exhibit a size effect in resistivity and the reduction of
the superconducting critical temperature with decreasing
film thickness. The high structural and electronic quality
of the films allows us to relate the latter effect to the pres-
ence of a minute concentration (approximately 10'> cm~2)
of magnetic scatterers within the approximately 2-nm-
thick dead layer on the top of TiN films. The observed
surface magnetic disorder can be related to the oxygen
vacancies in naturally oxidized TiN films, representing a
fundamental limiting factor for their performance in the
superconducting state.
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APPENDIX A: STUDY OF ELECTRON-PHONON
HEAT TRANSFER IN EPITAXTAL TIN FILMS

The noise thermometry is used to study the heat trans-
fer between the electron system and the heat bath in the
normal state of superconducting materials [42]. In such
measurements, the sample is biased with a dc current that
causes joule heating of the electronic system, and thereby
the noise increases. The noise temperature 7y, obtained
from the Johnson-Nyquist relation, S; = 4kzTx /R, is con-
sidered as the electron temperature 7,, and the phonon
temperature Ty, is taken as the bath temperature 7.

For samples with length L > /., where [, is the
electron-phonon length, the heat outflow rate can provide
information about the electron-phonon interaction. The
data in Fig. 6 are presented for a sample with a thickness
of 5 nm. For the samples, the experimental data follow the
heat outflow law, Psc = Zepn V(Ty — T},), where Py is
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FIG. 6. Study of electron-phonon heat transfer in epitaxial TiN
films. Body: The noise temperature 7y versus Joule power Pc.
The data are presented for samples with thicknesses of 5 nm.
Inset: The experimental setup for noise thermometry.

the Joule power dissipated in the sample, V' is the volume
of the sample, and X, is the electron-phonon coupling
constant. We observe that the exponent in the heat flow
law is n >~ 5 for all samples, which is typical for the case
of pure metals and in the absence of a phonon bottleneck
effect.

An experimental setup for noise thermometry is
presented in the insert of Fig. 6. The setup, built inside
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FIG.7. Disorder effects on critical temperature: plot of the ratio
T./T. as a function of the film resistance per square R;. Data Ry
are determined above the superconducting transition (at 10 K).
The data are compared with the Finkel’stein model for the case of
weak disorder in homogeneous superconducting films. The used
model parameters are y ~ 6.7 and T = I>/(ND) =~ 60 fs.
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a closed cycle refrigerator Bluefors LD-400, consists of
a rf resonant-tank circuit (with a resonance frequency of
10 MHz) including a high-impedance low-noise ampli-
fier at the 4-K stage (with gain > 6 dB and noise Syyp ~
10-26 A2 /Hz), a cascade of low-noise amplifiers at 300 K,
an active band-pass filter, and a power detector.

APPENDIX B: DISORDER EFFECTS ON
CRITICAL TEMPERATURE

We compare our results with predictions of a weak dis-
order model in homogeneous superconducting films estab-
lished by Finkel’stein [50] (see Fig. 7). The suppression
of superconductivity is driven by impurities that reinforce
Coulomb and spin interactions. The critical temperature 7,
is expressed as a function of sheet resistance R, and the
elastic diffusion time t:

T. y(1/y—«/_z/2+z/4)”“f
—C = . (BD)
TcO 1/V+VZ/2+t/4

with ¢ = Ree?/(h), y = In[h/(kzT.o7)], and T, = 6 K
(for set 1) or T.p = 4.5 K (for set 2).

[1] S. A. Maier, Plasmonics: Fundamentals and Applications
(Springer, New York, 2007).

[2] A. Catellani and A. Calzolari, Plasmonic properties of
refractory titanium nitride, Phys. Rev. B 95, 115145 (2017).

[3] W. Chang, S. M. Albrecht, T. S. Jespersen, F. Kuemmeth,
P. Krogstrup, J. Nygard, and C. M. Marcus, Hard gap
in epitaxial semiconductor—superconductor nanowires, Nat.
Nanotechnol. 10, 232 (2015).

[4] R. Yan, G. Khalsa, S. Vishwanath, Y. Han, J. Wright, S.
Rouvimov, D. S. Katzer, N. Nepal, B. P. Downey, D. A.
Muller, H. G. Xing, D. J. Meyer, and D. Jena, GaN/NbN
epitaxial semiconductor/superconductor heterostructures,
Nature 555, 183 (2018).

[5] E.Miiller-Hartmann and J. Zittartz, Kondo Effect in Super-
conductors, Phys. Rev. Lett. 26, 428 (1971).

[6] A. Abrikosov and L. Gorkov, Contribution to the theory of
superconducting alloys with paramagnetic impurities, Sov.
Phys. JEPT 12, 1243 (1961).

[7]1 F. Pierre, A. B. Gougam, A. Anthore, H. Pothier, D.
Esteve, and Norman O. Birge, Dephasing of electrons in
mesoscopic metal wires, Phys. Rev. B 68, 085413 (2003).

[8] J. Vranken, C. Van Haesendonck, and Y. Bruynseraede,
Enhanced magnetic surface scattering of weakly localized
electrons, Phys. Rev. B 37, 8502 (1988).

[9] F. Pierre and N. O. Birge, Dephasing by Extremely Dilute
Magnetic Impurities Revealed by Aharonov-Bohm Oscilla-
tions, Phys. Rev. Lett. 89, 206804 (2002).

[10] A. Rogachev, T.-C. Wei, D. Pekker, A. T. Bollinger, P. M.
Goldbart, and A. Bezryadin, Magnetic-field Enhancement
of Superconductivity in Ultranarrow Wires, Phys. Rev. Lett.
97, 137001 (2006).

[11] T. Proslier, J. F. Zasadzinski, L. Cooley, C. Antoine, J.
Moore, J. Norem, M. Pellin, and K. E. Gray, Tunneling

study of cavity grade Nb: Possible magnetic scattering at
the surface, Appl. Phys. Lett. 92, 212505 (2008).

[12] S. M. Anton, J. S. Birenbaum, S. R. O’Kelley, V.
Bolkhovsky, D. A. Braje, G. Fitch, M. Neeley, G. C. Hilton,
H.-M. Cho, K. D. Irwin, F. C. Wellstood, W. D. Oliver,
A. Shnirman, and J. Clarke, Magnetic Flux Noise in DC
SQUIDs: Temperature and Geometry Dependence, Phys.
Rev. Lett. 110, 147002 (2013).

[13] P. Kumar, S. Sendelbach, M. A. Beck, J. W. Freeland, Zhe
Wang, Hui Wang, Clare C. Yu, R. Q. Wu, D. P. Pappas,
and R. McDermott, Origin and Reduction of 1/f° Magnetic
Flux Noise in Superconducting Devices, Phys. Rev. Appl.
6, 041001 (2016).

[14] J. S. Chawla, X. Y. Zhang, and D. Gall, Effective electron
mean free path in TiN(001), J. Appl. Phys. 113, 063704
(2013).

[15] H. Leduc, B. Bumble, P. Day, B. Eom, J. Gao, S. Golwala,
B. Mazin, S. McHugh, A. Merrill, D. Moore, O. Noroozian,
A. Turner, and J. Zmuidzinas, Titanium nitride films for
ultrasensitive microresonator detectors, Appl. Phys. Lett.
97, 102509 (2010).

[16] S. Ohya et al., Room temperature deposition of sput-
tered TiN films for superconducting coplanar waveguide
resonators, Supercond. Sci. Technol. 27, 015009 (2014).

[17] K. Makise, R. Sun, H. Terai, and Z. Wang, Fabrication and
characterization of epitaxial TiN-based Josephson junctions
for superconducting circuit applications, IEEE Trans. Appl.
Supercond. 25, 1 (2015).

[18] Y.-C. Tang, H. Zhang, S. Kwon, H. Mohebbi, D. Cory,
L.-C. Peng, L. Gu, H.-Z. Guo, K.-J. Jin, and G.-X. Miao,
Superconducting resonators based on TiN/tapering/NbN/
tapering/TiN heterostructures, Adv. Eng. Mater. 18, 1816
(2016).

[19] B. Foxen et al., Qubit compatible superconducting inter-
connects, Quantum Sci. Technol. 3, 014005 (2017).

[20] M. R. Vissers, J. Gao, D. S. Wisbey, D. A. Hite, C. C.
Tsuei, A. D. Corcoles, M. Steffen, and D. P. Pappas, Low
loss superconducting titanium nitride coplanar waveguide
resonators, Appl. Phys. Lett. 97, 232509 (2010).

[21] M. Sandberg, M. R. Vissers, J. S. Kline, M. Weides, J. Gao,
D. S. Wisbey, and D. P. Pappas, Etch induced microwave
losses in titanium nitride superconducting resonators, Appl.
Phys. Lett. 100, 262605 (2012).

[22] J. B. Chang, M. R. Vissers, A. D. Corcoles, M. Sandberg,
J. Gao, D. W. Abraham, J. M. Chow, Jay M. Gambetta, M.
B. Rothwell, G. A. Keefe, M. Steffen, and D. P. Pappas,
Improved superconducting qubit coherence using titanium
nitride, Appl. Phys. Lett. 103, 012602 (2013).

[23] G. Calusine, A. Melville, W. Woods, R. Das, C. Stull, V.
Bolkhovsky, D. Braje, D. Hover, D. K. Kim, X. Miloshi,
D. Rosenberg, A. Sevi, J. L. Yoder, E. Dauler, and W.
D. Oliver, Analysis and mitigation of interface losses in
trenched superconducting coplanar waveguide resonators,
Appl. Phys. Lett. 112, 062601 (2018).

[24] S. E. de Graaf, L. Faoro, J. Burnett, A. A. Adamyan,
A. Ya. Tzalenchuk, S. E. Kubatkin, T. Lindstrém, and A.
V. Danilov, Suppression of low-frequency charge noise in
superconducting resonators by surface spin desorption, Nat.
Commun. 9, 1143 (2018).

[25] E. F. C. Driessen, P. C. J. J. Coumou, R. R. Tromp, P. J.
de Visser, and T. M. Klapwijk, Strongly Disordered TiN

054001-8


https://doi.org/10.1103/PhysRevB.95.115145
https://doi.org/10.1038/nnano.2014.306
https://doi.org/10.1038/nature25768
https://doi.org/10.1103/PhysRevLett.26.428
https://doi.org/10.1103/PhysRevB.68.085413
https://doi.org/10.1103/PhysRevB.37.8502
https://doi.org/10.1103/PhysRevLett.89.206804
https://doi.org/10.1103/PhysRevLett.97.137001
https://doi.org/10.1063/1.2913764
https://doi.org/10.1103/PhysRevLett.110.147002
https://doi.org/10.1103/PhysRevApplied.6.041001
https://doi.org/10.1063/1.4790136
https://doi.org/10.1063/1.3480420
https://doi.org/10.1088/0953-2048/27/1/015009
https://doi.org/10.1109/TASC.2014.2364214
https://doi.org/10.1002/adem.201600226
https://doi.org/10.1088/2058-9565/aa94fc
https://doi.org/10.1063/1.3517252
https://doi.org/10.1063/1.4729623
https://doi.org/10.1063/1.4813269
https://doi.org/10.1063/1.5006888
https://doi.org/10.1038/s41467-018-03577-2

SUPERCONDUCTIVITY IN EPITAXIAL TiN FILMS...

PHYS. REV. APPLIED 12, 054001 (2019)

and NbTiN s-wave Superconductors Probed by Microwave
Electrodynamics, Phys. Rev. Lett. 109, 107003 (2012).

[26] A. M. Finkel’stein, Suppression of superconductivity in
homogeneously disordered systems, Phys. B: Condens.
Matter 197, 636 (1994).

[27] V. E. Gantmakher and V. T. Dolgopolov, Superconduc-
tor—insulator quantum phase transition, Phys. Usp. 53, 1
(2010).

[28] C. Delacour, L. Ortega, M. Faucher, T. Crozes, T. Fournier,
B. Pannetier, and V. Bouchiat, Persistence of superconduc-
tivity in niobium ultrathin films grown on R-plane sapphire,
Phys. Rev. B 83, 144504 (2011).

[29] B. Sacépé, T. Dubouchet, C. Chapelier, M. Sanquer, M.
Ovadia, D. Shahar, M. Feigel’man, and L. Toffe, Localiza-
tion of preformed Cooper pairs in disordered superconduc-
tors, Nat. Phys. 7, 239 (2011).

[30] T. I. Baturina, S. V. Postolova, A. Yu. Mironov, A. Glatz,
M. R. Baklanov, and V. M. Vinokur, Superconducting
phase transitions in ultrathin TiN films, EPL (Europhys.
Lett.) 97, 17012 (2012).

[31] D. Shah, H. Reddy, V. Shalaev, and A. Boltasseva, Opti-
cal properties of plasmonic ultrathin TiN films, Adv. Opt.
Mater. 5, 1700065 (2017).

[32] G. V. Naik, J. L. Schroeder, X. Ni, A. V. Kildishev, T.
D. Sands, and A. Boltasseva, Titanium nitride as a plas-
monic material for visible and near-infrared wavelengths,
Opt. Mater. Express 2, 478 (2012).

[33] N. Kinsey, M. Ferrera, G. V. Naik, V. E. Babicheva, V. M.
Shalaev, and A. Boltasseva, Experimental demonstration of
titanium nitride plasmonic interconnects, Opt. Express 22,
12238 (2014).

[34] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.12.054001 for details on
the XPS analysis of TiN films, transport data for TiN films
from set 2, analysis of the grain effects on residual resistiv-
ity, analysis of the temperature dependence on resistivity,
and estimation of Fermi velocity.

[35] A. V. Lubenchenko, A. A. Batrakov, A. B. Pavolotsky, O.
I. Lubenchenko, and D. A. Ivanov, XPS study of multilayer
multicomponent films, Appl. Surf. Sci. 427, 711 (2018).

[36] J. M. Ziman, Electrons and Phonons.: The Theory of Trans-
port Phenomena in Solids (Oxford University Press, New
York, 2001).

[37] W. Spengler, R. Kaiser, A. N. Christensen, and G. Miiller-
Vogt, Raman scattering, superconductivity, and phonon
density of states of stoichiometric and nonstoichiometric
TiN, Phys. Rev. B 17, 1095 (1978).

[38] A. Torgovkin, S. Chaudhuri, A. Ruhtinas, M. Lahtinen, T.
Sajavaara, and I. J. Maasilta, High quality superconducting
titanium nitride thin film growth using infrared pulsed laser
deposition, Supercond. Sci. Technol. 31, 055017 (2018).

[39] B. Sacépé, C. Chapelier, T. I. Baturina, V. M. Vinokur,
M. R. Baklanov, and M. Sanquer, Disorder-induced Inho-
mogeneities of the Superconducting State Close to the
Superconductor-insulator Transition, Phys. Rev. Lett. 101,
157006 (2008).

[40] U. Guler, J. C. Ndukaife, G. V. Naik, A. G. A. Nnanna,
A. V. Kildishev, V. M. Shalaev, and A. Boltasseva, Local
heating with lithographically fabricated plasmonic titanium
nitride nanoparticles, Nano Lett. 13, 6078 (2013).

[41] C. M. Zgrabik and E. L. Hu, Optimization of sputtered tita-
nium nitride as a tunable metal for plasmonic applications,
Opt. Mater. Express 5, 2786 (2015).

[42] M. L. Roukes, M. R. Freeman, R. S. Germain, R. C.
Richardson, and M. B. Ketchen, Hot Electrons and Energy
Transport in Metals at Millikelvin Temperatures, Phys.
Rev. Lett. 55, 422 (1985).

[43] P. B. Allen, Theory of Thermal Relaxation of Electrons in
Metals, Phys. Rev. Lett. 59, 1460 (1987).

[44] K. Fuchs, The conductivity of thin metallic films accord-
ing to the electron theory of metals, Math. Proc. Cambridge
Philos. Soc. 34, 100 (1938).

[45] E. H. Sondheimer, The mean free path of electrons in
metals, Adv. Phys. 1, 1 (1952).

[46] L. Vertchenko, L. Leandro, E. Shkondin, O. Takayama,
1. Bondarev, N. Akopian, and A. Lavrinenko, Cryogenic
characterization of titanium nitride thin films, Opt. Mater.
Express 9, 2117 (2019).

[47] A. F. Mayadas, M. Shatzkes, and J. F. Janak, Electrical
resistivity model for polycrystalline films: The case of spec-
ular reflection at external surfaces, Appl. Phys. Lett. 14, 345
(1969).

[48] E. H. Hwang and S. Das Sarma, Linear-in-T resistivity in
dilute metals: A Fermi liquid perspective, Phys. Rev. B 99,
085105 (2019).

[49] A. A. Varlamov, A. Galda, and A. Glatz, Fluctuation spec-
troscopy: From Rayleigh-Jeans waves to Abrikosov vortex
clusters, Rev. Mod. Phys. 90, 015009 (2018).

[50] A. M. Finkel’shtein, in 30 Years of the Landau Institute —
Selected Papers (World Scientific Pub Co Inc., Singapore,
1996), p. 288.

[51] O. Bourgeois, A. Frydman, and R. C. Dynes, Proximity
effect in ultrathin Pb/Ag multilayers within the Cooper
limit, Phys. Rev. B 68, 092509 (2003).

[52] J. W. P. Hsu, S. L. Park, G. Deutscher, and A. Kapitulnik,
Superconducting transition temperature in a Nb/Nb, Si;_,
bilayer, Phys. Rev. B 43, 2648 (1991).

[53] A. Ludwig and M. J. Zuckermann, The dependence of
the superconducting critical temperature of dilute magnetic
alloys on impurity concentration, J. Phys. F: Metal Phys. 1,
516 (1971).

[54] H. Allmaier, L. Chioncel, and E. Arrigoni, Titanium nitride:
A correlated metal at the threshold of a Mott transition,
Phys. Rev. B 79, 235126 (2009).

[55] R. H. Koch, D. P. DiVincenzo, and J. Clarke, Model for
1/f Flux Noise in SQUIDs and Qubits, Phys. Rev. Lett.
98, 267003 (2007).

[56] S. Sendelbach, D. Hover, M. Miick, and R. McDermott,
Complex Inductance, Excess Noise, and Surface Mag-
netism in dc SQUIDs, Phys. Rev. Lett. 103, 117001
(2009).

[57] T. Proslier, M. Kharitonov, M. Pellin, J. Zasadzinski, and
G. Ciovati, Evidence of surface paramagnetism in nio-
bium and consequences for the superconducting cavity
surface impedance, IEEE Trans. Appl. Supercond. 21, 2619
(2011).

[58] S. Zhou, E. Cizmar, K. Potzger, M. Krause, G. Talut, M.
Helm, J. Fassbender, S. A. Zvyagin, J. Wosnitza, and H.
Schmidt, Origin of magnetic moments in defective TiO,
single crystals, Phys. Rev. B 79, 113201 (2009).

054001-9


https://doi.org/10.1103/PhysRevLett.109.107003
https://doi.org/10.1016/0921-4526(94)90267-4
https://doi.org/10.3367/UFNe.0180.201001a.0003
https://doi.org/10.1103/PhysRevB.83.144504
https://doi.org/10.1038/nphys1892
https://doi.org/10.1209/0295-5075/97/17012
https://doi.org/10.1002/adom.201700065
https://doi.org/10.1364/OME.2.000478
https://doi.org/10.1364/OE.22.012238
http://link.aps.org/supplemental/10.1103/PhysRevApplied.12.054001
https://doi.org/10.1016/j.apsusc.2017.07.256
https://doi.org/10.1103/PhysRevB.17.1095
https://doi.org/10.1088/1361-6668/aab7d6
https://doi.org/10.1103/PhysRevLett.101.157006
https://doi.org/10.1021/nl4033457
https://doi.org/10.1364/OME.5.002786
https://doi.org/10.1103/PhysRevLett.55.422
https://doi.org/10.1103/PhysRevLett.59.1460
https://doi.org/10.1017/S0305004100019952
https://doi.org/10.1080/00018735200101151
https://doi.org/10.1364/OME.9.002117
https://doi.org/10.1063/1.1652680
https://doi.org/10.1103/PhysRevB.99.085105
https://doi.org/10.1103/RevModPhys.90.015009
https://doi.org/10.1103/PhysRevB.68.092509
https://doi.org/10.1103/PhysRevB.43.2648
https://doi.org/10.1088/0305-4608/1/4/324
https://doi.org/10.1103/PhysRevB.79.235126
https://doi.org/10.1103/PhysRevLett.98.267003
https://doi.org/10.1103/PhysRevLett.103.117001
https://doi.org/10.1109/TASC.2011.2107491
https://doi.org/10.1103/PhysRevB.79.113201

N.A. SAVESKUL et al. PHYS. REV. APPLIED 12, 054001 (2019)

[59] N. H. Hong, J. Sakai, N. Poirot, and V. Brizé, Room- states in magnetic and transport properties, Ph.D. thesis,
temperature ferromagnetism observed in undoped semicon- Univ. of Milan, Milan (2011).
ducting and insulating oxide thin films, Phys. Rev. B 73, [62] G. Drera, M. C. Mozzati, P. Galinetto, Y. Diaz-Fernandez,
132404 (2006). L. Malavasi, F. Bondino, M. Malvestuto, and L. San-
[60] S. D. Yoon, Y. Chen, A. Yang, T. L. Goodrich, Xu Zuo, galetti, Enhancement of room temperature ferromagnetism
D. A. Arena, K. Ziemer, C. Vittoria, and V. G. Harris, in N-doped TiO,_, rutile: Correlation with the local elec-
Oxygen-defect-induced magnetism to 880 K in semicon- tronic properties, Appl. Phys. Lett. 97, 1 (2010).
ducting anatase TiO,_, films, J. Phys.: Condens. Matter 18, [63] S. Gupta, A. Moatti, A. Bhaumik, R. Sachan, and J.
L355 (2006). Narayan, Room-temperature ferromagnetism in epitax-
[61] G. Drera, Electronic structure of TiO, thin films and ial titanium nitride thin films, Acta Mater. 166, 221
LaAlO;-SrTiO; heterostructures: The role of titanium 3d1 (2019).

054001-10


https://doi.org/10.1103/PhysRevB.73.132404
https://doi.org/10.1088/0953-8984/18/27/L01
https://doi.org/10.1063/1.3458699
https://doi.org/10.1016/j.actamat.2018.12.041

	I. INTRODUCTION
	II. FABRICATION AND MEASUREMENT SETUP
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: STUDY OF ELECTRON-PHONON HEAT TRANSFER IN EPITAXIAL TIN FILMS
	B. APPENDIX B: DISORDER EFFECTS ON CRITICAL TEMPERATURE
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


