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The temperature dependence of the thermopower S(7) of NbN, films with different stoichiometry
coefficients x = 0.84 has been experimentally determined within the range 4.2 <7 <300 K. Within this
temperature window, films with x = 0.86 exhibit positive .S values with a broad peak centered at about
110 K and a nearly linear behavior for 7> 200 K with a negative slope. For smaller x, the S(T) curves
are systematically depressed leading to a crossover from positive to negative values of the linear part at
temperatures between 200 and 300 K. This shape of S(T) could be explained by a superposition of a
linear diffusion thermopower with negative slope, a phonon-drag part dominated by Umklapp processes
and, at higher temperatures, a positive offset. Despite the high electrical resistivity of the films ( > 300
1 cm), which is caused by grain-boundary scattering, the phonon-drag effect is not suppressed since the
estimated phonon mean free path [, is still of the order of the grain size. By bombarding the films with
increasing fluences of 350-keV Ne™ ions, defects can be produced in the interior of the grains thereby
systematically reducing /., resulting in a suppression of the phonon-drag peak as well as of the offset.
For ion fluences corresponding to more than approximately one displacement per target atom (dpa), the
ion-induced resistivity changes saturate at increases of typical 5% accompanied by a relative decrease of
the superconducting transition temperatures of 14%. Due to the ion-induced suppression of the phonon
drag, S (T) reacts much more sensitively to the bombardment resulting in a purely linear behavior with
negative slope for 7> 100 K. Below 100 K, a broad peak towards even more negative values is found
representing a small deviation from linearity, which is attributed to electron-phonon renormalization
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effects and can be described quantitatively by the corresponding theory.

I. INTRODUCTION

If a temperature gradient V7T is established between
the ends of a solid, an electric field E will be built up and
both are related by E=S(T)VT with S(T) being the
temperature-dependent absolute Seebeck coefficient or
thermopower of the material under study. This long
known transport phenomenon constitutes the ther-
moelectric effect. Its experimental observation, however,
necessarily involves at least two different materials 4 and
B with corresponding absolute coefficients S, and Sj, re-
spectively, forming a thermocouple. By measuring the
difference of the electrical potentials AV, , due to the
temperature difference AT between the thermocouple, the
coefficient Sg , =AVj , /AT can be determined, which for
small AT is related to the individual S ,,Spvalues by
Sp4=S,4—Sp. Thus, to obtain the absolute value S(T')
of a material A4, the behavior of Sp(7) must be known
quantitatively. In the present work, which aims at study-
ing the temperature dependence of the Seebeck
coefficient for NbN films, Sy,n(7), lead has been chosen
as material B, since the corresponding Sp,(7) values are
known and tabulated over a wide temperature regime. 2

Theoretically, based on Boltzmann transport theory it
has long been shown® that the contribution to S(T) of
simple metals due to the thermal diffusion of their nearly
free charge carriers exhibits a linear temperature depen-
dence Sz < T. Experimentally, in most cases this linear
relationship is covered by an additional contribution
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Sarag> Which is nonlinear in T and often dominating the
observed S(T) at least at temperatures below 300 K.
This phonon drag contribution is caused by the interac-
tion between the heat conducting phonons and the charge
carriers. Its analysis is complicated by the fact that de-
pending on whether the corresponding electron-phonon
scattering is dominated by Normal (N) or Umklapp (U)
processes, the drag term has to be added or subtracted
from the pure diffusional contribution Sy. In any case,
at low temperatures 7 <<©, (O, Debye temperature),
the drag effect should freeze out reflecting the decaying
probability of thermally excited phonons and at high
temperatures 7 >>0O,, where phonon-phonon scattering
leads to a decreasing phonon mean free path, the drag
effect also should vanish. This leads to the “phonon-drag
peak” mostly observed in crystalline solids. From these
remarks it is clear that a quantitative description of the
drag effect is complex due to the fact that besides the de-
tailed knowledge of the electron- and phonon-dispersion
relations, the interaction matrix elements have to be cal-
culated including U processes.* For NbN, such a theoret-
ical analysis is not available yet. Here, the theoretical sit-
uation is even more complicated due to the presence of a
high d-band density of states, which strongly influences
the scattering rate of the s electrons. Taking into account
this s-d scattering, it has been shown that a nonlinear T
dependence of S generally will result.’

For NbN also the experimental situation of S(7) is not
clear and different signs of S have been reported.®”® The
present work will serve to clarify this situation. The re-
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fractory materials in general and especially NbN are in-
teresting for their superconducting properties. NbN ex-
hibits a typical transition temperature to superconduc-
tivity T, of up to 16.1 K, the detailed value depending on
stoichiometry,” impurities,'® and disorder.!! Tunneling
data in the superconducting state indicate a strong
electron-phonon interaction in this conventional super-
conductor.!>!* This makes NbN an attractive candidate
to test the effect of electron-phonon renormalization on
the Seebeck coefficient S(7). Such an effect has been
theoretically discussed by several authors!*™ ¢ and exper-
imentally demonstrated for amorphous metals.!”!® The
missing long-range order of these amorphous metals
guarantees a short phonon mean free path thereby
suppressing the otherwise dominating phonon-drag peak.
This suppression has also been related to the high electri-
cal resistivity of the metallic glasses.!® This criterion,
however, has to be handled with care. In the present case
of NbN films, the samples exhibit electrical resistivities
well above 100 pQ) cm, which are due to the semicon-
ducting or even insulating behavior of the non-
stoichiometric grain boundaries rather than to the
structural properties of the grains themselves. As will be
discussed in the present work, in such an inhomogeneous
granular or columnar case, the phonon-drag peak may
not be suppressed despite the high resistivity values, if
the phonon mean free path [ is larger than the average
grain size. In this case, without further experimental
effort, the NbN films would not allow us to observe re-
normalization effects on S(7T). As will be demonstrated
below, a unique tool to suppress possible drag effects in
our samples is ion irradiation. By this technique, defects
can be produced within the NbN grains, which are
sufficient to decrease the /,; low enough to suppress the
drag effect, though not leading to an amorphous phase.
Furthermore, since the superconducting properties of
NbN are known to be quite irradiation resistant,?° the
strong electron-phonon interaction should not be
significantly reduced by the ion bombardment. In this
case, ion irradiation should allow to make the renormal-
ization effects on S(7) of NbN films visible. The experi-
mental demonstration of this possibility is the main aim
of the present work.

II. EXPERIMENTAL
A. Preparation and characterization of the NbN films

The NOLN films were prepared by dc-magnetron
sputtering from a Nb target using a Ar/N, plasma with a
total pressure ranging between 10 and 50 mTorr resulting
in a deposition rate of typical 2 nm/s. Since the deter-
mination of S(T) demanded a low heat conduction along
the films, they were deposited onto thin (0.1 mm) glass
substrates (length 52 mm, width 12 mm) held at a tem-
perature below 50°C. During the deposition, part of he
substrate width was covered by a mask. Thus, the result-
ing film dimensions were 52X7 mm? with total
thicknesses between 150 and 400 nm. This smaller width
allowed the film to be complemented by a Pb foil on the
glass substrate to form a NbN/Pb thermocouple. The
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substrate is then glued onto a split Cu-sample holder,
each side of which was equipped with a heater and a ther-
mometer. The experimental arrangement is shown in
Fig. 1, where the electrical contacts provided by small
silver paint spots are indicated by dots. By this standard
four-point technique the electrical resistivity of the NbN
films was determined as a function of temperature p(T)
for 4.2<T <300 K. Additionally, in this way informa-
tion could be obtained on the transition temperature T,
the temperature coefficient of the resistivity dp/dT and
the resistance ratio r=R(300 K)/R(20 K). The NbN
films of the present study exhibited residual resistivity
values ranging between 350 and 600 Q) cm. In all cases
negative values for dp/dT were found with correspond-
ing resistance ratios r <1. Despite this combination of
high p values and negative dp/dT, which commonly is
found for amorphous metals, x-ray diffractometry clearly
proved the polycrystallinity of the films. Taking the
strong (111) Bragg peak together with the weaker (200)
and (222) peaks, lattice parameters for the different films
were obtained between 0.4386 and 0.4394 nm in close
agreement with the bulk value of 0.4392 nm.® An average
grain size of approximately 30 nm is estimated from the
width of the diffraction lines. Thus, the high resistivity
values have to be attributed to barriers at the grain boun-
daries probably due to grain-boundary oxides.?!

The transition temperature to superconductivity of the
different films varied between 13.8 and 15 K. Applying a
correlation between T, and the nitrogen stoichiometry x
of NbN, samples as given in Ref. 9, values of x >0.84
are obtained for our films. The above quantities for each
film of the present study together with its thickness are
given in Table I.

L;I Cu sample holder

“ lJ substrate

e silver paint

FIG. 1. Top view of the thermocouple arrangement used to
measure S(T).
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TABLE 1. Thickness d, resistivity p (20 K), residual resis-
tance ratio r, transition temperature to superconductivity T,
and nitrogen content x (from Ref. 9) of the investigated NbN,
films.

Sample Symbol d (nm) p (20 K) (u@ cm) r T, (K) x
6 n 200 369 0.89 14.95 0.88
5 ¢ 200 394 0.88 14.84 0.87
1 v 400 500 0.70 14.40 0.86
3 + 150 587 0.81 14.04 0.85
4 A 150 610 0.80 13.82 0.84
2 L 150 591 0.79 13.79 0.84

B. S(T) measurement

To determine S(T), a dynamic differential technique
has been applied as described in detail in Ref. 22. By
referring to Fig. 1, this method is briefly characterized as
follows. Both halves of the Cu-sample holder can be tem-
perature controlled separately. While ramping up the
temperature of one half, the other one is kept constant.
If the temperature difference AT developed in this way
exceeds a preset upper limit AT ,,, heating of that half
of the holder is stopped and is switched to the other half,
and so on. By this procedure, the average temperature T
of the sample is increasing linearly, while the difference
AT producing the thermoelectrical signal is oscillating in
a sawtooth manner about zero. Consequently, a corre-
sponding oscillation is found for the thermoelectric volt-
age AV. Both signals are registered simultaneously by
computer controlled nanovoltmeters allowing to obtain
80 data points per heating cycle, which is attributed to
one average value T. From a linear fit to the AV versus
AT data, the coefficient S(T') is deduced. The Cu-sample
holder itself is connected to the bottom of a *He cryostat
allowing S(7T) measurements from 4.2 to 300 K. The rel-
ative errors of S were found to differ for different temper-
ature windows. The most reliable data with AS /S <2%
are obtained for 60 < T <300 K, the largest error with
10% is found for 30 < T'< 60 K. Details on this point are
given in Ref. 8.

C. Ion irradiation

To enable the S(7) measurement on ion-irradiated
NbN films, the whole Cu-sample holder shown in Fig. 1
could be exposed to a beam of 350-keV Ne™ ions with a
typical current of 1 uA provided by a commercial ac-
celerator. With an aperture mounted 2 mm above the
NbN/Pb thermocouple, the irradiated area can be
defined and restricted to the NbN film. The ions are hor-
izontally and vertically scanned over this area to guaran-
tee a homogeneous irradiation. The fluences ® (ions per
cm?) were determined by directly integrating the ion
current impinging onto the film and suppressing secon-
dary electrons by applying a negative voltage to an addi-
tional aperture. All irradiations reported below were per-
formed at 300 K. By exposing the whole sample holder
to the beam it is possible to avoid any changes of the
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thermal contact between the substrate and the Cu holder
provided by the glue. This turns out to be crucial to ob-
tain meaningful data on ion-induced changes of S(T').

Using Monte Carlo simulation,?® the projected range
R, of the ions, their straggling AR, as well as the total
energy transferred from the ions to the target atoms by
nuclear encounters (nuclear energy loss) (dE /dx), can
be calculated. In the present case of 350-keV Ne™ irradi-
ation of NbN, one obtains R,=247 nm, ARP=75 nm,
and an average value of (dE /dx), taken at x =d /2 of
271 eV/nm. Comparison of these range data to the typi-
cal film thickness of 200 nm indicates that most of the
ions (> 90% ) penetrate the film thereby producing radia-
tion damage. Quantitatively, the damage due to the bom-
bardment with an ion fluence ® commonly is described
by the average number of displaced target atoms (dpa),
which can be approximated by dpa=®-(dE /dx),/
(2E;N) with the number density of the target N and the
average displacement threshold energy E;.

III. RESULTS AND DISCUSSION

A. Unirradiated NbN films

Following recent work by Morelli,>* who analyzed his
S(T) data on TiC, crystals in terms of the s-d-scattering
model,’ in Fig. 2 a similar analysis is presented for two
NbN,, films with x =0.92 (crosses, same data as in Ref. 8)
and x =0.86 (triangles). In this figure, only every third
point of the actually taken data is plotted for clarity. The
experimental results exhibit positive S(7') values for all
T < T =300 K with a broad maximum at about 110 K.
For the film with smaller x, the maximum is more pro-
nounced with its values of S below the corresponding
ones of the more stoichiometric sample. As will be
shown below, this trend is continued for even smaller x
(cf. Fig. 3) and for the most understoichiometric film with
x=0.84 a sign change of S(T) is observed at 250 K.

2.0 - . : .

S (WVK™)

0.0

0 100 200

T (K)

300

FIG. 2. S(T) for two NbN, films with x =0.92 (crosses, data
from Ref. 8) and x =0.86 (triangles). The solid lines are fits of
Eq. (4) to the data, the resulting parameters are given in Table
II.
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FIG. 3. S(T) for NbN, films with different x values. The
symbols and x values are given in Table I. The solid lines are
fits of Eq. (8) to the data, the resulting parameters are given in
Table III.

Above this temperature, the film exhibits negative S
values.
In the s-d model by Lye,’ the total Seebeck coefficient
can be expressed as
AT

S= i 1
1+(A/B)[T, T?/(T*+T2)] W

Here, the diffusional part is given by S4g= AT. The
coefficients T, and B are related to higher-energy deriva-
tions d""o(E)/dE'™ of the electrical conductivity o(E)
in the following way

1/2 -1
B= 21TkB alll E:l__ 0'0"”
e |67 o @i @
) 60" 172
o
T = -
m 7rkB U”,
Introducing
c=p-'r;'=% |2 _99”
'm 2 | o (2 (3)
results in

S— AT
1+ AC[TAT*/(T*+T2)]

4

This expression has been fitted to the data of Fig. 2 with
A, C, and T,, as fitting parameters. The results are in-
cluded in Fig. 2 as solid lines, the corresponding parame-
ters are summarized in Table II.

These results show that the most stoichiometric
NbNg g, film can be well described by the s-d model,
though there are significant deviations at 7'<50 K. For
the more understoichiometric NbN g¢, however, clear
deviations of the experimental data from the fit are found
below 80 and above 220 K. Furthermore, while the abso-
lute values of the fit parameters obtained for the NbN 4,
film compare quite well with the corresponding results
obtained for TiC, g crystals,?* the parameter T,, has to
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TABLE II. Parameters obtained by fitting Eq. (4) to the S(7T)
data of two NbN, films.

Sample x T, (K) A (uV/K*)B (uV/K) C (V™) T, (K)

Ref. 8 0.92 16.1 0.0186 0.877 3.834X107% 570
1 0.86 14.4 0.0162 0 3.818X1073

be set infinite [as a consequence, according to Eq. (3)
B =0 or, equivalently, due to Eq. (2) ¢’’=0]. On the
other hand, for a given set of 4, C, and T,,, the general
form of Eq. (4) implies that a sign change of S(T') either
is impossible or it occurs at an unphysical discontinuous
singularity. Since, however, such a sign change is ob-
served experimentally for films with x <0.85, the s-d
model is not appropriate in these cases. As will be
demonstrated now, the assumption of a significant
phonon-drag effect allows to describe the data of films
with different x values in a consistent manner. A neces-
sary condition for such an assumption is a sufficiently
large value of /. Unfortunately, since experimental
thermal conductivity data are not available for NbN, L,
has to be estimated from theoretical approximations for
the phonon-phonon scattering time as given, e.g., in Ref.
4, p. 128. Here, the most important input parameters are
the Debye temperature, the velocity of sound, and the
Griineisen parameter. In view of the uncertainty of the
input parameters, the resulting value of I, (300 K)=40
nm mainly due to the high value of ©, =600 K, can only
be taken as a rough order of magnitude estimate, which is
compatible with the idea of a phonon-drag effect. In Fig.
3, the S(T') data for all films characterized in Table I are
presented. As already mentioned above, the data clearly
demonstrate the existence of a sign change from positive
to negative values within the observed temperature range
for x <0.85 (for larger x, these changes only can be ex-
trapolated), and the trend that the more wunder-
stoichiometric (smaller x) films exhibit lower S(T)
values.

If the overall behavior of S(T) as presented in Fig. 3 is
to be interpreted in terms of the phonon-drag effect, one
has to assume a negative diffusional thermopower S ¢,
the linear T dependence of which is approached at high
temperatures, and a phonon-drag contribution of oppo-
site sign dominating at about 100 K. This opposite sign
necessarily demands the dominance of U processes for
the drag effect. Thus, the total S(T) is assumed as com-
posed of three contributions

S(T)=Sditr+sfivrag+séjrag : )

Here, S f,”mg and S é’mg indicate the Normal and Umklapp
contribution to the phonon-drag thermopower, respec-
tively. Following MacDonald, Pearson, and Tem-
pleton,?® the U part can be described by

*

T

(6)

U
N drag «<exp

with ©* being a characteristic temperature ranging be-
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tween O /10 and O, /5.

Assuming the standard form for the N part, ie.,
Sdrag = T°,* and combining with Egs. (5) and (6), results
in the expression

S(T)= AT +BT?*+C exp

o))

This expression has been least-squares fitted in the data of
Fig. 3 with A4, B, C, and ©* as fit parameters obeying in
the present case the additional conditions 4,B <0 and
C,6*20. In practice, it turned out that the best fits
were obtained with B =0 for all films. The corresponding
results are given as solid lines in Fig. 3, the numerical
values of the parameters are summarized in Table ITII. As
can be seen, the experimental S(7T) behavior of the
different NbN, films is excellently described by Eq. (7)
for all the x values studied. Among the extracted param-
eters, the slope A4 of the diffusional part appears to be the
most sensitive to changes of x, while C and ©* exhibit a
decrease due to smaller x values of only 15% and 5%, re-
spectively. B =0 indicates that N processes can be
neglected for all x. In Ref. 8, a Debye temperature of 750
K has been calculated from an experimentally deter-
mined phonon density of states. Thus, the ©* values
given in Table III are of the order ©j, /13 close to what is
expected empirically. These values also justify the appli-
cation of Eq. (6), which only should hold for T << 6.

The excellent description of the experimental S(T)
data for NbN, films with different x values by Eq. (7) as
demonstrated in Fig. 3, suggests that a phonon-drag
effect dominated by U processes is governing the Seebeck
coefficient within its positive range of data despite the
high resistivities of the samples. In our opinion, this con-
clusion is not in conflict with the general idea of a
phonon-drag suppression in strongly disordered homo-
geneous samples. It rather reflects the inhomogeneity of
our NbN films due to their granular or columnar struc-
ture with many grain boundaries dominating the total
electrical resistance. It should be noted, however, that
Eq. (7) for temperatures T >>©O%*, delivers a constant
offset given by the coefficient C. This offset is needed to
describe the experimental data, but it is not consistent
with an exclusively acting phonon-drag effect. In this
case, at high temperatures the effect is expected to die out
like ~1/T. The physical origin of this additional offset is
not known at present.

For higher temperatures, S(7T') approaches its linear

TABLE III. Parameters obtained by fitting Eq. (7) to the ex-
perimental data for different NbN, films.

Symbol  x 4 VK™ C(uVKH e*K)

u 0.88  —4.93+0.08 2.7240.03 56.1+0.5
¢ 0.87  —5.12+0.06 2.69+0.02 55.6+0.4
v 0.86  —5.0740.05 2.5440.02 51.4+0.3
+ 0.85  —6.61+0.05 2.35+0.02 52.740.3
A 0.84  —7.70+0.05 2.3740.02 56.0+0.4
® 0.84  —7.2240.05 2.33+0.02 53.7+0.4
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diffusional regime with a corresponding negative slope.
The fact that the crossover temperature for this sign
change strongly depends on x, may explain why for NbN
bulk samples different signs of S (300 K) have been re-
ported. It is interesting that the overall behavior of S(T)
of the more understoichiometric NbN samples closely
resembles the result found for pure Nb,2° with a broad
positive phonon-drag peak extending up to 250 K accom-
panied by a crossover to negative values at this tempera-
ture. Another point appears worth noting in this con-
text. For high-resistivity samples a thermopower analog
to the Mooij correlation has been reported?’ indicating an
increase of thermopower magnitude |S| as the square of
resistivity. The present experimental data seem to con-
tradict this correlation due to the observed sign change of
S observed for the films with higher resistivities. If, how-
ever, the diffusional part S 4#(300) as calculated with the
parameters 4 from Table III, is plotted versus p(20) as
given in Table I, an approximately quadratic correlation

" is found. This, indirectly, corroborates the negative sign

of the diffusion thermopower of NbN films in contrast to
the conclusion drawn in Ref. 8.

If the above conclusion concerning the dominance of
the phonon-drag effect holds true, it should be possible to
obtain the pure diffusional part of S(T) by its suppres-
sion. A way to realize this idea is to introduce disorder
within the NbN grains thereby reducing the phonon
mean free path. Experimentally, this can be accom-
plished by ion irradiation resulting in the production of
lattice defects. The results of such experiments, which
provide a crucial test of the above phonon-drag assump-
tion, will be presented in the following.

B. Ion-irradiated NbN films

Ion bombardment of NbN, films at 7T, =300 K with
350-keV Ne™, in all cases resulted in a resistivity
enhancement. An example of this behavior is shown in
Fig. 4, where the temperature dependence of the resistivi-
ty p(T) of film No. 3 (cf. Table I) is presented as obtained

700 -]
650
600 |
550
500 |

450 AN
0 100 200
T T (K)

c

S [

p (U€em)

@ (10" cm?) —pfo

300

FIG. 4. Electrical resistivity p as a function of temperature T
for the NbN film No. 3 (cf. Table I) after ion irradiation at
Ti; =300 K (350-keV Ne™) with fluences ¢ as assigned to each
curve.
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after ion irradiation with different fluences ®. Clearly,
the irradiated film exhibits larger absolute values of the
negative temperature coefficients accompanied by de-
creasing residual resistance ratios r for increasing
fluences. This means that the effect of the bombardment
on p cannot be described by Matthiessen’s rule, which as-
sumes a temperature independent resistivity enhancement
Ap(®). It rather points to an ion induced change of the
electron-phonon coupling.

At a fixed temperature T <T;,, the corresponding
resistivity enhancement Ap(®,T, T, ) shows a saturation
behavior, which can be characterized by the function

Ap(®)=a[l—exp(—bP)] . (8)

An example of this behavior is given in Fig. 5(a), where
the quantity p,73(®)=p(P=0)+Ap(P,273,300) is
presented together with a fit to Eq. (8) for film No. 3.
This result is similar to what has been reported for the
effect of 200-keV Ar* irradiation at 300 K on NbN
films.?° It turns out that the fit parameter b in Eq. (8) is
temperature independent, i.e., for a given film and fixed
T;,, the ion-induced enhancement can be written as

Ap(®, T, T, )=Ap o, (T)[1—exp(—b®)] . )

The saturation values Apg,, obtained at 273 K due to the
Ne™* irradiations are relatively small (of the order of 5%)
in agreement with previous results?’ confirming the good
radiation resistance of NbN.

This insensitivity against ion bombardment is also
found for the correspondence changes of the transition
temperature to superconductivity as can be seen from
Fig. 5(b), where T, of film No. 3 is plotted versus the
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Ne* fluence. The solid line is a fit to Eq. (8) with Ap(®)
substituted by AT,(P). A T, decrease by 14% is ob-
tained in this way comparable to previous results.?% 28,

In contrast to the resistivity and 7,, the Seebeck
coefficient and its temperature dependence is strongly
influenced by the ion bombardment. This is demonstrat-
ed in Figs. 6(a) and 6(b) for two NbN, films of compara-
ble stoichiometry, but significantly different thicknesses
(films 1 and 3, cf. Table I). By this choice, since in case of
the thick film in Fig. 6(b) practically all Ne atoms are im-
planted within the sample, while in case of the much
thinner film shown in Fig. 6(a) most of the ions penetrate
the sample, it can be tested whether there are additional
effects due to Ne implantation. The experimental results
shown in Fig. 6 suggest that such effects can be neglected.
The most prominent feature of these irradiation results is
a parallel shift of the linear high-temperature part of
S(T) towards negative values accompanied by a gradual
disappearance of the phonon-drag peak. Eventually, for
the highest fluences S(7) exhibits a purely diffusional
behavior above 100 K with a totally suppressed drag
peak and a negative slope extrapolating to zero [dashed
lines in Figs. 6 (a) and 6(b)]. This result confirms the idea
discussed above that the ion-induced defects within the
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FIG. 5. (a) Ion-induced resistivity changes of film No. 3 ob-
served at 273 K after ion irradiation at T, =300 K (350-keV
Ne™) with fluences ¢. The solid line is a fit to Eq. (9). (b) Ion-
induced changes of the transition temperature to superconduc-
tivity T, corresponding to (a). The solid line is a fit to Eq. (9).
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FIG. 6. Ion-induced changes of the thermopower S(T) of (a)
film No. 3 (thin film) after ion irradiation at T, =300 K (350-
keV Ne™') with fluences ¢ as assigned to each curve. (b) film
No. 1 (thick film) after ion implantation at T;,=300 K (350-
keV Ne™) with fluences ¢ as assigned to each curve. The insert
shows S'(T) data obtained for amorphous La, 75Gay 5, (Ref. 28).
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grains lead to a strongly reduced phonon mean free path
resulting in the suppression of the drag effect. Further-
more, the data indicate that the above addressed constant
offset of S(T) at high temperatures, is continuously re-
duced by the ion bombardment in parallel to the drag
effect until, at high fluences, this offset becomes zero as
demonstrated by the extrapolating dashed lines in Fig. 6.
Since in general, defects tend to smear out characteristic
features of electronic bands, one may take the above
behavior of S(T) offset as a hint that a characteristic Fer-
mi surface topology is necessary for its existence, which is
washed out by ion irradiation. In this context, Eq. (7)
emphasizes the role of U processes as contributing to
both, the phonon drag part of S(7) and its offset.

The small deviation from the linear behavior of S(T)
below 100 K towards more negative values, closely
resembles to what has been observed for amorphous met-
als. To demonstrate this similarity, the inset of Fig. 6(b)
shows corresponding results obtained for amorphous
La, 13Gag 5.2 In this case, the deviation from linearity
has been attributed to an electron-phonon renormaliza-
tion effect and a similar analysis will be given below.

Quite generally, the Seebeck coefficient S,, of a binary
mixture consisting of materials 4 and B with coefficients
S 4,Sp can be calculated, if the electrical conductivities
o 4,0 p of the pure materials and o, of the mixture are
known and if the corresponding thermal conductivities
K 4, Kp, and k,, are approximately equal.’® It is worth
noting that by formally taking the unirradiated state of
the NbN, films as material A and their final state after
irradiation with the highest fluence as material B,S(T)
for the intermediate fluences could be calculated from the
corresponding measured resistivity data without any
fitting parameter and excellent agreement has been found
with theory.3! In the light of the present paper, the phys-
ical interpretation of 4 and B becomes more clear. The
irradiated films can be modeled as consisting of two types
of grains, one with a low density of defects and, corre-
spondingly, with /; still larger than the grain size, the
other with a high density of defects and /;, smaller than
this size. As a consequence, in type one grains the pho-
non drag as well as the S (T) offset is still present, while
in type two grains both are totally suppressed. If all
grains have been transformed into type two by the ion
bombardment, the final state B is obtained.

As has been shown in Refs. 15 and 16, the metallic
diffusion thermopower in the presence of electron-
phonon interaction can be written in the form

S(T)=[1+MT)IS5x(T)+[2a+y IMT)T . (10)

Here, S% is the bare diffusion thermopower in the ab-
sence of the electron-phonon interaction, i.e., S§z= AT
as above. The electron-phonon enhancement factor is ex-
pressed by A(T), which, in the limit T=0, is identical
with the standard mass enhancement factor A, due to this
interaction as can be seen from
2
an=2 [~ 2Ee) g | o
0 ®

ky T do , (1n

where a?F(w) is the Eliashberg function containing all in-
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formation on the electron-phonon coupling and
G(#fio/kgT) is a function derived and evaluated in Ref.
15 with G(o)=1 and G(0)=0. The quantity « in Eq.
(10) describes the effect of velocity and relaxation time re-
normalization, while y gives the contribution from
higher-order diagrams (Nielsen-Taylor effect). To a first
approximation'>!6, o and ¥ exhibit the same temperature
dependence as A(T), i.e., they can be taken as constants
in Eq. (10). With the normalized quantity A=A(T)/Ag,
Eq. (10) can be rewritten as

S(T)=AT+cMT)T with c=Ay4+2a+7y). (12)

This expression has been fitted to the experimental S(T)
data obtained for NbN films irradiated with the highest
ion fluences. An example of this procedure is given in
Fig. 7 for film No. 1 after ion irradiation with a fluence of
6X 10" cm™2. From a fit to Eq. (12) given by the solid
curve in the figure, the following parameters were ex-
tracted: A4=-—5.94 nVK™? and ¢=—7.26 nVK™2
Implicit in this fitting procedure is an assumption on the
form of a?F(w), which is needed to calculate A(T) ac-
cording to Eq. (11). In contrast to Ref. 8, where a model
a’F(w) has been used based on experimental tunneling
and neutron-scattering results, for irradiated NbN films
such data are not available. Thus, a simple Debye-like
power-law approximation was adopted of the form
a’F(w)= Bw* with an upper cutoff frequency »* as a fur-
ther fit parameter (the numerical value of the propor-
tionality constant B is not needed since it drops out by
using the normalized quantity A). Expressing * by an
equivalent temperature ©%*, in the above case of Fig. 7,
©*=90 K is obtained, i.e., a small value compared to the
Debye-temperature ©,. This can be understood refer-
ring to Eq. (11), which indicates that all phonon frequen-
cies are weighted by 1/w in calculating A(T). As a conse-
quence, the main contribution stems from the acoustic

200

0 100
T (K)

300

FIG. 7. S(T) behavior after ion irradiation of film No. 1 at
T =300 K (350-keV Ne*) with a fluence $=6X10"* cm™2.
The solid line is a fit to Eq. (13), which describes the effect
electron-phonon renormalization. To make the fitted line more
visible, an expanded view is given in the insert.



51 TEMPERATURE DEPENDENCE OF THE THERMOELECTRIC. . . .

phonons and even if the optical phonons are totally cut
off by restricting #iw to below 40 meV, the corresponding
Ay is decreased by only 21%. For the calculation of 6,
however, the optical phonons, which extend up to ap-
proximately 85 meV in NbN,?® and the acoustic phonons
have to be handled on equal footing.

With A;=1.19 from Ref. 8 and A as numerically given
above, Eq. (12) delivers for the magnitude of (2a+7v) a
value of 0.16 nV K ™2, which is much smaller than 4 in-
dicating that the renormalization of the velocity and re-
laxation time as well as higher-order terms play only a
minor role compared to energy renormalization. The
theoretical description of this latter effect, however, is in
excellent agreement with the experimental results.

In summary, the present study has provided experi-
mental evidence that the thermopower of NbN,, films and
its temperature behavior depend on stoichiometry x. The
overall behavior of S(T) could be quantitatively analyzed
in terms of a superposition of a positive phonon-drag
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contribution, a constant offset and a linear diffusional
thermopower with a negative slope. Furthermore, it
could demonstrated for the first time that ion irradiation
can be applied to systematically reduce the phonon mean
free path until the phonon-drag effect is totally
suppressed together with the S (T) offset. The final linear
diffusion thermopower obtained in this way, still exhibits
small deviations from linearity below 100 K, which can
be explained as being due to electron-phonon renormal-
ization and described very well by the corresponding
theory.
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FIG. 1. Top view of the thermocouple arrangement used to
measure S(T).



