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Direct observation of the superconducting energy gap developing
in the conductivity spectra of niobium
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The electrodynamic response of Nb in the frequency range above and below the enerdyigapidied in
the normal and in the superconducting state. A coherent source interferometer is utilized in the spectral range
between 5 and 30 cri to investigate the amplitude and the phase of the transmission through niobium films
that allows the direct determination of both components of the complex conductivity. The optical conductivity
up to 300 cm? is evaluated using infrared reflection measurements. Below the 8.31-K superconducting tran-
sition temperature of the 150-A-thick film, the superconducting energy gap is observed to increase as the
temperature decreases. The overall frequency dependence of the conductivity can be described using the BCS
formalism and assuming finite scattering effects; however, at low temperatures we find deviations from the
predicted behavior in the spectral range below the energy gap. Estimations of the gap at zero temperature
2A(0)=24 cnit or 4.1kgT, deviate from the weak-coupling BCS lim[iS0163-182698)03421-3

[. INTRODUCTION absorptiont® the conductivity spectra above the supercon-
ducting energy gap was described by the BCS theory using
Studies of the electrodynamic properties of superconducthe Mattis-Bardeen formulds.The reports on experimental
ors in the frequency range between microwaves and faresults of the surface impedance in the microwave range of
infrared have played a critical role in the confirmation frequency are contradictory. Anlaget al!? describe their
of the Bardeen-Cooper-SchriefféBCS) theory of super- data by the BCS theory but obtain a rather large ratio of
conductivity! Some of the important steps were measure2A/kgT,=4.0—-4.2. A good agreement with the weak-
ments of the frequency- and temperature-dependent micraoupling predictions was obtained from measurement of the
wave absorption in Af,the absorption of thin films of Pb, temperature-dependent surface impedance by el ;'
Sn, and It and the transmission through thin Sn and Pbfor their data strong-coupling correction led to only a minor
films,* which helped to establish the existence of the superimprovement of the fit. Marsiglicet al'* were not able to
conducting energy gap. For most of the conventional superdescribe their results obtained by a similar technique at a
conductors, the energy gap is expected to be in the millimesomewhat lower frequency either by the simple BCS model
ter and submillimeter range, which allows the study of theor by performing calculations according to the Eliashberg
excitation spectrum of the quasiparticles. However, most ofheory with the behavior of (w) @?(w) evaluated from tun-
the experiments on the electrodynamic properties of supemneling measurements.
conductors measure only the surface resistance or the trans- We present here the direct observation of the temperature-
mission, and thus do not allow the direct determination of thedependent energy gap of superconducting niobium films as
frequency dependence of both components of the conductivheasured in the complex conductivity spectra in the
ity. One of the few exceptions is the classical paper of5—30cm? frequency range. In combination with our FIR
Palmer and Tinkhamin which, by measuring simulta- reflectivity measurements, this enables us to analyze the tem-
neously both the reflection and transmission through thin Plperature dependence and the spectral shape of the optical
films, the optical conductivity was obtained above andconductivity in a wide range of frequency above and below
slightly below the superconducting energy gap. These alsthe superconducting gap.
gave evidence for strong-coupling effects.
De;spit_e numerous studie;, for Nb the influence of strong Il EXPERIMENTAL DETAILS
coupling is not as clear as it is for Pb or Hfpr a recent
review, see Ref. 6 As early as 1960, Richards  The high-quality 1< 10-mn? niobium film is grown by
and Tinkhan inferred the energy gap of Nb by far-infrared planar magnetron sputter deposition on a plane-pardlel
(FIR) absorption measurements and obtained=0.45 mm thick sapphire substrate oriented in {h&02)
2A=2.8gT.. Tunneling experimentd yield 2A/kgT,  plane. Anin situ bake at 490-500 °C is performed during a
=3.6—-3.96 and provide evidence for deviations from the50-h pumpdown before the niobium deposition to clean the
BCS predictions. The analysis of the ultrasonic attenuatiorsapphire surface of water and hydrocarbons. After a base
leads to even higher gap valu&&lectrodynamic measure- pressure lower than:810 ° Torr was reached, high-purity
ments in the time domain conductedTat 4.7 K allowed the Ar is leaked into the system to a pressure of
determination of the energy gap in Nb from the onset of7.0x10 2 Torr and the Nb film is deposited at a rate of
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ranges were employed as monochromatic and continuously
tunable sources covering the range from 5 to 30tnThe
arrangement of a Mach-Zehnder interferometer allows for
measuring both the intensity and the phase shift of the radia-
tion transmitted through the sample, i.e., the niobium film on
the substrate. Such transmission measurements of thin films
have proven to be a powerful method for studying the elec-

submm . : trodynamic properties of a wide variety of highly conductive
- thin-film materialst’®
- In addition, temperature-dependent polarized reflectivity
measurements are performed in the FIR (20—500%ms-
ing a Bruker IFS 113v Fourier-transform interferometer. In
order to increase the sensitivity of the reflection measure-
ment we employ the resonant technique developed in Ref.
19. The substrate orientation with the film faced to the back
allows us to use the sapphire substrate as a Fabmt-Reso-
nator. The change in the reflection amplitude and frequency
of the interference fringes upon cooling through the super-
conducting transition allows for evaluation of both compo-
FIG. 1. Temperature dependence of the dc resistivity and th@ents of the complex conductivity in the normal and super-
inverse conductivity 1, obtained in the submillimeter wave range conducting state without performing a Kramers-Kronig
of a Nb film with a thickness of 150 A on a 0.45-mm sapphire analysist® The experiments with both spectrometers are per-
substrate. The inset shows an enlargement of the superconductifigrmed in the 4.5—300-K temperature range in a He-bath
transition atT;=8.31 K. cryostat, with the sample surrounded by He-exchange gas.
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8 A/s. The film thickness is 150 A. The inset to Fig. 1 shows

the resistivity versus temperature taken in the standard four-
probe geometry. The superconducting transition at
T.=8.31 K is sharp, exhibiting a width of 0.02 K, as deter-
mined from the 90% and 10% values of the resistivity drop
The slightly reduced value of the transition temperature fro
the bulk value of 9.2 K is commonly seen in high-qualit

Ill. RESULTS AND ANALYSIS

Examples of the raw transmission and phase-shift spectra,
taken both above and below the superconducting critical
temperature T,=8.31 K), are displayed in Fig. 3. In the
Mransmission spectra, the well-developed fringes result from
) T UIIY the multireflection of the light within the sapphire substrate,
thin Nb films™ The temperature-dependent dc resistivity , hich behaves as a nonsymmetric FabfyePaesonator.

(Fig. 1) exhibits typical Bloch-Graeisen behavior: It is lin- The period of the oscillations is mainly governed by the
ear at higher temperatures and approaches a .C‘.)nStant.Valllé?raction indexng and the thicknesd; of the substrate. Due
below about 30 K. The residual resistivity ratio, to the low losses of sapphire in this spectral range, the level

P300 dK/ P1ok» |1sbequsl to 6&5: Inhthe mbeta_lllllllc state, the inverse ¢ yhe transmission is dominated by the transparency of the
conductivity 16, obtained in the submillimeter wave range ;qpim film, which is determined by the real part of the

of fltﬁquency IS 1n exciell'en';hagregl[pen: with ghe dg rﬁf““st' conductivity oy and, in particular, in the superconducting
€ measurements In the mifimeter and SubmIiMelelqy .o by the imaginary patt,. The overall frequency de-
wave range of frequency are performed using a coheren

source spectromet@r sketched in Fig. 2. Four backward bendence(l.e., the slopgof the phase-shift spectrum is con-

) A . . trolled by the substrate parameters, while the shape of phase
wave oscillators operating in partially overlapping frequencyoscillations mainly depends on the film properf®s.

At a given temperaturd>T_, the amplitude of the in-
terference fringes is constant within our frequency range.
When the temperature decreagbst remaining in the me-
tallic statg, the periodicity of the transmission spectra does
not change, but the transmission magnitude is reduced with
temperaturéFig. 3(a), insef as a result of the increasing film
conductivity. BelowT, the spectrum alters considerably as
can be seen in Fig. 3: at low frequencies the transmission
diminishes, while above approximately 20 chit increases

FIG. 2. Setup of the coherent source spectrometer that can b\g'th respect to the normal-state values. This |r_1d_|cates a
used in the frequency range from 2 to 50 €émThe monochromatic S”O“Q'y frequency-dependgnt complex conductivity. .The
radiation is provided by tunable backward wave oscillators; poly-Tagnitude of the phase shift remains almost constant in the
ethylene lenses focus the beam; wire grids are used as polarizeR@rmal state, but rapidly drops beldly, e.g., the reduction
and beam splitters; the radiation is detected by a Golay cell or &t 5.7 cmi* is more than 1 radinset of Fig. 3b)].

He-cooled bolometer. The sample placed in a cryostat is positioned The evaluation of the electrodynamical parameters of the
in one arm of the Mach-Zehnder interferometer: the second pathNb film uses the general Fresnel formdfafor a two-layer

can be adjusted in its optical path length to measure the phasgystem(i.e., the film on the substrgtey simultaneous analy-
difference. sis of the observed transmission and phase spectra without
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FIG. 3. Original transmission T¥) and phase shif(v) spectra

of the Nb film on the AJO; substrate. The phase shift is divided by  FIG. 4. (a) Real part of conductivity of Nb vs frequency far

the frequency for the better perception. The dots represent the mea-9 K and several temperatures beldiy=8.3 K as indicated. The
sured values, the linesrf® K are the fit with the Drude model. In dashed lines are guides to the e@_|maginary part of conductiv-

the insets the temperature dependence of Tr@ildisplayed for jty as a function of frequency. The dashed lines are guides to the
two particular frequencies corresponding to the first and last transeye. The solid line represents thev Isehavior predicted for low
mission maxima in our spectral range. temperatures. The inset shows the temperature dependence of the

energy gap A(T) evaluated from the frequency and temperature

assuming any particular model and without referring o thegependence of the optical conductivity. The line corresponds to the
Kramers-Kronig relations. Since the description of the inter-gcs prediction withT,=8.31 K and 2A(0)/kgT.=4.1.

ference pattern is most sensitive to the optical properties of
the film near the transmission maxima, only data at thes¢éhe imaginary part of the conductivity, is basically zero
frequencies are evaluated further. The optical parameters @fithin the experimental accuracy. As the temperature is low-
the substrate are determined by separately measuring tleeed from room temperature down to abdut 30 K, the real
temperature-dependent transmission and the phase shift ofpart of the conductivity increases and becomes approxi-
bare sapphire plate of the same orientation. At low temperamately constant alf<30 K in a good agreement with dc
tures we obtain approximately;~3.0 andk,~0.001 with measurementg=ig. 1). This frequency behavior of the com-
just a slight variation with frequency in the millimeter- plex conductivity is in accordance with the Drude model in
submillimeter wave range. A detailed description of the meathe low-frequency limit v<vy (Hagen-Rubens regime
surement technique, the analysis of the spectra, and thgherev is the frequency and/=1/(2w77) is the relaxation
evaluation of the conductivity will be given elsewhéPélhe  rate. From our FIR data we clearly see the roll-off of the
FIR data are analyzed by fitting the observed interferenceonductivity and obtainy~150 cni® at low temperatures as
fringes with Fresnel's formulas, again using the measuredhown in Fig. %a).
values of the optical parameters of sapphire in the relevant In Fig. 4 the real and imaginary parts of the conductivity
orientation and temperature. Below 80 ¢ha reliable analy-  of Nb, as derived from transmission and phase-shift spectra,
sis of the data is not possible because the signal intensity &re plotted for temperatures below 10 K. While being con-
too low. Due to the strong absorption by phonons of thestant in the normal state, the conductivity(v) exhibits a
sapphire, the evaluation of the film properties is limited tostrong frequency dependence at temperatures bElovive
frequencies below 300 cm. attribute the minimum of the optical conductivity to the en-
In the normal state the electrodynamic properties of theergy gap 2(T) of the superconducting staté?? In agree-
Nb film can be consistently interpreted in terms of a metallicment with predictions?? of the temperature dependence of
conductivity. The normal-state properties in the 5—30-&m the energy gap &(T), the minimum of ther;(v) becomes
spectral range show that both the real and imaginary parts ahore pronounced and shifts to higher frequencies as the tem-
the dynamical conductivityr,(v) and o»(v) are frequency perature decreases. The temperature dependence of the gap,
independent; the real part is equal to the static valyeand  estimated from the experimental dafég. 4, inse}l, can be
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TABLE I. Measured and evaluated electrodynamical properties of niobium. The London penetration dé€ptfs calculated from\(0)
according to Ref. 24 using the presented values of the coherence tgynaptil the mean free path The plasma frequenay,, is evaluated
from the London penetration depth.

Transition Energy Coherence Mean Observed London Plasma
temperature gap length free path penetration depth penetration depth frequency
T, 2A(0) &o=hve/mA(0)  I(T=9K) ()] A (0) hoy,
(K) (cm™)  2A(0)/kgT, (R) A) méo A) (R) (eV)
8.31 24 4.1 390 90 13 900 350 5.8

well described by the mean-field theory. The fit by the BCSgether with the standard Drude expressim‘h@:vg yields
curve yields A(0)=24+15cm* and 2A(0)/kgTc=4.1 =150cm*® or |=p =90 A and hiw,=5.8 eV (corre-
+0.3. The latter value deviates from the weak-coupling BCSponding to Vp=wy/2m="T7.2X 10* cm™Y), suggesting the
limit [2A(0)/kgT,=3.53] and indicates intermediate or yalue of the scattering rate in the superconducting state
strong type of electron-phonon coupling in niobium. Our re-equals that at temperatures just abdye All these values
sult is in accordance with estimations based on ultrasonigre in good agreement with literature data obtained by dif-
attenuatior?, optical measurement$” and tunneling  ferent experimental methodg52°
measurement$ of the gap parameter. In Fig. 5 the experimentally obtained spectra of(v)
The frequency dependence of the imaginary part of theind,(v) are compared with the behavior as calculated us-
conductivity o(v) is displayed in Fig. é) for several tem-  jng the simple Mattis-Bardeen equations but including a fi-
peraturesT<T.. When the gap energy is much higher thanpjte scattering rat&*?>?’ Parameters of these calculations
the frequency of the radiation used, i.e., at low frequencie$pA (0)=24 cm ! and ¢, /I = 13] were taken only from the

and at low temperatures, the imaginary pag») is propor-  mjllimeter-submillimeter measurements. We found the cal-
tional to 1. According to the Kramers-Kronig relation, this

corresponds to thed function of the dc conductivity Y —— — ,
o1(v=0).22 At higher frequencies and higher temperatures Nb
we observe deviations from this behavior due to the influ-
ence of the proximity of the energy gap in the conductivity
spectra.

IV. DISCUSSION

From our measurements we can determine some impor-
tant electrodynamic parameters of niobium such as the pen-
etration depth\, the plasma frequency,, and the mean
free pathl; the values are presented in Table |. Using the
standard formufZ for the penetration depth=c/(2mkv),
with the extinction coefficienk calculated from the real and
imaginary part of the conductivity, we find(T=0)=900
+50 A by extrapolating to zero temperature. The inset of
Fig. 5 presents the temperature dependence?(d)/\?(T)
at lowest measuring frequency in comparison with the BCS
calculations. The figure reveals deviations from the weak-
coupling BCS limit in the way expected for strong-coupling
effects?

In the London limit the penetration depth is related to the
plasma frequency by the simple equatiax (T=0)
=c/w,. However, according to our results on(v) shown
in Fig. 4(a), the scattering rate in Nb is larger than the energy -
gap by approximately a factor of 2 which means that the Frequency (cm ')
condition of the London limit is not realized and that we

cannot use this simple relation for the determination of the FIG. 5. Frequency dependence of tagreal and(b) imaginary

. arts of the conductivity at 4.5 dr¥ K compared to the predictions
plasma frequency. Instead we have to take into account tHe HetMty P predic

: - the BCS weak-coupling limit by using the formulas of Mattis and
influence of the finite mean free path and employ the generaﬁr pind y g

. . . ardeen with a finite scattering time=3x 10" s (Refs. 22 and 26
relation between the actual penetration deptnd its Lon- Also shown is the normal-state behavior &t 9 K fitted by the

don limit A given in Ref. 24[the coherence length can be pryde model. The FIR datéstars show no temperature depen-
found by use of a standard expressigy¥ 7 ve/7A(T=0) dence below 10 K. In this spectral range, the imaginary part of the
=390 A utilizing our obtained value of the gapA20) conductivity o,(v) has large error bars. The inset shows the tem-
=24 cm ! and the mean-field value of the Fermi velocity perature dependence of the penetration deyt) compared with
ve=0.3x10% cm/s from Ref. 25 Using this relation to- the predicted behavior.

10 100
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culated spectra of;(v) ando,(v) in very good agreement ducting gap may also lead to low-frequency behavior similar
with FIR conductivity obtained from the reflection experi- to the one observed. We cannot completely rule out that an
ments. The FIR data show no changes for temperatures bacreased absorption below the superconducting transition
tween 4.5 and 9 K, confirming thatis temperature indepen- temperature may also be caused by grain boundaries; in ad-
dent below 10 K. Foif =9 K the optical conductivityr;(v) dition, finite-size effects have to be considered in films of a
is well described by a Drude behavior withry,=2.4 thickness comparable to the mean free path.

X10° (Q cm)™! and a scattering rate ofy~150cm?,

which is exactly the value obtained from the analysis of the V. CONCLUSION

penetration depth in the superconducting state discussed in

the previous paragraph. AT=7 K the data are in good We have performed measurements of the optical trans-

agreement with the evaluations done in the framework of thgssion and phase shift of Nb films and discuss the fre-
uency and temperature dependence of the real and the

BCS theory. As the temperature is lowered, we observe Imaginary parts of the conductivity in the range above and
considerably higher conductivity in the frequency range be- ginary p Y 9

low the superconducting energy gap than predicted. OuIPemW t?e t:)supe;gonc?uc:;]ng energy g?:m. From thle Tm;_h
findings agree with the measurements of the surface impe num of absorption in ther,(v) spectra we evalua e the
ance at »=0.6cm® by Marsiglio etal’ who found emperature dfelpendence of the gap parameter and find that
o, /0,~1.8 which is about a factor of 3 higher than the Bcssvﬁi((?h)_gﬁfsmin, theco(;irfescaic:;dlgg strt(c))n ERC(OOJ/ ﬁrB\TC;Ig'c%r,on-
value atT/T.=0.54. Both results are not compatible with the P 9 piing

surfaceimpedance. measurements perormed at 2 PO EIIClon 1 iophum From e messured cample
Our values ofo,(v) are about 40% smaller than the calcu- Y Sp P q y

lated ones. A similar observation was made by | 10 the scattering rate; these parameters agree well with FIR re-

and related to strong-coupling effects. It is difficult to evalu—ﬂectlvIty measurements and with the literature data.
ate o»(v) from the reflectivity experiments in the FIR and
the data presented in Fig(§ represent only an estimate
with large error bars. We thank G. Knebel for performing the dc measurement.
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