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Far-infrared transmission studies of ac-axis-oriented superconducting MgB thin film
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We have reported far-infrared transmission measurementscesxs-oriented superconducting Mghin
film in the frequency range 30—-250 ¢rh We found that these measurements were sensitive to the scattering
rate 1/ and the superconducting gap 2By fitting the experimental transmission spectra at 40 K and below,
we obtained # and 2A(0) to be (700-1000) cit and 42 cm?, respectively. These two quantities suggest
that the MgB film belongs to the dirty limit.
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The surprising discovery of superconductivity in a known ~33 K) using transmission measurements in the frequency
compound MgB with a highT¢ of about 39 K has attracted range 30-250 cm'. We found that the transmission spectra
a great deal of attention from the solid-state community and(w) were sensitive to changes in thd-plane sheet resis-
initiated a flurry of activity to understand its properties. tanceR and 14. Using the simple Drude model, we have
Most investigations on this binary compound as yet indicatesstimatedR, and 1/ at 40 K to be 10.30.2 /0 and
that MgB, behaves as a phonon-mediated supercondtiétor. 700-1000 crn?, respectively. Belowl ¢, a peak due to &
However, there is still little consensus on its reported impor-appeared and moved towards the higher frequency with de-
tant physical quantities related to electrodynamic and supegreasing temperature. Tla plane 2A(T) seemed to follow
conducting responses. A wide range of values of the dc rethe temperature dependence of BCS theory and was esti-
sistivity pqc, the carrier density, and the superconducting mated to be 42 cm' (5.2 me\j at 5 K. By comparing the
gap 2A are reported in the literature. For example, néar values of 2A(0) and 1#, we suggest that the MgBfilm
the reported values gfy. andn are in the range from 0.38 belongs to the dirty limit.

(Ref. 4 to 75 Q) cm (Ref. 1), and from 6.% 10°* (Ref. 4 A high quality c-axis-oriented MgB film was deposited

to 1.5 107 cm?® (Ref. 5), respectively. Moreover, reported on an AbO; substrate using a pulsed laser deposition tech-
values of 2\ also vary from 3(Ref. 6 to 16 meV(Ref. 7.  nique. The experimental details were reported elsewtere.
Since such physical quantities are closely related to the na¢-ray-diffraction measurement showed that most grains were
ture of the superconductivity, correct determination of theiroriented with theirc axes normal to the substrate, but their
values is essential. ab-plane orientations were random. The dc resistance mea-

It is well known that optical spectroscopy is a powerful surement by the four-probe method showed a sfiarpear
tool for measuring important parameters such as scattering3 k1 Temperature dependefi{w) were measured by a
rate, 1k, plasma frequency, £, and coherence effects. Fourier-transform spectrophotometer with a resolution of
Since the skin depth of light is about 1000 A in the far-5 cm ! in the frequency range 30—-250 ¢t
infrared (IR) region, this technique is able to provide infor-  |n the thin-film geometryT(w) can be written into an
mation on 2 and it is complementary to other surface- approximate form when>\,>d, where\ is the wave-
sensitive techniques, such as tunneling and photoemissiqangth of light,\, is the skin depth, and is the film thick-
measurements. However, there have been only a few reporiess. By taking the multiple reflections inside the substrate

on the optical properties of MgB Gorshunovet al® re- into account,T(w) can be approximated as

ported a lower estimate ofA=3-4 meV) by the grazing

incident reflectivity measurement on a polycrystalline MgB an T.exp — ax)

pellet. On the other hand, Pronat al® measured the com- T(w)= X s , (1)
plex optical conductivity on an Mggthin film in the fre- |1+N+y[>  1—RsRexp(—2ax)

quency range 4—30 cnt. Transmission measurement on a _

superconducting film is a method superior to reflectivitywhere N(=n+ik),a(=47wk), and x are the complex

measurement on a superconducting bulk, because the formeafractive index, absorption coefficient, and thickness

is much more sensitive to small changes in optical constantgf the substrate, respectiverTS(:4n/|1+N|2) and

than is the Iatte_?.lﬂowever, 5'”9‘13 the measurements by PrO'RS(zll—N|2/|1+N|2) are the transmission and reflectivity

nin et al. were limited to 30 cm™ and below, the character- ~

istic features of the gap and its temperature evolution coulcﬁ)f~ thg subgtrate-vacuum boundary, —an;(=|N-1

not be observed. +y|?/[N+1+Yy|?) is the reflectivity of the substrate-film
In this paper, we have reported our investigation of theboundary withy=4map/c, whereop =01 +ioon is the

electrodynamics on a-axis-oriented MgB thin film (T,  complex sheet conductance of the film. Using the transmis-
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FIG. 1. T(w) at the normal state. Ite), the dashed, solid, and FIG. 2. Experimental and theoretical resultsTffw) at super-

dotted lines represent the fitting lines f&-=10.8, 10.3, and conducting states. In the inset, the open circles and open triangles
9.6 Q/0J, respectively. In(b), the dashed, solid, and dotted lines epresentwp obtained from the experimental and theoretical data,
represent the fitting lines for 4#400, 800, and 4000 cnt, re- respectively. For comparisonAZT) is also shown as a solid line.
spectively.
2A,0,(w) become suppressed and the missing spectral
. - 7 weight moves towards the zero frequency to form a delta
sion and reflectivity spectra of 4Ds, we have obtained\ function, representing a superconducting condensate. As a

?::aglu_(le_?;r;dependently and used these to calculate the theorer sult of the delta functiong,(w) will have a L depen-

2 < . .
Far-IR transmission measurements can deterRpeand dency. ThusT(w)=o” for @<2A, which can be easily seen

1/7 of the film quite precisely. Figures(d) and Ib) show in Eq. (1). On the other hand, fan>24,T(w) in the super-

e [ ill I h h in th
T(w) at 40 K. Note that the transmission spectra of theconductmg state will be almost the same as those in the

: normal state. Near &,01(w) are nearly zero and,(w
Al20; substrate are nearly flat and are independent of temdrastically decrease rels(ult?ng in a mi):wimum valuze( o)f the
perature below 40 K? To understand the effects &, we '

have calculated () using Eq.(1) with the simple Drude denominator in Eq(l). Thus, there is a peak in transmission.

) o . One important physical quantity in a superconductor is
model. Figure (a) shows the variations of(w) at different - : - :
Ry, by keeping the value of #/fixed at 800 cm®. The the ratio between */and 2A(0), which will determine the

; . electrodynamic respons&s!® For most metal superconduct-
dasdh;d’ SO'S' and goue‘i(')'%eslrggresegt gz/cmalcu@(ted ors, such as Al and Pb, (@//2A(0)=100. The optical re-
e.lt ' e“?”t o such as 1.6, 1.5, and » respec- sponses of such BCS superconductors in the extremely dirty
tively. It is clear thatT(w) are quite sensitive t&- and we limit can be explained by Mattis-Bardeen thedfyHowever,
have found thaR of our film was 10.30.2 /7 at 40 K.

in high-temperature superconductors, th®(Q) values are
The frequency dependence Bfw) should be dependent o |arger than those of metal superconductors. Thus the

on 1/r. At 40 K, T(w) gradually increase as the frequency yigh temperature superconductors are believed to belong to
increases, due to the flnl'_[e value ofrlFlgure_ 1b) shows the clean limit, for which (1#)/2A(0)~ 117 Optical proper-

the variations off (w) at different 1 by keeping the value (iag of superconductors in the clean limit are different from
of Ry fixed at 10.3Q/01. The dashed, solid, and dotted {,nse in the dirty limit5Zimmermanret al. calculated the

lines represent the calculatdqw) at different 1 such as  gptical conductivity of a homogeneous BCS superconductor
400, 800, and 4000 cnt, respectively. It was found that with arbitrary purity'®

i 200 — s
1/7 of our film was 80076y cm™ ™. In order to explain the temperature depend&ab), we

Figure 2 shows the temperature dependefw) of the  have applied the formula developed by Zimmermanal 18
MgB, film in its superconducting state, i.e., at temperaturego fit our experimental data by using the measured values of
below 33 K. In the superconducting stafé(w) show a  1/r and Ro at 40 K as 800 cm® and 10.3Q/01, respec-
peaklike structure near 50 c¢rh. At 5 K, with an increase in tively. As shown in Fig. 2wp of the 5 K data is fitted well
frequency,T(w) gradually increase up to 52 cmhand then  yjith 2A(0)=42 cm . Note that the A(0) value is
approach those at the normal state. As the temperature iRmaller than thevp value by about 10 cmt. Based on the
creases, the peak height decreases and the peak pasiion assumption that the temperature dependencedfT2 fol-
shifts towards the lower frequencies. lows BCS prediction, we have calculatddw) at various

Similar peak structures have been observed for numerougmperatures. The solid circlésolid line), solid triangles
superconducting thin films, and thein2values were found (dashed ling solid starsdot-dashed ling and solid squares
to be close tavp .** Such a peak structure can be understooddotted ling in Fig. 2 represent the experimentahlculated
from the complex optical conductivity spectod ). In the T(w) at 5, 13, 23, and 33 K, respectively. The predicted
normal stateg(w) at w<<1/7 become nearly frequency in- temperature dependencieswd and 2A(T) are shown in the
dependent. But in the superconducting state, belownset as the open triangles and solid line, respectively. Within
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the experimental error barsAZT) seems to follow the pre- 0.06 . T T
diction of BCS theory quite well. i '
Although many experimental studies have been per- 0.05 |-
formed on the A(0) value of MgB, there is little consen-
sus on its magnitude and symmetry. From the specific-heat 0.04 |-
measurements, a couple of groups reported that
2A(0)/kgTc~2.4 (Ref. 19 or 4.2 (Ref. 20, and both were 3 003l
explained in terms of the conventionalwave-type BCS -
model. Using the same technique, Waetcal ?* reported that 0.0z
the values of A(0)/kgT¢ varied from 1.2 to 4.2 and sug-
gested al-wave superconductor with nodes in the gap. Using 0.01 k-
photoemission measurements, Takahatal?? found that
the superconducting gap wasdike with 2A(0)/kgT<~3.0, 0.00 /
but Tsudaet al?® reported spectroscopic evidence for two 0 50 100 150 200 230
gaps with 22(0)=3.4 and 11.2 meV. More significantly, in @ (em™)

tunneling experiments, the values dk @) varied from 4 to . I
) . - . . FIG. 3. Calculated () at 5 K for various 1#. The solid circles

16 meV, andet%;)th ISOUOp.IC and anlsotroplc_gap Syrnmetrle‘?’epresent the experimental data. The dot-dashed, dashed, solid, and

were suggested. To e>§plaln the large variations OfMO). dotted lines represenf(w) at 1//=42, 100, 800, ande cm I,

values, Haas and MaKirecently proposed a model of aniso- respectively.

tropic sswave superconductivity.

- o1
Our measured value ofX0), i.e., about 42 cm” (5.2 ¢ Mattis-Bardeen theory in the extremely dirty limit, i.e.,
me\/)_, is S|gn|f|cantly smaller than the BCS predlct|qn for 1= cem 2. Although Mattis-Bardeen theory is slightly
the isotropic swave superconductor. Since OWFaXis-  patter than Zimmermann's formula with 2800 ¢ * to
oriented film haslc~33 K, 2A(0)/kgTc can be evaluated oy hiain the 5 K data, the temperature dependence of the peak

to be _about 1.8. There are at least two poss.ibilities vyh.if:h calan pe explained better by the latter method. Moreover, our
explain the small value of 2(0)/kgTc . The first possibility 45 k transmission data suggested that~4800 cr L.

is inhomogeneities of our film, which may lead to a wide | e |iterature, there exists a wide range of values for
range of T¢ and/or 24(0). However, ourT(w) cannot be | "o measured value of #800 cni* provides a cer-
explained by introducing a distribution of40) ata higher-  ain |imitation on the electrodynamic quantities. Using the
frequency region in our calculation. The second possibility ISeported  values of ve=4.8x10' cm/s and n=6.7

the anisotropic gap symmetry. Since our measurements Were1 22 o 4 we have estimated values bfand pge t0 be
made on the-axis-oriented film, the 2(0)/kgT value rep- 32 A and,24 10 cm?28 respectively. Note that cour esti-
resents thab-plane property. The anisotropsewave SUPer-  aiaq value of is somewhat smaller than the reportés!
conductivity, suggested by Haas and M#&kis consistent ~52 A and that ofpy, is much larger than the reported
with the smallab-plane value of A(0). Further experi- 3¢ »Q cm for an Mchz wire4 It is clear that further in-

ments of polarization-(_:lep_end_ent o_pti(_:al measurements on \?estigations are necessary to determine the physical quanti-

single crystal or an epitaxial film with its axis parallel to a ties, such apy, andn

substrate will be “Sem' to prove this gap symmetry. Iﬁ summaryf we have investigated tb@xis-oriented su-
hM?(TbeQrkerr]S cllalme(la! that theﬂh/églisr/percgnd?cltgr perconducting MgB thin film using far-infrared transmis-

S °l|J4 em tdehcean !m|{;.e._, _( )= 77]' ‘7” 1€ d sion measurements. By fitting the transmission spectra at
etal” estimated the Fermi velocityr=4.8<10" cm/s and a1 and superconducting states, we found that the scat-

the mean free path=600 A. By comparng the supercon- yoring rate was (700-1000) crh at 40 K and the zero-
ducting coherence lengtly~52 A they suggested that temperature superconducting gap was about 42 ‘cifhese

MgB, should belong to the clean limit. According to the electrodynamic quantities suggested that the Md#m
relation |=veX7, we estimated the value of 4/ ¢,4.1d belong to the dirty limit.

=42 cm ! from their quantities, whereas, our experimental
data in the normal state as well as in the superconducting This work at SNU and POSTECH was supported by the
state showed that 44800 cm 1.?” We have calculated Ministry of Science and Technology of Korea through the
T(w) at 5 K with various values of 1/ and the results are Creative Research Initiative Program.

shown in Fig. 3. Note that the calculatdd w) with 1/ Note added in proofSince this paper was submitted,
=42 cm ! predict a very sharp peak structure near(Q) Kaindl et al?® reported the far-infrared optical conductivity
and a steep increase ®{w) in the high-frequency region, using terahertz time-domain spectroscopy and drew the same
which do not agree with our experimental observations. Ouconclusions as ours regarding the size of the superconducting
experimentall (w) seem to be quite close to the predictionsgap and the dirty limit.
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