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Far-infrared transmission studies on a superconducting BaPh_,Bi,O5 thin film:
Effects of a carrier scattering rate
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We measured transmission spectra of a BaRBi,O; (x~0.25) thin film in the frequency region between
5 and 130 cm'. At low temperature, there is a BCS-like peak in the transmission spectrum near 21 cm
corresponding to 2(0)/kgT,=3.2+£0.3, and a suppression at lower frequencies. The transmission measure-
ment in superconducting state covering the frequency region upAon&® found to be useful in probing the
scattering rate of carriers. The value of scattering ratg,WAs estimated to be about 280 ¢th This suggests
that BaPh_,Bi,O; belongs to the moderately dirty regime £3/14X 2A) rather than the extremely dirty
regime of the Mattis-Bardeen theofy50163-182@09)00613-X]

[. INTRODUCTION quite rare. This is probably due to the fact that it&(R)
value is about 20 cm*, which cannot be easily covered by

Cubic perovskite bismuthates, including BaPiBi,O;  conventional spectrophotometers. As far as we know, the
(BPBO) and Ba_,K,BiO; (BKBO), have attracted much only far-IR spectroscopic work on the superconducting states
attention due to their interesting physical propertig’sin of BPBO was done by Schlesingeral® They measured the
spite of their three-dimensional structures, these bismuthatesflectivity of polycrystalline BPBO samples, and found that
have much in common with two-dimensional high- 2A=3.2&3T,, roughly in agreement with the weak-coupling
temperature superconductors. They include a high ratio oBCS theory.
superconducting transition temperatute to density of We reported optical properties of epitaxial BPBO films
states at the Fermi levéf existence of collective states in Which were grown on MgO substrates by pulsed laser
their insulating parent materialsand significant spectral dep05|t_|on§'7Through reflec_t|V|ty and transmission measure-
weights in the midinfraredIR) region'= Moreover, due to Ments in the frequency region of 6:2.7 eV, we found that
their structural simplicity and absence dfelectrons, it has they have indirect optical gaps. o
been believed that understanding on the bismuthates wil| FoM doping dependence of the indirect gap, we found

provide some insights into the superconducting mechanis at the metal—sgmlconductor transition in BPBO shoulq be
of the cuprates. of a band-crossing type. Recently, we were able to build a

Tunneling, far-IR reflectivity, and far-IR transmission lamellar grating far-IR spectrophotometer, which can cover

measurements have been used to investigate superconductﬁi frequency region of 550 o™, This new equipment
. de it possible for us to look into the superconductin
energy gap\ of the bismuthate$:>°1'These methods have B b 9

. X ) ) states of BPBO. Especially, using a high quality BPBO thin
their own merits and demerits. Tunneling Spectroscopy cagm e were able to perform transmission measurements on
provide a detailed information on the superconducting congpgo.

densate, but it usually requires a sample with a high quality | this paper, we report far-IR transmission spectra of the
junction. Far-IR spectroscopy tools are less sensitive to thgpgo thin film. At a low temperature, a peak was found
surface(or interface qualities, since they probe an average 5;ound 21 cml. which corresponds to, 2(0)/kgT,=3.2.
response in a skin depth region, which is about one micron g temperature increased towai,, the peak position

Reflectivity measurements can be performed with a bulk,q\ a4 to a lower frequency with a reduced peak height. It

sample, but its reflectivity change aroufid is very small 55 found that the Mattis-Barde¢MB) theory which as-
(typically less than a few percentAlthough transmission g meq that scattering raterlis much larger than & (i.e.,

measurements require a high quality thin film, its transmisy,e go-called “extreme dirty limit), could not explain our
sion change around. is very large(typically more than a  ansmission spectra. To get a better agreement, we should
hundred perceit Moreover, a transmission spectrum in ajyiroduce a finite scattering rate. It was found that the scat-

superconducting state usually shows a peak ne®f €0 (aring rate of carriers in BPBO should be about 280 &m
temperature-dependent optical energy gafy(D), can be

easily determined.

There have been several far-IR spectroscopic measure-
ments on BKBO**1%and its 2A value is rather well estab-
lished[i.e., 2A(0)=4.2+0.3gT.]. Compared with BKBO, High quality BaPl;Big »:0; films were grown on MgO
optical investigations on superconducting states of BPBO arsubstrates by pulsed laser deposifiotiray-diffraction mea-

Il. EXPERIMENTAL
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FIG. 1. Resistivity vs. temperature of BPBO thin film. s e EEEIHHHTTITIT
»
surements showed that the films were grown epitaxially with 0.0 : ; .
their ¢ axes normal to the substrates. To obtain information 0 20 40 60 80
on film thicknesses, cross-sectional scanning electron micro- w (ecm™)

scope pictures were taken and Rutherford-backscattering

spectroscopy(RBS) measurements were performed. The FIG. 2. Transmission spectrum of BPBO thin film at several

thickness of the BaRBBij»O; film used in this far-IR temperatures bglowc. Peak pos[tion moves to a lower frequency

study was 578 30 nm. The RBS measurements also showed®s tg_mperature increases. In the mset_the symbols represent the peak

that the stoichiometry of the film was very close to that ofposmo_n of the transmission and the line represents BCS gap func-

target material. tion with 2A(O)/kBTc=:_3._3. I_nset shows that temperatur_e depen-
Figure 1 shows the temperature-dependent resistivit eCnSce of ]Ehe peak position is qualitatively consistent with that of

p(T) of the BaPh;Bi 05 film. The film shows a super- gap function.

conducting transition around 9 K. Thig, value is somewhat

lower than the reported value of 12 K for bulk sampl@he

lower T, value of the film seemed to originate from thick- lometer working at 4.2 K. For most far-IR transmission mea-

ness effects. Another BPBO film which was about %  surements on a thin film sample, Fabry-Perot interference

thick had aT, value of about 11 K. However, this thicker fringes coming from coherent multiple reflections inside the

film resulted in a very weak transmission in far-IR region, sosubstrate can cause serious problé?n‘éo avoid such diffi-

it could not be used in our study. Above, p(T) seems to culties, we used a thick substrdtethickness of about 2 mm

decrease slowly with increasing This semiconductorlike and performed low resolution measurements. The resolution

behavior was observed in bulk BPBO and BKBO samplespf our measurements was 1.5 th With such a low reso-

indicating that the superconducting transitions are locateqution, our experimental spectra did not show any interfer-

near the metal-semiconductor transition boundary in the pefence fringes. So, our spectra should be understood in terms

ovskite bismuthates: of incoherent addition of the multiple reflections inside the
Far-IR spectroscopy is known to_be quite diffic_ult, ?incesubstrate.

there are no good detectors and light sources in this fre- Figure 2 shows/{w) of our BPBO film measured at sev-

quency region. A conventonal Michels_on-type far-IR SPEC-grq) temperatures between 1.5 K and These spectra show
trophotometer uses a mylar beam splitter, which limits its

interf i dulati fici below 05. In the d characteristics of superconducting thin films, including a
Interierometric modulation €fliciency below U.o. 1n the Cpeak structure near 21 ¢m and a superfluid screening at
limit (i.e., w—0), this efficiency actually approaches zé&fo. the low frequencyfFor a typical superconducting filrd{ «)
Therefore, the Michelson-type spectrophotometer cannot b d 4 yp P 9 ©

€ X .
used to measure spectra in a very low frequency region, typgpproaches zero due to the superfluid screening ap-

cally below 20 cmi L. In order to overcome such difficulties, proache:%lzerb?] Note that, in the frequency region of 20

we recently built a lamellar grating spectrophotometer,™ 32 ¢m °, the overlaps off(w) measured by two spectro-

whose modulation efficiency was nearly one in thmwave ~Photometers are quite good.

region!* And, we put a Hg arc lamp at one of the focal

points in an elliptical mirror, so we could increase the light

intensity significantly. With a composite bolometer operating I1l. DATA ANALYSIS AND DISCUSSION

at 1.4 K, we were able to measure far-infrared spectra reli-

ably in the frequency region of-550 cmi . Details of our

new spectrophotometer will be reported elsewHeére. Figure 3 shows(w) of our BPBO thin film at 4.2 K,
The far-IR transmission spectffw) of our BPBO film  where the temperature stability of our measurements was a

were measured using two kinds of Fourier-transform specmaximum. The experimental{w), shown as the solid

trophotometers. In the frequency region of385 cmi !, the circles, displayed a peak near 21 th This peak should be

lamellar grating spectrophotometer, described earlier, waslosely related to 2. The low-frequency behavior is domi-

used. In the frequency region of 2a30cm? a nated by the superfluid screening, which leads to a reduction

Michelson-type spectrophotometer was used with a Si boef transmission below the gap. The prominence of the gap-

A. A comparison with the Mattis-Bardeen theory
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B. Effects of finite scattering rate

® data at 4.2 K . . . . .
MB fitting One of important physical quantities in oxide supercon-

0.2} ductors is the ratio between7land 2A(0). Formost metal
superconductors, such as Al and Pb, a typical value ofsl/
about 500 cm?, so (1/#)/2A(0)=100. For such BCS su-
perconductors in the extremely dirty limit, their optical re-
sponses can be explained by the MB theory. However, in
high-T. superconductors, theirAX 0) values are much larger
than those of metal superconductors. Although there have
been disputes about their electrodynamic respofisemny
workers nowadays believe that high-superconductors be-
long to the clean limit, where (2)/2A(0)=<1.22 Inspired by
the electrodynamic responses of the highsuperconduct-
FIG. 3. Transmission spectrum of BPBO thin film a  OrS: Zimmermanret al. investigated effects of a finite scat-
=4.2 K. The symbols represent the experimental data. The line i{efing rate of carriers on an optical conductivity of a BCS

calculated with Mattis-Bardeen conductivity withA20)/kgT, Superconducto?r? They found that optical responses of a su-
=3.2. perconductor with (1)/2A(0)~ 10 could be quite different

from those with (14)/2A(0)~100, even though both cases
related features implies that its superconducting electrodybelong to the dirty limit. And, such a difference could be
namics should be in the dirty limitA<1/r). Note that, in  seen clearly in the frequency region higher thah. 2
the clean limit @ >1/7), the gap-related features should be To explain the discrepancy df{w) in Fig. 3 , we in-
weak, since there are little oscillator strength changes nealuded the 17 effects following the formalism developed by
2A.17 Since BPBO seemed to belong to the dirty limit, we Zimmermannet al® Figure 4a) showsT{w) calculated for
decided to comparel{w) with predictions of the MB three values of the scattering rate, i.e.7=2160, 280, and
theory2 which explains electrodynamic responses of a BCS4000 cm !, In these calculations, 2(0) and o were as-
type superconductor in the extremely dirty limik €1/7). sumed to be 20 cm and 3.5<10 sec’?, respectively.

In the thin-film approximationX>\,>d, where\ is the = The calculated transmission spectrum for-24000 cmlis
radiation wavelength) , is the penetration depth, arlis ~ almost the same as that of the MB thedrg., 1/=x). As
the film thicknesy an approximate form of7 is well  1/r decreases, the peak height @ ihcreases and the slope
known® Taking into account of incoherent addition of the of 7{w) above 4 also increases. It was also found that the
multiple reflections inside the substraté,can be approxi- calculated7{w) depends strongly on t/in the regime of

T(w)

0.1}

0.0
0

mated a$'® (1/7)/2A(0)~ 10. Both the peak height and the higher fre-
quency behavior up tw=130 cm ! could be fitted reason-
4n [ Toexp—ax) ably well with 1/7=280 cm 1.
= |1+N+y|2[1—73373f exp(—2ax)|’ @) The frequency dependence Gfw) can be understood

from optical conductivity,o(w)=o1(w)+ios(w). Figures

whereN(=n+ik), a(=4mwk) andx are the complex re- 4(b) and(c) displayo,(w)/oy ando,(w)/ oy, respectively.
fractive index, the absorption coefficient, and the thicknesd'he dotted and the solid lines represent cases of a normal
of the MgO substrate, respectivelf;=4n/|1+N|?> andR;  state(i.e., T>T.) and a superconducting stat€ £ 4.2 K)
=|1—NJ?%/|1+NJ? are the transmission and the reflectivity with 1/7=280 cmi !, respectively. In the normal state,
of the substrate-vacuum boundary, @Rg=|N—1+y|?/|N  o,(w) decreases very slowly up to 130 ch since the cor-
+1+y|? is the reflectivity of the substrate-film boundary, responding spectral region is lower thanr.1And, oy(w)
with y=(4mod/c), where o is the frequency-dependent increases linearly withw. In the superconducting state, the
complex ac conductivity of the film. spectral weight ofo;(w) near 2A is reduced, and the de-

It was found that the MB theory cannot explain our ex- creased amount should move to a zero-frequency delta func-
perimental data. The solid line in Fig. 3 shows the predictiortion, representing a superconducting condengatee sharp
of the MB theory. For this calculation, the optical indices of peak at zero frequency is broadened due to finite tempera-
the MgO substrate were taken from the literattt® The  ture) And, o,(w) becomes inversely proportional 0 at
normal-state dc conductivityy was 3.5< 10 sec 1.2° The  the low frequency. In this region, the divergenceosf w)
T(w) peak is located around 21 ¢rh, which corresponds to makesZ{w) in the superconducting state approach to zero as
2A(0)/kgT,=3.2. Earlier, Schlesingeet al. reported that w— 0. From Eq.(1), 7{w)>xw?. In the high-frequency region
2A(0)/kgT,=3.2 using far-IR reflectivity measuremenits, of w>2A, o(w) in the superconducting state approaches to
and Sharifiet al. reported that 2(0)/kgT,=3.5+0.3 using that in the normal state, since a photon with such a high
electron-tunneling measurementShe value of 2(0) sug-  frequency cannot tell the difference in these two states.
gests that BPBO should be a weak-coupled BCS supercor-herefore,7{w) in the superconducting state is nearly the
ductor. However, note that the theoretical value of The) =~ same as that in the normal state, which is nearly flat in the
peak near the superconducting gap are less than the expeftiequency region ofw<1/7. The peak in7{w) should be
mental value by about 20 percent. This difference might bdocated near &, whereo () is nearly zero andr,(w) is
due to a finite scattering rate of carriers inside BPBO, whichdrastically decreasing, resulting in a minimum value of ab-
was neglected in the MB theory. solute magnitude ofr(w).
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most changes occurs in,(w). As 1/r increasesg,(w) in-
£ * Data at 1‘;& K creases, resulting in the decrease of the peak height. For the
F 02 280 22-1 frequency above 4, both o;(w) ando,(w) change. How-
8 4000 em™! ever, sincer,(w) > 0,(w), the7{w) behavior will be domi-
e nated by changes ior;(w). As 1/r increaseso;(w) in-
% 0.1 creases, s@(w) decrease$’
s R — — —— — — As we demonstrated in Fig. 4, measurementd(@s) in
< |\ s TTEETE superconducting films can be useful in determining values of
= 1/7 quite accurately. Tajimat al. measured reflectivity spec-
0.0 tra R(w) of BaPh_,Bi,O; for various values ok.! Their
....... v T T reflectivity spectra fox~0.2 showed a feature similar to a
0.8 e plasma edge around 1 eV. Although there were some devia-
tions of R(w) from the simple free-carrier response,
5 Schlesingeet al. assumed the Drude model. Using the rela-
% 17 = 160 cm™ tion such that 4= w%/47rcrN, wherewp is the plasma fre-
~Z 0.4 — 1/ _ 280 22-1 quency, they estimated thatrt/8000 cm *.° Note that this
e N/ . 1/T = 280 cm™", normal value from the reflectivity measurements is very different
—.—1/7 = 4000 cm™ from the value of 1# (~280 cm'!) determined from our
(b) transmission measurements. The large differencersig-
0.0 ’ L L L L L gests that the interpretation based on the simple Drude model
i — -1/ = 160 cm™’ could not be applied for BPBO.
o8} —1/7 = 280 ecm™ A similar problem in estimating a value ofA¢an be also
2 (A 1/T = 280 cm'1,_1n0rmcl found in the BKBO system. Dunmost al. measured trans-
5 \ —'=1/T = 4,000 cm 12A mission spectra of a BKBO filh.Using the simple Drude
2 44 i model, they estimated that 7t 100X 2A (0)~ 4000 cni L.
< 0.4} Later, Puchkovet al. measured reflectivity spectra of a
o BKBO single crystaf® Based on the “two-component
model,” which assumes coexistence of a sharp Drude peak
B (c) and a very broad mid-IR peak, they estimated for the
0.0 LV . , TRmmp—e— ki Drude carrier to be about 250 ¢rh?® And they found that
0 40 80 120 the mean-free-path for the Drude component and for the
w (cm™ mid-IR component will be about 230 and 7 A, respectively.

o ' ) To get more insights on BPBO, we estimated values of
__FIG. 4. Calculated wransmission of BPBO: moderately dirty gjectrodynamic parameters for its free carriers. From the ear-
limit vs extremely dirty limit. 24(0)/kgT=3.2, T=4.2 K, and jigr specific heat measuremeRt<’ the effective mass of the
Tc=9.0K. (a) Transmission datdfilled circles in comparison ., riars was estimated to be about 1.5 times the mass of bare
with the calculated transmissidfines) with ac conductivity with electron (i.e., m*/m.~1.5). Based on the free-electron
e., ~1.5).

various scattering rate. Best-fit parameters are=2/80 cm %, oy o
B P e model, values of numerous transport quantities were ob-
=3.5x10" sec’’. (b) Real part of conductivity in the supercon- , . .

tained from our experimental values of oy

ducting state normalized . 1/7=160, 280,4000 cm', each .
g oy 1 =4000"tcm ! and 1/=280 cm'!: the average Fermi

corresponding to 127=8, 14, 200 with A =20 cm 1. Dotted g - 5
line represents real part of normal-state Drude conductivity withVeloCity ve=1.2x10" cm/sec, the mean free path

1/7=280 cnt . (c) Imaginary part of conductivity in the supercon- =22 A, and the carrier density=1.1x10?° cm~. Our es-

ducting state. Dotted line represents imaginary part of normal-statémated value ob ¢ is smaller by a factor of about 2.5 tha_n
Drude conductivity with 1#=280 cn . other reported valueS-?° For the mean free path, we esti-

mated its value from previous transport measuremé&rfts

The scattering rate dependenceZgf») can be also un- and found that=6-14 A . On the other hand, the scattering
derstood from the behaviors af,(w) and o,(w). The rate suggested by IR reflectivity measureméne., 1/
dashed, solid, and dashed-dotted lines in Figb) dnd (c) =8000 cm 1)° suggested=2 A . Clearly, our value of is
represent the superconducting cases ef=1160, 280, and somewhat larger than the earlier reported values for BPBO,
4000 cm !, respectively[As we mentioned abover;(w) but smaller than the reported value for BKBO by Puchkov
and o,(w) of the normal-state will be nearly the same aset al.
those of the superconducting state in the frequency region of Note that our calculated free-carrier density was about
w>2A. For clarity, we omitted the normal state responses ofl.1x 10?° cm™3, which is one order of magnitude smaller
1/7=160 and 4000 cm'.] Neglecting the correction factor than reported values by Hall measurméfit& One possibil-
due to multiple reflections and absorption in the substratéty for this difference can be inferred from the reports that
(i.e., the term in the square brackefsom Eq. (1), 7{w) the carrier density of oxygen reduced film can be reduced
x4n/|N+ 1+y|?xy~2x a2 since [N|<|y| and N is only  significantly?®?® However, since we annealed the BPBO
weakly dependent om.® Therefore, the behaviors i w) film in the oxygen environment, such a possibility will be
will depend on the magnitude and the change6b). Near  small. The Hall measurements suggested that metallic free
2A, where the peak iff{ w) is located,o; (w)<o,(w) and  carrier and semiconducting carrier might coexfst>2°
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Based on the temperature dependence, they suggested th: 0.2

the carrier densities of the free and semiconducting carriers -‘7\, — —oy= 3.5*1012 sec::, 42 K

at room temperature might be similar, witm~ % ae S e 72
_ . " ——oy= 3.7% , 7.

1x10% cm™3. And, at low temperature, most of semicon- o ‘\ on see

ducting carriers were supposed to be suppressed. However
we think that seperating the two carrier contributions might
be difficult in the Hall measurment8.Most resistvity mea-
surments on BPBO show that resistivity increases even at
low temperature, implying the simple interpretation of the
Hall measurment might not be correct. Further investigations
are required to clearly understand the electrodynamic re-
sponses of BPBO. 0.0
In this paper, we analyzed our far-IR data in terms of the 0
simple Drude model. In numerous conducting oxides, includ-

ing high-T, supeérconduc;to?% and colossal magnetoreas— FIG. 5. Fitting of transmission considering the temperature de-

tance manganlt_ 5 relatively strong_ apsorption features endence of dc resistivity. Solid circles and triangles represent
were observed in the frequency region b_etween fa_r IR anﬁansmission at 4.2 and 7.2 K. Dashed line and dotted line represent
mid IR. There have been three different interpretatidBs:  .pjcyiated transmission at 4.2 and 7.2 K with same valuerpf

the simple Drude mode(b) the modified Drude model using  gqjig line represents calculated transmission at 7.2 K with slightly
a frequency dependent scattering rdtalled the “one- gifferent vaue ofory .
component model), and(c) the model using a sharp Drude

peak and a very broad mid-IR pedkalled, the “two- L . . L .
component model. Even though the latter two models are viation from the theoretical curve. This deviation might
: come from the inhomogeneity of the film: for examples,

different in their interpretations, it is often quite difficult to £ the il iaht h lowr value th h
distinguish between them experimentally. More accuratg®me part of the film might ave a lowe va ue than other
rt. To take account of such inhomogeneity effects, we as-

measurements, especially using transmission measureme AN .
in the far-IR region, would be desirable to determine theSUmed a distribution of ; values and considered three aver-

electrodynamic responses. aging methods: averages ofw),*® lo(w),* and T(w).
However, it was found that none of such average processes

could improve the deviations at the low-frequency region.
Further investigations are required to explain the deviations

From the temperature-dependéffiw), shown in Fig. 2, better.
we could observe several characteristics consistent with BCS
predictions. As temperature increases, the peak position
shifts to a lower-frequency and the peak height becomes de- IV. SUMMARY
creased. The low-frequency feature of the superfluid screen-
ing, that is the decrease @{w) asw— 0, becomes weaker.
These facts imply that the value oA2decreases and that the
suppression ofr;(w) due to gap opening becomes weaker.
The inset shows that the temperature dependencé\do?
the BPBO film agrees with the BCS prediction with
2A(0)/kgT,=3.2.

Figure 5 shows detailed curve fittings of the experimente;(
T(w) at 4.2 and 7.2 K. The dashed line shows the BC
prediction for 4.2 K with 2(0)=20cm!, 1/r
=280 cm !, andoy=3.5x 10" sec L. In the frequency re-
gion above 20 cm?, the theoretical curve agrees quite well
with the experimental curve. The dotted line shows the BC
prediction for 7.2 K with the above-mentioned paramete
values. The theoretical curve above 20 ¢nseems to be a
little higher than the experimental data. When we usgd
=3.7x10"sec? and 1£/=210cmi!, the theoretical
curve, shown as the solid line, provided a better agreement We greatly acknowledge A. J. Sievers, H. J. Lee, and Y.
with the experimental data. The new value tgy seemsto S. Lee, and G. T. Kim for their discussion and help. This
be consistent with the semiconducting behavior in Fig. 1work was financially supported by the Ministry of Education
Note that the change aFy by about 5.5% can provide a through the Basic Science Research Institute Program No.
noticeable change ifi{ ), demonstrating sensitivity of our BSRI-97-2416 and by the Korea Science & Engineering
transmission measurements. Foundation through Grant No. 96-0702-02-01-3 and by the

As shown in Fig. 5, the behavior of experimenfal) in Korea Science & Engineering Foundation through
the frequency region below the peak shows a significant deRCDAMP of Pusan National University.

-\
301}
|_

C. Temperature dependence of transmission

The experimental data in this paper represent a far-
infrared transmission spectra of a superconducting
BaPh ;Biy -0, film. The spectra covered a sufficiently
low-frequency region &~1/2X2A) to critically test
whether this material shows BCS-like behaviors and a high-
frequency range (A< »<<12A) to reveal that the scattering
ate of carriers is not very large. There is a BCS-like peak in
he transmission spectrum near 21 ¢ corresponding to
2A(0)/kgT,=3.2+0.3. Detailed shapes of the transmission
spectra show deviations from predictions of the MB theory.
Calculations in the moderately dirty limit, 4+ 14X 2A,
ﬁave beltter results for the peak height and the response above
lcm .
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