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We have measured the temperature dependence of the microwave surface im@gdaRge i wug\ of
two c-axis oriented MgB films employing dielectric resonator techniques. The temperature dependence of the
magnetic-field penetration depthdetermined by a sapphire dielectric resonator at 17.9 GHz can be well fitted
from 5 K close toT, by the standard BCS integral expression assuming the reduced energyf@gRT, to
be as low as 1.13 and 1.03 for the two samples. For the penetration depth at zero temperatures, values of 102
and 107 nm were determined from the fit. Our results clearly indicatesthave character of the order
parameter. A similar fit of the penetration depth data was obtained with an anisatraice BCS model.
Within this model we had to assume a prolate order parameter, having a large gap value-&xighdirection
and a small gap within thab plane. This is in contrast to recent fits of the anisotrapicave model to upper
critical-field data, where an oblate order parameter had to be used, and raises interesting questions about the
nature of the superconducting state in MgB\ rutile dielectric resonator was employed to obtain the tem-
perature dependence Bf with high accuracy. Below aboui./2, Ry(T) — R¢(5 K) exhibits an exponential
temperature dependence with a reduced energy gap consistent with that determined from the penetration depth
data. TheRg value at 4.2 K was found to be as low as 49 at 7.2 GHz, which is comparable with a
high-temperature superconducting copper oxide thin film.
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The question about the energy gap in a particular supeiported in the literaturé®~?®Quadratic and linear dependence
conducting material is of fundamental importance for themight be an indication for unconventional superconductivity,
understanding of the relevant pairing mechanism and for theimilar to HTS cuprate®’~33However, the observation of an
determination of its application potential. In the case ofexponential dependence would be a clear indication for a
MgB, this question is raised with particular emphdsisc-  nodeless gap, i.e., for an order parameter comprisingve
cording to initial findings, MgB seemed to comprise a rela- symmetry. Hence, a very high measurement accuracy for
tively high transition temperatur@round 40 K with super- temperature changes afat T<T, for high-quality samples
conducting properties resembling those of conventionais required to distinguish between a power-law and an expo-
superconductors rather than those of high-temperature superential temperature dependence.
conducting (HTS) cuprates—* Recent experiments have Microwave surface impedance measurements have
brought some clarifications about the gap features of MgB proved to be the most sensitive tool to determine the tem-
According to tunneling spectroscop§, point-contact perature dependence af of both thin-filn?=3! and bulk
spectroscopy® photoemissiord,Raman scatterinf, specific ~ single-crystal sample¥. In particular, they have been em-
heat**2and optical conductivity spectfdthere is evidence ployed successfully to attain significant information about
for ans-wave symmetry of order parameters with two energythe symmetry of the order parameter in the high-temperature
gaps, which are much lower and larger than the BCS weaksuperconducting cupraté$Therefore, microwave resonator
coupling value A/kT.=1.76). The isotropic two-gap model techniques are most appropriate to be used for high-precision
or the anisotropic one-gap model are proposed to explair(T) measurements on high-quality MgBamples.
these observationé™*® On a qualitative level, they have  Apart from the penetration depth, the microwave surface
similar properties, and therefore more experimental effortgsesistanceRy is an important figure of merit for microwave
are required to distinguish between these two theories. applications. According to the BCS theory, the expected

On the other hand, the results for the temperature depemxp(—A/kT) dependence oRg below T./2 might result in
dence of the penetration depti{T) are quite controversial. low R values at temperatures attainable with low-power
Quadratic, linear, and exponential dependences were reryocoolers.

0163-1829/2002/68.0)/1045216)/$20.00 66 104521-1 ©2002 The American Physical Society



JIN, KLEIN, KANG, KIM, CHOI, LEE, DAHM, AND MAKI PHYSICAL REVIEW B 66, 104521 (2002

MgB, thin films were fabricated using a two-step method 1600~ T~ T T T T 500
by pulsed laser deposition. The detailed process is described [ o R Y
in Refs. 34 and 35. The films deposited on a plane parallel 00t . a0 400
[110Z-oriented sapphire substrate o400 mn? in size ex- — -
hibit a sharp resistive and inductive transition at transiton & [ ] o 300 a
temperatures up to 39 Konset temperature of resistive tran- L_S 800 e o 00 E
sition). The film thickness was 400 nm for both samples. ©%g i o o0 & oa £
X-ray diffraction analysis indicates a high degreecedixis D 400l z o o o’
. . X | 8 12 16 20 4100
orientation perpendicular to the substrate surface and no de- [ T(K) s
tectable amount of MgO or any other crystalline impurity ols : _,__MMAW l@mo° . 4o
phases. , , _ 5 10 15 20 25 30 35 40
The microwave surface impedance was determined using T(K)

a sapphire dielectric resonator technique described

elsewheré® The cavity with part of one end plate replaced Fig. 1. Temperature dependenceRf" and s\°" of a MgB,

by the thin-film sample was excited in the JiEmode under  thin film recorded at 17.9 GHz using a dielectt&pphirg resona-
weak-coupling conditions. The unloaded quality fac®s  tor technique. The inset shows tRE"(T) values belw 8 K and our
and resonant frequency was recorded as a function of tenmeasurement resolution of 1Q@).

perature. The real part of the effective surface impedance, the

effective surface resistand%g”, was determined according pendence with existing models. Of course, it is worth inves-

to tigating how to measure the absolute penetration depth of
superconducting thin film®
off 1 Two samples(S0716 and S1030were measured and a
Re(T=G Qo(T) Qup(4.2K)|’ D) similar temperature dependenceZgfwas observed. Figure 1

shows one of the temperature dependencd%ﬁ?)fand S\
with G being a geometrical factor determined by a numerical{S1030 as determined by Eq¢l) and(2), respectively. The
simulation of the electromagnetic field distribution in the jnset shows th&S™(T) data at low temperatures. The full line
cavity andQy,(4.2 K)=108 440, representing the unloaded represents the resolution limit of our setup. Below 8RE"
quality factor measured by employing a high-quality Nb thing hejow the resolution of our techniqg00 wQ).

film as the sample. The notation “effective” indicates an  Eigyre 2 shows the measured temperature dependence of
enhancement d®s and\ due to the film thicknesd being of 5 eff” yatermined fromf(T) according to Eq.(2) in a

37
the order of\. .Fo.rtempgﬁrat.ures below 30 K, E@) allows  |o4 (5\) versus 1T representation. The horizontal axis is
for the determination oRg™ with a systematic error of about grawn in the reciprocal form 6f. Experiments indicate that
0.1 m, which is due to neglecting the temperature-the coherence lengthiand penetration deptk are about 5
dependent background losses of the cavity and the small Mjgng 100 nm, so that/¢>1.3° This is in the reasonably local

crowave lossesRs~10"° Q) of the Nb film. " regime. In this cas&(T) based on the standard BCS model
The temperature dependence of the effective penetratiofyn pe represented as follows:

depth was determined from the temperature dependence of

the resonant frequendyT), using 1 1 % af(e) P
—= 1-2 - de |,
i G f(T)—f(5K) N(T)  A%(0) JA(T) de [eP-ANT)
SN (T)=— - iz 2 (©)
mo  fA(5K)

with uo=1.256x10 ° Vs/Am. There is a systematic error
due to frequency changes caused by thermal expansion, the 1000}
temperature dependence of the skin depth of the cavity wall [
material (coppej, and the temperature dependence of the —_—
dielectric constant of sapphire. To account for these effects, £
we recorded the temperature dependence of the resonant fre- &

=

L)

&

100

guency employing a copper sample. From this measurement
we found that the systematic error is less than 1 nmTfor
<15K and less than 2.5 nm far<25 K, which is at least
one order of magnitude lower than the observed temperature 1
changes oh for our MgB, samples. Therefore, EQR) was
applied without correction for our investigation. T(K1)0
In general, microwave resonator measurements do not al-
low for the determination of absolute valueshobecause the FIG. 2. logya\®™ vs 1T representation of the penetration
resonator dimensions are only known with a precision ofgepth data for two MgBsamples and a NbN thin film for compari-
several ten’s of micrometers. However, absolute values of son. The solid line represents BCS fits with parameters as described
can be extracted by comparing the measured temperature de-the text.

10}
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with f(e)=[expE/kT)+1] ! representing the Fermi func- 10 LI ' ]
tion and A(T) the temperature dependence of energy gap. A

The quantitied\ (0)/k T, and\ (0) are used as fit parameters. 0.8 .
For the temperature dependenceAdfT)/A(0) values tabu- —~

lated in Ref. 40 were used. The full lines represent BCS Nl:— 0.6 1
calculations. Thed\gcg values calculated from Ed3) are § o so71e

multiplied with coth@/\gcg) to account for the finite film S 04r v

thickness)’ As a result, the fits of E3) to the 6\ ¢«(T) data P BCS calculation

(full lines in Fig. 2 yield A(0)/kT,=1.13, T,=39K 02| oA

[A(0)=3.8meV], and A(0)=102 nm for sample S0716; —"— Quadratic Y
A(0)/KT=1.03, T,=36 K [A(0)=3.2meV], and \(0) 00 oz 04 os o5 10
=107 nm for sample S1030. According to Fig. 2, there is a t=TIT

very good agreement between experimental data and the fit
curves over the entire temperature range. The down-turn of FIG. 3. \2(0)/A%(T) dependence for the samples shown in Fig.
the experimental data very close T can be explained by 2. The full lines represent BCS fits usiad0)/k T, as fit parameter.
impedance transformations resulting from the finite filmThe predictions by two-fluid modeldashed quadratic(dashed-
thickness’” The nearly linear dependence beldw?2 in this ~ dotted dependence, and standard BCS model witt0)/kT,
representation clearly indicates thavave nature of the or- ~ 1-76(dotted are also drawn.
der parameter, i.e., a finite-energy gap in all directions of the
Fermi surface without nodes. In contrast, a double-can still be modeled by the BCS integral expression just by
logarithmic plot of the same data indicates that a power lanassumingA/kT, to be larger than the BCS value of 1.4%6.
does not fit the data at low temperatures. For comparison, the For ~ comparison, the  power-law  dependence
same analysis was performed for a NbN thin film, which is al A (0)/\(T)]?=1—(T/T,)" with n=2 (“quadratic”) andn
well-known s-wave superconductor with a relatively high =4 (“two-fluid model”) is also depicted in Fig. 3. Above
of 15.8 KM The fit parameters aré(0)/kT,=2.3 and aboutT./2, n=4 represents a fairly good approximation for
A(0)=225 nm, respectively, which is similar to literature the case of strong coupling, as observed for NobN. However,
data?? there is a clear discrepancy between the experimental data
The A(0)/kT, values obtained for the MgBsamples are and quadratic dependence, ruling out the possibility of un-
comparable with the value of 3t50.5 meV determined by conventional superconductivity in MgB
scanning tunneling microscopyChe A (0) values are also in Obviously, our data do not show any indication of a sec-
the range of corresponding values determined by otheond larger energy gap. Before discussing the reason, it
techniques®?>4344 |n contrast to tunneling experiments, should be noted that the penetration depth studied here is in
which are very sensitive to a possible modification of thefact the penetration depth in treb plane ¢ ,,) due to the
surface, microwave surface impedance measurements probamples being-axis oriented thin films. In the two-gap or
almost the entire volume of a thin-film sample with thicknessmultigap scenarios, the superconductivity mainly comes
of the order of\. Therefore, surface degradation can be ruledrom the boron(B) orbital in theab plane. TheE,4 phonons,
out as a possible reason for the small value({T.. In  which involve in-plane displacements, couple strongly to the
fact, some tunneling data exhiblt/k T, values even lower B py, electronic bands and yield strong electron-phonon
than ours, indicating that surface degradation effects mainteractions-**> Two isotropic energy gaps are predicted in
play some role therg. the clean limit!® One is associated with a two-dimensional
The low A(0)/kT, (<1.76, BCS weak-coupling limits ~ (2D) bonding o band having a larger energy gap than the
difficult to understand within a standard BCS-typsvave  BCS value, i.e.,A(0)/kT,>1.76. The other is associated
theory, but can be explained by an isotropic two-gap or anwith 3D bonding and antibonding bands having a smaller
isotropic one-gap modéf. "8 Then, the small gap represents energy gap less than the BCS value, i%&(0)/kT,<1.76.
the smallest component of a double or a strongly anisotropi@he two bands have some coupling to give a single
gap. In this case, the temperature dependenca af T Hence, the smalA(0)/kT. observed in our measurement
<T. would be determined by its minimum values, becausevould correspond to the small energy gap in the two-gap
N (T) probes the thermal excitations with the lowest activa-model, and the superfluid density should be affected by the
tion energy. However, the existence of a second large gajarge energy gap in the high-temperature region. Another al-
should have a significant impact ar{T) at higher tempera- ternative explanation suggests an anisotrapwave order
tures. Figure 3 shows the temperature dependence @arameter due to its anisotropic crystal structdran ellip-
A2(0)/\%(T), which represents the normalized superfluidsoidal energy-gap function is assumed with a minor axis
density. As expected from Fig. 2, a very good agreementithin the ab plane and a major axis along tleedirection.
with a single-gap BCS theory is achieved for both samplesThis model predicts thak ., is mainly determined by the
Similar to the MgB samples, the NbN film also exhibits a small energy gap, which is consistent with our measurement.
very good agreement over the entire temperature range. The In Fig. 4 we show the calculations of tlad-plane super-
latter indicates that the effects of strong coupling (T fluid density (solid lineg within the anisotropic one-gap
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1.0 — e v — . HE/H3P=N./\o,.%7 In experimental studies of on
MgB, it has been observed thki,; is somewhat bigger in
08 i theab-plane direction than in the-axis directior®®*°This is
— consistent with our findings heP@ However, the upper criti-
= o6 J cal fieldH., is also bigger in theb-plane direction than in
‘R the c-axis direction®*°>! This appears to be inconsistent
S04 d with the H;; anisotropy within the anisotropic Ginzburg-
N: 2 zfz;g Landau theory from which one should have expected
02k - - caxis(sor16) HE /H2P=H32/HS, .47 In Ref. 18 it has been shown that this
L + c-axis (S1030) H., anisotropy can be understood within the anisotropic
0.0 L PR g s‘wave model, if the maximum gap is assumed to lie within
0.0 0.2 0.4 0.6 0.8 1.0 the ab plane and the small gap in tleaxis direction(oblate
t=TIT_ form of the gap anisotropyin contrast to what we need to fit

- ) ) _ our data here. Thus, it appears that high-magnetic-field data
FIG. 4. Fitting of thex“(0)/A%(T) dependence to experimental are governed by a different anisotropy of the gap than low-
results(symbolg with an anisotropicswave one-gap modésolid  fie|q data. This puzzling discrepancy is reinforced by our
lines). The fitting parameters of the maximum gapa(0)KTs and oy herimental findings and can be neither understood within
minimum gapA n(0)kT are 3.85 and 1.09 for sample S0716, and o jsntropic two-band nor within the anisotropic one-gap
;4“9] ngsg;’l?ﬁg dszmziigz%rrzzrrfﬁtelvglfb;shiﬁﬁs(?f model in the present form. A possible solution to this prob-
pie - i X P lem could be a strong field dependence of the anisotropy of
respondingc-axis penetration depth temperature dependences e)%_he gap or possibly a fully anisotropic two-gap modieBut
ected from this model. . . . . . .
P this remains speculation at this point and more experimental

model and compare them with the measuremésgmbols as well as theoretical investigations are necessary to clarify
\t}_us problem.

above. Here, an elliptical angular dependence of the gap ha We want to mention here that our data have been fitted

ing the form also within the two-gap model recently by Golubeval>?
In these fits a very small value of the penetration depth of

A(9)= Armin (4) 39.2 nm had to be assumed, which is much smaller than the
J1—acog 9 values of the order of 100 nm we determined here. Golubov

et al. also showed that within their two-gap model, thaxis

has been used. The angles the polar angle with respect to superfluid density is expected to be smaller tharaitvelane
the c axis, 4=0 corresponding to the-axis direction and  superfluid density, in contrast to the prediction of our prolate
9= /2 corresponding to thab-plane direction. The param- model here. Besides this being inconsistent with the afore-
eter a (0<a<1) determines the anisotropy ratioy mentionedH ., data, this difference in the-axis response
= Anax/Amin=1/y1—a. We emphasize that this parameter iscould be used for an experimental test between these two
our only fitting parameter. The temperature dependence ahodels. Thus, a measurement of the temperature dependence
the gap and the gap ratiod, . (T=0)kT, and AT  of the c-axis penetration depth would be highly desirable.
=0)/KT, are determined from a self-consistent solution of the As mentioned above, the measurement accurady,ait
anisotropic weak-coupling gap equatidiror more details, low temperature is limited by the resolution of our setup.
see Refs. 17 and 18The best fit to sample S0716 is ob- Sapphire has a low dielectric constdnt10) and leads to a
tained for y=3.53, yielding a maximum gap\,.{T large leakage field outside the dielectric resonator. This field
=0)kT,=3.85 and a minimum ga@ ,,(T=0)kT.=1.09. induces currents on the walls of the copper cavity, leading to
For sample S1030, we fing=4.61 with A, (0)kT.=4.49  a strong limitation of th&) value due to the loss contribution
andA ,,i,(0)kT.=0.97. These anisotropy ratios are somewhaof copper. In order to achieve a higher resolution, the sap-
bigger than single-crystal measurements- 2.5 but are  phire puck was replaced by a rutile dielectric puck of similar
roughly in line with an analysis of specific-heat d&ta. dimensions? Rutile has a high dielectric constaftt100 in
Therefore, we can conclude that our results are consiste@ plane resulting in a lower frequency of 7.18 GHz for the
with an anisotropic one-gap model, possessing a small gap ifiEy;; mode. Due to the high dielectric constant of rutile, the
the ab-plane direction. electromagnetic field is well confined inside the puck. Con-

Within this anisotropics-wave model we can also calcu- sequently, the ratio of losses in the superconducting film and
late thec-axis superfluid density. For comparison, this quan-in the copper shield is increased by a factor of 10. From Eg.
tity is shown in Fig. 4 for the same parametédsshed line (1) we know that a distinguishable difference@ivalues for
for sample S0716 and dotted line for sample S103%e  Nb and MgB thin films is the key to get accurak,. In our
cannot measure theaxis penetration depth with our current measurementQ values at 4.2 K for Nb and sample S1030
experimental setup. Such a measurement would give a valare 1.2% 10° and 1.2 10°, respectively, which yields an
able comparison with the prediction of the anisotropic one-Rg of 19.4 u{). Frequency scaling according to an assumed
gap model and is left for a future study. square law results iR=37.6 Q) at 10 GHz, which is com-

The anisotropy of the penetration depth is related to theparable to high-quality  yttrium-barium-copper-oxide
anisotropy of the lower critical fieldH.,; via the relation (YBCO) thin film. This value is also in accordance with data
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high-frequency shielding. Usir@§ﬁ=127 m() from Fig. 5 at

10 9
] T very close toT ;. we obtainegh~ Rgﬁd=5 n) cm, which is
g 10* ] similar with dc measurement$.From this we can get a
- ] rough estimate of the mean free path in our films. Taking a
< . 1 Fermi velocity of ve=4.8x 10" cm/s* a carrier density of
2 10 E n=6.7x10?/cn?, and the free-electron mass, we fid
® o i ; ~5 nm, which is about as big as the coherence lefijthie
o 4o 3 3 conclude that our films are neither in the dirty limit nor in the
- j ': fully clean limit, but in the intermediate clean limit.
g 10"k o In conclusion, our experimental finding represents clear
o’ ! ] evidence for the existence of a finite gap wity{0)/kT,
10° P values around 1.1. The temperature dependencecain be
1 2 3 4 5 6 well fitted by the BCS theory in the entire temperature range
Tc/T below T., together with\(0) of about 100 nm. This mea-

surement is consistent with an anisotropic one-gap model,
FIG. 5. RS (T)—Rf(T=5K) measured at 7.18 GHz plotted together with an ellipsoidal energy gap function having a

versusT, /T representation for the sample S1030. The temperaturéNinimum within theab plane and a maximum along tfee
dependence d&S" below 20 K is shown in the inset. The full lines axis. Our data can also be fitted within a two-gap model;
correspond to an exponential fit with(0)/kT, obtained from the ~however a much smaller penetration depth has to be as-
sapphire resonator measurement. sumed. In order to distinguish between these two theoretical

models, measurements of thexis penetration depth or the
obtained by another grod.However, it should be noted €-@xis microwave response would be desirable. We also
that the rutile resonator is not suitable for penetration deptffintéd out a puzzling discrepancy between the gap anisot-
measurement due to a large temperature coefficient of th@Py as extracteq frpm high-magnetic-field da.ta on one hand
dielectric constant of rutile. Figure 5 shows the tempera’[uré‘nd low-magnetic-field data, as our penetration depth data,
dependence ngﬁ_Rgff(5 K) for sample $1030. The linear on the other hand. The loRg va_lue(19.4,uQ at 4.2 K_, 17Q
behavior at low temperature implies awave symmetry (42 at 20 K and 7.18.(.3I-bzobta|nfed for one sample |mpl.|es
of the order parameter. The full line corresponds to ant.hat MgB; is a promising material for microwave applica-
exp(—A/KT) behavior with aA/kT, value as determined 1ons.
from the penetration depth data. The inset of Fig. 5 shows \we thank Dr. Z. Wang, KARC Communications Research
the temperature dependenceRSf' below 20 K. In addition, Lab, Japan, for providing NbN thin films. The work at
the normal-state resistivity can also be derived froR".  Postech was supported by the Ministry of Science and Tech-

As T approached ., the penetration depth goes to infinity. nology of Korea through the Creative Research Initiative
So, the skin depth from normal-state electrons dominates thierogram.
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