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Energy gap, penetration depth, and surface resistance of MgB2 thin films
determined by microwave resonator measurements
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We have measured the temperature dependence of the microwave surface impedanceZs5Rs1 ivm0l of
two c-axis oriented MgB2 films employing dielectric resonator techniques. The temperature dependence of the
magnetic-field penetration depthl determined by a sapphire dielectric resonator at 17.9 GHz can be well fitted
from 5 K close toTc by the standard BCS integral expression assuming the reduced energy gapD(0)/kTc 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 indicate thes-wave character of the order
parameter. A similar fit of the penetration depth data was obtained with an anisotropics-wave BCS model.
Within this model we had to assume a prolate order parameter, having a large gap value in thec-axis direction
and a small gap within theab plane. This is in contrast to recent fits of the anisotropics-wave 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 MgB2 . A rutile dielectric resonator was employed to obtain the tem-
perature dependence ofRs with high accuracy. Below aboutTc/2, Rs(T)2Rs(5 K) exhibits an exponential
temperature dependence with a reduced energy gap consistent with that determined from the penetration depth
data. TheRs value at 4.2 K was found to be as low as 19mV at 7.2 GHz, which is comparable with a
high-temperature superconducting copper oxide thin film.

DOI: 10.1103/PhysRevB.66.104521 PACS number~s!: 74.25.Nf, 07.57.Pt, 74.70.Ad
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The question about the energy gap in a particular su
conducting material is of fundamental importance for t
understanding of the relevant pairing mechanism and for
determination of its application potential. In the case
MgB2 this question is raised with particular emphasis.1 Ac-
cording to initial findings, MgB2 seemed to comprise a rela
tively high transition temperature~around 40 K! with super-
conducting properties resembling those of conventio
superconductors rather than those of high-temperature su
conducting ~HTS! cuprates.2–4 Recent experiments hav
brought some clarifications about the gap features of Mg2 .
According to tunneling spectroscopy,5,6 point-contact
spectroscopy,7,8 photoemission,9 Raman scattering,10 specific
heat,11,12and optical conductivity spectra,13 there is evidence
for ans-wave symmetry of order parameters with two ener
gaps, which are much lower and larger than the BCS we
coupling value (D/kTc51.76). The isotropic two-gap mode
or the anisotropic one-gap model are proposed to exp
these observations.14–18 On a qualitative level, they hav
similar properties, and therefore more experimental effo
are required to distinguish between these two theories.

On the other hand, the results for the temperature dep
dence of the penetration depthl(T) are quite controversial
Quadratic, linear, and exponential dependences were
0163-1829/2002/66~10!/104521~6!/$20.00 66 1045
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ported in the literature.19–28Quadratic and linear dependenc
might be an indication for unconventional superconductiv
similar to HTS cuprates.29–33However, the observation of a
exponential dependence would be a clear indication fo
nodeless gap, i.e., for an order parameter comprisings-wave
symmetry. Hence, a very high measurement accuracy
temperature changes ofl at T!Tc for high-quality samples
is required to distinguish between a power-law and an ex
nential temperature dependence.

Microwave surface impedance measurements h
proved to be the most sensitive tool to determine the te
perature dependence ofl of both thin-film29–31 and bulk
single-crystal samples.32 In particular, they have been em
ployed successfully to attain significant information abo
the symmetry of the order parameter in the high-tempera
superconducting cuprates.33 Therefore, microwave resonato
techniques are most appropriate to be used for high-preci
l(T) measurements on high-quality MgB2 samples.

Apart from the penetration depth, the microwave surfa
resistanceRs is an important figure of merit for microwav
applications. According to the BCS theory, the expec
exp(2D/kT) dependence ofRs below Tc/2 might result in
low Rs values at temperatures attainable with low-pow
cryocoolers.
©2002 The American Physical Society21-1
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MgB2 thin films were fabricated using a two-step meth
by pulsed laser deposition. The detailed process is descr
in Refs. 34 and 35. The films deposited on a plane para
@1102#-oriented sapphire substrate of 10310 mm2 in size ex-
hibit a sharp resistive and inductive transition at transit
temperatures up to 39 K~onset temperature of resistive tra
sition!. The film thickness was 400 nm for both sample
X-ray diffraction analysis indicates a high degree ofc-axis
orientation perpendicular to the substrate surface and no
tectable amount of MgO or any other crystalline impur
phases.

The microwave surface impedance was determined u
a sapphire dielectric resonator technique descri
elsewhere.36 The cavity with part of one end plate replace
by the thin-film sample was excited in the TE01d mode under
weak-coupling conditions. The unloaded quality factorQ0
and resonant frequency was recorded as a function of t
perature. The real part of the effective surface impedance
effective surface resistanceRs

eff , was determined accordin
to

Rs
eff~T!5GF 1

Q0~T!
2

1

QNb~4.2 K!G , ~1!

with G being a geometrical factor determined by a numeri
simulation of the electromagnetic field distribution in th
cavity andQNb(4.2 K)5108 440, representing the unloade
quality factor measured by employing a high-quality Nb th
film as the sample. The notation ‘‘effective’’ indicates a
enhancement ofRs andl due to the film thicknessd being of
the order ofl.37 For temperatures below 30 K, Eq.~1! allows
for the determination ofRs

eff with a systematic error of abou
0.1 mV, which is due to neglecting the temperatur
dependent background losses of the cavity and the smal
crowave losses (Rs'1025 V) of the Nb film.

The temperature dependence of the effective penetra
depth was determined from the temperature dependenc
the resonant frequencyf (T), using

dleff~T!52
G

pm0

f ~T!2 f ~5 K!

f 2~5 K!
~2!

with m051.25631026 V s/A m. There is a systematic erro
due to frequency changes caused by thermal expansion
temperature dependence of the skin depth of the cavity
material ~copper!, and the temperature dependence of
dielectric constant of sapphire. To account for these effe
we recorded the temperature dependence of the resonan
quency employing a copper sample. From this measurem
we found that the systematic error is less than 1 nm foT
<15 K and less than 2.5 nm forT<25 K, which is at least
one order of magnitude lower than the observed tempera
changes ofl for our MgB2 samples. Therefore, Eq.~2! was
applied without correction for our investigation.

In general, microwave resonator measurements do no
low for the determination of absolute values ofl because the
resonator dimensions are only known with a precision
several ten’s of micrometers. However, absolute values ol
can be extracted by comparing the measured temperatur
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pendence with existing models. Of course, it is worth inv
tigating how to measure the absolute penetration depth
superconducting thin film.38

Two samples~S0716 and S1030! were measured and
similar temperature dependence ofZs was observed. Figure 1
shows one of the temperature dependences ofRs

eff anddleff

~S1030! as determined by Eqs.~1! and~2!, respectively. The
inset shows theRs

eff(T) data at low temperatures. The full lin
represents the resolution limit of our setup. Below 8 K,Rs

eff

is below the resolution of our technique~100 mV!.
Figure 2 shows the measured temperature dependen

dleff determined from f (T) according to Eq.~2! in a
log10(dl) versus 1/T representation. The horizontal axis
drawn in the reciprocal form ofT. Experiments indicate tha
the coherence lengthj and penetration depthl are about 5
and 100 nm, so thatl/j.1.39 This is in the reasonably loca
regime. In this casel(T) based on the standard BCS mod
can be represented as follows:

1

l2~T!
5

1

l2~0! F122E
D~T!

`

2
] f ~«!

]«
2

«

A«22D2~T!
d«G ,

~3!

FIG. 1. Temperature dependence ofRs
eff and dleff of a MgB2

thin film recorded at 17.9 GHz using a dielectric~sapphire! resona-
tor technique. The inset shows theRs

eff(T) values below 8 K and our
measurement resolution of 100mV.

FIG. 2. log10(dleff) vs 1/T representation of the penetratio
depth data for two MgB2 samples and a NbN thin film for compar
son. The solid line represents BCS fits with parameters as desc
in the text.
1-2
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with f («)5@exp(«/kT)11#21 representing the Fermi func
tion and D(T) the temperature dependence of energy g
The quantitiesD(0)/kTc andl(0) are used as fit parameter
For the temperature dependence ofD(T)/D(0) values tabu-
lated in Ref. 40 were used. The full lines represent B
calculations. ThedlBCS values calculated from Eq.~3! are
multiplied with coth(d/lBCS) to account for the finite film
thickness.37 As a result, the fits of Eq.~3! to thedleff(T) data
~full lines in Fig. 2! yield D(0)/kTc51.13, Tc539 K
@D(0)53.8 meV#, and l(0)5102 nm for sample S0716
D(0)/kTc51.03, Tc536 K @D(0)53.2 meV#, and l(0)
5107 nm for sample S1030. According to Fig. 2, there i
very good agreement between experimental data and th
curves over the entire temperature range. The down-tur
the experimental data very close toTc can be explained by
impedance transformations resulting from the finite fi
thickness.37 The nearly linear dependence belowTc/2 in this
representation clearly indicates thes-wave nature of the or-
der parameter, i.e., a finite-energy gap in all directions of
Fermi surface without nodes. In contrast, a doub
logarithmic plot of the same data indicates that a power
does not fit the data at low temperatures. For comparison
same analysis was performed for a NbN thin film, which i
well-knowns-wave superconductor with a relatively highTc

of 15.8 K.41 The fit parameters areD(0)/kTc52.3 and
l(0)5225 nm, respectively, which is similar to literatu
data.42

The D(0)/kTc values obtained for the MgB2 samples are
comparable with the value of 3.560.5 meV determined by
scanning tunneling microscopy.5 Thel(0) values are also in
the range of corresponding values determined by o
techniques.19,23,43,44 In contrast to tunneling experiment
which are very sensitive to a possible modification of t
surface, microwave surface impedance measurements p
almost the entire volume of a thin-film sample with thickne
of the order ofl. Therefore, surface degradation can be ru
out as a possible reason for the small values ofD/kTc . In
fact, some tunneling data exhibitD/kTc values even lower
than ours, indicating that surface degradation effects m
play some role there.3

The low D(0)/kTc ~,1.76, BCS weak-coupling limit! is
difficult to understand within a standard BCS-types-wave
theory, but can be explained by an isotropic two-gap or
isotropic one-gap model.14–18Then, the small gap represen
the smallest component of a double or a strongly anisotro
gap. In this case, the temperature dependence ofl at T
!Tc would be determined by its minimum values, becau
l(T) probes the thermal excitations with the lowest activ
tion energy. However, the existence of a second large
should have a significant impact onl(T) at higher tempera-
tures. Figure 3 shows the temperature dependence
l2(0)/l2(T), which represents the normalized superflu
density. As expected from Fig. 2, a very good agreem
with a single-gap BCS theory is achieved for both samp
Similar to the MgB2 samples, the NbN film also exhibits
very good agreement over the entire temperature range.
latter indicates that the effects of strong coupling onl(T)
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can still be modeled by the BCS integral expression just
assumingD/kTc to be larger than the BCS value of 1.76.45

For comparison, the power-law dependen
@l(0)/l(T)#2512(T/Tc)

n with n52 ~‘‘quadratic’’! andn
54 ~‘‘two-fluid model’’ ! is also depicted in Fig. 3. Above
aboutTc/2, n54 represents a fairly good approximation f
the case of strong coupling, as observed for NbN. Howe
there is a clear discrepancy between the experimental
and quadratic dependence, ruling out the possibility of
conventional superconductivity in MgB2.

Obviously, our data do not show any indication of a se
ond larger energy gap. Before discussing the reason
should be noted that the penetration depth studied here
fact the penetration depth in theab plane (lab) due to the
samples beingc-axis oriented thin films. In the two-gap o
multigap scenarios, the superconductivity mainly com
from the boron~B! orbital in theab plane. TheE2g phonons,
which involve in-plane displacements, couple strongly to
B pxy electronic bands and yield strong electron-phon
interactions.14,15 Two isotropic energy gaps are predicted
the clean limit.16 One is associated with a two-dimension
~2D! bonding s band having a larger energy gap than t
BCS value, i.e.,D(0)/kTc.1.76. The other is associate
with 3D bonding and antibondingp bands having a smalle
energy gap less than the BCS value, i.e.,D(0)/kTc,1.76.
The two bands have some coupling to give a singleTc .
Hence, the smallD(0)/kTc observed in our measureme
would correspond to the small energy gap in the two-g
model, and the superfluid density should be affected by
large energy gap in the high-temperature region. Another
ternative explanation suggests an anisotropics-wave order
parameter due to its anisotropic crystal structure.17 An ellip-
soidal energy-gap function is assumed with a minor a
within the ab plane and a major axis along thec direction.
This model predicts thatlab is mainly determined by the
small energy gap, which is consistent with our measurem

In Fig. 4 we show the calculations of theab-plane super-
fluid density ~solid lines! within the anisotropic one-gap

FIG. 3. l2(0)/l2(T) dependence for the samples shown in F
2. The full lines represent BCS fits usingD(0)/kTc as fit parameter.
The predictions by two-fluid model~dashed!, quadratic~dashed-
dotted! dependence, and standard BCS model withD(0)/kTc

51.76 ~dotted! are also drawn.
1-3
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model and compare them with the measurements~symbols!
above. Here, an elliptical angular dependence of the gap
ing the form

D~q!5
Dmin

A12a cos2 q
~4!

has been used. The angleq is the polar angle with respect t
the c axis, q50 corresponding to thec-axis direction and
q5p/2 corresponding to theab-plane direction. The param
eter a (0,a,1) determines the anisotropy ratiog
5Dmax/Dmin51/A12a. We emphasize that this parameter
our only fitting parameter. The temperature dependenc
the gap and the gap ratiosDmax(T50)/kTc and Dmin(T
50)/kTc are determined from a self-consistent solution of
anisotropic weak-coupling gap equation.~For more details,
see Refs. 17 and 18!. The best fit to sample S0716 is ob
tained for g53.53, yielding a maximum gapDmax(T
50)/kTc53.85 and a minimum gapDmin(T50)/kTc51.09.
For sample S1030, we findg54.61 with Dmax(0)/kTc54.49
andDmin(0)/kTc50.97. These anisotropy ratios are somew
bigger than single-crystal measurementsg52.5,7 but are
roughly in line with an analysis of specific-heat data46

Therefore, we can conclude that our results are consis
with an anisotropic one-gap model, possessing a small ga
the ab-plane direction.

Within this anisotropics-wave model we can also calcu
late thec-axis superfluid density. For comparison, this qua
tity is shown in Fig. 4 for the same parameters~dashed line
for sample S0716 and dotted line for sample S1030!. We
cannot measure thec-axis penetration depth with our curre
experimental setup. Such a measurement would give a v
able comparison with the prediction of the anisotropic o
gap model and is left for a future study.

The anisotropy of the penetration depth is related to
anisotropy of the lower critical fieldHc1 via the relation

FIG. 4. Fitting of thel2(0)/l2(T) dependence to experiment
results~symbols! with an anisotropics-wave one-gap model~solid
lines!. The fitting parameters of the maximum gapDmax(0)/kTc and
minimum gapDmin(0)/kTc are 3.85 and 1.09 for sample S0716, a
4.49 and 0.97 for sample S1030, respectively. The dashed lines~for
sample S0716! and dotted lines~for sample S1030! show the cor-
respondingc-axis penetration depth temperature dependences
pected from this model.
10452
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Hc1
c /Hc1

ab5lc /lab .47 In experimental studies ofHc1 on
MgB2 it has been observed thatHc1 is somewhat bigger in
theab-plane direction than in thec-axis direction.48,49This is
consistent with our findings here.50 However, the upper criti-
cal field Hc2 is also bigger in theab-plane direction than in
the c-axis direction.48,49,51 This appears to be inconsiste
with the Hc1 anisotropy within the anisotropic Ginzburg
Landau theory from which one should have expec
Hc1

c /Hc1
ab5Hc2

ab/Hc2
c .47 In Ref. 18 it has been shown that th

Hc2 anisotropy can be understood within the anisotro
s-wave model, if the maximum gap is assumed to lie with
theab plane and the small gap in thec-axis direction~oblate
form of the gap anisotropy!, in contrast to what we need to fi
our data here. Thus, it appears that high-magnetic-field d
are governed by a different anisotropy of the gap than lo
field data. This puzzling discrepancy is reinforced by o
experimental findings and can be neither understood wi
the isotropic two-band nor within the anisotropic one-g
model in the present form. A possible solution to this pro
lem could be a strong field dependence of the anisotrop
the gap or possibly a fully anisotropic two-gap model.51 But
this remains speculation at this point and more experime
as well as theoretical investigations are necessary to cla
this problem.

We want to mention here that our data have been fit
also within the two-gap model recently by Golubovet al.52

In these fits a very small value of the penetration depth
39.2 nm had to be assumed, which is much smaller than
values of the order of 100 nm we determined here. Golub
et al.also showed that within their two-gap model, thec-axis
superfluid density is expected to be smaller than theab-plane
superfluid density, in contrast to the prediction of our prola
model here. Besides this being inconsistent with the afo
mentionedHc1 data, this difference in thec-axis response
could be used for an experimental test between these
models. Thus, a measurement of the temperature depend
of the c-axis penetration depth would be highly desirable

As mentioned above, the measurement accuracy ofRs at
low temperature is limited by the resolution of our setu
Sapphire has a low dielectric constant~;10! and leads to a
large leakage field outside the dielectric resonator. This fi
induces currents on the walls of the copper cavity, leading
a strong limitation of theQ value due to the loss contributio
of copper. In order to achieve a higher resolution, the s
phire puck was replaced by a rutile dielectric puck of simi
dimensions.53 Rutile has a high dielectric constant~;100 in
ab plane! resulting in a lower frequency of 7.18 GHz for th
TE01d mode. Due to the high dielectric constant of rutile, t
electromagnetic field is well confined inside the puck. Co
sequently, the ratio of losses in the superconducting film
in the copper shield is increased by a factor of 10. From
~1! we know that a distinguishable difference ofQ values for
Nb and MgB2 thin films is the key to get accurateRs . In our
measurement,Q values at 4.2 K for Nb and sample S103
are 1.293106 and 1.203106, respectively, which yields an
Rs of 19.4 mV. Frequency scaling according to an assum
square law results inRs537.6mV at 10 GHz, which is com-
parable to high-quality yttrium-barium-copper-oxid
~YBCO! thin film. This value is also in accordance with da

x-
1-4
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obtained by another group.54 However, it should be noted
that the rutile resonator is not suitable for penetration de
measurement due to a large temperature coefficient of
dielectric constant of rutile. Figure 5 shows the temperat
dependence ofRs

eff2Rs
eff(5 K) for sample S1030. The linea

behavior at low temperature implies ans-wave symmetry
of the order parameter. The full line corresponds to
exp(2D/kT) behavior with aD/kTc value as determined
from the penetration depth data. The inset of Fig. 5 sho
the temperature dependence ofRs

eff below 20 K. In addition,
the normal-state resistivityr can also be derived fromRs

eff .
As T approachesTc , the penetration depth goes to infinit
So, the skin depth from normal-state electrons dominates

FIG. 5. Rs
eff (T)2Rs

eff(T55 K) measured at 7.18 GHz plotte
versusTc /T representation for the sample S1030. The tempera
dependence ofRs

eff below 20 K is shown in the inset. The full line
correspond to an exponential fit withD(0)/kTc obtained from the
sapphire resonator measurement.
.
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high-frequency shielding. UsingRs
eff5127 mV from Fig. 5 at

T very close toTc we obtainedr'Rs
effd55 mV cm, which is

similar with dc measurements.34 From this we can get a
rough estimate of the mean free path in our films. Taking
Fermi velocity ofnF54.83107 cm/s,14 a carrier density of
n56.731022/cm3, and the free-electron mass, we findl
'5 nm, which is about as big as the coherence length.43 We
conclude that our films are neither in the dirty limit nor in th
fully clean limit, but in the intermediate clean limit.

In conclusion, our experimental finding represents cle
evidence for the existence of a finite gap withD(0)/kTc
values around 1.1. The temperature dependence ofl can be
well fitted by the BCS theory in the entire temperature ran
below Tc , together withl~0! of about 100 nm. This mea
surement is consistent with an anisotropic one-gap mo
together with an ellipsoidal energy gap function having
minimum within theab plane and a maximum along thec
axis. Our data can also be fitted within a two-gap mod
however a much smaller penetration depth has to be
sumed. In order to distinguish between these two theoret
models, measurements of thec-axis penetration depth or the
c-axis microwave response would be desirable. We a
pointed out a puzzling discrepancy between the gap ani
ropy as extracted from high-magnetic-field data on one h
and low-magnetic-field data, as our penetration depth d
on the other hand. The lowRs value~19.4mV at 4.2 K, 170
mV at 20 K and 7.18 GHz! obtained for one sample implie
that MgB2 is a promising material for microwave applica
tions.
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