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2Universität Tübingen, Institut für Theoretische Physik, Auf der Morgenstelle 14, 72076 Tübingen, Germany

3Usikov Institute of Radiophysics and Electronics, NAS of Ukraine, 12 Acad. Proskura Str., 61085 Kharkov, Ukraine
4National Creative Research Initiative Center for Superconductivity, Department of Physics,

Pohang University of Science and Technology, Pohang, 790-784, Republic of Korea
5Department of Physics, Pukyung National University, Pusan, 608-737, Korea

(Received 31 March 2003; published 19 September 2003)
127006-1
The temperature dependence of the real part of the microwave complex conductivity at 17.9 GHz
obtained from surface impedance measurements of two c-axis oriented MgB2 thin films reveals a
pronounced maximum at a temperature around 0.6 times the critical temperature. Calculations in the
frame of a two-band model based on Bardeen-Cooper-Schrieffer (BCS) theory suggest that this
maximum corresponds to an anomalous coherence peak resembling the two-gap nature of MgB2.
Our model assumes there is no interband impurity scattering and a weak interband pairing interaction,
as suggested by band structure calculations. In addition, the observation of a coherence peak indicates
that the � band is in the dirty limit and dominates the total conductivity of our films.
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and gradually disappears when the mean free path be- resistance Rs and reactance Xs can be calculated by
Superconductivity in magnesium diboride (MgB2) with
a remarkable high critical temperature Tc of 39 K has
attracted a great deal of attention both regarding its
fundamental physics as well as its practical applications
[1–14]. Many theoretical calculations and experimental
results have demonstrated its phonon-mediated pairing
mechanism and s-wave pair symmetry. However, unlike
conventional superconductors it displays a two energy gap
structure. Combining a simple crystal structure and a
high Tc [15,16], it provides a real system to study the
various fundamental properties related to two-band
superconductivity [13,14].

In the present work we report on experimental results
for the microwave conductivity of c-axis oriented thin
films. For conventional superconductors this quantity dis-
plays a peak close to Tc in its temperature dependence,
which is called the ‘‘coherence peak’’ [17,18]. The obser-
vation of its analog — the Hebel-Slichter peak — in the
nuclear magnetic resonance (NMR) relaxation rate and
its natural occurrence within the Bardeen-Cooper-
Schrieffer (BCS) theory of superconductivity are re-
garded as one of the key triumphs of BCS theory [19].
Within BCS theory the peak arises due to the density of
states (DOS) singularity which develops below Tc when
the superconducting gap opens. At lower temperatures an
exponential decrease of the conductivity and the NMR
relaxation rate sets in due to the condensation of quasi-
particles. Usually the peak occurs at a normalized tem-
perature around t � T=Tc � 0:8–0:9 and can be observed
both in the NMR relaxation rate and in the microwave
conductivity, because both quantities possess the same
coherence factors. However, the peak in the microwave
conductivity is visible most clearly only in the dirty limit
0031-9007=03=91(12)=127006(4)$20.00 
comes longer than the coherence length [20]. In the
high-Tc cuprates the behavior of these two quantities is
quite different. In the NMR relaxation rate no Hebel-
Slichter peak has been observed, while in microwave
conductivity experiments a exceptionally high maximum
occurs at temperatures much below Tc [21,22] with its
position being strongly dependent on frequency [23]. The
absence of the Hebel-Slichter peak in NMR experiments
was attributed to the d-wave nature of the superconduct-
ing order parameter in the cuprates [24,25]. The large
peak in the conductivity has been interpreted as occur-
ring due to an unusual rapid drop of the inelastic quasi-
particle scattering rate below Tc which one expects, if
inelastic scattering is dominated by electron-electron
scattering (e.g., spin fluctuations) [26]. Since the NMR
relaxation rate is much less sensitive to the quasiparticle
scattering rate, this scenario can explain the difference of
NMR and microwave conductivity in the cuprates.

In this Letter we report on the observation of an un-
usual conductivity maximum in microwave absorption
measurements on MgB2 and on a comparison with theo-
retical calculations based on a two-gap BCS model. The
temperature dependence of the effective surface imped-
ance Zeff

s � Reff
s � j!�eff of two c-axis oriented MgB2

films (samples S1210 and S1211) was measured at a
frequency !=2� of 17.9 GHz employing a sapphire reso-
nator technique [7]. The films were fabricated using a
two-step method by pulsed laser deposition. The detailed
process is described in Ref. [27]. In our previous work the
zero temperature gap ratio ��0�=kTc and penetration
depth ��0� were extracted using the clean limit BCS
model with a ��0�=kTc value being much lower than
the BCS prediction of 1.76. Subsequently, the surface
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impedance transformations [28]. Since the coherence
length in our samples is much smaller than the penetra-
tion depth, the local limit applies and the real part of the
complex microwave conductivity �1 can be derived from
Rs and Xs using the formula �1 � 2!RsXs=�R2

s � X2
s �

2.
At Tc we determined normal-state conductivities of
0:137=� cm (sample S1210) and 0:049=� cm
(sample S1211). We can get a rough estimate of the
scattering rates � in our films using the relation � �
"0!

2
p �h=�, where a plasma frequency of !p � 5:9 eV is

used as suggested by band structure calculations [11].
According to this procedure we find � � 34 meV
(S1210) and � � 95 meV (S1211). These values are big-
ger than the larger of the two gaps �� � 7 meV, which
suggests an analysis of our data within the dirty limit. In
addition, many of the experiments and calculations men-
tioned above showed that MgB2 appears to be a two-gap
superconductor. Therefore, in the present work we ex-
tracted ��0�=kTc and ��0� values using the two-gap
model and the dirty limit. In this case the temperature
dependence of the penetration depth is given by [29–31]

�2�0�

�2�T�
�
�n;����T� tanh

���T�
2kBT

� �n;����T� tanh
���T�
2kBT

�n;����0� � �n;����0�
:

(1)

Here, �n;� and �n;� are the partial normal-state conduc-
tivities of the � and � band, respectively. The tempera-
ture dependences of the two gaps ���T� and ���T� are
obtained from a solution of the two-by-two gap equation,
as pointed out below.

Figure 1 shows the measured ��eff (symbols) and
fits based on Eq. (1) (lines). We found ���0�=kTc � 0:69
and ��0� � 82 nm for sample S1210, and ���0�=
kTc � 0:79 and ��0� � 118 nm for sample S1211. The
values for the small gap are fairly consistent with obser-
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FIG. 1. log��eff vs Tc=T representation of the penetration
depth data for two MgB2 samples. The solid lines are calcu-
lated within the two-gap model in the dirty limit with parame-
ters as described in the text. Note the different scale ranges for
the two samples.
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vations from tunneling experiments [2,3]. Using these
values, �1 was obtained by the procedure mentioned
above. In Fig. 2 we show the temperature dependence of
�1 normalized to its value at Tc. A distinct feature of the
temperature dependence of �1 is a maximum appearing
around t � 0:6 rather than close to Tc, as one would
expect from a BCS coherence peak.

In order to verify our measurement and extrac-
tion procedure, we also measured a 200-nm-thick
niobium film. The film was deposited on a silicon sub-
strate at room temperature by dc magnetron sputtering
in argon atmosphere. Tc�� 9:2 K� and normal-state resis-
tivity � (� 4:4 �cm at 10 K) were measured with
standard four-probe method [32]. From the Tc and �
values we can obtain the intrinsic coherence length
�0 � 40 nm and mean free path l � 10 nm. This re-
sult shows that the dirty limit is a good approximation
for our Nb thin film. Therefore, the same procedure
was used to fit the measured change of penetration
depth. Good agreement was obtained for ��0�=kTc �
1:90 and ��0� � 91 nm. Then, �1, as shown in Fig. 2
(triangles), was extracted using the same procedures as
above. A pronounced coherence peak appears close to Tc,
as one expects for a conventional superconductor. This
result is reproduced very well by a calculation based on
the BCS model and Mattis-Bardeen conductivity with the
parameters above, as shown in Fig. 2 (solid line) [33].
Since the observation of the coherence peak in the mi-
crowave region needs highly accurate measurement of Rs
and Xs, results were reported only recently for the con-
ventional superconductors Nb and Pb [17,18]. The success
of our technique for the Nb thin film is a strict test
because ��eff and Rs for MgB2 are larger than for the
Nb thin film.
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FIG. 2. Temperature dependence of �1 at 17.9 GHz for MgB2

samples S1210 (squares), S1211 (circles), and a Nb thin film
(triangles). The lines show the calculations described in the
text. The data for S1210 and S1211 are shifted by 1 and 0.5
units for clarity.
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FIG. 3. Calculated temperature dependence of the two energy
gaps within the two band model and parameters as described in
the text. The dashed line represents ��T� � kT. The arrow
points to the intersection of the dashed line and ���T�, at
which the coherence peak appears.
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Now, we turn back to the question about the nature of
the maximum observed in our measurement on the MgB2

samples. As discussed before, in the high-Tc cuprates a
much larger maximum below Tc was attributed to a rapid
drop of the scattering rate. Therefore one might be
tempted to look for the same reason in this case.
However, we do not expect a rapid drop of the scattering
rate below Tc in MgB2. Measurements of the dc resistance
can be well fitted by the Bloch-Grüneisen formula, which
suggests that the normal-state transport properties are
well described by an electron-phonon interaction [8]. At
Tc the dc resistance is already in the saturation regime,
where impurity scattering dominates. Therefore, we can-
not expect an important contribution of electron-electron
scattering below Tc. Also, band structure calculations
have shown that electron-phonon interaction and impu-
rity scattering are sufficient to understand the properties
of MgB2 [10,11,14]. For these reasons the scenario of a
rapid drop of the scattering rate in MgB2 is rather un-
likely as an explanation of the observed conductivity
maximum.

If the maximum is related to coherence effects we
should explain it does not appear close to Tc. For this
reason we have calculated the temperature dependence of
�1 within the two-band BCS model using the two-band
gap equation [10] and the dirty limit Mattis-Bardeen
formula for the conductivity [33]. In the two-band model
the two superconducting gap values on the two Fermi
surfaces (� band and � band) have to be calculated
from the following two by two matrix equation:

�� �
X
�

�����

Z !c

0
dE

tanh

������������
E2��2

�

p
2T�������������������

E2 � �2
�

q ; (2)

where � and � run over the two bands, !c is a character-
istic phonon frequency, ��� � V��N� is a two-by-two
coupling matrix, N� is the partial density of states of
band �, and V�� is the symmetric matrix of the pairing
interactions. From this equation we calculate the tem-
perature dependence of the two gaps �� and �� numeri-
cally using !c � 56 meV and N�=N� � 1:35 as given in
Ref. [10]. In order to further reduce the number of free
parameters, the pairing matrix is adjusted to give the
experimental Tc and the value of ���0�=kTc of the small
gap at zero temperature obtained from the fit to the
penetration depth data in each sample. With these con-
straints given, there is only one free parameter left in
Eq. (2): the interband pairing interaction V��. In Fig. 3
we show the temperature dependence of the two gaps
calculated this way using a ratio r � V��=V�� of 0.25.
The temperature dependence of the energy gaps re-
sembles the experimental results by Gonnelli et al. [2].

Once the temperature dependences of the two gaps
are known, the partial conductivities of the two bands
can be calculated using the dirty limit Mattis-Bardeen
127006-3
formula [33]:

���!�
�n;�

�
1

2!

Z 1

�1
d�

�
tanh

��!
2T

� tanh
�

2T

�
� 	N����N����!�

�M����M����!�
; (3)

where

N�����Re

(
j�j�������������������

�2��2
�

p
)

and M�����Re

(
��sgn����������������������
�2��2

�

p
)

are the normal and anomalous densities of states for
the two bands. In Ref. [11] it has been shown that
interband impurity scattering is expected to be small
in MgB2, because the two bands possess different sym-
metries, which strongly reduces the scattering matrix
element for interband impurity scattering. In this case
the total conductivity �1�!� is just the sum of the par-
tial conductivities���!� and���!�. In order to calculate
the temperature dependence of �1 for our measure-
ment frequencies we need to know the ratio of the par-
tial conductivities in the normal state. This ratio depends
on the plasma frequencies !p;� and the scattering rates
�� in the two bands �n;�=�n;� � !2

p;���=!
2
p;���. From

the analysis in Ref. [11] we know that !2
p;�=!2

p;� � 2,
however, the ratio of the scattering rates will depend on
the impurities and imperfections present in our film and
remains unknown. We will show in the following that we
can obtain a coherence peak appearing significantly be-
low Tc, if we assume that the total conductivity is domi-
nated by the partial conductivity of the � band, i.e.,
�n;� � �n;�. In the other limiting case that the � band
dominates the total conductivity we find a conventional
127006-3
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coherence peak appearing close to Tc, which does not fit
our observation.

Assuming �1�!� � ���!� we show the temperature
dependence of �1 at 17.9 GHz obtained from Eq. (2) in
Fig. 2 (solid lines) for both samples. The best fit was found
for r � 0:25 for both samples. This value is in fair agree-
ment with the value of r � 0:17 from band structure
calculations in Ref. [10].

We can obtain an intuitive understanding of the peak
position, if we remember that the coherence peak appears
when the condensation of quasiparticles sets in, which
roughly appears when ��T� � kBT. In Fig. 3 this criterion
is satisfied when the dashed line intersects the small gap
(arrow). From this picture it becomes clear that the down-
ward shift of the coherence peak is directly related to the
smallness of the gap.

To summarize, we have presented experimental results
of the temperature dependence of the microwave conduc-
tivity in c-axis oriented MgB2 thin films. We find an
anomalous peak around t � T=Tc � 0:6 far below the
temperature at which one would expect to see the BCS
coherence peak. We argue that this peak is not related to a
rapid drop in the quasiparticle scattering rate below Tc, as
for the high-Tc cuprates. Instead, we provide arguments
that this anomalous peak in MgB2 is related to the two-
gap nature of its superconducting state, particularly to the
smaller gap. Furthermore, our results imply that the �
band is in the dirty limit and dominates the total con-
ductivity of our films.
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