
PHYSICAL REVIEW B, VOLUME 65, 172502
Superconducting energy gap in a MgB2 film observed by infrared reflectance
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Far-infrared reflectance of a MgB2 film has been measured by Fourier-transform spectroscopy for frequen-
cies 10 cm21,n,4000 cm21 above and below the superconducting transition. The data provide clear ex-
perimental evidence for the onset of a superconducting gap at 24 cm21 at T55 K. On increasing the tem-
perature the gap energy increases, contrary to what is expected in isotropic BCS superconductors. The small
zero-temperature gap value and its unconventional increases on increasing temperature can only be explained
by a highly anisotropic or multiple gap function.
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The discovery of superconductivity in MgB2 ~Ref. 1!
raised the question about the nature of the energy gap in this
compound. Among different methods to observe and mea-
sure the superconducting energy gap, infrared spectroscopy
remains a very promising and powerful method. Indeed, first
experiments on grazing infrared reflectivity in MgB2 ~Ref. 2!
showed features of the experimental spectra, which may be
attributed to the superconducting gap. The analysis of the
data revealed a gap value in the range 2D.3–4 meV. This
value is rather small compared to the BCS estimate 2D
'12 meV and has been attributed to the minimum of the
gap distribution due to anisotropy.

The infrared-transmission experiments by Jung et al.3 car-
ried out on MgB2 thin films revealed a characteristic peak,
which could be connected to the energy gap and resembled
the predictions of the weak-coupling BCS theory. These ex-
periments were similar to the classical experiments of Gins-
berg and Tinkham on lead, tin, and indium.4 Applying the
Kramers-Kronig analysis to the thin-film transmission data
of these compounds, a superconducting gap in the real part
of the complex conductivity, s*(v)5s11is2 could be di-
rectly observed. In experiments with MgB2, Jung et al.3 re-
stricted the data analysis to the comparison with predictions
of the BCS theory that gave an estimate of the energy gap,
2D.5.2 meV. Later on, terahertz time-domain spectros-
copy has been applied to the transmission of thin MgB2
films.5 Due to phase sensitivity of the time-domain spectros-
copy, the complex conductivity of MgB2 could be extracted
from the spectra without application of the Kramers-Kronig
analysis. As for classical superconductors, the frequency de-
pendence of s1 revealed a characteristic minimum in the
frequency dependence, which could be attributed to the su-
perconducting gap, 2D.5 meV.

While there is already a large scatter of gap values as
determined from optical experiments, the gap energies differ
even more when values deduced from different experimental
setups are compared. Techniques such as tunneling
spectroscopy,6,7 photoemission8,9 or specific heat10 reveal
significantly different values of the energy gap ranging be-
tween 2D53–16 meV. These discrepancies together with
the observed deviations from the BCS temperature depen-
dence have been partly explained by imperfections of the
sample surface, but alternative explanations based, e.g., on
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multiple gaps9,11 or anisotropy12 have also been proposed.
For a recent discussion see Ref. 13 and references therein.
Different values, observed by various experiments may be
partly explained by the preferential sensitivity of particular
experiments to different portions of the gap distribution.
Probably, optical conductivity methods tend to yield rather
the lower limit of the gap distribution. The above-mentioned
infrared experiments2,3,5 revealed the 2D values between 3
and 5 meV, i.e, substantially below the BCS estimate.

Previously, we have investigated thin films of MgB2 using
the method of quasioptical spectroscopy in the frequency
range 4 cm21,n,30 cm21 ~Ref. 14! The highest fre-
quency of this experiment was too low to make distinct con-
clusions about the spectral gap in s1(v). Therefore, we in-
vestigated the same sample at infrared frequencies using the
technique of Fourier-transform spectroscopy. The infrared
spectroscopy of thin superconducting films reveals distinct
advantages compared to the spectroscopy on bulk samples.15
The reflectance of bulk superconducting samples rapidly ap-
proaches unity both in the normal and in the superconducting
state especially at low frequencies. This implies a number of
experimental difficulties investigating the changes in reflec-
tance at the superconducting transition. In contrast, the re-
flectance of thin films can be substantially reduced ~com-
pared to unity!, which strongly improves the accuracy of the
data. In addition, the technique of quasioptical transmission
spectroscopy16 can be applied to the same films at lower
frequencies. The transmission technique provides an inde-
pendent measurement of the complex conductivity at submil-
limeter frequencies and the reflectance of the sample can be
calculated from these data, which strongly expands the low-
frequency limit of the available spectrum and substantially
improves the quality of the Kramers-Kronig analysis. The
combination of these two techniques has been applied previ-
ously to thin YBaCuO films15 and showed the reliability and
the advantage of the described procedure compared to con-
ventional far-infrared analyses.

The MgB2 film has been grown by two-beam laser abla-
tion on a @11̄02# sapphire substrate. Magnetization measure-
ments have indicated a sharp superconducting transition at
32 K with a width of 1 K. The details of the growth process
will be given elsewhere.17 For further details of the film char-
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acterization see Ref. 14. In the frequency range 10,n
,4000 cm21 reflectivity measurements were performed us-
ing a Bruker IFS-113v Fourier-transform spectrometer. Dif-
ferent sources, beam splitters, and optical windows allowed
to cover the complete frequency range. A pumped liquid-He
bolometer has been employed below 60 cm21. In addition,
the reflectance in the frequency range 4,n,30 cm21 has
been calculated using the complex conductivity data of the
same sample, obtained by the submillimeter transmission.14

Figure 1 shows the reflectance of the MgB2 film for dif-
ferent temperatures. The most striking feature of the data is
the change in slope of the reflectance around 24 cm21. The
reflectance below this frequency is close to one at T55 K
and drops rapidly above 24 cm21. It is important to note
that this change in slope is seen in the calculated submilli-
meter data ~symbols! as well. Therefore, we interpret this
feature as a direct observation of the spectral gap in MgB2.
The abrupt change in slope around 24 cm21 clearly indi-
cates the onset of the electromagnetic absorption above this
frequency. It therefore resembles the classical experiments
on reflectance in conventional superconductors,18 in which
the onset absorption across the gap has been observed. The
onset of the absorption in MgB2 corresponds to a supercon-
ducting gap 2D.3 meV, which is a factor of 4 smaller than
the BCS estimate and is in the lower limit of the gap values,
observed in other experiments (3 –16 meV). As mentioned
above, the energy gaps, estimated from the infrared2,3,5 and
microwave19 experiments, all reveal quite small values lying
in the range 3–5 meV. We recall further that according to
first-principles calculations,20 the Fermi surface of MgB2
comprises four sheets, each having a distinct energy gap.11
Indeed, recent tunneling spectroscopy experiments7 revealed
two different energy gaps in MgB2. It is reasonable to sug-
gest that the experiments that measure the complex conduc-

FIG. 1. Far-infrared and submillimeter reflectance of MgB2 film
on an Al2O3 substrate. Lines: directly measured reflectance, sym-
bols: data as calculated from the complex conductivity in the sub-
millimeter range ~Ref. 14!. The inset demonstrates the result of the
averaging procedure of the interference pattern at T55 K.
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tivity ~e.g., microwave or infrared spectroscopy! are sensitive
to the lowest gap value. The spectroscopic features due to
other gaps are smoothed because they overlap with the ab-
sorption across the smallest energy gap. This effect is a pos-
sible reason for a relatively low frequency of the ‘‘knee’’ in
reflectance observed in Fig. 1.

The reflectivity of a thin metallic film on a dielectric sub-
strate may be obtained from the Maxwell equations and takes
the form21

r5
r0 f1r f sexp~4pin fd/l !

11r0 fr f sexp~4pin fd/l !
, ~1!

with r0 f5(12n f)/(11n f) and r f s5(n f2ns)/(n f1ns) be-
ing the Fresnel reflection coefficients at the air-film (r0 f) and
film-substrate (r f s) interface. Here n f5(is*/«0v*)1/2 and
ns are the complex refractive indices of the film and sub-
strate, respectively, l is the radiation wavelength, d is the
film thickness, v52pn is the angular frequency, s*5s1
1is2 is the complex conductivity of the film, and «0 is the
permittivity of free space.

Equation ~1! neglects reflections from the opposite side of
the substrate. It has to be noted that especially at low fre-
quencies, interferences within the substrate are observed in
the spectra ~inset of Fig. 1!. In that case the full expression
taking into account the finite substrate thickness is more ap-
propriate to calculate the conductivity. However, attempts to
carry out the calculation using the exact expression instead
of Eq. ~1! did not improve the quality of the data. A possible
reason for this fact is the insufficient resolution of the inter-
ferences. Instead, the interference fringes in the reflectivity
spectra have been removed by averaging over the frequency
range of one oscillation. The results of the averaging proce-
dure are demonstrated in the inset of Fig. 1 and do not
change the overall frequency dependence of the reflectance.

If the film thickness is smaller than the penetration depth
(un f ud!l) and if un f u@unsu, Eq. ~1! is simplified to

r'
12s*dZ02ns
11s*dZ01ns

, ~2!

where s*52in f
2«0v is the complex conductivity of the

film and Z05Am0 /«0.377V is the impedance of free
space. Equation ~2! is advantageous due to its simplicity and
provides a good approximation of the reflectivity at submil-
limeter frequencies. For higher frequencies Eq. ~1! is more
appropriate.

The experimentally obtained reflectance R5uru2 does not
provide enough information to calculate the film conductiv-
ity because of the unknown phase shift. Therefore, a
Kramers-Kronig analysis has to be applied to the reflectance
in order to obtain the phase shift. The condition of the appli-
cability of this kind of analysis is the analyticity of lnuru in
the upper half plane.22 The absence of the poles in lnuru is
ensured by the relation uru<1. The absence of zeros in uru
~i.e., branch points in lnuru) is demonstrated in Fig. 1 and
follows from the analysis of the numerator of Eq. ~1!: the
term r0 f gives the reflectivity of the metal-vacuum boundary
2-2
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and therefore is close to 21, the term r f sexp(4pinfd/l) is
suppressed due to the presence of the exponent.

The general problem in the application of the Kramers-
Kronig analysis is the necessity to extend the reflectance
spectrum to low and to high frequencies. The high-frequency
extrapolation up to 22 000 cm21 has been taken from the
data of Tu et al.23 The low-frequency extrapolation, which is
the most important for our data analysis, has been obtained
from the complex conductivity data of the same film, mea-
sured by quasioptical transmission spectroscopy in the range
4,n,30 cm21 ~Ref. 14!. Below 4 cm21 the extrapola-
tions (12r)}v2 and r5const have been used in the super-
conducting and normal conducting state, respectively. These
extrapolations follow from Eq. ~2! and from the low-
frequency limits s*'is2}1/v for a superconductor and
s*'s1 for a metal. As demonstrated in Fig. 1, the calcu-
lated submillimeter data ~symbols! overlap and agrees well
with the measured infrared reflectance ~lines! without any
arbitrary shifts.

The complex conductivity of the MgB2 film has been cal-
culated from the reflectance data of Fig. 1 and solving Eq.
~1!. The complex refractive index of the Al2O3 substrate has
been obtained in a separate experiment and agrees well with
literature data.24 The reflectivity phase shift of the substrate-
film system has been obtained by carrying out the Kramers-
Kronig analysis as described above. The results are presented
in Fig. 2. The real part of the conductivity ~upper panel! is
frequency independent in the normal conducting state (T
540 K) and below 100 cm21. The corresponding imagi-
nary part s2 ~lower panel! is roughly zero for these frequen-
cies. This picture corresponds well to the low-frequency
limit of the Drude conductivity of a simple metal. On cooling

FIG. 2. Complex conductivity of a MgB2 film at infrared fre-
quencies. Upper panel: real part s1. Lower panel: imaginary part
s2. Lines have been obtained via the Kramers-Kronig analysis of
the reflectance data. Symbols represent the conductivity, which was
directly measured by the transmittance technique ~Ref. 14!. Sharp
peaklike structures between 400 and 700 cm21 is due to residual
influence of phonon contribution of the substrate.
17250
the sample into the superconducting state, s1 becomes sup-
pressed between 5 and 100 cm21 and shows a clear mini-
mum, which corresponds to the superconducting gap. The
position of the minimum at T55 K corresponds well to the
change in slope in reflectance (n'24 cm21, Fig. 1!. The
minimum in s1 shifts to higher frequencies as the tempera-
ture increases. This apparently contradicts the expectations
for the temperature dependence of the superconducting en-
ergy gap. However, as already mentioned discussing the re-
flectance data of Fig. 1, MgB2 reveals either an anisotropic
gap12 or multiple gaps.11 At the lowest temperatures the
smallest gap dominates and the spectral features at higher
frequencies due to other gaps are masked. On increasing the
temperature the transition across the smallest gap gradually
becomes thermally saturated and the effective ‘‘weight’’ for
different gaps is shifted to the higher-energy region. There-
fore the conductivity minimum also shifts to higher frequen-
cies, which explains the behavior observed in Fig. 2.

The suppression of s1 at infrared frequencies ~upper part
of Fig. 2! reflects the reduction of the low-frequency spectral
weight. At the same time, s2 rapidly increases revealing ap-
proximately a 1/v behavior. From the slope of v21 the spec-
tral weight of the superconducting condensate can be esti-
mated and turns out to be roughly 20% higher than the
reduction of the spectral weight in s1. This possibly indi-
cates that a substantial extrinsic contribution is present in s1
in the superconducting state.

Besides the gap feature, an additional excitation is ob-
served in the conductivity spectra for frequencies above
100 cm21 ~Fig. 2!. This feature is seen as a broad maximum
around 230 cm21, which is only weakly temperature depen-
dent. For frequencies higher than 400 cm21 the conductivity
decreases again, which possibly reflects the high-frequency
behavior of the Drude conductivity with a characteristic scat-
tering rate 1/2pt'400 cm21. At the same frequency a
broad maximum becomes apparent in s2 ~lower part of Fig.
2!, a behavior that is expected within the Drude picture. The
scattering rate 1/2pt'400 cm21 roughly corresponds to
1/2pt'150 cm21, obtained from the low-frequency trans-
mittance of this film.14 The discrepancies most probably re-
flect the experimental uncertainties. The origin of the broad
maximum in s1 on top of the Drude-conductivity is unclear
at present. We cannot attribute it to residual effects due to
substrate, because the phonon excitations in Al2O3 start
around 400 cm21 and produce sharp anomalies in the spec-
tra for 400,n,700 cm21. A possible alternative explana-
tion for the broad maximum could be bound states of local-
ized charge carriers, similar to infrared maxima, observed in
Zn-doped YBa2Cu3O8 ~Ref. 25!.

Finally, Fig. 3 compares the experimental conductivity
with the predictions of the weak-coupling BCS model.26 The
value of the superconducting gap is fixed by the characteris-
tic feature in s1. The scattering rate 1/2pt5600 cm21 has
been chosen in order to reasonably fit the decrease of s1 at
high frequencies and the broad maximum in s2 around
400 cm21. This value of the scattering rate implies the ap-
plicability of the dirty limit to MgB2. In this limit the
changes of the scattering rate have no substantial influence
2-3
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on the complex conductivity below 100 cm21. However, we
recall that the energy gap 2D524 cm21 disagree with the
BCS-value 2DBCS.80 cm21 (Tc532 K). In this case the
calculations based on the multi gap conductivity might be
more appropriate. We expect that the presented estimates

FIG. 3. Comparison between the complex conductivity and the
predictions of the weak-coupling BCS model. Symbols and solid
lines represent the experimental data of Fig. 2. Dashed lines: BCS
theory with 2D524 cm21, 1/2pt5600 cm21.
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within the simple model would give qualitative hints to un-
derstand the behavior of the complex conductivity.

The imaginary part of the conductivity at T55 K is well
reproduced by the BCS model without additional fitting pa-
rameters. For low frequencies and in the superconducting
state the real part s1 is far above the model calculations, a
fact that probably implies an additional absorption in the
film. Above the gap frequency, the theoretical curve shows a
slightly higher slope compared to the experiment. This again
may indicate a distribution of the superconducting gaps in
MgB2.

In conclusion, we presented the far-infrared reflectance of
a thin MgB2 film and combined it to the low-frequency data,
obtained by the submillimeter spectroscopy. The broadband
reflectance reveals a well-defined change in slope around n
.24 cm21, which we interpret as a direct evidence of the
superconducting gap, 2D.3 meV. The complex conductiv-
ity at infrared frequencies has been obtained applying the
Kramers-Kronig analysis to the reflectance data and solving
the equations for the substrate-film system. In the real part of
the conductivity a minimum develops in the superconducting
state, which corresponds to the gap frequency. In addition, a
broad conductivity maximum is observed at n;230 cm21

and is attributed to bound states of localized charge carriers.
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