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Complicated nature of the gap in MgB,: Magnetic-field-dependent optical studies
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We investigated the magnetic-fieldH) dependent optical conductivity spectra of Mgin film in the
far-infrared region. Thél dependences can be explained by the increase of normal metallic regions embedded
in the superconducting background. The area fraction of the normal metallic region increases rather quickly at
low field, but slowly at high field. It follows neithef nor H?2 dependences. The results suggest the compli-
cated nature of the superconducting gap in MgB
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The recent discovery of superconductivity in Mg®ith  the H-dependentr(w) could be explained quite well. Inter-
Tc=39 K (Ref. ) has generated a tremendous amount Ofestingly, the area fraction of the normal metallic region
attention among condensed-matter researchers. Many theshowed neither aii-dependent characteristic of awave
retical and experimental efforts have been conducted to Unsyperconductori.e., a linear dependenceor that of a
derstand its superconductivity and the phonon-mediated BC&wave superconductdi.e., H? dependende It increased
mechanisr was suggested as being responsible. Howeverkapidly at low field, but rather slowly at high field. This
there have been reports of distinctly different values of thantriguing result suggests the existence of a complicated gap
superconducting gap 4, i.e., from 3 to 16 meV, which nature for MgB.
makes understanding its physical properties rather problem- e measured far-infrared transmissidtw) and reflec-
atic. Also, the experimental evidences for the deviation fromyity R(w) spectra of a MgBthin film (thickness~200 A)
an isotropic s-wave gap symmetry have been accumulatingt variousH from 0 to 17 T. A high qualityc axis oriented
and an anisotropic s-wave gap symméwy a multiple ga  MgB, film was grown on an A, substrate by the pulsed-
have been suggested. laser deposition techniqi®The dc resistivity measurement

Optical measurements are known to be a powerful tool folshowed a sharfi near 33 K. For optical measurements, the
investigating important physical quantities, such @ #he  sample was cooled down to 4.2 K at zero field and then
scattering rate ¥, penetration depth, and plasma was applied along the axis. Using the Bruker spectropho-
frequency’ Since the skin depth of light is about 1000 A in tometer, T(w) and R(w) were carefully measured over the
the far-infrared region, optical measurements have an impokange 30—200 cm'. For T(w) mode, we measured center
tant advantage for obtaining bulk properties compared tqrea and folR(w), whole area of the film.
other surface sensitive techniques, such as tunneling mea- Figure ¥a) shows theH dependenT(w) at 4.2 K. AtO T,
surements. Also, optical measurements at high magnetic fielgl ;) show a peak structure near 50 chwhich is closely
(H) can provide fruitful information, such as vortex dynam- rejated to 2.° With increasingH, the peak structure be-
ics, quasi-particle excitation, and gap symméttyThere  comes suppressed and the peak position moves to higher
have been only a few reports on the temperature-dependefequencies? At 17 T, the peak disappears afiflw) show a
optical properties of MgR®~'® Earlier, we reported the fiat response, i.e., normal metallic behavior. The correspond-
value of 24(0)~5.2 meV and A(0)/kgTc~1.8 for ac  jng H dependenR(w) are shown in Fig. (b). At 0 T, R(w)
axis oriented MgB thin film.® Although our value of show a deep structure near 60 chWith increasingH, the
2A(0)/kgTc was half that of the BCS prediction, we found geep structure ifR(w) becomes broader and finally flattens
that 2A seemed to follow the temperature dependences o4t 17 T. It is interesting to note that significant changes in
the BCS formula. To obtain further information on the gapT(y) andR(w) occur below 2 T3
nature of MgB, we have performedd dependent optical We obtainedd(w) [ =o4()+ioy(w)] from T(w) and

studies[As far as we know, this is the first investigation on R(w) in Fig. 1 by solving the appropriate Fresnel equations
the optical properties of MgBunder highH.] _ for a film geometry* The light reflects multiply both inside
In this paper, we repoki-dependent complex optical con- the film and the substrate. The multiple reflections inside the

ductivity spectras(w) of MgB; thin film. In the supercon-  fim should be added coherently. However, because the
ducting state, the superconductivity became suppressed Ughickness of the substrate was much larger than the wave-
der the externaH. The o(w) of this mixed state can be length of the incident light, the phase coherence can easily be
modeled with the Maxwell-Garnett theory, which assumedost due to surface imperfections such as roughness, which
that the normal metallic regions are embedded in a superconvill lead to the decrease of the FabryrBefringes. To avoid
ducting background. Using the composite medium theorysuch a problem, the optical measurements were conducted
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FIG. 1. Experimenta{symbolg and theoretica(solid lineg (a)
T(w) and(b) R(w) for MgB, thin film at some selected fields.

with a low resolution(i.e., 4.0 cm?) and the multiple re-
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o,(w) show a 1b& dependence due to thé& function of
01(0). o,(w) at 4 T show a peaklike feature around 50
cm ! and o,(w) at 17 T slowly increase with increasing

frequency. Note that the(w) at 0 T and 17 T are similar to
the reported behavior of the superconducting., 5 K) and
the normal metallidi.e., 40 K) states, respectivel. From
Fig. 2, we obtainedo;(0)~20000Q lcm ! and 1k
~800 cm! in the normal state, and&2~44 cm™! and
A~2000 A (Ref. 15 in the superconducting state.

Such strongH dependento;(w) and o,(w) should be
related to the evolution of a vortex in a type-ll supercon-
ductor. BelowH ., the magnetic flux cannot penetrate into
the superconductor, which is the Meissner effect. Abdyeg
the magnetic flux starts to penetrate into the superconductor,
forming a vortex. Inside the vortex, the superconducting re-
gions become suppressed and turn into normal metallic re-
gions. With increasingd, the number of vortexes increases.
Above H.,, the superconducting properties are totally
destroyed®. The values ofH.; and H., for MgB, were
reported to be around 450 @Ref. 17 and 20 T8 respec-
tively.

Optical responses of a type-Il superconductor under high
H have been rarely investigated and there has not been much
systematic analysisTo explain the optical responses shown
in Figs. 2a) and 2b), we used the composite medium theory,

flections inside the substrate were added incoherently in thgd/led the Maxwell-Gamett theoryMGT). In the long-

calculation.

Figure 2a) shows theH dependentr;(w). At0 T, o1(w)
show a deep structure around 44 chrelated with 2A and a
sharply increasing behavior abovel 2With increasingH,
the deep structure becomes smooth anqw) at 17 T

wavelength limit, the physical properties of the composite
can be described in terms of an effective dielectric constant

‘e'. Since the vortexes are well isolated from each other due

to the intervortex Coulomb repulsion, as an approximation,
we can consider our film as a composite system composed of

slowly decrease with increasing frequency. It should behormal-metal disks embedded in a superconductor. Then,
noted that the position of the deep structure increasesd as Such a geometry can be approximated quite well by the two-
increases, which is opposite to the temperature dependend@nensional MGT® e®'f(=47io®'/w) can be written as

of 2A.° Figure 2b) shows theH dependentr,(w). At O T,
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FIG. 2. H dependenta) o(w) and(b) o,(w). In (c) and(d),
the calculatedr$"(w) ando$'(») using Maxwell-Garnett Theory
are shown, respectively. Heré, represents the area fraction of
normal metallic region.
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wheree® ande” represent the complex dielectric constants of
the superconducting and normal metallic regions, respec-
tively, and f, represents the area fraction of the metallic

regions. Fore®, we used the Zimmerman formui&j.e., the
optical response of the BCS superconductor, with 2

=44 cm tand 1/=800 cni l. Fore", we used the simple
Drude model with 0;(0)=20000 Q! cm ! and 1#
=800 cml.

In Figs. 2c¢) and 2d), we show the calculated‘j”(w)

and o$"(w), respectively. It is clear that the calculated

o2"(w) andot(w) are quite similar to the measured spec-

tra. As shown in Figs. (B and 1b), the calculated®(w)

andRf(w) from o¢(w) can also fit the experimental data
quite well. These results show that the MGT can describe the
electrodynamic responses of a type-1l superconductor under
high H quite well.

The area fraction of the normal metallic regions for the
MgB, film shows quite an unusuél-dependent behavior. In
Fig. 3(a), we plotted theH dependent,,, estimated by com-
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small gap. The solid circles represent the experimental data at O T.

log (H) The solid, dashed, dot-dashed, dotted, and dot-dot-dashed lines rep-

o resent the corresponding spectra fg=0.0, 0.3, 0.7, 0.9, and 1.0,
FIG. 3. (8) H dependences of,. The dashed and solid lines yegpectively.

represent the power-law dependencel @ndH 2, respectively. In
(b), we show the log-log plot of,, andH. The solid lines represent  aarlier works proposing the two gap scendficour ob-
the least-square fit;. The exponents are 0.75 and 0.33 for below and, ;a4 value of 3~5.4 meV (2A/kgTe~1.9) in theab
above 2 T, respectively. plane and its BCS temperature dependence seem to be con-
sistent with the characteristics of the small gap in the two

paring the experimental data with the calculated values, witlgap scenario. Moreover, its stroigdependence at low field
error bars.f, increases sharply at low field and slowly at seems to agree with the results of Sza@l. As shown in
high field; for example, more than half of the film becomesFig. 3(b), theH dependence of,, seems to have a crossover
metallic below~2 T<H,,. Itis known that the values df, near 2 T. To explain this behavior in the two gap scenario, we
can be obtained from a heat-capacity study by measuring th@ssumed that the reported value 8f,, i.e., about 20 T,
coefficienty. For ans-wave superconductoty is known to  corresponds to the large superconducting gap. With a crude
be proportional toH.?! On the other hand, for a supercon- approximation ofH,~ 1/£&2~A2, the correspondingH,
ductor with a node on the gap, for exampled-wave sym-  value for the small superconducting gap, if it exists, will be
metry, y should be proportional t¢12?? The dashed and around 2 T since 85~5.4 meV. Then, the crossover be-
solid lines in Fig. 8a) show theH-dependent,, for sandd  havior in Fig. 3b) could be explained in terms of a more
waves, respectively. Neither of thes¢ dependencies can rapid suppression of 25 underH in the two gap scenarfo.
explain our experimental data. FigurébBshows the plot of However, a simple two gap scenario based on two inde-
logyo(f,) vs logo(H). [The error bars are smaller than the pendent BCS-like carriers with different gap values cannot
size of the symbol$The twoH regions with different slopes explain our optical data. To clarify this statement, we simu-
are clearly seen. Interestinglfy, below and above 2 T seems lated T(w) and R(w) using the two-fluid model, where the
to follow the power law dependences BI®"> and H%®  total optical conductivity spectra,(w) can be written as
respectively.

Recently, Bouqueét a obser_ved a r_apid in_crease ng o(w)=fso5(2As,0)+(1—fo)o (2A, ,0), 2)
at low H and a saturation behavior at high which are in _ B
qualitative agreement with our observed behaviof af To  where o5(2A5,w) and o (2A ,w) represent the optical
explain this behavior, they suggested the existence of tweonductivity spectra with the small and large gaps, respec-
gaps. Szabet al? also reported the existence of two super-tively, and fg represents the fraction of the superconducting
conducting energy gaps using point-contact spectroscopgarriers withAg. As shown in Figs. @) and 4b), the ex-
measurements. Values of the small gaps2and large gap perimental T(w) and R(w) at H=0 T can be explained
2A, were reported to be 5.6 meV and 14 meV, respectivelyrather well only withfg~1.0. Note that all of the earlier
Both superconducting gaps were shown to follow the tem-optical works on MgB reports a small size gap orfly°
perature dependence of the BCS formula. HowevAg Be- The apparent emergence of only the small gap feature in
comes strongly suppressed withbelow 1.0 T. the optical spectra as well as the unuddadependence df,

There is some consistency between our observations arglit new constraints on understanding the MgRipercon-
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ducting gap in the two gap scenafibAlthough theH de-  a superconducting background. The area fraction of the nor-
pendence of , seems to be consistent with the two gap pic-mal metallic state was estimated and found to increase rather
ture, any two gap model does not explain why only the smallapidly at low field but slowly at high field. This magnetic-
gap can be observed in the optical spectra ofahelane at  field dependence provides a new constraint to understand the
H=0 T yet. The seemingly contradictory experimental factsmultigap behavior of MgB.
suggest that the nature of the superconducting gaps in,MgB
should be related, which will provide a complicated nature of Ve thank H.K. Lee, Professor J. Yu, and Y.-W. Son for
the gap in the MgB. To clarify the complicated gap nature ust_aful discussions and help in performing the experiments.
In summary, we have investigated the magnetic-fieldMinistry of Science and Technology of Korea through the
dependent optical conductivity spectra of the MdBin film. Creative Research Initiative Program. This research was con-
The magnetic-field-dependent optical conductivity spectraglucted at the National High Magnetic Field Laboratory,
could be explained by the Maxwell-Garnett theory, whichwhich is supported by NSF Cooperative Agreement No.
assumes an increase of normal metallic regions embedded PMR-0084173 and by the State of Florida.
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