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We have performed accurate measurements of the temperature dependence of the magnetic penetration depth
of the new intermetallic superconductor MgBsing a high resolution single coil mutual inductance technique.
Both sintered pellets and thin films exhibiting critical temperature values ranging between 37 and 38.4 K have
been studied. In the case of the film, foKT./2 a clear exponential behavior is observed, which can be
explained by a simple BCSwave model with a reduced value of the energy gap. On the contrary, pellets show
no evidence of saturation, and the experimental results strictly follow a quadratic dependence down to the
lowest temperatures. The experimental data on sintered samples can be explained in the framework of a
conventionalk-wave BCS theory using a two-band model.
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Great interest has been raised on the simple binary coma quadratic behavior af\ at low temperatures, that authors
pound MgB after the observation that it becomes a superinterpreted as the signature of the presence of nodes in the
conductor at a relatively high temperature 39 K).! An gap. However, a more careful analysisu®R data showéd
impressive number of theoretical and experimental studiesesults consistent with a BCSwave framework, while the
has been performed to understand the origin of the pairingeculiar exponential behavior expected for a fully gapped
mechanism in this system. Experimental results have prosuperconductor was indeed observed in polycrystalline
vided evidence for a phonon mediated superconductivitysamples?in wires!® and very recently in single crystal$.

The boron-isotope effeétthe observation of a tiny coher- In this paper we present experimental results on the tem-
ence peak just below the critical temperatdrg, and the perature change of the magnetic penetration depth for MgB
spin lattice relaxation rate in the superconducting state impolycrystalline samples in bulk and thin film form.

NMR,®> Raman spectroscofyfunneling measuremertts’ We studied two high density sintered pelléin. 1A and

and optical conductivity dafaare all consistent with the ex- No. 2A) and one film(No. B) deposited on a-plane sap-
istence of a conventional mechanism of superconductivityphire substrate. Bulk samples were obtained by reaction sin-
The effect of impurities has been also investigated: chemicakring of elemental B and Mg fa3 h at 950 °C in asealed
substitution of magnetic ions such as ¥n F&€*, C#*, stainless steel container, lined by a Nb foil. Details about the
and NP* suppresses the critical temperatufe (Ref. 9  preparation technique are described elsewhet®The re-
while nonmagnetic Zn substitution increase¥ ithe major-  sulting high density £ 2.4 g/cnf) MgB, cylinders had me-

ity of spectroscopic measurements have shown so far a finitellic appearance and very high hardness. Two samples (10
but widely variable value for the energy gap, ranging from 2x 10x3 mnt) were cut from the bulk material with a dia-

to 7 meV. mond circular saw. The mechanically polished surface of

Although it seems that the body of the experimental datahese samples was observed by optical and atomic force mi-
can be explained in a BCS conventional framework, no coneroscopy(AFM), revealing the presence of large single crys-
sensus has been reached on the pairing symmetry of thial grains(up to 200 um large, embedded in a more fine-
system yet. The magnetic penetration depils known to be  grained metalliclike background, as it was found in previous
a very sensitive probe of the low-lying quasiparticles energystudiest®=?? The inductively measured critical temperatures
and it is capable of giving information which is significant are 38.4 K AT.~1.3 K) and 37 K AT.~2.3 K) for No.
on a\(0) scale rather than on &0) scale. This corre- 1A and No. 2A, respectively. The film was obtained by ap-
sponds, in the case of a thin film, to probing the true “bulk” propriate postannealing of an electron-beam-evaporated B
properties of the superconductor. Experiments performed oprecursor500 nnm grown directly on a AJO; single-crystal
pellets usinguSR (Ref. 1) and ac susceptibility*showed  substrate. After deposition the boron film was subsequently
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FIG. 1. Variation of the magnetic penetration depth uf tdor T [K]

samples No. 1AO) and No. 2A(<). Note the different scales.
FIG. 2. Variation of the magnetic penetration depth ug tdor

sandwiched between cold pressed Mgillets, along with  sample No. B ).
excess Mg turnings, packed inside a crimped Ta cylinder and
finally annealed at 890 °C for 20—25 nfinA typical 6-26 sample No. B displays a large flat region up to 6 K whereas
scan revealed the presence of-axis aligned film while the samples No. 1A and No. 2A show no evidence of saturation.
pole figure showed a random in-plane texture. AFM studyin the case of the film a simple BCS conventiosakave
showed the presence of a polycrystalline-type surface witigalculation fits very well the low-temperature data using as
grains up to 100 nm of diameter. The inductive critical tem-fitting parameterdd =3.6 meV and\(0)=120 nm. We es-
perature and critical current densitat 4 K) are 37.9 K timate the error on these two quantities to be about 20%.
(AT,~1 K) and 6.4 MA/cm, respectively. In spite of not \(0) is of the same order of magnitude of other measure-
optimized structural properties, these high valuegofind  ments reported in literature on bulk sampfe$ and it is
J¢ point to a sample of very good quality. nearly half of the value obtained in thin filftsfrom far-

N(T) is investigated employing a single coil-mutual in- infrared conductivity. The value of the gap is a bit larger than
ductance techniqu.This is a radio frequency techniqié the one obtained by optical measurements performed on
MHz) that measures the change of inductandeof a pan-  films grown by the same technique and it is in the range of
cake coil located in the proximity of the sample and con-values obtained by tunneling spectroscdpy.The strong
nected in parallel with a low-loss capacitor. SUo@ circuit ~ coupling ratio 2,/kgT, is evaluated to be 2.3. The penetra-
is connected at the input of a marginal oscillator. A change ofion depth behavior remains the same removing by ion mill-

impedance of th& C circuit is detected as a change of reso-ing a(nomina) layer of 60 nm from the sample surface. This
nant frequency of the oscillating signal: rules out the proximity effect eventually associated to the

presence of a metallic Mg overlay@Therefore, if a normal

or poorly superconducting layer exists on the film surface, its

' effect on the temperature dependence of the penetration
(1) effect on the temperature depend f the penetrat

R(T)|?

1 1
f:Z\/L(T)C(MQ LM

wherel is the total inductance of the system formed by the 200
coil and superconducting sample,is the capacitor, an a

function of the coil resistance and of the surface losses of the
sample. In the London regime, where the electromagnetic'g1
response of the sample is mostly diamagnetic and the losseg,
are negligible, the explicit expression of the variation of the & 100
coil inductance as a function of the magnetic penetrationy
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where M(y) is a geometrical factor that depends on the
sample-coil distance andlis the sample thickness. The de- T K]
tails of this technique are described elsewlfére.
In Figs. 1 and 2 we show the changa (T) in the effec- FIG. 3. Variation of the magnetic penetration depth at low tem-

tive magnetic penetration depth for the three samples in thgerature for samples No. 14Y), No. 2A(¢), and No. B (). The
overall temperature range. A much larger variation is ob-dashed and short-dashed lines represent the two-gap BCS fit for No.
served in the case of pellets with respect to the film. At low1A and No. 2A, respectively. The solid line represents the single
temperature(Fig. 3) this feature is even more evident: gap BCS fit for No. B. Note the different scales.
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20— T T T T 5]y netic penetration depth is a bulk measurement and conse-
R o: ]2 quently provides an average of the.e!ectrodyr_lamic response
150k . O:°o° 420 _ of. tr_]e tested sample region. Thus it is sensitive or_1|y to the
£ 0% 0° ,° 118 g minimum and the maximum value of the gap. For this reason
£ o%3°° o ° 116 = we consider a model of a two-band BGSvave gap. In the
<100 F 035°°  a° ? 14 & framework of this model, the magnetic penetration depth is a
0 %Sg§°° go° 1 15 g function of twos-wave gaps of different magnitude. One can
T s} & o e = wite®
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FIG. 4. Variation of the magnetic penetration depth as a function 7A.(0)
of T2 at low temperature for samples No. 1®), No. 2A (<), and AN(T)=\;(0) T T e Ai(0) kg T (4)
No. B (). Note the different scales. 2kgT

depth is negligible in our measurements. Consequently thé =min,max).
rather low value of the energy gap determined in the film Using this approach we calculate the best fit curves to the
seems, to our understanding, intrinsic to MgBince in the experimental data as shown in Fig. 3 for the following fitting
experiment theab plane penetration depth of @axis ori-  parameters: AX =2.45 meV, A% =24 meV, A%,
ented film is probed, this finding can be well explained by=6.8 meV, andA?},=6 meV, respectively. We note that
the anisotropy of the order parameter in this material rethe fitting parameters\ i, and A, encompass the ones
ported by other studies, such as point-contact spectrogfopyfound by photoemission spectta, tunneling spectro-
and penetration depth measurements in single cry$talse  scopy~"**3*3%nd specific heat measuremetft3he strong
result is also in agreement with the recent observ&tidrat  coupling ratio is 1.5 and 4.1 for No. 1A, 1.5 and 3.7 for No.
the removal of magnesium by chemical etching in a MgB 2A, respectively.
wire results in an exponential temperature dependence of the To our understanding, the results observed on the thin film
magnetic penetration depth with a similar value of the energpample rule out the possibility of an unconventional order
gap. parameter in this material. A&wave single gap model fits
The analysis of the low-temperature data for the bulkthe film experimental data very well, even if with a reduced
samples is more complicated. In Fig. 4 we shAaw as a  energy gap value. The striking contrast observed iniTe)
function of T? for all samples: in the case of No. 1A and No. behavior between the thin film and the sintered samples may
2A we found a quadratic behavior af\ down to the lowest have different origins. It can be ascribed to the anisotropy of
temperature. It has been claimed that such gapless behavidre superconducting properties between dleand ¢ direc-
would be the signature of nonconventional superconductingions, as was recently emphasized in single crystagince
pairing!! It is worthwhile to mention, however, that B the film is c-oriented, we probe mainly theb-plane electro-
behavior of the magnetic penetration depth is not sufficientlynamic response, whereas this is not true for the bulk
to rule out a BCS conventionalwave pairing symmetry. In  samples. However, the values found farf'™(0) and
the case of strongly inhomogeneous samples, it has beexP®''®{0) are not consistent with an anisotropy factpr
shown that a spread of superconducting gap values leads to=a2.6> The interesting coexistence of a two-dimensional
power-law dependence at low temperature for both the thef~ermi surface §§,_, orbitals perpendicular to the direction
modynamic and transport propertfes. and a three-dimensional ong,(bonding and antibonding
We note that the critical temperatures of samples No. 1/Aands reported in Ref. 36 may be also of help in explaining
and No. 2A, made in the same batch, differ by almost 1 Kithe electrodynamic response of the pellets, which is not in-
The values of\ (0), determined by a two fluid model if,  consistent with the existence of two order parameters. How-
are larger than in sample No. B: 24m for No. 1A and ever, it would be difficult to explain the experimental data on
1.6 um for No. 2A. Finally, the behavior cA\(T) nearT,  the thin film using the same picture. More likely, with the
is very different for the two bulk samples. These featureshigh values of\(0), the diference observed in the critical
indicate the presence of strong inhomogeneities in the bulkemperature values and in the temperature dependence
samples. In this case a Gaussian distribution of gap values i\ (T) close toT. between the two pellets made from the
the framework of ars-wave pairing model forcefully fits the same batch is a strong evidence for the presence of inhomo-
experimental data. geneities: residual flakes of unreacted Mg induce a depres-
The presence of regions of highly suppressed supercorsion in the gap by the proximity effect in the region near the
ductivity, induced by unreacted Mg, can cause either anclusions. In this case the presence of regions of different
spread of gap valueS§rom 1.7 to 7 meV as reported in critical temperature depends strongly on the ratio of the
literature or a simple overlapping of two gap$The mag- mean free path to metal layer thickness and on the transmit-
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tivity properties of the N-S interfac®. Thus the proximity —understanding a further evidence of the conventional nature
effect can induce the presence of regions with a weakenedf the MgB, superconductor.
gap and with a critical temperature close or even equal to the
bulk critical temperature. A spread or a simple superposition We thank G. Ausanio for the AFM analysis and F. Lom-
of two gap values is equally possible. bardi for the ion beam etching of the film surface. Many
In conclusion we have reported on the magnetic penetrahanks are due to A. Barone and R. Vaglio for useful discus-
tion depth measurements on MgBintered and film samples sions. We are grateful to N. Bontemps and J. Bok for fruitful
by a single coil technique. A simple model of two different discussions and for letting us use the scientific equipment for
sizes-wave gaps in the case of pellets and a single finite buthe single coil inductive measurements. Edison acknowl-
reduceds-wave gap in the case of film can account for theedges the Lecco Laboratory of the CNR-Tempe for making
low-temperature experimental data. The results are to ouavailable its facilities for the pellets preparation.

*Corresponding author; email address: gianrico.lamura@na.infn.it Ghigo, E. Mezzetti, G. Giunchi, S. Ceresara, G. Ripamonti, and
1J. Namagatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. M. Poyer, cond-mat/010406@npublishesl

Akimitsu, Nature(London 410 63 (2001). 215 X. Dou, X.L. Wang, J. Horvat, D. Milliken, A.H. Li, K. Kostan-
2S.L. Budko, G. Lapertot, C. Petrovic, C.E. Cunningham, N. tinov, E.W. Collings, M.D. Sumption, and H.K. Liu, Physica C
Anderson, and P.C. Canfield, Phys. Rev. L86, 1877 (2001. 361, 79 (2001).
3H. Kotegawa, K. Ishida, Y. Kitaoka, T. Muranaka, and J. Akim- 2°A.A. Zhukov, K. Yates, G.K. Perkins, Y. Bugoslavsky, M. Poli-
itsu, Phys. Rev. Leti87, 127001(200J). chetti, A. Berenov, J. Driscoll, A.D. Caplin, and L.F. Cohen,
4X_K. Chen, M.J. Konstantinovic, J.C. Irwin, D.D. Lawrie, and J.P. Supercond. Sci. Technal4, L13 (2002).
Frank, Phys. Rev. LetB7, 157002(2002. 23\1. Paranthaman, C. Cantoni, H.Y. Zhai, H.M. Christen, T. Aytug,
5G.R. Bollinger, H. Suderow, and S. Vieira, Phys. Rev. L88, S. Sathyamurthy, E.D. Specht, J.R. Thompson, D.H. Lowndres,
5582(2001). H.R. Kerchner, and D.K. Christen, Appl. Phys. LetB, 3669
6A. Sharoni, I. Felner, and O. Millo, Phys. Rev.@, 220508R) (2001.
(2001). 24A. Gauzzi, J. Le Cochec, G. Lamura, B.Jndson, V.A. Gaspa-
G. Karapetrov, M. lavarone, W.K. Kwok, G.W. Crabtree, and rov, F.R. Ladan, B. Plas, P.A. Probst, D. Pavuna, and J. Bok,
D.G. Hinks, Phys. Rev. LetB6, 4374(2001). Rev. Sci. Instrum71, 2147(2000.
8A.V. Pronin, A. Pimenov, A. Loidl, and S.I. Krasnosvobodtsev, 2°R.A. Kaindl, M.A. Carnahan, J. Orenstein, D.S. Chemla, H.M.
Phys. Rev. Lett87, 097003(2001). Christen, H. Zhai, M. Paranthaman, and D.H. Lowndes,
9S. Xu, Y. Moritomo, K. Kato, and A. Nakamura, cond-mat/0106342unpublishegl
cond-mat/0104534unpublishegl 26y, Bugoslavsky, Y. Miyoshi, G.K. Perkins, A.V. Berenov, Z.
10y, Moritomo and S. Xu, cond-mat/0104568npublishegl Lockman, J.L. MacManus-Driscoll, L.F. Cohen, A.D. Caplin,
¢, Panagopoulos, B.D. Rainford, T. Xiang, C.A. Scott, M. Kam-  H.Y. Zhai, M.P. Paranthaman, H.M. Christen, and M. Blamire,
bara, and I.H. Inoue, Phys. Rev.@, 094514(2001). cond-mat/0110296unpublished
12X H. Chen, Y.Y. Xue, R.L. Meng, and C.W. Chu, Phys. Rev. B 2’A.M. Gabovich and A.l. \oitenko, Phys. Rev. @), 7465(1999.
64, 172501(2002. 28A.L. Schawlow and G.E. Devlin, Phys. Rell3 120 (1959.
13ch. Niedermayer, C. Bernhard, T. Holden, R.K. Kremer, and K.2°F. Giubileo, D. Roditchev, W. Sacks, R. Lamy, D.X. Thanh, J.
Ahn, cond-mat/010843{unpublished Klein, S. Miraglia, D. Fruchart, J. Marcus, and Ph. Monod,
1E. Manzano and A. Carrington, cond-mat/0106166publishedl Phys. Rev. Lett87, 177008(2002).
15R. Prozorov, R.W. Giannetta, S.L. Bud’ko, and P.C. Canfield,®°N. Klein, N. Tellmann, H. Schulz, K. Urban, S.A. Wolf, and V.Z.
Phys. Rev. B64, 180501(2002. Kresin, Phys. Rev. Letf71, 3355(1993.
16F Manzano, A. Carrington, N.E. Hussey, S. Lee, and A. Yama-!S. Tsuda, T. Tokoya, T. Kiss, Y. Takano, K. Togano, H. Kito, H.
moto, cond-mat/011010@inpublishegl Ihara, and S. Shin, Phys. Rev. Le8, 177006(2001).

"R.S. Gonnelli, A. Calzolari, D. Daghero, G.A. Ummarino, V.A. *2P. Szabp P. Samuely, J. Kacmatci Th. Klein, J. Marcus, D.
Stepanov, G. Giunchi, S. Ceresara, and G. Ripamonti, Phys. Fruchart, S. Miraglia, C. Marcenat, and A.G.M. Jansen, Phys.
Rev. Lett.87, 097001(2002. Rev. Lett.87, 137005(2002.

BEDISON S.p.A. patent pending. 33F, Laube, G. Goll, J. Hagel, H.V. ltmeysen, D. Ernst, and Wolf,

19p.C. Larbalestier, L.D. Cooley, M.O. Rikel, A.A. Polyanskii, J. cond-mat/0106407unpublishegl
Jang, S. Patnaik, X.Y. Cai, D.M. Fldmann, A. Gurevich, A.A. 3Y. Wang, T. Plackowski, and A. Junod, Physica355 179
Squitieri, M.T. Naus, C.B. Eom, E.E. Hellstrom, R.J. Cava, K.A.  (200).

Regan, N. Rogado, M.A. Hayward, T. He, J.S. Slusky, P. Khali-®®M. Xu, H. Kitazawa, Y. Takano, J. Ye, K. Nischida, H. Abe, A.

fah, K. Inumaru, and M. Haas, Naturé.ondon 410, 186 Matsushita, and G. Kido, Appl. Phys. Le®9, 2779(2002).

(2001). 36A.Y. Liu, I.I. Mazin, and J. Kortus, Phys. Rev. LeB7, 087005
20, Gozzellino, F. Laviano, D. Botta, A. Chiodoni, R. Gerbaldo, G.  (2002).

020506-4



