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Field- and temperature-dependent microwave measurements have been carried out, dhitVigB grown
on Al,O; substrate. The analysis reveals the mean-field coherence Iépgthn the mixed state and a
temperature-independent anisotropy ratig-= §aMbF/§,°V,F%2. At the superconducting transition, the scaling of
the fluctuation conductivity yields the Ginzburg-Landau coherence length with a different anisotropy ratio
ysL= 2.8, also temperature independent.
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The recent discovery of superconductivity at 39 K in thethe transition. The two coherence lengths are quite different
simple binary compound MgB(Ref. 1) has sparked a con- in MgB,. The anisotropy ratios are also differeny
siderable effort in the scientific community to determine the>y,¢), but both turn out to be temperature independent.

fundamental parameters and the nature of superconductivity The thin film of MgB, was grown on (1_(D2) Al,O5 sub-

in this compound. Quite surprisingly, the usually simple de-strate using a two-step meth&t* Precursor thin film of B
termination of the upper critical fielB., has emerged as a was deposited by pulsed laser deposition at room tempera-
controversial issue. The early attempts to deternBifie(B  ture. The B thin film was sealed together with high purity Mg

c axis), and ng (B| ab plane, have shown a large span of into Nb tube with Ar atmosphere. The heat treatment was
values and anisotropy ratip=B25/BC, varying in the range carried out at 900 °C for 10—30 min. The film thickness was
1.2-92 One could have ascribed these discrepancies to a#00 nm. X-ray diffraction indicated that the MgHilm has
insufficient control of the sample preparation conditions at highly c-axis oriented crystal structure normal to the
the early stage. However, the controversy has not been fulljubstrate surface with no impurity phase observed. These
settled even with the improved sample quality in the recentlyilms have bfﬁ” studied previously by dc resistivity,
prepared thin films and single crystals of MgB 2 One of magnetizatiort>* penetration deptF‘ﬁ and zero-field micro-

the puzzling observations was that different experimentalVaVe measurementSThese studies have supported the gen-
techniques often yielded strongly diverBg, values in one erally observed features of MgBsuperconductor, anisot-

and the same sample. Thus, Welpal® have shown that ropl\)/ll,ic?ga;vg-r%aeg;jgjr;eénts were carried out in an elliptical
resistive onset of superconductivity in a given field, which p

was traditionally taken as the upper critical field, was in dis-Cavity resonating in,TE;y; mode at 9.3 GHz. The thin film
. y c pper ' was mounted on a sapphire sample holder and placed in the
accord with theB¢, values obtained in the same sample by

o o " "center of the cavity where the microwave electric fiélg
specific heat and magnetization measurements. Similar d'?\'/as maximum. The sample was oriented wth plane par-

crepancy has been observed in the results of the resistiv&Iel toE, . The measured quantities were @dactor of the
onset and the_thermal gonductlvh?yOn the other hand, the cavity loaded with the sample and the shift of the resonant
onset of the diamagnetic response was found to corroborate

with the zero resistanc@r the onset of finite resistivijy?: ~ reauency f. From the complex-frequency shift w/w

The common approach in these methods is to make & Af/f+iA(1/2Q), one can obtain by inversion the com-
choice of a percentage in cutting the transition curves. Th@lex conductivityo= o, —io, of the film using the cavity
corresponding points are then taken Bg,(T). Alterna-  perturbation expressior.
tively, one looks for the geometrical intersection of the tan- Figure 1 shows the experimental results in zero magnetic
gents above and below the transition. None of these choicefigld. From the imaginary part of the conductivity,
however, is guided by a physical law describing the transi—= 1/M0whf, one can infer the zero-temperature London pen-
tion. etration depth\ (0)=79 nm in our film. With this value,

In this Rapid Communication, we show that the problemand the shape of, this film is found to be between the
of the upper critical field, and the related coherence length, islean and the dirty limit, closer to the lattér.
more subtle than implicitly assumed before. Our analysis is Here we focus on the effects of the applied magnetic field
based on the physical process that defines the shape of tirethe superconducting state. Figure 2 shows the field depen-
experimental curve, and yields unequivocally the value ofdences BJ|c) of the complex-frequency shift at various tem-
B.,. We find the mean-fieldMF) coherence lengtl§y,r as  peratures. By inversion of these data points, one can obtain
the radius of the vortex core in the mixed state and, sepahe field-dependent complex conductivity at each given tem-
rately, the Ginzburg-Landa(GL) coherence lengtlfs, at  perature. Theoretically, the response of the superconductor in
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FIG. 1. Plots of imaginary and real parts of the complex-
frequency shift in MgB thin film in zero magnetic field. Inset
shows the corresponding conductivities. BT
the mixed state to an oscillating electric fidtg, is given by FIG. 3. Variations of the volume fraction of the normal elec-
an effective complex conductivity trons. The dashed lines mark the low-field linear segments of the

curves wherefronBYy™ can be determined. The arrows indicate the

__BlBa BL;- values obtained from the 3D LLL scaling of the fluctuation
1 1-i(wp/w) N 1 B/Be; conductivity in Fig. 4.
E'eff 1_3 ( —j )_,_E In l—i(wolw)'
By, 1 '7¥TB,Yn by the normal vortex cores. This parameter determines the dc

(1) resistivity in the flux flow regimé? and has been used also
) ) . _ in the microwave studies on classical superconduéfoFse
The first term is due to the microwave current outside thedepinning frequency, may change with field and tempera-

vortex cores, and the second due to the normal current in thﬁre from the strongly pinned cased> o) to the flux flow
cores of the oscillating vortices. The meaning of the fraction“mit (wo<w). In Eq. (1), the zero-field conductivity is-

B/Bc, in Eq. (1) is the volume fraction of the sample taken —io,, and o, is the normal-state conductivity. Similar

magnetic-field-dependent microwave studies have been car-
121 g ried out extensively on higi superconductor& 24
1 Using the experimental field-dependent complex conduc-
tivity and Eq.(1), we have determined the values BfB.,
andwg/w. Figure 3 shows some of the results. One observes
that each of the curves has initially a constant slafashed
lines in Fig. 3. It defines very precisely the value Bf, at a
given temperature. Note that in this region the actual fizld
is much smaller thaB.,, so that the superconducting film is
well in the mixed state. Hence, we determine, in fact, the
mean-field coherence lengéy - as the radius of the normal
vortex core BYy =®q/27E2,-, Whered is the flux quan-
tum). The fundamental property of a vortex much below the
transition to the normal state is that it contains many Landau
levels as bound superconducting st&te¥/hen the field is
increased so that the transition to the normal state is ap-
proached, the upper Landau levels are gradually lifted and
finally only the lowest Landau level remains. The field at
which this level nucleates is conventionally known as the
B(T) upper critical fieldB.,. When the transition is very sharp,
B., can be determined straightforwardly from the single
FIG. 2. Magnetic-field dependences of the complex-frequencyiurning point. However, in the cases of rounded transitions,
shift in MgB, thin film for B||c. The arrows indicate increasing one has to consider the fluctuation conductivity and the scal-
temperatures. ing laws, which govern the physics of the transition. At high

1/2Q (ppm)

Aflf (ppm)
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level only. The field required for this nucleation is related to
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(FILENTBe ) the Ginzburg-Landau coherence len@®h;"= ¢o/27&5, .
FIG. 4. 3D LLL scaling of the fluctuation conductivity, ~ The anisotropy ratio isyg, = £22/£5, =2.8, and also tem-

—op,. perature independent in the interval where the 3D LLL scal-
ing could be applied.

magnetic fields, one can use the scaling law based on t We show by the dashed lines in Fig. 5 the results obtained
' Il?y cutting the experimental curves of Q2n Fig. 2 at 95%
lowest Landau levelLLL ) schemé? It has been used suc- 9 b g g )

Lo _ of the normal-state value. The line obtained in this way for
cessfully in highT, superconductors to determine the,B  gab 1) exhibits a positive curvature and, consequently,
line.

, ) ) yields a temperature-dependent anisotropy ratio. Similar re-

In Fig. 4 we show the scaling of the fluctuation conduc-gjts have been obtained in other recent regorwhere
tivity oy — oy according to the three-dimensior@D) LLL  yarious cutting criteria have been used rather than the scaling
scheme>* A very good scaling is achieved only with a aw, It is not possible to find a single cutting level that would
linear choice ofT.(B) line (equivalentlyB, line) for the  mimic the 3D LLL scaling procedure. It appears that the
temperature interval indicated in Fig. 4. The correspondingutting level should be changed from one experimental curve
values are marked by arrows in Fig. 3. It is obvious that theto another at a different temperature in a way thaa igtiori,
values ofB, obtained from the 3D LLL scaling are close to not known. Obviously, the effects of the superconducting
the points where the normal state seems to be reached, biluictuations cannot be simply accounted for by a cutting pro-
not precisely there. This feature is due to the superconductedure.
ing fluctuations, which appear also above the mean-field One may remark that the extrapolaﬁﬂg" lines in Fig. 5
transition. By taking the deviation from the normal-state be-point to T,=33.8 K, while the dashed lines based on the
havior as the onset of superconductivity, one selects, in fachs9 cutting criterion reach 35.5 K. With a higher percentage
the point where the superconducting fluctuations start to €Xfor the cutting level, one could reach even higher tempera-
hibit a contribution noticeable above the noise level in thetyres. These values are in the fluctuation region above the
experimental curve. true T, defined as the temperature whegg diverges.

The results of the present analysis are synthesized in Fig. |n conclusion, we have shown that in MgBone can
5. The full symbols represent the mean-field res@§”  distinguish the mean-field coherence length in the mixed
with vortices formed by a great number of Landau levels andstate, and the Ginzburg-Landau coherence length at the tran-
having radiuséyr. The anisotropy ratiOyMF=§&bF/§§,,F sition. The latter is found by considering the superconducting
~2 is practically temperature independent. The full lines influctuations and the proper scaling law of the measured
Fig. 5 are obtained from the 3D LLL scaling. These linesphysical quantity. We find the anisotropy ratipge~2 and
delineate the nucleation of vortices with the lowest Landauyg, =2.8, both with no temperature dependences.

1J. Nagamatsu, N. Nakagava, T. Muranaka, Y. Zenitani, and J.2K.H.P. Kim, J.-H. Choi, C.U. Jung, P. Chowdhury, H.-S. Lee,

Akimitsu, Nature(London 410 63 (2002). M.-S. Park, H.-J. Kim, J.Y. Kim, Z.L. Du, E.-M. Choi, M.-S.
2C. Buzea and T. Yamashita, Supercond. Sci. TechbglR115 Kim, W.N. Kang, S.-I. Lee, G.Y. Sung, and J.Y. Lee, Phys. Rev.
(200D. B 65, 100510(2002.

020507-3



RAPID COMMUNICATIONS

DULéIé, POVZEK, PAAR, CHOI, KIM, KANG, AND LEE PHYSICAL REVIEW B 67, 020507R) (2003

4C. Ferdeghini, V. Ferrando, G. Grassano, W. Ramadan, E. BelF*W.N. Kang, H.J. Kim, E.M. Choi, C.U. Jung, and S.-I. Lee, Sci-
ingeri, V. Braccini, D. Marre, M. Putti, P. Manfrinetti, A. Palen- ence292 1521(2001).
zona, F. Borgatti, R. Felici, and C. Aruta, Physic8%8-38156  #H.-J. Kim, W.N. Kang, E.-M. Choi, M.-S. Kim, K.H.P. Kim, and
(2002. S.-l. Lee, Phys. Rev. Let87, 087002(2001).
5C. Ferdeghini, V. Braccini, M.R. Cimberle, D. Marre, P. Manfri- ®M.-S. Kim, J.A. Skinta, T.R. Lemberger, W.N. Kang, H.-J. Kim,
netti, V. Ferrando, M. Putti, and A. Palenzona, Eur. Phys. J. B. E.-M. Choi, and S.-I. Lee, Phys. Rev. @5, 064511(2002.
30, 147(2002. 16 B. Jin, N. Klein, W.N. Kang, H.-J. Kim, E.-M. Choi, S.-I. Lee,
5. Angst, R. Puzniak, A. Wisniewski, J. Jun, S.M. Kazakov, J.  T. Dahm, and K. Maki, Phys. Rev. B6, 104521(2002.
Karpinski, J. Roos, and H. Keller, Phys. Rev. L&8, 167004 17D.-N. Peligrad, B. Nebendahl, M. Mehring, A. Didg M. Pozk,
(2002. and D. Paar, Phys. Rev. &, 224504(2001).
7K. Takahashi, T. Atsumi, N. Yamamoto, M. Xu, H. Kitazawa, and 8A.A. Golubov, A. Brinkman, O.V. Dolgov, J. Kortus, and O.
T. Ishida, Phys. Rev. B6, 012501(2002. Jepsen, Phys. Rev. 8, 054524(2002.
8M. Angst, R. Puzniak, A. Wisniewski, J. Roos, H. Keller, and J. °A. Duléic and M. PSek, Physica (218 449 (1993.
Karpinski, cond-mat/020640@npublishedl 20M. Tinkham, Introduction to SuperconductivityMcGraw-Hill,
U. Welp, G. Karapetrov, W.K. Kwok, G.W. Crabtree, Ch. Marce- New York, 1975.
nat, L. Paulius, T. Klein, J. Marcus, K.H.P. Kim, C.U. Jung, 2Ly B. Kim and M. J. Stephen, iSuperconductivityedited by R.
H.-S. Lee, B. Kang, and S.-I. Lee, cond-mat/02033@@pub- D. Parks(Dekker, New York, 1969 \ol. 2.
lished. 223. Owliaei, S. Sridhar, and J. Talvacchio, Phys. Rev. L&3t.
0\, Zehetmayer, M. Eisterer, J. Jun, S.M. Kazakov, J. Karpinski, 3366 (1992.
A. Wisniewski, and H.W. Weber, Phys. Rev. 8, 052505 23|. Ukrainczyk and A. Duli, Europhys. Lett28, 199 (1994.
(2002. 240\, Golosowsky, M. Tsindlekht, and D. Davidov, Supercond. Sci.
. Lyard, P. Samuely, P. Szabo, T. Klein, C. Marcenat, L. Paulius, Technol.9, 1 (1996.
K.H.P. Kim, C.U. Jung, H.-S. Lee, B. Kang, S. Choi, S.-I. Lee, 2°S. Ullah and A.T. Dorsey, Phys. Rev. !, 262 (1991).
J. Marcus, S. Blanchard, A.G.M. Jansen, U. Welp, G. Kara-%U. Welp, S. Fleshler, W.K. Kwok, R.A. Klemm, V.M. Vinokur, J.

petrov, and W.K. Kwok, Phys. Rev. 86, 180502R) (2002. Downey, B. Veal, and G.W. Crabtree, Phys. Rev. Lé#.3180
2 v, Sologubenko, J. Jun, S.M. Kazakov, J. Karpinski, and H.R.  (1991).
Ott, Phys. Rev. B35, 180505R) (2002. 21y, Ukrainczyk and A. Duli, Phys. Rev. B51, 6788(1995.

020507-4



