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Penetration depth measurements in MgB: Evidence for unconventional superconductivity

C. PanagopoulosB. D. Rainford? T. Xiang® C. A. Scott? M. Kambara! and I. H. Inoué*"
1cavendish Laboratory and Interdisciplinary Research Centre for Superconductivity, University of Cambridge,
Cambridge CB3 OHE, United Kingdom
°Department of Physics and Astronomy, University of Southampton, Southampton S017 1BJ, United Kingdom
3Institute of Theoretical Physics, Academia Sinica, P.O. Box 2735, Beijing 100080, People’s Republic of China
4Electrotechnical Laboratory, Tsukuba 305-8568, Japan
(Received 2 March 2001; published 13 August 2001

We have measured the magnetic penetration depth of the recently discovered binary supercondugctor MgB
using muon spin rotation and low-field ac susceptibility. From the damping of the muon precession signal we
find the penetration depth at zero temperature-B5 nm. The low-temperature penetration depth shows a
guadratic temperature dependence, indicating either the presence of nodes in the gap or that the gap minimum
must be smaller than the lowest temperature meagdr@K) if the pairing has anisotropiswave symmetry.
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The discovery of superconductivity in the simple binary both measurements, we find that at low temperatiresr-
compound MgB with a remarkably high transition tempera- ies quadratically with temperature and does not show the
ture T.~39 K has attracted great interéstigB, is a hex-  activated exponential behavior expected for a conventional
agonal AlB,-type compound, consisting of alternating hex- sswave superconductor. The quadratic behavioh a§ evi-
agonal Mg layers and graphitelike B layers. To explore thedence for unconventional superconductivity.
mechanism of superconductivity in this material it is impor- The penetration depth is inversely proportional to the
tant to determine the symmetry of the superconducting ordesquare root of the superfluid density. Its temperature depen-
parameter, which governs the behavior of quasiparticle excidence is a measure of the low-lying superconducting quasi-
tations belowT.. Experimentally this can be done by mea- particle excitations and no phonon contribution is directly
suring thermodynamic responses of superconducting quasiivolved. This makes the analysis of penetration depth data
particles at low temperatures. In conventionsvave simple. Another advantage of the penetration depth measure-
superconductors, there are no quasiparticle excitations at loment is that it allows us to determine whether there are nodes
energies and the thermodynamic and transport coefficienis the superconducting energy gap even with slightly impure
decay exponentially at low temperatures. However, in unconsample$:®
ventional superconductors with gap nodes, such as in high- The sample measured was commercially available MgB
T, oxides, power law behaviors are expected in thermodypowder (Alfa Aesan. The superconducting transition tem-
namic coefficients at low temperatures. perature, as determined by both ac susceptibility and dc su-

Recently, the scanning tunneling conductaficethe  perconducting quantum interference devi&QUID) (at 20
nuclear spin-lattice relaxation r&tef MgB,, and the specific G) measurements, is 37.5 K. High-field dc SQUID and elec-
heaf have been measured. Although it was claimed that théron microscopy investigations showed less than 1% of im-
experimental data are consistent with a conventisnehve  purities present. The ac susceptibility measurements were
pairing gap, the data reported are rather controversial and ngerformed at an applied field,.=1 G rms and frequency
consensus can really be reached regarding the pairing symh=333 Hz on fine powder. The absence of weak links was
metry. The gap values obtained from the scanning tunnelingonfirmed by checking the linearity of the pickup voltage at
measurements vary from 2 meV to 7 meV. The low-4.2 K for H,. from 1 to 10 G rms and from 16 to 667 Hz.
temperature dependences of tunneling spectra reported by TF-uSR is a sensitive technique for measuringin this
different experimental groups also behave differently. Theechnique, the field distribution of a flux-line lattice of a
difference in both the value of the energy gap and the lowtype-ll superconductor produced by an applied magnetic
temperature dependence of the tunneling spectrum is proffield is probed by fully polarized positive muons implanted
ably due to the state of the surface, as well as the inhomadnto a specimen. The muon decays with a lifetime 2,
geneity of the samples measured. The spin-lattice relaxatioemitting a positron preferentially in the direction of the muon
rate measured by Kotegawaal® shows a very small coher- spin at the time of decay. By accumulating time histograms
ence peak just below, followed by an exponential decay of the decay positrons the muon polarization can be followed
in a broad temperature range. However, their measuremens a function of time. In type-ll superconductors, the muon
was done at relatively high temperatufabove 15 K, and it  spin precesses about the local field, which is modulated by
is not known whether this exponential behavior extends tdlux vortices. The time resolved polarization signal is oscil-
lower temperatures. latory with a decreasing amplitude. The damping of the

In this paper, we report our experimental data of the magmuon precession signal provides a measure of the inhomo-
netic penetration depth of MgB, in the superconducting geneity of the magnetic fieldB in the vortex state, hence
state. We have measuradusing the transverse-field muon the magnetic penetration depth'®~*? For polycrystalline
spin rotation (TF&SR) and low field ac susceptibility. From samples the envelope of the muon precession signal has ap-
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Evidence about the anisotropy of the superconductivity T (K)

may be obtained from the form of the distribution of internal

fields P(B), which can be derived by Fourier transforming ~ FIG. 1. The muon depolarization ratefor MgB, and the cor-
the muon precession signal. Detailed information requiregesponding penetration depthas determined from Ed2) versus
data from single crystals. However in powder samples ofémperature.

anisotropic superconductors it is found that the distributionynere

P(B) has a characteristic shoulder on the low-field side of

the central frequency We used the maximum entropy 3o R 3)\3
method to extracP(B) from the TFuSR data for MgB. x(0)=xo| 1— —z-coth—+ =/ )
For temperatures just beloW,. the low-field shoulder is 0
clearly evident, so we conclude that Mg anisotropic. B\ R 3R

Our TF-cooleduSR measurements were performed at the a—Xo< 20 _4 cotrr _—> <0. (6)
ISIS Facility, Rutherford Appleton Laboratory. The sample R 0 NgSIntP[R/\,]

measured by TheSR was a pellet of MgB 4 cm in diam- a¢ |0\ temperatures, the change linis proportional to the

eter and 2 mm thick, prepared by cold pressing_ th_e pOWdeEhange iny. Thus from the temperature dependence )
The pellet was mounted in a transverse magnetic fi&lgh,  (exponential or power law one can readily determine the
which was above the lower critical field but below the UPPETtemperature dependence ofT) in the low-temperature re-
crt;tlcal field, H°1d<HaPP<H°2' Hcél andchdof ]!\/'?(?2 fare gime. However, to determine the absolute valuexofwe
about 300 G and 18 T, respectiv fW"e used a field of 450 noq 1o know accurately the grain distribution functigiv)
G. (Measurements at not too high fields comparedtgcan  \\nich is beyond the scope of the present work.

minimize possible effects of dissipation due to flux motion Figure 1 shows the temperature dependence of the muon
and allow us to obtain reliable data for the temperature dedepolarization rater. At zero temperature we find that

pendence of the relaxation rate®) A set of measurements o(0 K)~10 us L. The corresponding in-plane penetration
at different field(up 'FO 600 G was also done to ensure that depth 40 K is A\j~85 nm. The temperature dependence of
;heldvalues of obtained were independent of the applled)\ at low temperature is clearly stronger than the exponen-
1eld. ) e tially activated temperature dependence expected for an
Th_e low-field ac SL.JSCEpt'b'“ty is also a commonly u.seds-wave superconductor. In fact, we find thatvaries ap-
technique for measuring. It has been successfully applied proximately quadratically withr in the whole temperature

to high-T, material$® and is particularly suitable for powder range belowT, (Fig. 2). This is supported by our low-
samples. The accuracy in the temperature dependenke of ¢ e

determined from the ac susceptibility technique is signifi- T
cantly higher than that of TRSR® In the superconducting 10 % i
state, the effective ac susceptibilityof a powder sample is [ O ]
related tox by the equatiot 8 ~ 3 0 1
o r oy 1
3\ R 3\? 3 6f o) 1
X(T)—Xo< 1—--gcoth-+ ?> : 3 5 o

ar o) .
wherey is the susceptibility in an ideal diamagnetic system, i ® 1
Ris the radius of a grain, and - - ) denotes a grain average 2k iy
defined by(x)=/dRxRg(R)/fdRRg(R) with g(R) the [ © o |
grain-size distribution function. At low temperatureg,T) T S ST S W =

can be expanded withd\(T)=A(T)—\o, Where X\, 0 400 800 1200

=\(0 K). To the leading order id\, we find Tz(Kz)

X(T)~x(0)+ ad\(T), (4) FIG. 2. The muon depolarization ratevs T2.
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FIG. 3. The ac susceptibility as a function off? at low tem-
peratures. The measurement was performed at 1 G and 333 Hz.
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The T2 behavior of\ at low temperatures is a typical
feature of disordered superconductors with line nodes, such
as the Zn-doped higfiz superconductor YB&Zu;0;.8° In
fact as little as 0.31% Zn substitution can cause a crossover
from a linear temperature dependencd tawvithout affecting
T..8 This has been interpreted as the effect of impurity scat-
tering on a superconductor with line nodes in the energy gap
and offers a natural explanation for tié behavior ofA we
found in MgB,. The T? dependence of in disordered high-

T, oxides is robust against Zn dopify.

In conclusion, we have measured the magnetic penetra-
tion depth of the newly discovered superconductor MgB
using the transverse-fiejdSR and low-field ac susceptibility
techniques. The value af at 0 K isabout 85 nm\ shows a
T2 dependence at low temperatures. This is strong evidence
for unconventional superconducting pairing in MgB

Note added in proofAfter submission of the manuscript,
we became aware of penetration depth measurements by Li

temperature ac SUSCEptibi"ty data shown in Flg 3, which ISe'[ a|_20 where similar conclusions were drawn.

related to the penetration depth by E4). The T? behavior

of \ at low temperatures suggests that either there are nodes

in the superconducting energy dapr the minimum gap is
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