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Multiband model for penetration depth in MgB ,
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The results of first-principles calculations of the electronic structure and the electron-phonon interaction in
MgB, are used to study theoretically the temperature dependence and anisotropy of the magnetic-field pen-
etration depth. The effects of impurity scattering are essential for a proper description of the experimental
results. We compare our results with experimental data and we argue that the two-band model describes the
data rather well.
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The electronic structure of the recently discoveredcoupling regime for describing the properties of highsT-
superconductdrMgB, is now rather well understood and the perconductors. Strong-coupling two-band-model calculations
superconductivity may be ascribed to the conventionabf the microwave response, and in particular the penetration
electron-phonon mechaniém. The Fermi surface consists depth, were performed in Refs. 38 and 39.
of two three-dimensionéD) sheets, from ther bonding The penetration depth of the magnetic fiald .5 in the
and antibonding bands, and two nearly cylindrical sheet$ocal (London limit is related to the imaginary part of the
from the two-dimensionab- bands. The qualitative differ- optical conductivity by
ence between the 2B- and the 3Dsm-bands in connection
with the large disparity of the electron-phonon interaction
(EPI) for the different Fermi surface sheets suggested a
multiband description of superconductivity:® Recent re- _ _ _ _
ports on quantum oscillatiohisprovided not only important Wherea, 8 denote Cartesian coordinates and the velocity
information on the electronic structure near the Fermi levePf light. If we neglect strong-coupling effectsr, more gen-
but it also probed directly the disparity of the EPI in the erally, Fermi-liquid effectsthen for a clean uniform super-
and o-band systems. The excellent agreement of the calcueonductor atT=0 we have the relatio ,z=c/wp”,
lated EPI with the de Haas—van Alphen mass renormalizawhere @;*)?=87e?S,;8(e")vg jvE; is the squared total
tion clearly confirms the basic assumption of the two-gapplasma frequency angk ; is the « component of the Fermi
model?. Further experimental support of this model comesvelocity in thej band. Impurities and interaction effects dras-
from scanning tunnel microscopy and point-contacttically enhance the penetration depth, and it is therefore suit-
spectroscopy’*° high-resolution photoemission able to introduce a so-called “superfluid plasma frequency”
spectroscopy, Raman spectroscoply specific-heat w,jfaﬁ by the relationw;faﬂ=c/)\L'aﬁ. It has often been
measurement$!® and studies of the magnetic penetrationmentioned that this function corresponds to the charge den-
depth!®-2 sity of the superfluid condensate, but we would like to point

There is still some debate concerning the applicability ofout that this is only the case for noninteracting clean systems
the multiband description to MgBin particular since some atT=0.
tunneling measuremeRtsshow only a single gap with a In the two-band model we have the standard expression
magnitude smaller than the BCS value &4&=1.76 T.. A (neglecting vertex correction&®3°
recently proposed multiband scenario for tunnélimMgB,
explains the reason for the differences in the observed tun-
neling spectra and thus helps to settle this debate.

INE ap= imAmoIm o (w,q=0)/c?, (1)

INE L p(T)=[ w3, 5(T)/Cc]?

A similar discussion has been going on concerning the 0B\ 2 o X2(n)
penetration depth. The measured magnetic penetration depth = > (ﬁ) - _ L ,
shows a large variety of behavi¢see Table )l In order to i=om\ C === [wf(n)+A7(n)]*
interpret these results, a microscopic model is required. In )

this paper we shall use the multiband m&délto calculate

the temperature dependence and the anisotropy of the pen- ~ ~

etration depth using the Eliashberg formalism and the result¢here o(n)=wnZ(w,) and A(wn)=A(wn)Z(w,) are the

of first-principles electronic structure calculations. solutions of the Eliashberg equatidiisand the calculated
Generalization of the BCS theory to the multiband modelPlasma frequencies for the and 7 bands are given in Ref.
was first suggested in Refs. 34 and 35 and it has been o Equation (2) corresponds to the standard parallel-
served experimentally in Nb-doped SrEié$ More recently, Eonduc~tor formula and does not contain cross terms
Kresin and Wolf” suggested a two-band model in the strong-Ai(w,)Aj(wy). It is a consequence of the fact that in the
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TABLE |. Penetration depth measurements by different methods and g(d\jys=microwave, uSR
=muon spin relaxation, RFradio frequency, FIRfar-infrared optical spectroscopyValues for the esti-
mated London penetration depth(0), superfluid plasma frequenayf)f, temperature dependende (T),
superconducting gap valués,, and ratios 2,/kgT. are shown.

Method A(0) (nm) w;f (eV) AN(T) Ay (meV) 2A0/kgT. Ref.
ac+ M(H) 200 0.99 ~T27 17
uSR 100 1.98 two gaps A;=6.0,A,=2.6 3.6,1.6 19
Hep T 23
MW T2 24
uSR+ac 85 2.33 T? 25
RF 160~ 20 1.24 BCS 2.80.4 1.7402 26
FIR 300 0.66 BCS 25 1.9 27
MW 60 3.3 T, T<T./2 28
MW 110+ 10 1.8 BCS 7.40.25 =45 29
RF BCS 2.61 1.54 30
FIR 218 0.91 2.5A<75 31
MW (T.=37.9 K) 100 1.98 32
MW (T,=26 K) 1200 0.165 32
MW (T,=39 K) 110 1.8 BCST>5 K 3.8 2.26 33
MW (T.=36 K) 115 1.72 BCST>5 K 3.2 2.06 33

local limit (q=0) the bare current vertex equajs; 5, . The ~ in some experiments. If the superconducting band with the

Eliashberg equations were solved numerically as describesmaller gap will be “overdamped” due to impurities, then

in Refs. 8 and 9. the penetration depth is only determined by the other band
The influence of impurities is incorporated into the modeland it will show a BCS temperature dependence, which has

by including shifts of the gap functioh’(w,) and the renor- ~ also been observed in some experimesee Table)l
malization factorz(w,,), For a proper understanding of the observed physical be-

havior of MgB, it is important that impurities are taken into
account properly. Recently, the influence of impurities on the
A= AN+ Y ¥ AY2\wi+(AD)2, two-gap superconductivity has been discus¥edsing the
J same arguments we shall discuss two caggsThe clean
case with scattering rateg,=vy,=2 meV as realized in
Zi(wn)—ZXwn)+ 2 yijl2 i+ (A9)?, low-resistivity dense wirés and (ii) the dirty case withy,,
] =54 meV andy,=1.2 eV. The values for the scattering

in the Eliashberg equations. Intraband scattering does not

changeT, and the gap valueg\nderson’s theorejn but in- 1.0 - T T
fluences strongly the penetration depth. i

Before we start discussing the exact solutions to the 08| -
Eliashberg equations we present a simplified model consist- I
ing of two independent BCS superconducting bands with &= 06 RN 1
different plasma frequencies and different géagsd conse- o N
quently differentT.’s). In spite of the fact that this model is £ \\
clearly an oversimplification, it captures qualitatively most 9/_, 04r \ T
of the observed behavior. In this model the band with the < """ " """ ‘\'~
larger T has the smaller plasma frequensge Fig. 1 02} \ -

For a clean system the resulting inverse squared penetra- I \
tion depth is the sum of the “superfluid plasma frequencies” 0.0 o
(solid ling). The kink in Fig. 1 is an artifact of the simplified 0.0 0.2 04 06 08 1.0
model which will be smoothed out by interband coupling, T

[+

but an inflection point in the temperature dependence of the

penetration depth remains which has been observed experi- gig. 1. Temperature dependence of the penetration depth in the
mentally, as will be discussed belaisee Fig. 2 The low-  model of two independent BCS superconducting baddshed and
temperature dependence is determined by the band with thftted ling with different superconducting gaps. The resulting pen-
smallest gap, whereas the high-temperature behavior resuldgation depth(solid line) clearly shows a non-BCS temperature
from the band with the larger gap. This is in accordance withbehavior. The low-temperature behavior will be dominated by the
the temperature dependence for low temperatures observéednd with the smaller superconducting gap.
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FIG. 2. The calculated temperature dependence of the penetra- ®

tion depth for the clean and dirty ca&es defined in the texin the
ab plane and along the axis, as well as a BCS curve correspond-
ing to a single band case. For comparison experimental data fro
microwave experiments on single crystals)( (Ref. 26, oriented

films (O) (Ref. 33 anduSR data on polycrystal®) (Ref. 19 are oo re dependence of the penetration depth in the dirty
shown too. c-axis case follows the cleaab-direction case. This is

caused by the fact that thechannel is blocked by the small
rates in the dlrty case, as well as negllglbly small interban(b|asma frequency and the channel is blocked by |mpur|ty
scattering rate€, are in accordance with the results on high scattering. However, the absolute values of the penetration
I'ESiStiVity fl|m831 The reason for weak interband Scattering depths differ by a factor of about 8 in these two cases. One
lies in the specific electronic structure of MgBhamely the  may see that an inflection point is present in the temperature
electronic states in the 2B band only have a small overlap dependence even for this single-band contribution, because
with the states in the Mg plane, where defects are most likelpf the induced superconductivity at higher temperatures in
to occur. the 7 band.

Exact CalCUIationS, i.e., SOlVing the EliaShberg equaﬁons The Corresponding London penetra’[ion depths Tat
for the effective two-band model with parameters derived—4 g have the values )\E[zin_: 39.2 nm, )\Elgan
from flrstjprmuple electronic struct'ure calculations, have.:39_7 nm,AE{Q%’leS.? nm, and\‘ﬂ"‘cty=316-5 nm. One
been carried out for the clean and dirty cases for a magnet%ay observe that even in the clean case the value of

field along thec direction or in theab plane. The results st 5y v f Ea. (2) diff f h |
obtained can be presented in the form of the effective supew”'“ﬁ( 0)=5 eV from Eq. (2) differs from the tota

. Sf . tiilasma frequency=7 eV as a consequence of strong-
fluid plasma frequencyy . Figure 2 displays the calculated coupling effects due to electron-phonon interaction.

[05'(T)/w5/(T—0)]*=[A (T—0)/A(T)]* as a function Table | summarizes the experimental information on the
of reduced temperature. penetration depth, (T—0), the temperature dependence of
First we shall discuss the temperature dependenagbf e penetration depth\,(T), and the estimated supercon-
when the magnetic field is oriented exactly along ¢hexis  qucting gap obtained by different experimental methods and
(this means that screening currents run in &eplang. In groups. Our theoretical values of the penetration depths for
the clean case the situation is similar to the model discussefie clean case are smaller than the smallest experimental
above (Fig. 1. A\{°(T) "2 has an inflection point and the value. On the other hand the values for the dirty case are in
low-temperature behavior is determined by the band with thgeasonable agreement with experiment. Nearly all measured
small gapA . In the dirty case the conductivity in the  penetration depths fall within our limiting casédean and
band is strongly suppressed. This means that the screenirfirty), and especially the observed BCS-like behavior at
currents in theab plane are determined by theband with a  lower temperatures, reflecting theband contribution, is in
BCS-like temperature dependence with a large §gp For  agreement with our theoretical calculations.
the intermediate case the temperature dependen)c@bOT) It is well known that in a clean superconductor the low-
is between these limiting cases. One can even have situatiotsmperature penetration depth is independent of the super-
with a nearly linear dependence in some temperature inteconducting gap. In this case, the anisotropy is only deter-
val, as may be seen in Fig. 2. Experimental data from micromined by the ratio of the plasma frequencies in aleplane
wave experiments on single crystdland oriented film&as  and ¢ directions. Hence, if ther band is very clean the
well as uSR data on polycrystdi¥are shown for compari- penetration depth is nearly isotropic due to the small differ-
son in Fig. 2. ence in the effective plasma frequencies. This is shown in
As may be seen from E@2), the penetration depth in the Fig. 3, where one may also see that impurities in#hleand
c direction in the clean case is only determined by the drastically enhance the anisotropy. In the inset of Fig. 3 the
bands because of the very small plasma frequency ofrthe temperature dependence of the anisotropy is shown for the
band in this direction. It is interesting to notice that the tem-clean case. The reason for the strong variation with tempera-

FIG. 3. The anisotropy of zero-temperature penetration depth vs
impurity scattering rate in the band. The inset shows the tempera-
Fire dependence of the anisotropy for the clean limit.

054524-3



GOLUBOV, BRINKMAN, DOLGOV, KORTUS, AND JEPSEN PHYSICAL REVIEW B6, 054524 (2002

ture is that for high temperatures the difference of gaps als@herefore the data from Refs. 26 and 33 are described by our
contributes. A similar observation has recently been made iralculation for the clean case. Quantitative deviations can be
a weak-coupling modéf attributed to a different impurity content and a possible ad-
A final remark concerns the orientation of the magneticmixture of c-axis contribution. The temperature dependence
field. According to estimates in Ref. 8 theband does not  of the specific electrical resistivity is not provided in these
contribute to the electronic transport for angles with the papers however, which would be needed in order to estimate
axis larger than of the order of 1°. This implies that for the impurity scattering rates.
larger angles the effective penetration depth.is determined by |, conclusion, we have used the results of first-principles
the 7 band only. Only for angles approaching zero, the  cqjcylations of the electronic structure and electron-phonon
band contributes and the penetration depth decreases towakd§raction in MgB to calculate the magnetic-field penetra-
the .min.imal value corresponding to the screening currenfjo, depth. The measured temperature dependence of the
flowing in theab plane, namely 39 and 106 nm for the clean penetration depth is qualitatively well reproduced in a two-
and dirty case, respectively. _ _band model with the same set of parameters which was used
The above-mentioned considerations must be taken intgy fit gc resistivity?>*1 We predict strong dependence of the

account when interpreting the experimental data. In polyynisotropy of the penetration depth on impurity scattering in
crystalline samples the penetration depth is mostly detelg,q - band, while interband impurity scattering is negligibly

mined by thewr band and therefore practically isotropic and gma114° This anisotropy increases with increasing tempera-
it is similar to thec-axis penetration depth in Fig. 2. Our ¢, e

calculations for the dirty case describe qualitatively well the

data in Ref. 19. On the other hand, the data for single crystals We acknowledge many useful discussions with 1. I. Mazin
and oriented films correspond to our calculations of theand A. D. Caplin. J.K. would like to thank the Schloemann
ab-plane penetration depth, provided the magnetic field is~oundation for financial support. This work was supported
oriented with an accuracy better than 1° along thaxis. by the Dutch Foundation for Research on Matfe®M).
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