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Localized states within the gap in a two-band superconductor
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We present results for strong-coupling calculations for the density of states in the presence of magnetic
impurities in a two-band superconductor. Our calculations were done for the particular case of,a MgB
compound where two bands (and 7 B-like) intersect the Fermi level. If only the band is responsible for
superconductivity, then an impurity band will form in the energy gap ofstHeand. If theo band is involved,
then new features may be found in the density of states at frequencies between the superconducting gaps
corresponding tar and o bands. The validity of our results can be directly verified by measuring the density
of states in the presence of magnetic impurities using tunneling experiments in. M¢gB also present
analytical results for the doping dependence of the critical temperature.
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Since the qiscovery of superconductivity in MgBy Na-  |imit'® (S—, J—0). S is the impurity spin which is a
gamatsuet al.” with a critical temperature as high @  classical vector. The interaction term is treated based on a
=39 K, a tremendous amount of experimental and theoretr_matrix approximation where multiple scattering on the
ical work has been initiated for giving a reasonable explanamagnetic impurity is considered, in contrast with Abrikosov-
tion of'the superconducting properties of this compoundGorgOV theor§® where only the Born approximation was
T;'ere IS _n(t)t ye;_%constehnsui vlvhether the ztro?gﬁel_ectroqéken into account. Although Shiba’s theory applies to the
phonon intéraction or the RNole SUPErconducivity1s 556 \yhere higher partial wave electron-impurity scattering
responsible for superconductivity in MgBBoth scenarios is included, the papers which have been based on the theory

seem to be in agreement with the large amount of experimen- . :
7 ; - ave all assumed lower scattering waves. In our approxima-
tal dat and in favor of swave superconductivity. . . . N
tion only thesswave channel is considered. The derivation of

Other experiments such as tunnefingand specific
heaf have pointed out the presence of two gaps. The two
band superconductivity model was first proposed by Suht

the Eliashberg equations for the two-band model is similar to
he case of one barld.When magnetic impurities are in-

etall in the framework of BCS theory as an academic¢luded the equations are

problem. Later the model was applied to cuprate supercon-
ductors by Kresinet al. in the framework of Eliashberg
theory!!

The aim of this paper is to conduct an experiment on
MgB,, whose qualitative outcome can, in principle, decide
the number of the bands in MgBnvolved in superconduc-
tivity. We consider the effect of paramagnetic impurities,
treated within the Shiba approximatibhpn the density of
states in MgB. The first generalization of magnetic alloy
theory to include strong-coupling effects within the Eliash-
berg theory was given by Schachintfeand further devel-
oped by otherd? We generalize these results by considering
the case of two-band superconductiityThe Eliashberg
equations for the two-band model were solved previddsly
in the case of clean superconductors and in the presence of
nonmagnetic impurities for explaining the physical proper-
ties such as penetration depth and nuclear-spin relaxation in
the superconducting state. In our calculations the numerical

results for the quasiparticle density of states are obtaine@ (1 @n) =

indirectly from the analytical continuation to the real fre-
quency axis of the gap functions using a Pade
approximationt” We have calculated the gap functions for a
large number of Matsubara frequenci@ge have used 2048
Matsubara frequencig$w,,. When magnetic impurities are
considered the perturbation potential ¥(r—R;)=U(r
—R))+J(r—R))oS where R, is the impurity location.U
describes the non-spin-flip interaction and the second term is
the spin-flip interaction that is considered in the classical
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1 width) while their position remained fixed. The bound states
Zy(lwp) =1+ w—TFTE N oolion—ionds(iom) corresponding to ther band remain practically unchanged
nooom with modifying the interband scattering. When a finite con-
A prlopg—Twmn) g (ioy)] centration is considered the resonances corresponding to
) 5 5 . _each band transform into a impurity ba’r?d@_\ large scatter-
+ U'ss (iwn) wntAG(Twn) ing between bands may lead to a broadening of the observed
Z,(iwp) G ”’wﬁﬁswAi(i @) features in the density of states of each band. However if the
magnetic impurities are randomly distributed in the material
r Wi+ A2(iwpy) the corresponding- and 7-band orbitals couple with differ-

ent orbitals of the magnetic impurities so the charge transfer
between the bands is very small. In our study we considered
this a good approximation, we neglected the scattering be-

- il )
Z,(iwg) 9 (T w2+, A2(iwy)

Zp(iwg)=1+ iWTE [N rol(iwn—Ton)g,(ion) tween bands mediated by the magnetic impurities, and con-
@n o sidered that what was responsible for interband electron in-
A ralion—ion)g-(ion)] teraction are phonons only. In the case of the two-band
model there are four Eliashberg funcﬂoaa%F(w) instead of
Fﬂ}al ) wﬁ+A§(iwn) only one, as in the case of the single-band model. Their
+ mfv('wn)wz+8 A2(iw.) frequency dependence was recently calculated in Ref. 22 and
NG omemert T it was found that all present a sharp peak at a frequency
re _ w2+ A%(iwp) corresponding to th&,y phononic mode. In our calculations
+mf"("””) 5 5 , (1) we will use a Lorentzian form for the phonon density of
m N ot e AZ(1wp) states, which was demonstrat®tb model the experimental

where we have introduced the following notations for thedata for the temperature dependence of the gap functions.

functionsg andf: The Lorentzian is centered at a frequency corresponding to
the E;; mode E,4=67 meV). For each band we keep the
gi(iw,) = @n sameF (w) constant and vary only the weighting factaerg
nen ‘/w§+ Aiz(wn), in order that the temperature dependence of the calculated
) gaps fit the experimental data. The critical temperature can
filiw)= Ai(iwp) @) be defined as the highest temperature below which there are
neen \/m nonvanishing solutions for the gap functiods(i w,). In-
and cluding magnetic impurity terms in Eliashberg equations has
a drastic effect on the frequency dependence of the gap func-

20 3) tions A(iw,) and of the renormalization functior&i ).
2’ In Fig. 1 we represent the frequency dependence of the gap
functions and the renormalization constants for éhband.
In Egs. (1)—(3) Ai(iw,) are the superconducting order pa- Similar results are obtained also for theband(see also Ref.
rameters corresponding to the(i=o) and thew (i=m)  16). The real parts of the gap functions start to decrease as
bands andZ;(iw,) are the corresponding renormalization we increase the scattering rates and the imaginary parts be-
factors. The first ternfsum over frequencigsn each equa- come negative below the leading edge dafven by the
tion is due to the intra- and interband phonon scatteringgquation REA(w=Ag)}=A,]. In the clean limit below the
while the last two terms are due to the impurity scattering ineading edge gap the imaginary part of the gap functions
and between the bands. The parameléfsare defined as vanishes. The most important difference between alloys and
2r{V=17{"+ 177 and P =1/7V— 17 where 7V the pure limit is the low-frequency behavior of the imaginary
is the non-spin-flip scattering lifetime anéf) is the spin-flip  part of the renormalization constan(i w,) which acquires
scattering lifetime of the magnetic impurity;; is propor- a liw dependence due to the impurity scattering term. We
tional with the impurity concentration; . ¢;; are related with  performed numerical calculations for a large spectrum of
the scattering phase in thewave channet® &jj =cosE" magnetic impurity lifetimes and we found qualitatively simi-
—&7), where tang~)=U=*JS. In our calculations we con- lar results for the frequency dependence of the gap functions
sider that scattering between bands is not important so thend for the renormalization functiorg(w). Anisotropy of
scattering rates.} and 7, ! can be neglected. In order to the band structure may lead to modification of the gap func-
motivate our approximation we consider first the case of thdion for frequencies larger than the leading edge gap energy,
single impurity model. In this case thg ,p, orbitals of the  therefore, we did not take into account the killependence
o band and the, orbitals of therr band may hybridize with  of the gap and of the renormalization function. We consider
the same impurity orbital. This hybridization will lead to a an isotropic single-particle excitation for the two Fermi-
finite interband scattering between bad@iThe only quali-  surface sheets, which is a reasonable approxinfationthe
tative feature observed when increasing the interband scapresent problem. In Fig. 1 we present the result for the clean
tering was a broadening of the bound states corresponding timit together with the case when 4})=3.0, 142)=15,
the o band (transformation into a resonance with a finite 1/7{})=2.0, 1#?)=1.0, ande;; = 0.85. All the other scatter-

Nij(lwp—iwm) = fo dwaiZjF(w)

0’4+ (w,— 0py)
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tions the renormalization functions becon® (iw,)=1
s04 | +NyoFt Ny, andZ (iwp) =14\, ,+\ . By introducing
] ! the notationsvij=()\ij—,ui*j)/(1+ NigTNi,), it is possible
S 5] % to simplify the analytical solution of the gap equations. In
N : particular we have reobtained the gap equations first derived
] '\ ”./ - by Suhlet al. and the critical temperature expressiSiwe
004 -Swwws o O have also calculated the ratid?/ T which was found to be
60 0 50 100 150 200 250 300 2A| /TC: 2e” yﬂ_eBi Where
40
e o 2V(Vii = V)P +4V,Vj
2] An interesting result emerges from these calculations regard-
< 40 ing the value of 4; /T which was found to be nonuniversal
-60 T T

in contrast with the BCS theory where this value is universal
and equal to 3;/T-=3.52. In the case when the impurities
o (meV) are considered we have an extra term for the renormalization
constantZ; due to the scattering on the impurities. In this

FIG. 1. Frequency dependence of the real gsofid line) and 550 we reobtained the results of Ref. 24, which were written
the imaginary partdashed ling of the gap functions, and real part here for completeness:

(solid line) and imaginary partdashed ling of the renormalization

T T T T T T T T T
¢ 50 100 150 200 250

function for theo band in the clean limit. The same quantities are Tc \/K— \/A—O

presented in the presence of impurities. Real part of gap function |n-|—_ =fi+ 2V N —N_V_ Y’ (7)
(dash-dotted ling and imaginary part of the gap functigshort co T, T

dotted ling, real part of the renormalization constgdash-dotted where A=Vt Von) A (Voo Var—VorVao)

line), and imaginary part of the renormalization functishort dot- = (Veo=Var) =11(VoVrn—VerVas), and Ag=(V,
ted line. The values of the scattering rates are in this casg)1/ V)2 +4V,, V. The coefficientst. are given by the
=3.0, 15P=15, 141=2.0, 12 =1.0, ands;;=0.85. All the ~ following relations: f,=1/AW¥(1/2+p,)+¥(1/2+p,)]
other scattering rates were considered to be zero. =V (1/2), andf =1/ V¥ (1/2+p,) =V (1/2+p,)]. In the

last two equationg; = (I'{*+T' M) /27T, Solving Eq.(7) it
ing rates were considered to be zero. The scattering rate b& found that the critical temperature starts to decrease as we
tween the bands has no other qualitative effect except thancrease the doping, and at a critical doping the critical tem-
the leading edge gaps corresponding to each band start perature goes to zero. The analytical results of EGsand
converge to the same value. All these modifications in thé7) were obtained in the weak-coupling theory and should be
frequency dependence of the gap functions and of the renoconsidered qualitatively for comparison with similar results
malization constants lead to the formation of an “impurity for the one-band modé where only one interaction term
band,” within the density of states, that grows to fill the gapexists in contrast with four interaction terms considered in
at a finite concentration of magnetic impurities. This effect isthe two-band model.
observed for each band separately. For the completeness of The quasiparticle density of states can be measured di-
our work we present also analytical results for temperatureectly by tunneling experiments. It is related only to the gap
dependence of the gap functions near the critical temperdunctions and can be calculated directly from the solutions of
ture, nearT=0 K, and for the doping dependence of the Eliashberg equations:
critical temperature. We have studied the influence of the
magnetic impurities on the critical temperatdig. The sys- N (w)= R% | (8)
tem (1) is not tractable analytically but a numerical solution w’—A%(w)
is possible. In any case, considering the weak-coupling limityhis result is valid for the case of the clean limit and for the
itis possible to transform the Eliashberg equations into BCase of alloys also. In Fig. 2 we have represented the calcu-
equations for a two-band model for which the solution for|ateqd frequency dependence of the density of states in the
the critical temperature is knowf.The weak-coupling limit presence of magnetic impurities. The main figure presents

is characterized by the following approximations: the density of states for each band. The Shiba bound states,
Nij |wn|,| 0m| <oc, which correspond to the case of a single impufityrans-
Nij(lop—ion) = 0 otherwise (4)  form into impurity bands which start to grow with increasing

doping. At the same time the critical temperature decreases.
The qualitative behavior presented in Fig. 2 occurs for a
AT o <oc, large range of scattering rates and for different values of the
(5 impurity parametee;; . The left inset shows the total density

of states calculated as a weighted sum with a 10% contribu-
whereawc is the frequency cutoff which is of the order of the tion from the ¢ band and a 90% contribution from the
Debye energy and for the case of Mg&an be considered to band. If both bands give a contribution to the measured den-
be 100 meV @p=750+880 K) 23 Within these approxima- sity of states a bias dependence conductance is expected in a

and for the gap functions,

Ai(iwnuT):(o |w |>wc
n [
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= . o the presence of the magnetic impurities. The right
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= 3- inset shows the density of states in the clean

& ° limit. The left inset represents the total density of
z Density of states for o band states as a weighted average of the densities of

"""" = Density of states for = band each band. The values for the scattering rates are

similar to those in Fig. 1.
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tunneling experiment in the presence of magnetic impuritiesfor frequencies below the gap energy corresponding to each
This may help find which band gives a contribution to theband. In break junction tunneling experiments of Ref. 6 only
total density of states in the presence of magnetic impuritie§1€ 7 band gives a contribution to the tunneling current due
so it is possible to find the number of bands which are rel0 its three-dimensional nature while the other band, due to
sponsible for the superconductivity in MgBlIf the small its quasi-two-dimensional nature, does not contribute to the

feature at the energy between the gaps presented in the idgnneling current. The effect that we observed in density of

inset of Fig. 2 is not observed, two possibilities may providefStates can be experimentally measured by magnetically dop-

- e : . ing MgB,. Using break junctions techniques the bulk prop-
an _explanat|on. The f|r§t is that the band gives no contri- r%esgofzthe s?stem c:!m be investigatqed in this Iimi[t). VI\)/e
butlondto t?)e tztal (E)_etnfltyhotf)s_:ja}tes a_rtlg ttrr]]e second is tha_'; th‘%]ink that the predominant contribution to the tunneling cur-
- andm-band orbitals hybridize with the same IMPUNly e nt il be from 7 band while thes will contribute less due
orbital, which in the case of random impurities is improb-

: ) - to its 2D nature. Using scanning-tunneling microscopy it is
able. These features calculated theoretically in the density ofjg, possible to measure the density of states in the presence

states we believe can be observed experimentally in tunnegt magnetic impurities and check the validity of our theory.
ing experiments when doping MgBvith a finite concentra-  QOne of the author¢C.P.M) would like to thank Drs. B.
tion of magnetic impurity. Janko, G. Zarand, G. B. Arnold, M. Can, |. Grosu, D.

In conclusion we have studied the influence of magnetiagterberg, K. Tanaka, |. iffea, J. Zasadzinski, G. Kara-
impurity on the density of states of a two-band superconpetrov, and H. Schmidt for useful discussions. Part of this
ductor. We have found that there is a measurable effect owork was done in the Argonne National Laboratory for
both densities of states corresponding to éhand = bands  which C.P.M. acknowledges their hospitality.
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