CHAPTER ITI

THEORY OF TRANSITION METAL SUPERCONDUCTIVITY

II1.1 Suhl-Matthias<Walker Model

Suhl,Matthias,and Walker0§§kroéuced the two-band model to
describe the superconduecting state of the transition metals. In
most of these metals, ihe s;band and d;band overlép. Also it has
been kgsén that s-d _anterband scattering contrlbute to the resis-
t1v1ty of the metal 1n the normal statecuﬂ’hey included an extra
phonon-coupllng term in/ the Hamiltonian to account for possible
" pair formation of eleetrons from:thé different bands in addition
'tQ.the phonon~ coupling terms for pairs %oréaﬁiéﬁ iﬁ each indivi-~
dual band.

The Hamiltonian takes the form '}
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where 7 .y 5.4 8re S= and d-band kinetic energies and c, ¢ and d,

d the corresponding creation and annihilation operators. ‘Vss, Vdd’

and Vsa are the averaged interaction energies .resulting from pho-
- non emission and absorption by s-s,d-d, and s~d processes, minus
the correspondlng shielded Coulomb interaction terms. -

We now introduce the following Bogol1ubov transformatlon



3

Cry = cos(q:'z ) Cient sin(ak[;_)e:k& P

. By * .
dk‘!‘ = cos(q?(fz) fyn* sin(/y ) iy

. A . *
Cpyp = cos( éJklz) ey Sln_'(ek!l)e-k/!‘
*®
dk\L = cos(%/z) fk,b- 51n(scl)</2)f-k/|‘
.- T - *
By equating to zero the coefficientsiol € ei'k and ®-x ©k? the

parameters é and ? can be determined by substituting for c and d

in Eq.(}.’l). SimildrlyTor /‘the|f terms. The resulting-equations,
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and fs(Eks)"" fd(Ekd), respectively, are the number of quasi-parti-

cles deriv-ing) from »the s &nd (d) bands that areexeited to energies
; ,
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The self-consistent conditions for Eq;(3.2) and (3.3) give

tﬁo simultaneous eguations for A and B:
ALV NFAYT = BV, N, FCB),

: B (Z.4)
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kT
and where N ,Nd are the den51t1es of states in the s and d bandsA

near the Fermi levely hed /15 of ! the order of the maximum available

phonon energye

The transition temperatures are given by the equation
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Thely determined that) in the 1ntraband Timit, 0 the interbénd

2

scattering (Vsd=0) being zero,‘twq different transition tempefa»
tures resulted, one for each band. But in the interband limit,
the intraband Scattering_(VsS;Vdd;O) being zero, only one tran-

sition temperature occured.
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Wechanlsms for Superconduct1v1tx,1n "The

~ Transition Metals

As was Doiﬁted out in the previous section,‘there was no
Justlflcatlon for assum1ng a BCS type 1nteract10n within each band,
Garlanéiggs 1nvest1gated the p0551ble mechanisms which could lead
to BCS coupling withiu each band, " He constructed both a two;gap
theory of superconductlvlty appllcable to '"clean" transition metals °
and a 31ngleegap theory appl1cab1e to."dlrty” transition metals.
For a clean transition mgtal, he approximated eigenstaées q¢ of Ho
by Bloch states 43 designat®d by band index l,wave vector ﬁ,t
o jLﬁ,g_ oY :
and spin directiong’s /His medel dimplicitly assumes the Fermi sur-
face_séparable into disfinct s<and d-like regions. This resulted
in a set 6f'doupled integral equations similar to those of SMW for
the gap on the s and 4 parts of the Fermi surfage: |
i ’
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corresponds to the parameter -N(O)V of the BCS theory;
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is the superconduct1n5 quas1-part1cle energys. Aigls the l-band
gap at energy;‘ 5 and}’ are renormalized normal—state energlee
measured relative to the Fermi 1eve1- k, k', and q are chosen so
that k' = kig+Ge o
Tﬁe Coulomb contribetion-Kc(l,lF;S,?’) to the kernel‘may
become attractive only for the s-band. ?he:heavy d electrons
tend not to follow the motion of the s-eleetrons during s~s inter-
,actioes and thus tend £o anfisﬁieid them., As both s and d elec-
trons can follow the motdon/of the d electrens;'tﬁa Coulomb inter-
action between d-electrons is always repulelve.
Thus, the two-gap theory permlts three contributions to the

superconductivity of the clean transition metals:
(1)the intraband screened Coulomb interaction V (l;l}, which may
be attractlve between s-band electrons widely separated in energy,
-(2)the intraband 1nteractlons Vp (1,1 arlslng from the V1rtua1
_exchange of phonons, and .
(3)the atiractive effective interaction'V(l,l‘)Agf/Ai> arising
from the smalli coupling terms between the s- and d-band gap’ v
equationss, |

.. ~ Fer dirtf-transition metals, on the other hand, he intro-
duced impurity scattering in the crystal_Hamiltonian H, before
: ferming peir states. Foiloﬁing Anderson,we choose paired states
| q/ = Z Bk mg q?efzc’

Ins L¥, s FRAI :

and Ly which are linear combinations of all Bloch states within
ns '



'35

a small energy range. WwWe take coefficient b U of random
’ . T . 7 1 6)}’!6

phase such that

Z—:’ ]Bugéf JeM -Fm)/N(}'n)A 7

where E(I &ﬁ)i a spread-out delta function of approximate
width z‘h A s:.ngle pap A(Y) result.
fy*
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where Nl(‘j ) is an/l-band density of states, and tye unimportant
spread in energy of.gvhas béen neglected.

Thus, in the é;ftyvtfansiﬁion/meféis.éhe sﬁééfcdnductiﬁé
'quasi-particles have b;th s-and d—liké character. As the ratio
N (0)/N 4(0) 4L 1y the quasi-partlcles are primarlly d-like and
their superconduct1vzty arises primarily from d-d 1nteractions.
lGarland found numerically that the largest possible attractive
Coulomb contrlbutlon to the _superconductivity of any dirty tran-
sitlon metal element iz lan order of magn1tude smaller than the
attractive contribution arising from the virtual exchange of
bhonohs.-‘

His numerical calculations of the interactions Vc(s,s) and
V(s,é) perﬁit an'inyestigatiqnﬂof the expected»differences.betWeen

the clean and dirty transition metal superconéuctors; The kernel



36

!
Kc(s,s;f)y) was found to be large and negative for energy transfers

i;—s’l betweeﬁ one and‘two eV in any transitiom metal having a
narrow (<< 1 eV) peak in the density of states near the Fermi level
‘and a smali s-band Fermi wave number (I<F/F; < % )o The interac-
tion V(s,d) was found to be very smail [l NS(O)Nd(O)Vz(s,d)Iﬁé .OSj,
Both interactions were found to be approximately independen% of
the details of the model ghosen for thelband stfucture. However,
the interaction Vc(s,s) wés found to be very strongly ergndent
upon the parameters Ed’ ns,kand B3° ‘Thus, the lack of good band=-
structure célculations precludés any theoretical determination of .
the existence or nonexisfence of a large negative kernel Kc(s,gﬁfaf)
in a real material, '
: The exiétence of s;ch a large .negative kernel Ko(s’sfj)f)
* “in a ciean transition metal would imply (1) & transition teﬁpéfa;
ture Tc mPch higher than in the dirty state, coupled with a freé—
energy difference GN-GS and~critica1 field Hé oﬁly.slighfly larger,
(2) a nea?ly vaniéhiné isotepen effect and, (3) @ relafive insensi- |
‘tivity of T %o change in N(O).,

In the absenée qf.such_an attractive sinteraction, the ine-
crease in Tc upon purification will be little more than that in a
nontransition metal, prever,rthé clean state will be experimentale.
ly distinguishable from‘the dirty state by the presence'of at least
two paftially‘decoﬁpled energy gaps which afe énisptfopic. As a
result apomalieS'in Hc(T) and CV(T) will appear. If one assumes a

large interband interaction V(s,d), contrary to the above calcula-

r
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tions,one obtains a further anomaly in the 42(T3 and H_(T) curves,
which continue to rise rapidly as T/T approaches zero. Thus,
Garland conclude that all present theorles of superconduct1v1ty
whlch neglgct-the mixing of s and 4 states by impurity scatter-
ing contradict observed experimentalrresulté.- This is not surpri-
sing; since oﬁly tantalun, and perhaps molybdenum, have ever beesn

purified sufficientiy-to approach the clean state.

III.3 Theory for ¥he Electrnon-Phonon Coupling Constant

6) 4
Mc- Millan has shown © at the superconducting trans1t10n

N

-

temperature Tc is reldted dn a 51mple manner to the electron—phOu

non coupling constant A & m*/ ~1e 1His generalized equatibn.for
) m

+

Tc is given by

P4 v
T;$f<|2£ | f{ A+ Aspin }. (3.7)
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Here{)/i is the Coulomb psudopotential,jﬂgf;hthe effective elec=

b4
tron-spin excitation coupling constant, and<:¢:>2' gives the

weighted root mean square phonen fréquencys © The principal pro-
 blem in the calculatlon of Tc for d-and f-band metals is the de-
termination of As »Benhémann |dnd Garlandqg;ve shéyn that > can
be expressed in terms of measurable norﬁalﬁséate quantities and

~

the atomie¢ parameter M, as

¢ (3,8)

2.

2o N(0)
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Here,/p is ‘an atomic parameter which varles smoothly and pre-



38

dictably as a fﬁngtion of positiqn‘in the periodic table,gré is
the atomic volume,-ﬁ;ffj is the average déband'density of states,
Mis the-masé of the unit celi.

?he tranéition temperature Tc could be calculated by assum=
ing for ?(z)a smooth curve which Has the general shown in Tige (3e1),

(o}

and which is approximately determinéd by fitting to two 57 values
: ! A

obtained by using Bae(3.7) and Eq.(3.8) from the e}cperimental"l‘c

values for two metals within the same transition metal series.

A o i j |
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Fire 3e1.Variation of'O(Z)for the three transition metal series.

Equations(3.7) and {3.8) explain the absence of a consis-
tent correlation between T  and N(O), T, depends only weakly on
(O), and it has been shown that thzs dependence on N(O) is partly

cancelled by the dependence ofj/i on N{(O). In general, it has

become clear that Tc depends much more strongly on_M(}U,}, which

Ay
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is not primarily determined by N(0), and on 9 'y which is indepen-
dent of N(O).

Bennemann and Garland have shown that the electron—phonon
matrix element between lopalized d-orbitals leads to an'expression
for the Tc whicﬁ allows for the vafiation in Tc seen-in three tran-
sition metal series., They have,alss shown that the McMillan equa-
tion, which is based oﬁ theé virtual exchange of ghe phonons between
the.d-electrons, can explain the fressure dépéndence of the T seen
""in the transition metal guperconductors. Appel and Kohé€§3?1) have
shown that the veftex function constructed with Wannier function
'representatlon of the d-orb1tal electrons exhibi* the singularities
which 1ndicate an 1nstab111ty agalnst the formation of Cooper pairse
Appé§(4976)has given a theoretlcal discussion of. the-T Vof supercon-
,ductlng alloys taklng 1nto account Eoth the effects of composition
and. of atomic ordels Tc is found from the ensemble-averaged vertex
equation for a Cooper pair written in the atomic representations
The appllcatlon to new experlmental data on the effect of 1ong-

# range order ol T of NbBSn, V_Au, (and V3Ga yields good agreement

>
between theory of d-glectron superconductivity and experimentes

IIT.4 Hamiltonian of Fhe 'Transition Metal Superconductors

According to sectionIII.3, the meéhanism for superconducti-
vity in the.transiticn metals is the electron-phonon interaction
‘between d-eledtrons§ Thus we should add to the Anderson Hamilto-

nian,Bqe(1,15), the term
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'%QZ d,f&+ d d | ‘(3.9),
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where g is the strength of the electron-phonon interaction bew-
i

tween d—orbitals located on the j-th and m-th site and is taken

o . (16
to be the electron-phonon coupling constant in McMillan?s works )
We have called (3.,9) HBGS since it is similar to the term in the
BCS theory which leads te the formation of Cooper pairs in simple

metal superconductors.

¢

Making use of Hartree-Iock approximation apply to Eq.(3.9),

the Hamiltonian of the /transition metal ‘superconductors becomes

o . + T
H-= Stece | + CE~+Udiny)Hd, d,

l‘“%Z}(A*OL d +Ad d ) s (3410)
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He shall use the above Hamiltonian to find the Green's

function or propagator for the s—glectroﬁ in the next chapter.
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