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The coexistence of spin-density waves and superconductivity has been theoretically analyzed in a
two-band model, a case for which the commonly used descriptions for the ternary rare-earth com-
pounds and highly anisotropic organic solids are unapplicable. The phase diagram at T =0, the
temperature dependence of the order parameters, and the critical transition temperatures have been
obtained. The theoretical results are in good agreement with the experiments concerning the Cr al-

loys.

I. INTRODUCTION

Owing to its theoretical and experimental importance,
the interplay of magnetism and superconductivity has at-
tracted much attention especially in the last decade. In
this context, ferromagnetism (which usually destroys the
superconducting phase ) is opposed by other magnetic or-
dering which coexists with superconductivity.! Some ex-
otic examples in this direction are the helical spin sys-
tems® and the spin glasses.” Furthermore, there is no a
priori reason to exclude the coexistence of antiferromagne-
tism and superconductivity, because the superconducting
coherent length is a hundred times greater than the
periodicity of the antiferromagnetic order.® As to the
itinerant systems only a small region of the Fermi surface
is characterized by the nesting property—which gives rise
to spin density waves® (SDW)—the remaining portion of
the 6Fermi surface being used for superconducting pair-
ing.

So far, experimental evidence for the coexistence be-
tween antiferromagnetism and superconductivity has been
clearly established for the RMogSg (Ref. 7) and RMogSeq
(Ref. 8) Chevrel compounds, for the RRh;B, ternary
rare-earth borides’ and for the highly anisotropic organic
solids di-tetramethyltetraselenafulvalene salts (TMTSF), X
(Ref. 10).

One of the first theoretical works on this subject was by
Baltensperger and Strassler!! who proved that an electron
gas in an ionic antiferromagnet can also be superconduct-
ing; however, in this case the pairing does not involve
time-reversed waves. A few years later Petalas and Bal-
tensperger'? showed that an electron gas in SDW state can
simultaneously carry superconductivity.

As a result of the discovery of the antiferromagnetic su-
perconductors in the Chevrel phase and alongside the ob-
servation of the H,, dip just below the Néel temperature
in these materials,” the problem of the coexistence be-
tween antiferromagnetism and superconductivity has be-
come of present interest. Starting from the model estab-
lished by Fulde and Ferrell in one of their papers'® (in
which they proved that under a ferromagnetic molecular
field a superconducting pairing state characterized by a
spatially varying order parameter is more stable than the
usual BCS state), Machida and co-workers'* point out
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that the formation of a similar superconducting pairing
(characterized by the Ay order parameter) becomes possi-
ble under an antiferromagnetic molecular field. However,
Nass, Levin, and Grest, "’ (using a self-consistent treat-
ment and taking into account fluctuation effects) demon-
strate that Ay is a vanishing quantity in the absence of an
external magnetic field and that the superconducting pair-
ing is of the usual BCS type. The paper of Sakai et al.'®
also deals with this problem, namely they consider an
electromagnetic interaction, between the superconducting
electrons and the localized spins, leaving aside the ex-
change effects. In the works of Machida,!” Tachiki,'® and
Machida et al.* the effect on superconductivity of a stag-
gered magnetic field Hy produced by antiferromagnetism
is studied. Suzumara and Nagi'® also considered another
magnetic field’s influence (i.e., the external field) upon the
superconducting phase. In this way, they connected the
results deduced for Hy =0 (Ref. 20) with the effects ob-
tained in the presence of the staggered magnetic field.
The pairbreaking in the superconducting phase, near and
below the antiferromagnetic transition, has also been in-
vestigated by other authors (see Ref. 21).

The picture of the electronic origin which describes the
coexistence of superconductivity and antiferromagnetism
in rare-earth ternary compounds®!4~2! is based on the ob-
servation that these materials have partially filled local-
ized 4f electrons which are responsible for the antifer-
romagnetism. These local moments interact very weakly
with the d-band conduction electrons which create the su-
perconducting order. Thus, magnetism and superconduc-
tivity are carried by different type electrons of different
ions. The coexistence in these compounds is described by
taking into account a spatially periodic antiferromagnetic
molecular field, created by the localized 4f electrons
which act on the conduction electron system where the
BCS coupling is realized. In general terms, the two long-
range orders interfere destructively.

For the quasi-one-dimensional highly anisotropic or-
ganic structures (TMTSF), X, in which the superconduct-
ing phase coexists with SDW,!? the theoretical description
given by Machida, Fenton, and Psaltakis (see Refs. 6, 22,
and 23) take into account a quasi-one-dimensional Fermi
surface, characterized by two regions: one, in which the
existing nesting condition gives rise to SDW and another
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one, for which the electron-electron interaction is suffi-
ciently attractive to cause the appearance of the supercon-
ducting phase. Depending on the portion of the Fermi
surface opened by the SDW, the superconductivity is
more or less supressed.

Recently, Kohara and co-workers?* have experimentally
found an entirely different kind of coexistence between
antiferromagnetism and superconductivity in some Cr al-
loys. In this case, the studied compounds are not quasi-
one-dimensional and highly anisotropic, such as
(TMTSF),X, and they represent a typical two-band
itinerant system, where the SDW-like itinerant antifer-
romagnetism is carried by the same d-band conduction
electrons which are responsible for the superconducting
pairing. Thus, a totally different theoretical description is
needed in this case.

In this paper, we try to analyze the possibility of a
coexistence between superconductivity and a two-band
SDW, such as the one which is characteristic for the Cr
alloys.>?

The paper is organized as follows: in Sec. II we
describe the Hamiltonian which characterizes the studied
system and we deduce the Green’s functions, the order-
parameter equations, and the expression for the difference
between the electron and hole concentration from the
two-band (n). The phase diagrams for T =0 are obtained
in Secs. III and IV for n =0 and n=40, respectively. Sec-
tion V contains the analysis of the characteristic parame-
ters at T540. Section VI is dedicated to discussions and
conclusions.

II. HAMILTONIAN, GREEN’S FUNCTIONS,
AND GAP EQUATIONS OF THE MODEL

We start with the following Hamiltonian:

H=Ho+H1+HBcs » (1)

where
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The Hamiltonian (2) represents the kinetic energy of the
electrons and holes from the two-band, for which ak , ag
and bk , bg are the creation and annihilation operators
(bg=bg,o). The unperturbed electronic band structure
is modeled by {, =€+, and {, = —€+8,, where §, is a
measure of the electron and hole concentration difference,
&, and &, being the kinetic energies of the electrons and
holes as characteristic for the Cr alloys.”> The g, and g,
coupling constants cause the appearance of the charge
density wave (CDW) and spin density wave (SDW) cou-
pling between electrons and holes. In this way, we can de-
fine A, the CDW and A; the SDW order parameter [see
Eqs. (6)]. #pcs is a generalized form for the BCS Hamil-
tonian, whereby it can be described the interband and in-
traband BCS coupling with different coupling constants
A;j. The band indices i and j can take independently the a
and b values, c: and c; (CJ =a, c;' =b") operators denote
the creation operators in the two-band (similarly for the
annihilation operators).

The Green’s functions Gj* and F}“}-"”, the order parame-
ters A., A, and A;; are defined as

HEXC AN
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where B=1/kgT, a and y are the spin indices, o{}" are the
Pauli matrices component, and Il,,=io%,. In Egs. (6),
A., A, and A;; represent the order parameter for the
CDW, SDW, and superconducting pairing, respectively.
The equation of motion?® for the Green’s function leads to
the following matrix relation in the Nambu formalism:
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where the caret denotes a matrix in the spin space, 1 is the 2 X2 unity matrix in this space, and
A, +A 0

A=1 o  A.—A,

We also used the notation €2, =w+&, )

In order to describe the superconducting phase we use only s-wave pairing, because, as far as Cr alloys are concerned,
the possibility of an exotic p-wave pair appearance can be neglected.”* Furthermore, we do not consider a spatially
periodic order parameter Ay since it is stable only in the presence of an external magnetic field.!>!® To solve the matrix
equation (7), we take into consideration only real superconducting gaps. In the first approximation, a small variation of
the concentration of the carriers in the two-band does not change the modulus of the gap parameters. Thus we have no
reason to make a difference between the modulus of the two superconducting gaps A,, and Ay, in the two-band. To sim-
plify things, we consider only |A, | =|Ay, |. In this case, one obtains two different solutions.”’” One is called the
symmetrical solution with A,;=A;, and A,,5~0 and the other is an asymmetrical one, with A,,=—A,, and A, =0,
where A,, is the interband superconducting gap (A, =As,). In order to simplify the notations, we denote A,,=A and
A,=A. In this way the solutions of Eq. (7) are

(048 Nw?—82)+2nAA Ay — A 0 +8, () —AUw—6_(,)—nAk(0+6_(,)

G2 ) = , (8)
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+ —_—
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[0*— 0% (0)][0® -0 (0)]

where o is + 1 and — 1 for up and down-spin indices, respectively, in the case of Egs. (8), and (9) and is + 1 or —1 for
(aB=11) or (aB=11l), respectively, in the case of Egs. (10) and (11). Furthermore, £is + 1and —1andnis + 1 and O
for symmetrical and asymmetrical cases, respectively. We also used the notations

8,=8+=08ute, Ay=As=A,*A,, (87)=(8u)*+nA2, 0i(0)=(E,+87)+AX0o), EZ=€e*+A2, (12)
where the renormalized gaps are
~ A2
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(82) (8u)
(13)
A ZpAN1—n) (14 A’
Al= (8 A, +AA )+ —
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Together with the gap equations we must analyze the n =&n /4N (0) quantity, where &n expresses the difference between
the electron and hole concentration, as follows:

n=73

k

(14)

2B I Tr, TG k,0,)
n

One can consider n as a quantity proportional with the impurity concentration introduced in the system. It can be
proved that 6 =0 implies n =0.
Using Egs. (6), (8)—(11), and (14), for 540 one obtains
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(18)

(19)

The integrals which appear in Egs. (15)—(19) are given in the Appendix.

III. PHASE DIAGRAM AT EQUAL CONCENTRATION OF ELECTRONS AND HOLES

We are interested in finding a domain in which superconductivity can coexist with SDW. We have 8u =0 and if we
make an analysis at T =0, from Egs. (6), (8)—(11), and (14), a simple form for the gap equations is reached, which after

some algebra yields, in the asymmetrical case,

al Ao (A A n[ (A—A,)?—A2 N A, " (A=A —AZ | A . (A, —A, ) —A?
n = |— == [ e — —lhh|——|———In|—m—
Ao A A, (A+AP—A2 | A [(A+AP—A2 | A | (A +A,)—A?
C s ! (20 )
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Ao A A (A+ A2 —Al A (A4+A?=AZ | Ay | (A+A )P —A?
M
and in the symmetrical case, CDW su 3erconductor coexistence, such as dicha;;
) ) cogenides,> trichalcogenides,** organic superconductors,
41n B0 _ 45 UA—M—L , and one-dimensional (1D) polymers.3® The theoretical ap-
Ao A A4(A +A) roach starts from the Gor’kov model,*??7 which shows
Qo0

Ay A, A4+(8 4P

41n —In—7
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where A, Ay, and A, are the order parameters for pure
CDW, SDW, and BCS phases, respectively:

Ag=2Qexp[—1/|A|N(0)],
A,o=2Qexp[—1/g.N(0)], @1
Ao=2Qexp[—1/g,N(0)],

where () is the cutoff energy.

In both asymmetrical and symmetrical cases, the gap
equations allow a coexistence domain, but in the symme-
trical case, this domain is not energetically stable. The en-
ergetical stability was done with the use of standard
methods.?®? In the asymmetrical case, the phase dia-
gram is presented in Fig. 1. As it can be seen, a stable
coexistence domain is found only between three phases, a
situation in which A., A, and A are all nonvanishing
quantities. So SDW will coexist with superconductivity
only in the presence of a CDW phase. We have to men-
tion that this situation is not characteristic for the avail-
able experimental data?* where, due to the Re impurities
in Cr, we have §u 0.

Further on, it will be interesting to make some com-
ments upon the coexistence of the CDW and the super-
conducting phase, which has some features which are also
characteristic for the SDW superconducting phase coex-
istence. The investigation starts from the discovery of the
martensitic transition in A15 compounds,w’31 which led
Gor’kov to suggest®? that the observed cubic to tetragonal
transition is driven by a Peierls instability. The experi-
ments revealed a number of compounds which exhibit a

that, at the center of the face of the simple cubic Brillouin
zone, the CDW gap separates the energy band, depopulat-
ing the area of the Fermi surface and reducing the num-
ber of electrons available for the BCS pairing. Thus, a
great part of the electronic density of states at Fermi level
can be removed by the CDW gap, which leads to a
marked decrease of the superconducting transition tem-
perature. Further on, Levin et al.*® studied the possibility
of the coexistence of CDW and superconducting gaps in

0 I
0 1 25
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FIG. 1. Phase diagram at T =0 and n =0 as a function of
the reduced parameters A;o/Ap and A.o/Ap. In the dashed re-
gions energetically stable coexistence phase occurs, besides the
pure BCS (S), SDW, and CDW phases.
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1D systems, using coupled gap equations in mean-field
treatment. Also they analyzed the simultaneous fluctua-
tions in both order parameters using the Ginzburg-
Landau free-energy functional. They proved that the two
phases are generally incompatible and that the ordered
state is mixed only when the bare transition temperatures
are nearly equal. The coexistence in two dimensions was
studied by Balseiro and Falikov.*® They considered the
importance of a detailed band structure in such an
analysis and took into account a two-dimensional square
lattice model which works for layered compounds. The
conclusion was that in general terms, the two order pa-
rameters interfere destructively while the coexistence is
possible only for a small region of the electron-electron in-
teraction Ae[0.21w,0.27w] (w is the bandwidth for the
analyzed system). Under these circumstances the pure
CDW exhibits no gap in the quasiparticle spectrum and
the superconducting gap remains practically unchanged,
due to the competition between the increasing A and the
decreasing density of states at the Fermi level.

McMillan and co-workers’”***! analyzed the CDW
state®” and the structural Peierls transition influence on
superconducting transition’’ and described the CDW and
superconducting coexistence. They concluded*' that the
details of the band structure are unimportant for the ener-
getics of the phase transition and that we only need to
know the densities of states of the carriers which partici-
pate in the transition and the relevant coupling constants.
They prove that the two energy gaps compete for the
same portion of the Fermi surface inhibiting one another.
In their model, the CDW gap opens a portion of the Fer-
mi surface which causes the decrease of the superconduct-
ing transition temperature.*!

Machida et al.*? argued that, in the above-mentioned
works, only one uniform order parameter A(Q) was taken
into account for the superconducting state. They neglect-
ed the reaction of the CDW state caused by superconduc-
tivity and they characterized the latter with A(0) and a
supplementary spatially periodic order parameter A(Q).
This superconducting phase turned out to be more likely
to coexist with CDW, as compared to the ordinary BCS,
state.

We cannot use a A(Q) order parameter approach be-
cause of the presence of the SDW phase,'* which strongly
disfavors it. Coexistence is possible only in a small region
of the space of the characteristic parameter since, even if
6u =0, the nesting property is stronger between the elec-
tron jack and hole octahedron. This favors the SDW and
CDW gap formation which opens up only a small fraction
of the Fermi surface. It will be interesting to analyze the
resulting coexistence because, according to Volkov et al.?®
the SDW and CDW coexistence means excitonic itinerant
ferromagnetism. Its coexistence with superconductibility
could eventually explain some recent experimental data
concerning superconductibility and weak itinerant elec-
tron ferromagnetism mixing.*’

Returning to our phase diagram we have to mention
that the real coexistence domains were obtained (from the
energy minimum condition) using a numerical transfor-
mation from the (z,z,) plane to the (A, Ao, A.o) space,
where z; and z, are the solutions of
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+(21 Zz)n 1+Zl—22
—In| 14z} +23—2(z2+2%23 +23) || =0.
(22)

The three separate stable coexistence domains are deter-
mined by the G (z,,z,) > 0 condition:

G(z1,z;)=In[(Fooex —Fy)/(Fs —Fy)] ,

where F,.,, Fs, and Fy are the free energies of the coex-
istence, simple, and normal phases, respectively. In Eq.
(22), z, and z, take the A./A and A;/A, A/A, and
Ag/A,, and A/A; and A./A; values, respectively. Be-
cause of the complexity of the phase diagram in the (A,
Ao, A, o) space, in Fig. 1 we give it as a function of the re-
duced parameters A;o/Ag and A o/ Ag.

We must remark that the asymmetrical solution has a
lower ground-state energy then the symmetrical one (in
agreement with earlier works®’). So in a system character-
ized by 6u =0, the asymmetrical solution will be realized
practically.

At T=£0 in the case of small A value, the transition
temperature for the coexistence phase (T, ) can be ap-
proximated by

Tso

1 A
T, ¥

2 " 2VaaT,

1
2

In —¢ , (23)

where ¥(x) is the digamma function, T is the transition
temperature of the BCS superconductor which, as it can
be seen from Eq. (23), is always greater than T',. Thus, in
order to explain the coexistence found experimentally,?*
we must analyze the 8u40 case, which will be done in the
following section.

IV. PHASE DIAGRAM AT T =0 AND n+0

As we have seen in the preceding section, for n =0, a
stable coexistence domain is obtained between SDW and
superconductivity only if A 0. In the case of different
electron and hole concentration, the coexistence domain
can be stabilized with the use of the n£0 parameter, rath-
er than with A.. The physical reason of this process is
given by the fact that 8u can be considered also as a mea-
sure of the nesting imperfection between the two-band
[see the expressions §, and &, following Eq. (4)]. If 8y is
sufficiently small, and therefore »n also [see Eq. (30)], the
nesting is almost perfect, and thus strongly favors the
SDW formation.?> If we increase 8y, the nesting becomes
more and more imperfect, which decreases the SDW sta-
bility and, above a critical n value, makes possible the su-
perconducting phase formation. In this way, we will
analyze only the A, =0 plane of the phase diagram. This
study is presented in this section at 7 =0.
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The phase diagram which one obtains is presented in
Fig. 2, where only those separation lines are plotted which
really exist. As it can be seen, three different energetically
stable phases come true: the pure superconducting phase
(S) with A=Ay#0 and A,=0, the symmetrical coex-
istence phase (CS) between the (a) and (b) curves
(A=A,,= A0 and A;50), and the asymmetrical coex-
istence  phase (CA) below the (b) curve
(A=A = —App#0 and A 5#0). The analytical expres-
sions for the (a) and (b) lines can be obtained from the
gap equations, Egs. (15), (17), and (19). Their equations
are

2\1/2
(a): 1n£=(1+4y2)—l/21n_1_+__(1_—2t}_]4L (24)
y
and

1/21!1 1+(1+4y2)1/2

2 , (25)

(b): ln':7=(1+4y2)

where y =Aq/2n and x =A;o/2n.

We have to mention that the gap equations permit also
two metastable solutions. There exists a (c¢) curve be-
tween the (a) and (b) lines, which surrounds a metastable
asymmetrical coexistence domain. This domain is unsta-
bilized by the symmetrical coexistence solution. For the
small superconducting coupling constant one obtains,
close to the Ajy/2n axis, a separation curve (d), below
which a simple metastable SDW phase occurs. This is
unstabilized by the asymmetrical coexistence phase.

From the gap equations one can deduce the analytical
expression of the (¢) and (d) lines:

4n? n A

49
2n
(a)
3 F 4
S
(b)
s
1T F i
CA
0 1
0 7 3 Asg/2n

FIG. 2. Phase diagram at T =0 and n+#0 for A,=0, as a
function of the reduced parameters Ay/2n and A,o/2n. S, CS,
and CA denote the pure superconducting, the symmetrical coex-
istence, and the asymmetrical coexistence phases, respectively.

172 1

(c): In arcsin (26)

2yInE 1
y

2y In*
y

x
y
and

(x—3)

(d): y=xexp|—K , 27

x(x—1)

where K =1/ | Ay | N(0); x and y were defined above.
The T =0 gap values for the CS and CA phases are
given in Eq. (28) and Eq. (29), respectively:

Il

A(0) exp | — =
AsO P ASO—n A_%o
1= | A [ N(O)—2—
(Aso—n)

n ASO
Ao

A,(0)=Ag |1— | Agy [ N(0)

Agp(0)= | Agy | N(0)AoAsq

n
n(n?4A3)2 Ao

A2 n +(n24Agh)2 ) (28)

1 n+(n+AH1"2

n
(n*+A3)!12 Ao
and

_ AsO_n In AsO
Ao

’

Afo 1

’

(29)

In

21 (2442

n+(n24+A3)"? I]
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where A 2)=A,0(A;o—2n), with A(0) and A,(0) we denot-
ed A(T =0) and A,(T =0). We have to remark that A(0)
and A,(0) are always smaller than the pure phases gaps
and from Egs. (28) and (29), in the case of A;=0 or
Ag0<2n, one reobtains the classical SDW gap A;, (Ref.
25) or the BCS gap A,. Concerning 8y, it can be approxi-
mated in the coexistence domains by

2

1
14—
+2

s

n

Su=n 1-F

] ) (30)

=0
n

where, for example, in the CA region,
F(Ao/n)=(Ag/n)Mn2+0[(Ag/n)*] .

Because of the magnitude difference between T and
T, values (where T, is the critical transition temperature
for the coexistence phase and Ty is the Néel temperature),
determined experimentally," the materials measured in
Ref. 24 seem to be situated close to the A;y/2n axis within
the CA domain (see Fig. 2). Indeed, as the above present-
ed analysis showed, in this region the coexistence between
SDW and superconductivity becomes possible. So, for
this region of the phase diagram, it is interesting to
analyze the T30 extension of the asymmetrical coex-
istence domain. This analysis must be made, because it
will reveal the critical transition temperatures. This study
will be presented in the following section.

V. COEXISTENCE AT T+#0

The asymmetrical coexistence domain at 750 can be
characterized by the coupled solutions of Egs. (15), (17),

J
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and (19). In the high-temperature region, where only the
SDW phase exists, the last two terms from Eq. (17) van-
ish, thus the gap equation for A (T) after some algebra,
becomes

T 9 1 7£(3) AUT)
In——=—Re | |- +ite |- |= | |- =,
"Iy 12t | 7Y 872 T?

(3D

where {(x) is the zeta function. From Eq. (31) one ob-
tains the Néel temperature Ty,

—1/2
1 (8u)?
kpTy=20Lexp | — - , (32
BINZ=SNL P T N(O) T2, }
and the SDW gap,
172 172
8 T
= 1_ ’ 33
As(T)=kpTym 7E(3) Tn (33

where Tyo is the transition temperature of the pure
(A=0,n =0) SDW phase.

At low temperature, just above the coexistence phase
appearance, for A;(T), one obtains

A(T)=R,g— (2B ok T)2e ~ 2505 Tcoshff‘? . ()
B

where A;, was defined after Eq. (29). In the coexistence
domain, just below T, the A (T) expression becomes

3 X A AXT) §
A(T)=8s0—(27A, ok T)exp | — —= |1— hot
s 50 soks Pl =%, T a5 _(oar | |y (35)
r
The superconducting gap A(T), for T < T, is , ™I (s n?
cit= =+
172 1 2n? |2 (Bgo—n)?
TZ
A( T)=kBTc‘7TC| 1-‘_2 s (36)
‘ ot nABotn) (39)
. Agjo(Agg—n)®  A2(Ayo—n)
where T, is the critical transition temperature for the sol Bs0=1) solAso=n)
coexistence phase and is given by nt Two
2 ¢
Cr= n

T.=cy(n—n,)""?. (37)

n. is the critical n value (proportional to the critical con-
centration) above which the superconducting phase can
appear:

TN 0
Ts 0

ne=Ay [2+1n (38)

The ¢, and ¢, constants have the form

(Ajo—n? Too
For n, at low temperatures the following equality stands:

2 T?AX(T)
n(T)=[(8u)*—AXT)]'2 - T s i
LBy D = Tear—aunp”

(40)

The expression of A(T) and T, can be deduced from Eqgs.
(15), (17), and (40). The proof is based on the observation
that in the studied temperature region,
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0.0 L
0.0 05 t 10

FIG. 3. Temperature dependence of the order parameters
[A(T),A{(T)] as a function of ¢=T/Tyo is plotted
d\=A(T)/A;y as curve (1) for pure SDW; curve (2),
Ayo/Ag=10; curve (3), Ago/A¢=3 and d,=A(T)/Ap; in curve
(4), A;0/Ap=10; and curve (5), A;o/Ag=3. For Ty and T, the
measured values (Ref. 24) has been used.

I?(A,As,a,u)zzﬁg—l—Ag—éil—zl‘{(A,As,Bu), (1)

and I{ can be computed with use of Fermi integrals.

In Fig. 3 the numerical solution of the gap equations
are plotted. As it can be seen a diminution of A (T) ap-
pears below T,, for comparision we also give the pure
SDW gap’s value. Furthermore, as we mentioned earlier,
n can be considered as a monotonous increasing function

5 r 1
N;  annealed
o unannealed /
~
e
10 - -

Re CONCENTRATION (at%)

FIG. 4. Experimental data (from Ref. 24) for T2 vs the Re
concentration.

of the impurity concentration within the system. In this
way from Eq. (37) one obtains the experimental observa-
tions?* that below a critical concentration, the supercon-
ducting phase does not appear and that T, grows as the
Re concentration in the Cr alloy increases. If we plot, us-
ing the experimental data published by Nishihara et al.**
T? as a function of the Re impurity concentration we ob-
tain a straight line (see Fig. 4), the slope of which depends
on the annealing condition. This figure shows that, above
the critical concentration (which allows the appearance of
the superconducting phase), the superconducting critical
temperature is proportional with the square of the concen-
tration, as our description predicts [see Eq. (37)].

VI. DISCUSSIONS AND CONCLUSIONS

Until recent measurements (presented in Ref. 24), the
coexistence of SDW and superconductivity has been ex-
perimentally found in rare-earth ternary alloys’~® (RE)
and quasi-one-dimensional, highly anisotropic organic
structures'® (TMTSF),X. For RE, the theoretical descrip-
tions'*~2! are based on the observation that the localized
4f electrons (which are responsible for antiferromagne-
tism) interact very weakly with the d-band conduction
electrons (which create the superconducting order). For
(TMTSF),X, the theoretical studies**?* use the quasi-one-
dimensional Fermi surface which is characterized by two
regions, one of which presents the nesting property (which
gives rise to the SDW formation) while the other one al-
lows the superconducting pairing.

The recent experiments®* which reveal the coexistence
between SDW and superconductivity in Cr alloys need a
different explanation since in this case the studied materi-
als are not quasi-one-dimensional and the observed anti-
ferromagnetic order is a typical two-band itinerant one
which is carried by the same d-band conduction electrons
that are responsible for the superconducting pairing. This
paper provides a theoretical description of this process.
The procedure we use is based on the Green’s function
equation of motion, as is characteristic for Cr alloys.?*

We demonstrated that SDW and superconductivity can
coexist, while the phase is stable for different electron and
hole concentrations (8u5£0). The physical origin of this
process can be explained starting from the fact that &u is
a measure of the nesting imperfection between the elec-
tron jack and the hole octahedron in Cr alloys. If the im-
purity concentration is relatively small, the nesting is
nearly perfect and thus strongly favors the SDW forma-
tion which acts destructively upon the superconducting
pairing. If the impurity concentration is situated above a
critical value (proportional to n.) the nesting imperfection
increases, affecting the SDW, and thus the superconduct-
ing phase can appear.

In Sec. II, we obtain from Eq. (7) the characteristic
Green’s functions and the order-parameter equations. To
solve exactly the matrix equation (7) is a rather difficult
problem. Thus we take into account two presumptions
usually used in the literature 2~28 for this kind of equa-
tion. First we consider real gap parameters (this because
the Hamiltonian must be invariant under calibration



transformation for s-wave pairing). Concerning the
modulus of the superconducting gaps we consider
| Aga| = | App |, because (in the first approximation) a
small variation of the concentration of the carriers from
the two-band does not change the modulus of the two su-
perconducting gaps in such a way, that the difference
| Agg| — | App | could be considered vanishing. (The va-
lidity of these two presumptions are verified by the agree-
ment of our results with the experimental data.) In Sec.
II1, the phase diagram, the gap expressions, and the criti-
cal temperatures are obtained. As can be seen from Eq.
(37), the superconducting critical temperature vanishes
below a critical impurity concentration, being proportion-
al with the square of the concentration (in agreement with
Fig. 4). We also study the possibility of the coexistence
from an energetical point of view.

In our attempt to explain the coexistence of SDW and
superconductivity in Cr alloys, we use a weak-coupling
description which yields a A(T =0)/T, ratio which is
quite similar to the experimentally measured value. How-
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ever, in the future other contributions and effects can be
taken into account in the theoretical description to refine
this analysis.

APPENDIX: INTEGRALS APPEARING
IN THE GAP EQUATIONS

In Egs. (15)—(19) we made the following notations:

1 0 de E;+véu B
Ia___ _ —_— =
= fo =3 ) tanh 2wv(cr) , (A1
1 r® de B
1g=— [ 2€ tanh |2
- fo £ 2 oo an 2a)_‘,(cr) , (A2)
1 p0 E,+véu B
I‘7.___ —_— =
i=3 fo devgilv o) tanh 2a)v(a) , (A3)

where () is the cutoff energy.

10. Fischer and M. Peter, in Magnetism V, edited by H. Suhl
(Academic, New York, 1973); H. Matsumuto, H. Umezawa,
J. P. Whitehead, and G. Kozlowski, Physica, 126B, 354
(1984); C. Ro and K. Levin, Phys. Rev. B 29, 6155 (1984).

2M. Kulic, Phys. Lett. 81A, 359 (1981).

3M. J. Nass, K. Levin, and G. S. Grest, Phys. Rev. B 23, 1111
(1981); M. Gulacsi, Zs. Guldcsi, and M. Crisan, J. Low Temp.
Phys. 50, 371 (1983); 60, 19 (1985).

4K. Machida, K. Nokura, and T. Matsubara, Phys. Rev. B 22,
2307 (1980).

5A. W. Overhauser, Phys. Rev. 128, 1437 (1962); W. M. Lomer,
Proc. Phys. Soc., London 86, 489 (1962); P. A. Fedders and P.
C. Martin, Phys. Rev. 143, 245 (1966).

6K. Machida, J. Phys. Soc. Jpn. 50, 2195 (1981).

M. Ishikawa and O. Fisher, Solid State Commun. 24, 747
(1977); M. Ishikawa, O. Fisher, and J. Muller, J. Phys. (Paris)
Colloq. 37, C6-1379 (1978); M. Ishikawa and J. Muller, Solid
State Commun. 27, 761 (1978); W. Thomlinson, G. Shirane,
D. E. Moncton, M. Ishikawa, and O. Fisher, Phys. Rev. B 23,
4455 (1981).

8R. M. McCallum, D. C. Johnston, R. N. Shelton, and M. B.
Maple, Solid State Commun. 24, 391 (1977).

9H. C. Hamaker, L. D. Woolf, H. B. Mackay, Z. Fisk, and M.
B. Maple, Solid State Commun. 32, 389 (1979); O. Fisher and
M. B. Maple, Superconductivity in Ternary Compounds
(Springer, Berlin, 1982); R. Vaglio, B. D. Terris, J. T. Zasad-
zinski, and K. E. Gray, Phys. Rev. Lett. 53, 1489 (1984).

10K. Bechgaard, C. S. Jacobsen, K. Mortensen, H. J. Pedersen,
and N. Thorup, Solid State Commun. 33, 1119 (1980); K.
Mortensen, Y. Tomkiewicz, T. D. Shultz, and E. M. Engler,
Phys. Rev. Lett. 46, 1234 (1984); J. B. Torrance, H. J. Peder-
sen, and K. Bechgaard, ibid. 45, 881 (1980); J. C. Scott, H. J.
Pedersen, and K. Bechgaard, ibid. 45, 2125 (1980); W. M.
Walsh, F. Wudl, G. A. Thomas, D. Nalewajek, J. J. Hauser,
P. A. Lee, and T. Pochler, ibid. 45, 829 (1980).

11w, Baltensperger and S. Strassler, Phys. Kondens. Mater. 1,
20 (1963).

12p. Petalas and W. Baltensperger, Helv. Phys. Acta 41, 388
(1968).

13P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964).

14K . Machida, K. Nokura, and T. Matsubara, Phys. Rev. Lett.
44, 821 (1980).

ISM. J. Nass, K. Levin, and G. S. Grest, Phys. Rev. Lett. 46,
614 (1981); Phys. Rev. B 25, 4541 (1982).

160, Sakai, M. Tachiki, T. Koyama, H. Matsumuto, and H.
Umezawa, Phys. Rev. B 24, 3830 (1981).

7K. Machida, J. Low Temp. Phys. 37, 583 (1979); 44, 23 (1981).

18M. Tachiki, J. Magn. Magn. Mater. 31-34, 484 (1983).

19Y. Suzumara and A. D. S. Nagi, Phys. Rev. B 24, 5103 (1981).

20G. Sarma, J. Phys. Chem. Solids 24, 1029 (1963); K. Maki and
T. Tsuneto, Prog. Theor. Phys. 31, 945 (1964).

2IM. B. Maple, J. Appl. Phys. 52, 2186 (1981); T. V. Ramak-
rishnan and C. M. Varma, Phys. Rev. B 24, 137 (1981); A. L.
Mozorov, Fiz. Tverd. Tela . (Leningrad) 22, 3372 (1980) [Sov.
Phys.—Solid State 22, 1974 (1980)].

22K. Machida and T. Matsubara, J. Phys. Soc. Jpn. 50, 3231
(1981); K. Machida, Solid State Commun. 41, 217 (1982).

23E. W. Fenton and G. C. Psaltakis, J. Phys. (Paris) Colloq. 44,
C3-1129 (1983); Solid State Commun. 45, 5 (1982); 45, 421
(1983); 47, 767 (1983); G. C. Psaltakis and E. W. Fenton, J.
Phys. C 16, 3913 (1983); E. W. Fenton and G. C. Aers, Mol.
Cryst. Liq. Cryst. 119, 201 (1985); E. W. Fenton, Solid State
Commun. 50, 961 (1984); 53, 501 (1985); 54, 633 (1985).

24T. Kohara, K. Asayama, Y. Nishihara, and Y. Yamaguchi,
Solid State Commun. 49, 31 (1984); K. Takeda and T.
Kohara, Phys. Lett. 106A, 321 (1984); Y. Nishihara, Y.
Yamaguchi, T. Kohara, and M. Tokumoto, Phys. Rev. B 31,
5775 (1985).

25A1. Anghel, N. D. Dadarlat, and Zs. Guldcsi, Solid State
Commun. 35, 983 (1980); M. Crisan, Al. Anghel, and Zs.
Gulacsi, J. Magn. Magn. Mater. 23, 23 (1981); M. Crisan,
Phys. Rev. B 9, 4838 (1974).

26A. A. Abrikosov, L. P. Gor’kov, and I. E. Dzyaloshinskii, in
Method of Quantum Field Theory in Statistical Physics



6156 M. GULACSI AND ZS. GULACSI 33

(Prentice-Hall, Englewood Cliffs, 1963).

27A. 1. Rusianov, D. Y. Kat, and Y. V. Kopaev, Zh. Eksp. Teor.
Fiz. 65, 1984 (1973) [Sov. Phys.—JETP 38, 991 (1974)].

28B. A. Volkov, Y. V. Kopaev, and A. I. Rusianov, Zh. Eksp.
Teor. Fiz. 68, 1899 (1975) [Sov. Phys.—JETP 41, 952 (1975)].

29A. Soda and Y. Wada, Prog. Theor. Phys. 36, 1111 (1966).

30R. Testardi, Rev. Mod. Phys. 47, 637 (1975).

31G. Shirane and J. D. Axe, Phys. Rev. B 4, 2957 (1971); M.
Weger, 1. B. Goldger, in Solid State Physics, edited by H.
Ehrenreich, F. Seitz, and D. Turnbull (Academic, New York,
1973) Vol. 28.

321.. P. Gor’kov, Pis’'ma Zh. Eksp. Teor. Fiz. 17, 525 (1973)
[JETP Lett. 17, 379 (1976)]; L. P. Gor’kov and O. N. Doro-
khov, ibid. 21, 656 (1975) [21, 310 (1975)]; Zh. Eksp. Teor.
Fiz. 65, 1658 (1973) [Sov. Phys.—JETP 38, 830 (1974)]; J.
Low Temp. Phys. 22, 1 (1976).

333, A. Wilson, F. J. Disalvo, and S. Mahajan, Adv. Phys. 24,
117 (1980); M. Ikebe, K. Katagiri and, Y. Muto, Physica,
99B, 209 (1980); R. Sooryakumar and M. V. Klein, Phys.
Rev. Lett. 45, 660 (1980).

34W. W. Fuller, P. M. Chaikin, and N. P. Ong, Phys. Rev. B 24,
1333 (1981); P. Moncean, J. Peyrand, J. Richard, and P. Mol-
inie, Phys. Rev. Lett. 39, 161 (1977); W. W. Fuller, P. M.
Chaikin, and N. P. Ong, Solid State Commun. 30, 689 (1979);

M. Yamamoto, J. Phys. Soc. Jpn. 45, 431 (1978); K. Kawaba-
ta, ibid. 54, 462 (1985).

35D. Jerome, A. Mezard, M. Ribault, and K. Bechgaard, J.
Phys. (Paris), Lett. 41, L95 (1980); D. Jerome, C. Berthier, P.
Molimie, and J. Rouvel, J. Phys. (Paris) 4, 125 (1976).

361, J. Azevedo, W. G. Clark, G. Deutscher, R. L. Greene, G.
B. Street, and L. J. Suter, Solid State Commun. 19, 197
(1976).

37R. N. Bhatt and W. L. McMillan, Phys. Rev. B 14, 1007
(1976).

38K. Levin, D. L. Mills, and S. L. Cunningham, Phys. Rev. B
10, 3821 (1974); K. Levin, S. L. Cunningham, and D. L.
Mills, Phys. Rev. B 10, 3832 (1974).

39C. A. Balseiro and L. M. Falicov, Phys. Rev. Lett. 45, 662
(1980); Phys. Rev. B 20, 4457 (1979); and Proceedings of the
Conference on Superconductors in d and f Band Metals, San
Diego, 1980 (unpublished), p. 105.

40W. L. McMillan, Phys. Rev. B 14, 1496 (1976).

41G. Bilbro and W. L. McMillan, Phys. Rev. B 14, 1887 (1976).

42K. Machida, T. Koyama, and T. Matsubara, Phys. Rev. B 23,
99 (1981).

43Y. Yamaguchi, Y. Nishihara, and S. Ogawa, Jour. Phys. Soc.
Jpn. 53, 3985 (1984); Y. Yamaguchi and Y. Nishihara, Solid
State Commun. 50, 785 (1984).



