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The coexistence of a homogeneous (Meissner-like) phase of spin—triplet superconductivity and

ferromagnetism is investigated within the framework of a phenomenological model of spin-triplet

ferromagnetic superconductors. The results are discussed in view of their application to such metallic

ferromagnets as UGes, ZrZnz, URhGe, and Fe.
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INTRODUCTION

Experiments at low temperatures and high pressure
have indicated the coexistence of ferromagnetism and su-
perconductivity in the metallic compounds UGes [1-3],
ZrZny [4], URhGe [5] and also in Fe [6]. In contrast to
other superconducting materials (see, e.g., Refs. [7,8]),
in these metals the phase transition temperature to the
ferromagnetic state is higher than the phase transition
temperature to the superconducting state and the su-
perconductivity not only coexists with the ferromagnetic
order but is enhanced by it. It is widely accepted [1,10]
that this superconductivity can be most naturally under-
stood as a spin—triplet rather than a spin-singlet pair-
ing phenomenon (see, e.g., Ref. [9]). The experiments
[6] on a high-pressure crystal modification of Fe, which
has a hexagonal closed-packed structure, are also inter-
preted [1] in favour of the appearance of the same un-
conventional superconductivity. Note, that both vortex
and Meissner superconductivity phases [6] are found in
the high-pressure crystal modification of Fe where the
strong ferromagnetism of the usual bee iron crystal prob-
ably disappears [10].

The phenomenological theory that explains the co-
existence of ferromagnetism and unconventional spin—
triplet superconductivity of Landau—Ginzburg type was
derived [11,12] on the basis of general symmetry group
arguments. It describes the possible low-order coupling
between the superconducting and ferromagnetic order
parameters and establishes several important features of
the superconducting vortex state in the ferromagnetic
phase of unconventional ferromagnetic superconductors
[11,12]. Both experimental and theoretical problems of
ferromagnetism in spin—triplet superconductors seem to
be quite different from those in conventional (s-wave)
ferromagnetic superconductors [7,8].

In this letter we investigate the conditions for the oc-
currence of the homogeneous (Meissner-like) phase of
coexistence of spin—triplet superconductivity and ferro-
magnetism in case of a cubic (Oj) crystal structure.
Such a phase of coexistence may occur for a relatively
small magnetization and in a zero external magnetic
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field. Bearing in mind this circumstance and using the
model considered in Refs. [11,12] we show that the phase
transition to the superconducting state in ferromagnetic
superconductors can be either of first or second order and
this depends on the model parameters that correspond
to the particular substance. Our investigation is based on
the mean-field approximation [13] as well as on familiar
results about the possible phases in nonmagnetic super-
conductors with triplet (p-wave) Cooper pairs [14,15].
We neglect all anisotropies, usually given by the respec-
tive additional Landau invariants and gradient terms [9]
in the Ginzburg-Landau free energy of unconventional
superconductors. The reason is that the inclusion of crys-
tal anisotropy is related with lengthy formulae and a mul-
tivariant analysis which will obscure our main aims and
results. Let us emphasize that the present results should
be valid in the same or modified form when the crystal
anisotropy is properly taken into account. We have to
mention also that there is a formal similarity between
the phase diagram obtained in our investigation and the
phase diagram of certain improper ferroelectrics [16].

1. MODEL

We consider the Ginzburg-Landau free energy [11,12]
F= fd?’xf(d),/\;l), where
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f= f_m(D;1/))(D]1/)) —|—a5|1/;|2 + g|w|4 _|_an2

+ §M4 + iy M. (Y x 7). (1)

In Eq. (1), D; = (V — 2ied;/he), and A; (j = 1,2,3)
are the components of the vector potential A related
with the magnetic induction B = V x A. The complex
vector o = (¥1,v¥2,v¢3) = {¢;} is the superconduct-
ing order parameter, corresponding to the spin-triplet
Cooper pairing and M = {M;} is magnetization. The
coupling constant vy = 47.J > 0 is given by the ferro-
magnetic exchange parameter (J > 0). The coefficients
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as = a,(T—T,) and ay = ay(T—T}) are expressed by the
positive parameters o, and oy as well as by the super-
conducting (7) and ferromagnetic (T}) critical temper-
atures in the decoupled case, when Ma;1);-interaction is
ignored; b > 0 and § > 0, as usual.

We assume that the magnetization M 1s uniform,
which is a reliable assumption outside quite close vicinity
of the magnetic phase transition but keep the spatial (x-)
dependence of . The reason is that the relevant depen-
dence of ¢ on x is generated by the diamagnetic effects
arising from the presence of M and the external mag-
netic field H [11,12] rather than from fluctuations of
(this effect is extremely small and can be safely ignored).
First term in (1) will be still present even for H = 0 be-
cause of the diamagnetic effect created by magnetization
M = B/4r > 0. As we shall investigate the conditions
for the occurrence of the Meissner phase where 1 is uni-
form, the spatial dependence of ¢ and, hence, the first
term in r.h.s. of (1) will be neglected. This approxima-
tion should be valid when the lower critical field Hq(7T')
is greater than the equilibrium value of the magnetiza-
tion M in the phase of coexistence of superconductivity
and ferromagnetism.

One may take advantage of the symmetry of model (1)
and avoid considering equivalent thermodynamic states
that occur as a result of the respective continuous sym-
metry breaking at the phase transition point but have
no effect on the thermodynamics of the system. That
is why we shall assume for concreteness of our calcula-
tion that the magnetization vector i1s along the z-axis:
M = (0,0, M), where M > 0. This concrete choice of
the direction of the magnetization vector does not re-
strict the generality of the present analysis and leads to
the same structure of the ordered phases as previously
predicted and discussed on the basis of general symmetry
group considerations in Ref. [12]. We find convenient to
use the following notations: ¢; = b1/41/)j, p; = ¢exp(b;),
M = M, v = 50/ (PH)M*, v = as/V, t = a; /B,
¢* = (61 + ¢34 ¢3), and 0 = (6, — 01).

We shall not dwell on the metastable and unstable
phases described by model (1) [17] nor on the vortex
phase [11,12] corresponding to |B| > H.. Rather, we
consider the stable homogeneous phases in a zero exter-
nal magnetic field (H = 0) that are described by uniform
order parameters M and ¥. We shall essentially use the
condition Ty > 1.

II. RESULTS AND DISCUSSION

The model (1) describes three stable homogeneous
phases: (1) normal phase (¢; = M = 0) (hereafter re-
ferred to as N-phase), (2) ferromagnetic (FM-) phase
(¢; = 0, M? = —¢ > 0), and (3) a phase of the co-
existence of superconductivity and ferromagnetism (FS-

phase), given by ¢35 = 0, 6 = 2n(k — 1/4), (k =

0,41,..), ¢> = (=r+ M) >0, 6M?* > (v* — 2t), and

ﬂ:(?-QM—M? (2)

This phase of the coexistence has the same symmetry
as pointed in Ref. [12] for cubic crystals and in strong
spin-orbit coupling limit. It is not difficult to determine
the domains of existence and stability of the phases N,
FM, and FS. Note, that here we use the term “condi-
tion of stability” to indicate the necessary condition of
stability when the respective phase corresponds to a min-
imum of the free energy, 1.e., in both cases of stable and
metastable states. When a phase corresponds to a global
minimum of free energy (a sufficient condition of stabil-
ity) it will be called a “stable phase”. Thus we easily
find the following existence and stability regions: (¢ > 0,
7 > 0) for the N-phase, (t < 0,7 > yM) — for FM. In or-
der to obtain the same domain for FS one should consider
Eq. (2) together with the additional existence and stabil-
ity conditions corresponding to this phase: vM > r and
3M? > Mg, where My > 0 is defined by the »(M) = 0;
see Eq. (2).

Eq. (2) is shown in Fig. 1 for y = 1.2 and ¢t = —0.2.
For any v > 0 and ¢, the stable FS thermodynamic states
are given by r(M) < rpy = r(My,) for M > M, > 0,
where M,, corresponds to the maximum of the function
r(M). Functions My, (t) and My(t) = (=t + 72/2)1/2 =
V3M,,(t) are drawn in Fig. 2 for v = 1.2. Functions
rm(t) = 4M2 (t)/v for t < 4%/2 (the line of circles in
Fig. 3) and r.(t) = ~[t|'/* for t < 0 define the border-
lines of stability and existence of FS.

In the region on the left of point B (Fig. 3) with the
coordinates (—y? /4,7 /2), FS satisfies the existence con-
dition yM > r only below the dashed line [r < r.]. In
the domain confined between the lines of circles and the
dashed line on the left of point B the stability condition
for FS is satisfied but the existence condition is broken.
The inequality » > r.(t) is the stability condition of FM
for 0 < (—t) < 4%/4. For (—t) > 4?/4 the FM phase is
stable for all » > r.(t). The dashed line on the left of
point B, i.e. for (—t) > 4?/4, is a line of the second or-
der FM—-FS phase transition. On this line the equilibrium
order parameters are given by ¢; = 0 and M., = \/ﬂ
Therefore, the phase diagram for (—t) > 42 /4 is clarified
for any . When r < 0 the FS phase is stable and is de-
scribed by the function r(M) for M > My, as shown in
Fig. 1.

The part of the t-axis given by » = 0 and ¢ > +?2/2
in Fig. 3 is a phase transition line of second order that
describes the N-FS transition; see, the dashed line to
the right of point A in Fig. 3 The same transition for
0 <t < ~?%/2 is represented by the solid line AC which
is the equilibrium transition line of the first order phase
transition. This equilibrium transition curve is given by
the function

ralt) = 3 37— 7 4160 M), @)
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Fig. 1. h = vr/2 as a function of M for v = 1.2, and t = —0.2.
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Fig. 2. M versus t for v = 1.2: the dashed line represents My, the solid line represents M.q, and the dotted line corresponds

to My,.
where
1 1/2]1/2
Mo (t) = — |~* — 8t + 2 416t 4
)= 55 [ =8ty (7 4160 T @)

is the equilibrium value (jump) of the magnetization. The
order of the N-FS transition changes at the tricritical
point A.

The domain above the solid line AC and below the line
of circles for ¢ > 0 is the region of a possible overheating
of FS. The domain of overcooling of the N-phase is con-
fined by the solid line AC and the axes (¢ > 0, r > 0).
At the triple point C with coordinates [0, req(0) = v*/4]
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the phases N, FM, and FS coexist. For ¢t < 0 the straight
line

2
v
qu I—i_ |t|a

(t) = —y /A<t <0, (5)
describes the extension of the equilibrium phase transi-
tion line of the N-FS first order transition to negative
values of ¢, where it describes the FM-FS first order
phase transition. For ¢ < (—y?/4) the equilibrium phase
transition FM—FS is of the second order and is given
by the dashed line on the left of point B (the second
tricritical point in this phase diagram). Along the first

order transition line r7 (¢), given by (5), the equilibrium
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value of M is M.q = 7/2, which implies an equilibrium
order parameter jump at the FM—FS transition equal to
(7/2—1/1t]). On the dashed line of the second order FM-
FS transition the equilibrium value of M equals that of
the FM phase (Meq = \/m) At the triple point C the
phases N, FM, and FS coexist. Note, that the dashed
line along the r-axis above the triple point C indicates
the second order N-FM phase transition.

In conclusion, we have demonstrated that model (1) of

FS

ferromagnetic spin—triplet superconductors gives quite a
complex phase diagram containing three ordered phases,
two types of phase transitions, two tricritical points, and
a triple point. Further considerations of the effect of ad-
ditional terms in free energy (1) such as the terms of the
type M? |1|? and/or those describing the Cooper pair
and crystal anisotropy [9,14] may give more information
about the shape of the phase diagram outlined in the
present paper.

- —05

; i

Fig. 3. The phase diagram in the plane (¢, r) with two tricritical points (A and B) and a triple point C; v = 1.2. The second
order transition lines are dashed, first order transition line is solid. The meaning of the notations N, FM and FS is given in

the text.
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CIIIBICHYBAHHS OTHOPITHUX ®A3 CIIIH-TPUILJIETHOI HAQIIPOBIIHOCTHA
I PEPOMATHETHU3MY

. lomosa, 1. YayHoB
Jabopamopia CPCM, Incmumym $isuxu meepdozo miaa I. Hadrncarosa
Boneapcoxa axademia nayx, BG—1784, Boaeapis

CriBicHyBaHHA OMHOPIAHOI a3y CIIH-TPUILJIETHOI HAIIPOBIIHOCTH Ta ¢dhpepoMarHeTU3My IOCIIKEHO 3a J10-
HOMOTOI0 (PeHOMEHOJIOTIYHOI MOIe Il CIIH—TPUILIETHOTO hbepoMarHeTHOro HaamposigHuKa. O6TOBOpeHO 3acTocy-
BaHHA OTPUMAaHHMX pe3yJibTariB 10 ¢prepoMarteTanx Metasis, UGez, ZrZnz, URhGe 1 Fe.
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