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Abstract. The scaling properties of the free energy, the diamagnetic moment,
and the diamagnetic susceptibility above the phase transition from the ferro-
magnetic phase to the phase of coexistence of ferromagneticorder and super-
conductivity in unconventional ferromagnetic superconductors with spin-triplet
(p-wave) electron paring are considered. The crossover from weak to strong
magnetic induction is described for both quasi-2D (thin films) and 3D (bulk)
superconductors. The singularities of diamagnetic momentand diamagnetic
susceptibility are dumped for large variations of the pressure and, hence, such
singularities could hardly be observed in experiments. Theresults are obtained
within Gaussian approximation on the basis of general theory of ferromagnetic
superconductors with p-wave electron pairing.

PACS codes: 74.20.De, 74.20.Rp, 74.40-n, 74.78-w

1 Introduction

The discovery of coexistence of ferromagnetism and bulk superconductivity in
Uranium-based intermetallic compounds, UGe2 [1–3], URhGe [4], UCoGe [5,6]
has led to renewed interest in the interrelationship between ferromagnetism and
superconductivity. In these itinerant ferromagnets, the phase transition to super-
conductivity state occurs in the domain of stability of ferromagnetic phase, in-
cluding sub-domains, where a considerable spontaneous ferromagnetic moment
M is present. This seems to be a general feature of ferromagnetic superconduc-
tors with spin-triplet (p-wave) electron pairing [7–9] (see also reviews [10,11]).
In such situation the thermodynamic properties near the phase transition line
may differ from those known for the superconducting-to-normal metal transi-
tion.

1310–0157 c© 2012 Heron Press Ltd. 29



H. Belich, D.I. Uzunov

P

T

P
c

FM

N

FS 3

T
F
(P)

1

2

C

type I type II

P
1

Figure 1. An illustration ofT −P phase diagram ofp-wave ferromagnetic superconduc-
tors (details are omitted): N – normal phase, FM - ferromagnetic phase, FS – phase of
coexistence of ferromagnetic order and superconductivity, TF (P ) andTF S(P ) are the
respective phase transition lines: solid line correspondsto second order phase transition,
dashed lines correspond to first order phase transition;1 and2 are tricritical points;Pc is
the critical pressure, and the circleC surrounds a relatively small domain of high pressure
and low temperature, where the phase diagram may have several forms depending on the
particular substance. The line of the FM-FS phase transition may extend up to ambient
pressure (type I ferromagnetic superconductors), or, may terminate atT = 0 at some
high pressureP = P1 (type II ferromagnetic superconductors, as indicated in the figure).

The basic thermodynamic properties of these systems are contained in their
T −P phase diagrams. According to the experiments [1–6] carriedon the above
mentioned compounds and ZrZn2 [12], theT −P diagrams exhibit several basic
features, which are shown in Figure 1 (as claimed in Ref. [13], owing to a special
treatment of sample surfaces, only a surface superconductivity has been proven
in ZrZn2). As seen from Figure 1, the phase transition lineTF (P ), correspond-
ing to the phase transition from normal (paramagnetic) state (N) to ferromagnetic
phase (FM) is substantially above the lines referring to phase transition from FM
phase to the phase of coexistence of ferromagnetism and superconductivity (in
short, FS phase, or, FS). The exception is only very near to the critical pressure
Pc, where both ferromagnetism and superconductivity vanish and phase transi-
tion lines are close to each other. This picture reflects the real situation in the
above mentioned compounds, for example, UGe2, where theTF (P ) at ambient
pressurePa is of order53 K, whereas the maximalTFS does not exceed1.23 K;
for UGe2, Pc ∼ 1.6 GPa.

Moreover, Figure 1 shows that the lineTFS(P ) of FM-FS phase transition may
have two or more distinct shapes. Beginning from the maximal(critical) pres-
surePc, this line may extend to all pressuresP < Pc, including the ambient
pressurePa; see the almost straight line containing the point 3 in Figure 1. A sec-
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ond possible form of this line, revealed by experiments, forexample, in UGe2,
is shown in Figure 1 by the curve which begins atP ∼ Pc, passes through
the point 2, and terminates at some pressureP1 > Pa, where the supercon-
ductivity vanishes. These are two qualitatively differentphysical pictures: (a)
when the superconductivity survives up to ambient pressure, and (b) when the
superconducting states are possible only at relatively high pressure (for UGe2,
P1 ∼ 1 GPa).

Within the general phenomenological theory of spin-triplet ferromagnetic super-
conductors [7], these different pictures are distinguished by simple mathematical
conditions on the theory parameters [8, 9]. Therefore, there are both experi-
mental and theoretical arguments to classify these superconductors in “type I”
and “type II” p-wave ferromagnetic superconductors, as proposed for the first
time in Ref. [8] and illustrated in Figure 1 above the respective TFS(P ) lines.
The tricritical points 1, 2 and 3 (see Figure 1), at which the order of the phase
transitions changes from second order (solid lines) to firstorder (dashed lines)
are a quite reliable experimental fact and have already beentheoretically ex-
plained [7]. Firstly, the interaction between the superconducting and magnetic
subsystems naturally generates a first order phase transition along the high-
pressure part(P . Pc) of the FM-FS phase transition. Secondly, under certain
circumstances, an additionalM6 term in the free energy may describe the ex-
perimentally observed first order phase transition along the high-pressure part of
the N-FM line [7].

In Figure 1, the circleC denotes a narrow domain aroundPc at relatively low
temperatures (T . 300 mK), where the experimental data are quite few and we
may not reliably conclude about the shape of the phase transition lines in this
T − P domain. It could be assumed, as in the most part of the experimental
papers, that(T = 0, P = Pc) is the zero temperature point at which both lines
TF (P ) andTFS(P ) terminate. A second possibility is that these lines may join
in a single (N-FS) phase transition line at some point(T & 0, P ′

c . Pc) above
the absolute zero. In this second variant, a direct N-FS phase transition occurs,
although this option exists along a very small piece of N-FS phase transition
line: from point(0, Pc) to point (T & 0, P ′

c . Pc). A third variant is related
with the possible splitting of point(0, Pc), so that the N-FM line terminates at
(0, Pc), whereas the FM-FS line terminates at another zero temperature point
(0, P0c); P0c . Pc. In this case, thep-wave ferromagnetic superconductor has
three points of quantum (zero temperature) phase transitions [9].

These and other possible shapes ofT − P phase diagrams are described within
the framework of the general theory of Ginzburg-Landau (GL)type [7] in an
entire conformity with the experimental data [8, 9]; for reviews, see Refs. [10,
11]. The same theory has been confirmed by a microscopic derivation based
on a microscopic Hamiltonian including a spin-generalizedBCS term and an
additional Heisenberg exchange term [14].
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Although the theory predicts correctly the shape of FM-FS phase transition line,
the possible types of phase transitions, finite temperatureand quantum multi-
critical points [9, 15], some important features ofp-wave ferromagnetic super-
conductors, in particular, the properties of the FM-FS phase transition, need a
further investigation. The FM-FS phase transition inp-wave superconductors is
remarkable for the circumstance that there the superconductivity appears in an
environment of a strong ferromagnetic moment (magnetization density)M. This
certainly leads to a modification of the usual phase transition to superconducting
state in conventional non-magnetic superconductors.

In this paper we study the effect of the spontaneous ferromagnetic moment
M deeply below the ferromagnetic transition on the fluctuation properties in
a close vicinity of the FM-FS phase transition above the FM-FS line. Remem-
ber that near the usual critical point of standard (conventional) superconductors,
the fluctuating superconduction fieldψ(x) creates an overall diamagnetic mo-
mentVMdia ≡ M = {Mj ; j = 1, 2, 3} which, except for particular circum-
stances, depends on the external magnetic fieldH. The numerous studies of
the fluctuation diamagnetism in conventional superconductors, including vari-
ous sample geometries [three-dimensional (3D) (bulk), quasi-2D (in short, q2D;
thin films), 1D (wire), 0D (small drop)] and layered structures, are summarized
in Ref. [16]; D denotes the effective dimension of the superconductor places
in a three-dimensional space (d = 3); note, that the effective dimension of the
superconductorD is often different from the space dimensionalityd.

Here we consider for the first time the diamagnetic properties of 3D and q2D
p-wave ferromagnetic superconductors — diamagnetic momentM and diamag-
netic susceptibilityχdia. Some of our preliminary results for 3D (bulk) super-
conductors have been recently published [17]. We demonstrate that the diamag-
netic susceptibilityχdia and diamagnetic momentM of p-wave ferromagnetic
superconductors are dumped along the prevailing part of FM-FS phase transition
line, in particular, at the second order phase transition line. So, our theoretical
results predict that the singularities at critical points,typical for usual supercon-
ductors, do not exist at the second order phase transition lineTFS(P ) of p-wave
ferromagnetic superconductors.

In Section 2 we present the GL fluctuation Hamiltonian ofp-wave ferromagnetic
superconductors in Gaussian approximation for the fluctuation fieldψ(x) of the
superconducting order parameterψ. We consider temperatureT ≥ TFS(P ),
where the statistical average〈ψ(x)〉 of ψ = 〈ψ(x)〉 + δψ(x) is equal to zero,
namely, the fieldψ(x) is a net fluctuation:ψ ≡ δψ(x). The Gaussian ap-
proximation is the usual tool for study of basic properties of fluctuation dia-
magnetism [16], and here we follow this approach as well as the notations in
Refs. [7,9,18,19]. We shall essentially use formulations and results of the gen-
eral phenomenological theory ofp-wave ferromagnetic superconductors [7–11],
as well as modern concepts of crossover and critical phenomena [18]. Our the-
oretical approach essentially generalizes preceding theoretical treatments (see,
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e.g., Ref. [16] and references therein) and might be used as an advanced calcu-
lational scheme in further investigations of critical crossovers in complex super-
conductors.

In Section 3 we derive a general expression for the fluctuation contribution to the
equilibrium free energy of system above the curveTFS(P ) for arbitrary values
of magnetic inductionB = H + 4πM. We show that apart of special role of
magnetic inductionB, this expression is very similar to that for conventional
nonmagnetic superconductors.

In Section 4 we calculate the diamagnetic momentM(T,H) and the diamag-
netic susceptibilityχdia(T,H). Further, we investigate the “weak-B – strong-
B” crossover in the behavior of these important quantities. For this aim, both
3D and q2D sample geometries are considered and the results are compared
with known studies of conventional (s-wave) non-ferromagnetic superconduc-
tors. We predict a dumping of the singularities of the diamagnetic moment and
the diamagnetic susceptibility along the FM-FS phase transition line. Moreover,
we deduce a universality in the behavior of these quantitiesin p-wave ferromag-
netic superconductors and usual (s-wave) non-magnetic superconductors. We
will also briefly focus on related experimental problems. InSection 4.C and
Section 5 we summarize our main results and discuss their applicability to real
systems.

2 Fluctuation Hamiltonian

The fluctuation Hamiltonian ofp-wave ferromagnetic superconductor can be
given in the form [7]

H(ψ) =

∫

d3x
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where2m and 2e = 2|e| are the effective mass and the charge of the elec-
tron Cooper pairs, respectively, the superconducting order parameterψ =
{ψj(x); j = 1, 2, 3} is a three-component complex field, the magnetization
M(x) = {Mj(x); j = 1, 2, 3}, describing the ferromagnetic order in the FM
phase is a three component real field,i.e., the componentsMj(x) are real fields,
as = αs(T − Ts) is represented by the generic critical temperatureTs of hypo-
thetical pure superconducting state (|ψ| > 0,M = 0) and the positive material
parameterαs; as usual,bs > 0. Besides,γ0 ∼ J > 0, whereJ > 0 is an effec-
tive ferromagnetic exchange constant, andδ0 are parameters describing the in-
teraction between superconducting and magnetic electron subsystems. As usual,
the vector potentialA = {Aj(x)} obeys the Coulomb gauge∇.A = 0 and is
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related to the magnetic inductionB. In a space of dimensionalityd, in short,
dD dimensional space, the relation betweenA andB is represented in different
mathematical forms. Here we work in a three dimensional space (d=3), where
the geometry of superconductor body is chosen of two types: q2D (thin film) or
3D (bulk); hence, we may use the relationB = ∇×A. We neglect the gradient
anisotropy [20] as it has a small effect compared to the exchange interactions
between the normal and superconducting electrons; this point is discussed in the
Section below.

In mean field (MF) approximation [18, 19], the magnetizationM = |M| in
the pure ferromagnetic phase (FM) (ψ = 0,M 6= 0) at zero external magnetic
field (H = 0) is given byMMF = (−af/bf)1/2 as a global minimum of the
magnetic fluctuation Hamiltonian

H(M) =

∫

d3x



cf

3
∑

j=1

(∇Mj)
2
+ afM

2 +
bf
2
M4



 , (2)

whereaf = αf (T − TF ), TF is the generic critical temperature of the (pure)
ferromagnetic state, andαf andbf are positive material parameters [7]. Note
that throughout this paperM denotes the density of the magnetization, whereas
the total magnetization of the ferromagnetic phase is givenby

∫

d3xM(x).

In the present investigation we ignore the fluctuations of the fieldM(x). This
is justified by the fact, thatTF (P ) ≫ TFS for almost all variations of the pres-
sureP , except for a very narrow domain near the critical pressurePc, where
the mean-field valueMMF = (−af/bf)1/2 of the magnetization tends to zero
(TFS ∼ TF ). Remind, in this domain both N-FM and FM-FS phase transitions
are of first order, and therefore strong fluctuations ofM could not be expected.

The last two terms in Eq. (1) have a key role in the descriptionof thermody-
namics and phase diagram of this type of ferromagnetic superconductors. These
terms describe the interaction between the normal (non-superconducting) elec-
tron fraction and the electron Cooper pairs. While theδ0-term has the supporting
role of ensuring a stability of phases at relatively large negative values of the pa-
rameteraf , the γ0-term has a key role in the phenomenon of coexistence of
superconductivity and ferromagnetism. The presence of this term ensures the
theoretical description of real situation inp-wave ferromagnetic superconduc-
tors, in particular, a reliable description of the mentioned coexistence of phases.
This is the term which triggers the superconductivity [7]; for a more detailed
discussion, see Refs. [7, 10, 11]. This point is not trivial.Although such ”trig-
ger” terms, where one of ordering fields is present by its firstpower and the
second order parameter interacts by its second power, are well known, for ex-
ample, in the theory of certain improper ferroelectrics [21], here the symmetry
of theγ0-term is very particular and leads to critical phenomena of essentially
new universality class [15].
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Note, that according to the symmetry analysis in Ref. [22], aγ0-term follows
from the gradient anisotropy, which is typical for unconventional superconduc-
tors [20]. However, if the gradient anisotropy is the only source of creating such
important term, the thermodynamics of these systems could not be described in
compliance with the experimental data. This is so, because the exchange energy
that creates the ferromagnetic order is of much bigger magnitude than the po-
tential corresponding to the occurrence of FS. This argument is readily justified
by the inequalitiesTF ≫ TFS ≫ Ts ∼ 0, which follow from the experimen-
tal data. Therefore, the major contribution to theγ0-term and to the effective
interaction parameterγ0, comes from the interaction between the Cooper pair
fraction and the normal (non-superconducting) electrons of conduction electron
bands of compounds rather than from the exchange interaction between Cooper
pairs in the superconducting sub-band only. So, contrary tothe consideration in
Ref. [22], where only the superconducting sub-band takes part in the descrip-
tion andγ0-term is a net product of the gradient anisotropy ofp-wave Cooper
pairs, within the present general quasi-phenomenologicalapproach, the interac-
tion parameterγ0 includes both the inter-sub-band exchange interaction between
the magnetic moments of Cooper pairs and normal electrons, and the exchange
interactions within the sub-band of Cooper pairs, namely, between the Cooper
pairs themselves. Obviously, the second type of interaction is much weaker, and
can be safely ignored in many calculations. This point of view is supported by
recent microscopic theories [14,23].

As known, for the Uranium-based compounds, all these remarkable phenomena
are created by the5f -electrons, whereas for ZrZn2 the same phenomena might
be ascribed to the behavior of the4d-electrons. Furthermore, within our ap-
proach one may extend the consideration beyond the itinerant ferromagnetism
and take into account exchange effects on the conduction band electrons pro-
duced by localized spins, attached to atoms at the vertices of crystal lattice.

3 Free Energy

Here our task is to calculate the fluctuation part of free energy

F = −β−1 ln

∫ 3
∏

i,j=1

∏

x∈V

Dψj(x)DδMi(x) exp [−βH] (3)

in the superconductor volumeV = LxLyLz, above the FM-FS phase transi-
tion line TFS(P ) ≡ Tc(P ); henceforth we shall use the notationTc for the
temperatureTFS . In Eq. (3), the functional integral is over all independentde-
grees of freedom: the complex components of the superconducting fluctuations,
ψ(x) and the fluctuationsδMi(x) of the magnetization vector componentsMi;
β−1 = kBT . The functional integral is taken over both real [ℜψ(x)] and imag-
inary [ℑψ(x)] parts of the complex fieldψ(x), i.e., Dψ(x) ≡ dℜψ(x)dℑψ(x).
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Note that for temperatures nearTc(P ) we can always setβ ≈ βc = 1/kBTc

(see, e.g., Ref. [18]). Mostly in this paper we shall consider 3D (bulk) supercon-
ductors and (q2D) thin superconducting films in a transversemagnetic field, so
we shall use the 3D notations:x = (x, y, z), and the labelsx, y, z for quantities
defined along the respective Cartesian axes in 3D space (d = 3).

We are interested in the magnetic thermodynamics in close vicinity (T ∼ Tc)
above the temperatureTc(P ) of FM-FS phase transition. ForTF ≫ Tc, the
fluctuationsδMi in this temperature range are very weak and can be neglected
[Mi ≈ M

(MF )
i ]. Then one may substituteMj(x) in the exponent of Eq. (3) by

M
(MF )
j andDδMj(x) in the functional integration byDδ[δMj(x)]; hereδ[z]

denotesδ-function. This procedure totally eliminates the fluctuationsδMi(x)
from our consideration; hereafter we shall omit the label “MF” [M(MF ) ≡ M].
ForT > TFS the statistical averages〈ψj〉 = ψj − δψj are equal to zero and we
have a purely fluctuation fieldψ(x) = δψ(x). Thus, within the present consider-
ation, the only integration variables in functional integral (3) are the fluctuations
δψj(x) = ψj(x). Neglecting the Ginzburg critical region [18,19], which isvery
small in all low temperature superconductors and, hence, unobservable in ex-
periments, we may ignore the fourth order fluctuation term|ψj |4 in Eq. (1), and
apply Gaussian approximation to the fluctuation modesψ(x).

For convenience, we choose the vectorsM and H along theẑ-axis: M =
(0, 0,M), andH = (0, 0, H). This assumption does not essentially restrict
the generality of our consideration. If the superconductors are magnetically
isotropic, the magnetization vectorM will follow the direction of external mag-
netic fieldH. If magnetic anisotropy is present, for example, an easy axis of
magnetization, as in UGe2, our assumption will be satisfied by choosing an
external fieldH parallel to this easy axis of magnetization. Then the term
M.(ψ × ψ∗) takes the simple formM(ψ1ψ

∗
2 − c.c.).

Under the supposition of uniform magnetic inductionB = (0, 0, B), we take
the gauge of the vector potentialA asA = (−By, 0, 0) and expand the fields
ψj(x) in series [19]

ψj(x) =
∑

q

cj(q)ϕj(q,x) (4)

in terms of the complete set of eigenfunctions

ϕj(q,x) =
1

(LxLz)
1/2

ei(kx+kz)χn(y) (5)

of the operator[i~∇ + (2e/c)A]2 /4m, corresponding to the eigenvalues

E(q) =

(

n+
1

2

)

~ωc +
~

2

4m
k2

z , (6)

specified by the magnetic frequencyωB = (eB/mc) and vectorq = (n, kx, kz),
wheren = 0, 1, . . . ,∞, is the quantum number corresponding to the Landau
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levels, andkx andkz are components of the wave vectork = (kx, ky, kz). In
Eq. (5), the functionχn(y) is related to the Hermite polynomialsHn(y) by

χn(y) = Ane
−

(y−y0)2

2a2
B Hn

(

y − y0
aB

)

, (7)

whereA−1
n = (aB2nn!

√
π)1/2 [24], y0 = a2

Bkx, andaB = (~c/2eB)1/2.

In terms of thecj(q)-functions, theψ2-part of the fluctuation Hamiltonian (1) is
given by

H =
∑

j,q

Ẽ(q)cj(q)c
∗
j (q) + iγ0M [c1(q)c

∗
2(q) − c.c.] , (8)

where
Ẽ(q) = E(q) + as + δ0M

2. (9)

Applying the unitary transformation,

c1(q) =
i√
2

[−φ+(q) + φ−(q)] (10a)

c2(q) =
1√
2

[φ+(q) + φ−(q)] (10b)

renders the fluctuation Hamiltonian (1) as a sum of squares offield components
c3(q), andφ±(q).

In the continuum limit,Ly → ∞, the integral

Iy =

∫ Ly/2

−Ly/2

dyχn(y)χn′(y) (11)

is simply equal to the Kronecker symbolδnn′ and this is a key point in the further
simple representation of the Hamiltonian (1). Substituting the function (7) in
the integral (11), and having in mind the properties of the Hermite polynomials
Hn(z) [24], we see that the integral (11) will be equal toδn,n′ only if the limits
of integration can be expanded to±∞. In fact, the integration in Eq. (11) can
be performed with respect to the variableȳ = (y − y0)/aB and integral limits
(−y0 ± Ly/2)/aB. The limits of integration with respect to this variable can
be approximately equalized to±∞, if only Ly/2aB → ∞; for finite samples
(Ly ≫ 2aB). Another inevitable condition, namely,−Ly/2 < y0 < Ly/2,
follows from the requirement that the coordinatey0 = a2

Bkx must belong to the
sample volume. This condition implies

− Ly

2a2
B

< kx <
Ly

2a2
B

. (12)
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As we show below, this condition fixes the number of statesN = LxLy/2πa
2
B

for all possible values of quantum numberkx at any givenn andkz.

Having in mind these features of theory and considering sufficiently largeLy,
we can justify the solutionIy = δnn′ of the integral (11) and achieve a very
useful form of the Hamiltonian, namely,

H =
∑

n,q

[

E−(q)|φ+(q)|2 + E+(q)|φ−(q)|2 +E3(q)|c3(q)|2
]

, (13)

with
E±(q) = E(q) + a±(M), (14)

whereE(n, kz) is given by Eq. (6),

a±(M) = a0 ± γ0M (15)

is represented bya0 = as + δ0M
2, andE3 ≡ Ẽ is given by Eq. (9).

Now the free energy (3) can be written as a functional integral over all indepen-
dent field amplitudes:±φ(q), andc3(q). Using the short notationsϕα(q) with
α = (+,−, 3) of the Fourier amplitudesφ+(q), φ−(q) andc3(q), respectively,
and adopting the same labelα to denoteE+, E− andE3 by Eα, we obtain the
free energyF in the form

F = −
∫

∏

α,q

dℜϕα(q)dℑϕα(q)e−β
P

α,q
Eα(q)|ϕα(q)|2 . (16)

The direct calculation of the Gaussian integrals in Eq. (16)yields

F = −kBT ln
∏

α,n,kx,kz

[ πkBT

Eα(n, kz)

]

= −kBT ln
∏

α,n,kz

[ πkBT

Eα(n, kz)

]N

, (17)

where we have used the condition (12) and the continuum limitfor the kx-
product,

∏

kx

1 −→ exp

[

Lx

∫

dkx/2π

]

, (18)

namely,

N =
∑

kx

1 ≈ Lx

∫ Ly/2a2
B

−Ly/2a2
B

dkx

2π
=
LyLx

2πa2
B

. (19)

In the second equality (17) we point out the result of the summation overkx

with the help of the rule (18). The obtained expression (17) follows from the
fact that the mode energiesEα(n, kz) do not depend on the quantum number
kx. Thus the number of statesN at fixed quantum numbersn andkz and the
relationF ∼ N are naturally deduced from the calculation.
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Further, we have to pay attention to the fact that the field theories of GL type are
limited to length scalesk = |k| . Λ ∼ π/ξ0, whereξ0 is the zero temperature
correlation length of the field of interest [18,19]. In the present case, we must use
the quantityξ0 corresponding to the fieldψ(q) which fluctuates in the vicinity of
the phase transition lineTc(P ). The standard expressionξ0s = ~/(4mαsTs)

1/2,
corresponding to the generic critical temperatureTs [18,19] cannot be applied to
our problem. So, we define the upper cutoffΛ ≃ π/ξ0 by the zero-temperature
correlation (coherence) lengthξ0 but the latter will be specified at a next stage
of our consideration. Here we will mention thatξ0 is the scaling amplitude of
the correlation lengthξ of the superconducting fluctuations at the FM-FS critical
line Tc(P ): ξ(t) = ξ0/|t|1/2, wheret = (T − Tc)/Tc; |t| < 1.

As the small wave numbersk have the main contribution to the values of the in-
tegrals in the free energy and its derivatives, we shall use the finite cutoffΛ only
when the respective integral has an ”ultraviolet” divergency; for example, see
Eq. (19). In all other cases, the relatively large values ofk do not produce essen-
tial quantitative contributions to the integrals and for this reason, we may extend
the cutoffΛ to infinity. Moreover, owing to the same type of limitation ofthe GL
theory — the long wavelength approximationξ0k . π, we should take in mind
that only quantum numbersn corresponding to energiesEα . ~

2/4mξ20 are to
be taken into account. Thus the quantum numbern has a cutoff as well, and the
latter is given byncωB ≃ ~/4mξ20 , namely,nc = [~/4mξ20ωB] ([z] denotes the
integer part of numberz). This energy cutoff could be neglected in cases when
this does not produce divergencies of the respective physical quantities.

For our further aims we shall write Eq. (17) in a more convenient form

F = −S ekBTB

π~c

nc
∑

n=0

Λ
∑

kz=−Λ

ln
(πkBT )3

E+E−E3
, (20)

The relevant part of the free energy, which contains singularities at the criti-
cal temperatureTc is given by the term containinglnE−. All other terms are
quite smooth near the lineTc(P ) and do not produce singularities of the phys-
ical quantities. This important circumstance follows directly from the fact, that
namely the parametera−(M) is relatively small in magnitude and changes sign
at Tc — the FM-FS phase transition temperature, corresponding tothe phase
transition from FM phase to the phase of coexistence (FS) of ferromagnetism
and a homogeneous (Meissner) superconducting state at zeroexternal magnetic
field (H = 0). Therefore, the critical fluctuations are described by thefield
φ−(q). The other fields,φ+(q) andc3(q), do not produce critical phenomena
(singularities) because the parametersa+ anda0 do not pass through the null at
T = Tc. The value of magnetizationM is relatively large along the most part
of the lineTc(P ) in this type of ferromagnetic superconductors(TF ≫ Tc),
and therefore the parametersa+ anda0 are quite different froma− except for
a narrow domain around the critical pressurePc. Note that in a non-magnetic
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(standard)p-wave superconductor [18], whereM ≡ 0, a± = a0 = as, all
three modesϕα(q) are critical in a close vicinity of the critical pointTs. For
such superconductor, the free energy (21) will differ with afactor 3 from the
standard result for a conventional (s-wave) superconductor with a scalar order
parameter [19].

In our further analysis we shall ignore the nonsingular partof the free energy
and keep only the contributions from the critical modeφ−(q). Thus, we have to
analyze the behavior of function

F = −S ekBTB

π~c

nc
∑

n=0

Λ
∑

kz=−Λ

ln
πkBT

E(q) + a−(M)
, (21)

whereE(q) is given by Eq. (6).

Now we have to define the parameters in Eq. (21). ForM = (|af |/bf)1/2, the
parametersa±(M) are given by [8,9]

a±(T ) = αs(T − Ts) + δ0
af

bf
± γ0

(

af

bf

)1/2

. (22)

We are interested mainly on the parametera−(T ) which is related with the equi-
librium phase transition from FM to FS. DefiningTc ≡ TFS from the equation
a−(Tc) = 0, we obtain

a−(T ) ≈ αc(T − Tc), (23)

where

αc = αs −
δ0αf

bf
+

γ0α
1/2
f

2 [bf (TF − Tc)]
1/2

(24)

andTc is given as a solution of the equation

Tc(Mc) = Ts −
δ0
αs
M2

c +
γ0

αs
Mc, (25)

whereMc ≡M(Tc) = [αf (TF − Tc)/bf ]1/2 > 0. In the same way one obtains
that the parametersa0 anda+ remain positive atTc: a0(Tc) = γ0Mc, and
a+(Tc) = 2a0(Tc), which is a demonstration that the modesφ+(q) andc3(q)
are not critical and could not have essential contributionsto the thermodynamics
in the vicinity of phase transition lineTc(P ).

Note that the parameterαc, given by Eq. (24), is positive for requirements of
stability of the ordered phases [10]. The solution of Eq. (25) with respect to
Tc yields the curveTFS(P ) ≡ Tc(P ), shown in Figure 1. The dependence
of Tc on the pressureP comes from theP -dependence of material parame-
ters (αs, αf , TF , . . . ) in Eq. (25). In Refs. [8, 9] a simpleP -dependence of
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these parameters has been suggested: all material parameters exceptTF areP -
independent, and the form of the functionTF (P ) is assumed of the simple form
TF (P ) ≈ TF (0)(1 − P/Pc). Although this is a simple approximation of the
pressure effect in these systems, it gives a remarkable agreement between the-
ory and experimental data for theT −P phase diagram [8,9]. In the framework
of the same approximation, according to Eq. (25), theP -dependence is con-
tained in the quantityMc and, hence, we may often considerTc as a function of
Mc ≡ M(Tc) – the value of the magnetization on the FM-FS phase transition
line: Tc = Tc(Mc).

The upper cutoff for the wave numberkz is given byΛ ≃ π/ξ0, where the zero
temperature correlation lengthξ0 = (~2/4mαcTc)

1/2 is expressed byαc and
Tc, given by Eqs. (24) and (25), respectively. The upper quantum numbernc,
defined by the equalitync~ωc ≃ ~

2/4mξ20 , can be represented bync = [1/2b],
whereb = (e~B/2mcαcTc) is a non-negative quantity. Having in mind the
supplementary condition thatE(n, kz) from Eq. (6) withn = kz = 0 should
also obey the conditionE(0, 0) ≤ ~

2/4mξ20 , we find thatb ∈ [0, 1]. For type II
superconductors, the parameterb has the useful representationb = B/Bc2(0) by
the upper critical inductionBc2(T ) = Bc2(0)|t| at zero temperature,Bc2(0) =
e~/2mcαcTc, i.e., for |t| = 1; henceforth we shall denoteBc2(0) byB0.

Using these remarks, we can represent the free energy in the form

F = ρSB0f(b, t) (26)

whereρ = (ekBT/π~c), and

f(t, b) =
Λ
∑

kz=−Λ

S(kz, t, b) (27)

is given by the sum

S(kz, t, b) = −b
[1/2b]
∑

n=0

ln
(πkB/αc) (1 + t)

2bn+ b+ t+ ξ20k
2
z

. (28)

The functionf(t, b) describes the shape of the free energyF (T,B), whereas the
functionsm(t, b) = −∂f/∂b andm′(t, b) = ∂m/∂b represent the variations of
the diamagnetic momentM = −∂F (T,H)/∂H and the diamagnetic suscepti-
bility χdia = −∂2F (T,H)/∂H2, respectively. For the choiceH = (0, 0, H),
the diamagnetic vectorM has only one component: (0, 0,M). As ∂H = ∂B,
we can use the formulaeM = −∂F (T,B)/∂B andχdia = ∂M(T,B)/∂B.

The wave numberkz lies in the reduced Brillouin zone:−π/ξ0 < kz =
2πl/Lz ≤ π/ξ0; l = 0,±1, ...± [Lz/ξ0]. For q2D systems, whereLz ≤ ξ0, the
only possible value ofkz is zero and, hence, for q2D superconductors the func-
tion f(t, b) coincides withS(kz , t, b) = S(0, t, b). For 3D systems, we shall use
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the continuum limit forf(t, b), given by

f(t, b) = Lz

∫ Λ

−Λ

dkz

2π
S(kz, t, b). (29)

In Eqs. (21) and (28), the logarithmic divergence at maximaltemperature corre-
sponds ton = 0, kz = 0, andǫ = (b + t) = 0. The parametert indicates the
vicinity to Tc along theT -axis and the parameterb = B/B0 shows the strength
of the inductionB and the distance to the phase transition point(Tc, B = M)
along theH-axis of the(T, P,H) phase diagram. These two parameters,t and
b, are suitable for investigations of the system properties for t > 0. It is easy to
show that fort < 0, where the upper critical inductionBc2(T ) = B0(−t) ≥ 0
of type II superconductors is defined, the parameterǫ = (t + b) can be rep-
resented in the suitable formǫ = [B − Bc2(T )]/B0, or, alternatively, in the
form ǫ = [T − Tc2(B)]/Tc, whereTc2(B) = Tc(1 − b) is the higher critical
temperature of type II superconductors [19]. Thus, fort < 0, the parameterǫ
shows the distance from the phase transition line describedby the upper criti-
cal inductionBc2(T ) = B0|t|, or, alternatively, by the higher critical tempera-
tureTc2(B). The parameterǫ is appropriate for investigations at temperatures
T < Tc(P ), i.e., t < 0. In this paper our consideration is restricted to tem-
peraturesT > Tc(P ) and for this reason we shall use the original parameters
variablest andb, as given in Eqs. (26) – (29).

Performing the summation in Eq. (28) and keeping only terms which depend on
b ∼ B, we obtain

S(kz , t, b) = −b ln

(

πkB

αc

)

− b ln(1 + t) +
ln b

2

+ b ln [1 + b+ ε(kz)] + b ln

Γ

[

1 + b+ ε(kz)

2b

]

Γ

[

b+ ε(kz)

2b

] , (30)

whereε(kz) =
(

t+ ξ20k
2
z

)

andΓ(z) is the gamma function. The sumS(kz, t, b),
given by Eq. (30) and the shape functionf(t, b), given by Eq. (27), contain re-
dundant terms. Remind that we have neglected the contributions from the fac-
torsE+ andE3 in Eq. (20) although most of them depend on the parameterb,
namely, on the inductionB and, hence, these terms may have a finite contribu-
tion to the diamagnetic momentM. The mentioned terms have been however
ignored for the fact that they do not produce singularities in the free energy
derivatives. Thus, within the approximations already made, we cannot evaluate
correctly the magnitude of finite contributions to important quantities asM and
χdia at the phase transition point. We may just demonstrate that such contribu-
tions exist. To be in a consistency with our preceding consideration, we should
neglect such terms in Eqs. (26), (27) and (30), too.
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Up to now we have kept allb-dependent terms contained in the general formula
(21) for the free energy, including terms which obviously donot lead to any
singularities, for example, the first and second terms on ther.h.s. of Eq. (30).
At this stage we make the stipulation to keep these terms in our further con-
sideration with the remark that contributions toM andχdia which are finite at
the phase transition point will be neglected, provided divergent term is present.
When no divergency occurs in some of these quantities, we shall keep the finite
term only to indicate the lack of divergencies and to show that the respective
quantity remains finite at the phase transition point.

4 Crossover from Weak to Strong Magnetic Induction

The free energy, the diamagnetic momentM and the diamagnetic susceptibility
χdia can be investigated analytically in the limiting cases of strong and weak
magnetic inductionB. Above the critical temperatureTc, when t > 0, the
weak-B limit is defined by the condition

ε(kz) = t+ ξ20k
2
z ≫ b, (31a)

whereas the strong-B limit is given by the opposite condition

ε(kz) ≪ b. (31b)

These conditions are considered in a close vicinity (t ≪ 1) of the phase tran-
sition lineTc(P ). The condition (31a) is satisfied for anykz, providedt ≫ b.
The condition (31b), however, can be satisfied only fort ≪ b and(ξ0kz)

2 suffi-
ciently small. For largekz ∼ π/ξ0 this condition does not hold for anyb ∈ [0, 1].
However, the sum (27) is practically taken forkz 6= 0 only for the 3D geometry,
and in this case, the main contribution to the sum is given by the relatively small
wave numbers (ξ0kz ≪ π). Having in mind this argument, we can use the condi-
tion (31b) without any restriction to small values ofξ0kz because the final result
for the free energy will not essentially depend on the contribution of relatively
large wave numbers. In particular, this is true in the continuum limit (29) for the
sum (27) and(t + b) ≪ 1, namely, in the close vicinity of the phase transition
line Tc(P ).

4.1 Weak-B Limit

Applying the condition (31a) to the sum (30), we obtain the result

S(kz, t, b) = b ln
1 + ε(kz)

(πkB/αc)(1 + t)
+
b2

12

[

11

1 + ε(kz)
+

1

ε(kz)

]

. (32)

In Eq. (32), allb-independent terms have been omitted as irrelevant to our con-
sideration and small terms of typeO(b3) have been neglected. From Eq. (32)
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is readily seen that only the term of typeb2/ε(kz) will produce a singularity of
the thermodynamic functions as this term tends to infinity for kz ∼ 0 andt ∼ 0.
Therefore, in this case, we can neglect the other terms in Eq.(32) and write the
free energy in the form

F =
ρSB2

12B0

Λ
∑

kz=−Λ

1

ε(kz)
. (33)

This result has been obtained in Ref. [17] in different notations.

3D superconductors

For 3D superconductors andt ≪ 1, the sum (27) overkz can be substituted
by the integral (29) and the cutoffΛ can be extended to infinity. Then the free
energy becomes

F3D =
ρV B2

24B0ξ0t1/2
. (34)

The diamagnetic momentM ≡Mdia = −∂F (T,B)/∂B takes the form

M3D(T,H) = − ρV B

12B0ξ0t1/2
. (35)

In contrast to the usual case of non-magnetic superconductors [16], here the
diamagnetic moment does not vanish atH = 0 but rather remains proportional
to the magnetizationMc at the FM-FS phase transition line. In fact, as we work
at a close vicinity of FM-FS phase transition lineTc(P ), the magnetic induction
in Eq. (35) should be approximated byB ≈ Bc = H + 4πMc, whereMc =
M(Tc). Within the weak-B limit, this result is valid for relatively small values
of Mc: Mc ≪ B0.

The diamagnetic susceptibilityχ(3D)
dia = ∂M3D/∂B is given by

χ
(3D)
dia (T ) = − ρV

12B0ξ0t1/2
. (36)

In these general notations this is the well known result for the fluctuation dia-
magnetic susceptibility above the critical pointTc of conventional superconduc-
tors [16, 19]. Forp-wave ferromagnetic superconductors we have to take into
account thatTc = TFS as given by Eq. (25) and the material parameterαc,
which enters in the zero-temperature correlation lengthξ0, is given by Eq. (24).
Thus one reveals the result forχdia(T ), obtained in Ref. [17].

Quasi-2D superconductors

For thin films, whereLz < ξ0 = π/Λ, only the wave numberkz = 0 satisfies
the condition−π/ξ0 < kz = 2πl/Lz ≤ π/ξ0; l = 0,±1, . . . , [πLz/ξ0]. For
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such q2D geometry,f(t, b) = S(0, b, t). In the weak-B limit (31a),S(0, b, t)
is obtained by settingkz = 0 in Eq. (32). Once again we may keep only the
leading singular termb2/12t. Thus, we obtain the free energy in the form

F2D =
ρSB2

12B0t
. (37)

In Eq. (37) and below we use the label “2D” to denote quantities corresponding
to q2D systems. Now one easily finds that

M2D(T,H) = − ρSB

6B0t
. (38)

χ
(2D)
dia (T ) = − ρS

6B0t
. (39)

Having in mind the relations (26) and (27) as well as∂/∂b = B0∂/∂B, for q2D
systems, we obtainχdia = (ρS/B0)χ(t, b), whereχ(t, b) is the susceptibility
shape function. The latter is defined byχ = −∂2f̃(0, t, b)/∂b2 with f̃(t, b) =
S̃(0, t, b), whereS̃(0, t, b) denotesS(0, t, b) with (πkB/αc) = 1 for suitable
choice of units, as given by Eq. (30) forkz = 0. The functionχ(t, b) is depicted
in Figure 2 fort = (0.01, ..., 0.1) andt = (0.01, ..., 0.1). As shown in Figure 2,

Figure 2. The susceptibility shape functionχ(t, b) for q2D systems and variations of
t = (0.01, ..., 0.1) andb = (0.01, ..., 0.1).
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the shape functionχ(t, b) exhibits a sharp decrease even at values of(t, b) ∼
(0.01, 0.05. The minimal valueχ ∼ −10 for t ∼ b ∼ 0.01 is a precursor
of divergency, given by Eq. (39). As we see from Figure 2, the decrease of
the functionχ(t, b) is more steep along thet-axis, and changes its monotonic
decrease with a decrease of value oft at any fixedb changes to an increase
at some finitetm(b) > 0, which renders the minimal value ofχ at givenb.
Obviously, the decrease ofχ is not symmetric with respect to the axest andb
even in the pre-critical regiont ∼ b ∼ 0.01. The difference in the behavior ofχ
with respect tot andb is better seen in the strong-B limit ( t≪ b).

4.2 Strong-B Limit

For relatively large inductionB, the leading terms in the sum (30) are

S(kz , t, b) =
ln b

2
+ b ln

2αc(1 + b)

πkB
+ b ln

[

Γ (1/b)

Γ (1/2b)

]

+O(bε), (40)

whereb-independent terms and small term of orderO(bt) have been omitted.
This expression ofS(kz , t, b) is valid for any0 < b ≤ 1 and does not contain
ε(kz). Therefore, the result (40) can be obtained by settingt = (ξ0kz)

2 = 0 in
Eq. (30) and by applying properties of the gamma functionΓ(z) [24].

In this limiting case,F3D is related withF2D by

F3D =
Lz

ξ0
F2D, (41)

as implied by Eq. (29), andF2D is given by

F2D = ρSB0S(b), (42)

whereS(b) is a short notation of the expression (40) ofS(kz , t, b) ≈ S(0, 0, b)
in the strong-B limit.

The sum (40) does not exhibit any singularity. We shall briefly discuss the case
ε ≪ b ≪ 1 in order to reveal and generalize a preceding result for the dia-
magnetic moment [25]; see also Ref. [16]. For smallb we obtain from Eq. (40)
that

S(b) = b ln

√
2αc

πkB
+

11

12
b2 (43)

(b-independent terms have been once again omitted).

Now one may obtain a simple expressions for the free energiesof q2D and 3D
superconductors. The q2D free energyF2D will be

F2D = ρSB

[

ln

√
2αc

πkB
+

11B

12B0

]

, (44)
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Figure 3. The magnetization shape functionm(t, b) for q2D systems and variations of
t = (0.00001, ..., 0.001) andb = (0.001, ..., 0.01).

whereasF3D is given by Eqs. (41) and (44). The diamagnetic momentM2D

and the diamagnetic susceptibilityχ(2D)
dia will be

M2D = −ρS
[

ln

√
2αc

πkB
+

11B

6B0

]

, (45)

and

χ(2D) = −11ρS

6B0
, (46)

respectively. For 3D systems, in accord with Eq. (41),M3D = (Lz/ξ0)M2D,

andχ(3D)
dia = (Lz/ξ0)χ

(2D)
dia , whereM2D andχ(2D)

dia are given by Eqs. (45) and
(46).

These results are shown in Figures 3 and 4. For q2D systems, the magneti-
zation shape functionm = M/ρS is given bym(t, b) = −∂S̃(0, t, b)/∂b,
where S̃(0, t, b) is equal toS(0, t, b) for πkB/αc = 1; see Eq. (30). The
function m(t, b) is shown in Figure 3 fort = (0.0001, ..., 0.001) ≪ b =
(0, 001, . . . , 0.01); q2D systems. Whenb tends to0.01, the variations of
m(b ∼ 0.01, t) with t ∈ (10−5, 10−3) are relatively small compared to those for
t ∼ b ∼ 10−3. At given smallt, t ∼ 10−4 in Figure 3,χ slowly increases with
the decrease ofb following the linear low (45), and tends to− ln 2/2 ≈ 0.345
for b = 10−3 in accord with Eq. (45); a result, firstly achieved in Ref. [25].
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Figure 4. The susceptibility shape functionχ(t, b) for q2D systems:t = (0.001, ..., 0.1)
andb = (0.1, ..., 1).

The susceptibility shape functionχ(t, b) of q2D systems is shown in Figure 4
for t = (0.001, . . . , 0.1) and b = (0.1, . . . , 1). As seen from Figure 4, the
shape functionχ(t, b) remains finite, providedb≫ t even whenb tends to zero.
Besides, as we have shown analytically forb ≪ 1, in the large-B limit this
function virtually does not depend ont for any fixed0 < b < 1. In accord
with our analytical result Eq. (46), valid fort ≪ b ≪ 1, Figure 4 shows that
at fixedb, the functionχ(t, b) is almost constant for variations oft under the
conditiont ≪ b. At fixed t ≪ b, however, the variations of the functionχ(b)
are substantial, in particular, forb ≪ 1. When t tends to zero, the function
χ(t ∼ 0, b) is bounded from below at−11/6, as seen from both Eq. (46) and
Figure 4.

4.3 Discussion of the Results: Application to p-Wave Ferromagnetic Su-
perconductors

The results for the free energyF , the diamagnetic momentM, and the dia-
magnetic susceptibilityχdia are very similar to the respective known results for
conventional non-magnetic superconductors [16]. In particular we point out the
dependence of these physical quantities on the parameterst andb, describing
the departure of thermodynamic states from the phase transition lineTc(P ). For
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non-magnetic superconductors (M ≡ 0), B = H, Tc(M = 0) = Tc0 is the
usual superconducting critical temperature at zero external magnetic field, and
we reveal the known results for 3D and q2D standard superconductors, summa-
rized in the review [16].

In p-wave ferromagnetic superconductors, the magnetizationM in zero exter-
nal magnetic fieldH is different from zero along the whole phase transition line
Tc(P ) and the shape of critical temperatureTc(P ) in zero external magnetic field
H strongly depends on the magnetizationM, as given by Eq. (25). Thus, except
for a very narrow domain of theT −P phase diagram above the critical pressure
Pc, the magnetization above the lineTc(P ) is always large and, hence, for this
case, we should consider large values of the inductionB even when the external
magnetic fieldH is small or equal to zero. The important quantity in our con-
sideration is the inductionB, because the latter enters in the magnetic frequency
ωB and the magnetic lengthaB. Now the magnetic inductionB plays a role
similar to that of external magnetic fieldH in the theory of diamagnetic moment
and diamagnetic susceptibility in usual superconductors [16,19]. Therefore, for
p-wave ferromagnetic superconductors with phase diagrams of the types shown
in Figure 1, we should use only those of our results, which correspond to the
large-B limit. Our results show that both diamagnetic moment and diamagnetic
susceptibility do not exhibit any singularity and remain finite up toT = Tc(P )
along the most part of the FM-FS phase transition lineTc(P ). This means that
the diamagnetic singularities are dumped by the ferromagnetic order.

The results in the weak-B limit could be valid in a close vicinity of the criti-
cal pressurePc, where the magnetizationM of the ferromagnetic phase is very
small and the criterion for weak-B limit is fulfilled: (H + 4πM) ≪ B0. Then
the results in this limit will be valid for enough small external field H and
M ≃ Mc = M(Tc) ≪ B0. In this case, as mentioned in Section IV.A.1,
the diamagnetic momentM < 0 will exist even forH = 0 and will be pro-
portional to the ferromagnetic momentM ≃ Mc; see Eq. (35). According to
Eq. (35), the 3D superconductor will have a negative total magnetic momentum
Mtot = M + VM atH = 0 provided

πρ

3B0ξ0
> t1/2. (47a)

According to Eq. (38), the total magnetic moment in 2D superconductors will
be negative,Mtot = M + SM < 0, provided

2πρ

3B0
> t. (47b)

When the criteria (47a) and (47b) are satisfied the diamagnetism prevails and
the overall magnetization of the system is negative. However, under certain
conditions, some relevant fluctuation contribution of the magnetization vector
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M may occur, and this is an issue which need a study beyond the Gaussian
approximation. A reliable application of our results in theweak-B limit could be
performed in ferromagnetic superconductors, where a line of phase transition of
type N-FS exists,i.e., when the lines of the N-FM and FM-FS phase transitions
of first order meet at some finite temperature critical-end point (T, P ′

c ∼ Pc)
which is connected with the zero temperature point(0, Pc) by a second-order
(N-FS) phase transition line (Section 1).

5 Conclusion

Introducing an advanced theoretical approach, we have beenable to investigate
the basic properties of the superconducting fluctuations inp-wave ferromag-
netic superconductors in zero external magnetic field. For the presence of a
strong magnetization due to the ferromagnetic state, thep-wave ferromagnetic
superconductors withTF (P ) ≫ Tc(P ) exhibit a diamagnetic behavior, which
is typical for usual superconductors in the strong-H limit. For this type of fer-
romagnetic superconductors we have demonstrated a form of universality. It is
known [16] that at a strong external fieldH, the diamagnetic quantities do not
exhibit singularities. Here the same quantities undergo the same dumping,i.e.
lack of singularities in the strong-B limit, including their values at external field
equal to zero.

In the weak-B limit the diamagnetic moment and the diamagnetic susceptibility
exhibit scaling singularities with respect to the parameter t of type known from
the theory of non-magnetic superconductors [17]. As demonstrated in Ref. [17]
for 3D geometry, and here for both 2D and 3D superconductors,the scaling am-
plitudes forp-wave ferromagnetic superconductors are quite different from the
known scaling amplitudes for nonmagnetic superconductors[16]. The differ-
ence is due to the existence of ferromagnetic momentM above the FM-FS phase
transition lineTFS(P ); see Figure 1. Therefore, our new results in the weak-
B limit may have application top-wave superconductors withT − P diagrams
of shape shown in Figure 1, where the FM-FS phase transition line lies below
the N-FM phase transition line. Besides, in order to apply the weak-B limit re-
sults, the ferromagnetic momentM should be enough small. Thus, the results
for weak-B could be applied only in a close vicinity of the critical pressurePc,
where the N-FM and FM-FS phase transition lines are very close to each other
and the ferromagnetic states between them possess a small magnetizationM . If
the N-FM phase transition in this domain ofT−P diagram is of first order, as in-
dicated by the experimental data, the ferromagnetic fluctuations are suppressed
and could not affect on the fluctuation diamagnetism.

The weak-B limit may be applied top-wave superconductors containing a N-FS
line of phase transition. Then the fluctuation diamagnetismin theN -phase will
be described by the known formulae [16]. For the lack of ferromagnetic moment
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in the N-phase (M = 0, B = H), in such cases we should consider weak-H
limit [16]. The physics ofp-wave ferromagnetic superconductors is not limited
to the ferromagnetic compounds enumerated in this paper andthose discovered
until now. In future, new substances exhibitingp-wave ferromagnetic supercon-
ductivity with different shape of theT − P phase diagram may be discovered.
The theory predicts a variety of possibleT − P phase diagrams, including both
cases withTF > Ts andTs > TF . In the last case, stable pure (non-magnetic)
phases are possible [7]. This means that the results for the weak-H may have a
wider application.

Except for the location of the phase transition lineTc(P ) at H = 0, given by
Eq. (25), all results for the diamagnetic quantitiesp-wave superconductors in
Gaussian approximation can be obtained from the known results for usual (non-
magnetic) superconductors by the substitutionH → B. This is a form of uni-
versality, deduced in the present paper.

We have used the Gaussian approximation, which is not valid in the critical
region [18] of anomalous fluctuations. As the critical region of real ferromag-
netic superconductors with spin-triplet electron pairingis often very narrow and,
hence, virtually of no interest, the present results can be reliably used in in-
terpretation of experimental data for real itinerant ferromagnets, which exhibit
low-temperaturep-wave superconductivity triggered by the ferromagnetic order.
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