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The magnon exchange mechanism of ferromagnetic supercondu¢ENtysuperconductivity was devel-
oped to explain in a natural way the fact that the superconductivity in,J@en,, and URhGe is confined
to the ferromagnetic phase. The order parameter is a spin antiparallel component of a spin-1 triplet with zero
spin projection. The transverse spin fluctuations are pair forming and the longitudinal ones are pair breaking.
In the present paper, a superconducting solution, based on the magnon exchange mechanism, is obtained which
closely matches the experiments with ZgZand URhGe. The onset of superconductivity leads to the appear-
ance of complicated Fermi surfaces in the spin-up and spin-down momentum distribution functions. Each of
them consist of two pieces, but they are simple connected and can be made very small by varying the
microscopic parameters. As a result, it is obtained that the specific heat depends on the temperature linearly, at
low temperature, and the coefficiept C/T is smaller in the superconducting phase than in the ferromagnetic
one. The absence of a quantum transition from ferromagnetism to ferromagnetic superconductivity in a weak
ferromagnets ZrZnand URhGe is explained accounting for the contribution of magnon self-interaction to the
spin fluctuations’ parameters. It is shown that in the presence of an external magnetic field the system under-
goes a first-order quantum phase transition.
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[. INTRODUCTION twice smaller than in the ferromagnetic phase materials
The most popular theory of FM superconductivity is
Very recently ferromagnetic superconductivi§M super-  based on the paramagnon exchange mechaffisthe order
conductivity has been observed in UGé ZrZn,,> and  parameters are spin parallel components of the spin triplet.
URhGe?® The superconductivity is confined to the ferromag-The superconductivity in ZrZzrwas predicted, but the theory
netic phase. Ferromagnetism and superconductivity are beneets many difficulties. In order to explain the absence of
lieved to arise due to the same band electrons. The persigyperconductivity in paramagnetic phase it was accounted
tence of ferromagnetic order within the superconductingor the magnon paramagnon interaction and proved that the
phase has been ascertained by neutron scattering. TRgical temperature is much higher in the ferromagnetic
spem_fl.c—hgat anomaly a_ssomated with the superconductm‘ghase than in the paramagnetic 8riEo the same purpose,
transition In these materlals_ appears to be absent. the Ginzburg-Landau mean-field theory was modified with
At ambient pressure UGes an itinerant ferromagnet be- an exchange-type interaction between the magnetic moments

low the Curie temperaturéc=>52 K’. W'Fh Iow-t_emperature of triplet-state Cooper pairs and the ferromagnetic magneti-
ordered moment ofis=1.4ug/U. With increasing pressure zation density®

the system passes through two successive quantum phase . .
transitions, from ferromagnetism to FM superconductivity at .The Fay and_AppeQFA) theory pre@cts that spin-up and
spin-down fermions form Cooper pairs, and hence the spe-

P~10 kbar, and at higher pressur®.~16 kbar to e ;
paramagnetist® At the pressure where the superconductingc'f'c heat decreases exponentially at low temperature. The
phenomenological theori€scircumvent the problem assum-

transition temperature is a maximum =0.8 K, the ferro- ! o ) . .
magnetic state is still stable witi,=32 K, and the system [Ng that only majority spin fermions form pairs, and hence

undergoes a first-order metamagnetic transition between twi§'€ minority spin fermpn_s Contrlbufte th_e asymptotic of the
ferromagnetic phases with different ordered momerthe specific heat. The coefficient=C/T is twice smaller in the
specific-heat coefficienty=C/T increases steeply near 11 Superconducting phase, which closely matches the experi-
kbar and retains a large and nearly constant value. ments with URhGE,but does not resemble the experimental
The ferromagnets ZrZnand URhGe are superconducting results for UGe and ZrZn. The assumption seems to be
at ambient pressure with superconducting critical temperadoubtful for systems with very small ordered moment.
tures T;=0.29 K andT.=0.25 K, respectively. Zrznis The superconducting critical temperature(FA) theory
ferromagnetic below the Curie temperatlig=28.5 K with  increases when the magnetization decreases and very close to
low-temperature ordered moment pf,=0.17ug per for-  the quantum critical point falls down rapidly. It has recently
mula unit, while for URhGel;=9.5 K and pus=0.42up . been the subject of controversial debate. It is obtained in Ref.
The low Curie temperatures and small ordered moments int2, by means of a more complete Eliashberg treatment, that
dicate that compounds are close to a ferromagnetic quantuthe transition temperature is nonzero at the critical point. In
critical point. A large jump in the specific heat, at the tem-Ref. 13, however, the authors have shown that the reduction
perature where the resistivity becomes zero, is observed iof quasiparticle coherence and lifetime due to spin fluctua-
URhGe. At low temperature the specific-heat coefficiems  tions is the pair breaking process which leads to a rapid
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reduction of the superconducting critical temperature neaphonons:® The spin fluctuations are pair breaking if the or-
the quantum critical point. der parameter is spin singfet,and superconductivity and

Recent studies of polycrystalline samples of JGhow  ferromagnetism coexist if the spin fluctuations are weak,
that the T—P phase diagram is very similar to those of While the magnon-induced superconductivity coexists with
single-crystal specimens of UG&* These findings suggest ferromagnetism close to the quantum critical point where the
that the superconductivity in UGés relatively insensitive to ~ SPin fluctuations are very strong. The present paper and Ref.
the presence of impurities and defects which excludes thé6 describe different physical realities which lead to coexist-
spin parallel pairing. ence of ferromagnetism and superconductivity.

Despite the efforts, the improved theory of paramagnon The paper is Organized as follows. In Sec. Il an effective
induced superconductivity cannot cover the whole variety ofiamiltonian is obtained. In Sec. Ill, the magnon-induced su-
properties of FM superconductivity. Magnon exchangePerconductivity is discussed. The superconducting solution
mechanism of superconductivity has been propbsedex- ~ known from Ref. 15 is reported to complete the investiga-
plain in a natural way the fact that the superconductivity intion. Section 1V is devoted to the concluding remarks.

UGse,, ZrZn,, and URhGe is confined to the ferromagnetic
phase. The order parameter is a spin antiparallel component
T1+171 of aspin-1 triplet (1,71+17,1]) with zero spin Il. EFFECTIVE HAMILTONIAN

rojection. The transverse spin fluctuations are pair formin . . . . . .
gnojl the longitudinal ones arg pair breaking. Thepcompetitiogl _An ftinerant system Is considered 'n_Wh'Ch the spifer-
between magnons and paramagnons explains the existence ns respon§|ble for the ferromagngusm are the same qua-
the two successive quantum phase transitions in JGe siparticles which form theﬁCoopgr pairs. The effective inter-

An itinerant system is considered in which the spifer-  action of quasiparticles,(x)[c, (x)] with spin fluctuations
mions responsible for the ferromagnetism are the same qu&as the form

siparticles which form the Cooper pairs. Hence one has to -
consider the equation for the gap as well as the equation for _ f Byt (2V ~(y. N
the magnetization. Then the system of equations for the gap Hs1=J | d'xe (X)ZC(X) MO0, @

and for the magnetization determines the phase where the . . .
superconductivity and the ferromagnetism coexist. where the transverse spin fluctuations are described by mag-

In the present paper, a superconducting solution, based gwns
the magnon exchange mechanism, is obtained which closely i > >

. . ’ M +iM =\2M

matches the experiments with Zrzand URhGe. The pro- 1) +iM2() ),
posed superconducting solution differs from the supercon- o S e
ducting solution discussed in Ref. 15 in two ways. First, the M1(X) =M 2(x) = v2Ma™ (x), 2
quantum phase transition from ferromagnetism to FM superand the longitudinal spin fluctuations by paramagnons
conductivity is smooth second-order phase transition, which R R
resembles the experimental results for YGla the present M3(X)—M=¢(X). 3)
paper, the system passes trough a first-order quantum ph . . . o
transition. Second, to form a Cooper pair an electron 'tranzl-@F is the zero temperature dimensionless magnetization of
fers from one Fermi surface to the other. As a result, théheT?]ystemt.?_er l?tt'ci. site. b itt th int |
onset of superconductivity in Ref. 15 leads to the appearancev ; etkf)ar ! |orrr11 IUT(C I?nnct?nn € V\]f” tﬁn aﬁ/lat p% rm ?ignrwa
of two Fermi surfaces in each of the spin-up and spin-dow er e +co piex unctions 0 € Matsubara _ €
momentum distribution functions. The existence of the two™ a(7,X),a"(7.x),¢(7,x), and Grassmann functions
Fermi surfaces explains the linear dependence of the specifit, (7,x),c (7,x),®
heat at low temperatures as opposed to the exponential de-
crease of the specific heat in the BCS theory. In the ferro-
magnetic phase the specific-heat constaist smaller than in

the superconducting one, which closely matches the experi- L . . )
ments with UGe.® The onset of superconductivity, in the The action is a sum of free actid®, and part which de

preset paper, leads to the appearance of complicated Ferrs’n(l:rlloes the spin-fermion interactic,,

surfaces in the spin-up and spin-down momentum distribu- 8 a3k
tion functions. Each of them consist of two pieces, but theysozf de [a*(7,K)a(7,K) +w(k)a®(r,K)a(7k)
are simple connected and can be made very small by varying 0 (2m)3
the microscopic parameters. As a resufs=C/T can be - - . L e .
made smaller in the FM-superconducting phase in agreement  +@(7.K)Dyn(7.K) (7, —k) + ¢, (7,K)Co( 7,K)
with URhGe experiments. L ﬁ
The existence of two Fermi surfaces in each of the T €o(K)Cq(TK)Co(T,K)], ®)
spin-up and spin-down momentum distribution functions is 8yhereg is the inverse temperature. The magnon’s dispersion
generic property of a FM superconductivity with spin anti- jg
parallel pairing. An important example is the coexistence of _ _
ferromagnetism ands superconductivity induced by w(k)=pk?, (6)

Z(B)=J Du(a®,a,¢,c; ,c,)e > (4
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where the spin stiffness constant is proportionalMo(p

=Mpg). The paramagnon propagator in Matsubara repre- oM Dm(w,g)_)vm(g):ﬂ1
sentation is 2
S LR 7 D @,K)— VoK) = 13
(K= | 5 o o @) pml @, K) = Vpml K= 77 = -
r+ﬁ+bk

The next step is to represent the spin antiparallel compos-
The parameter is the inverse static longitudinal magnetic jte field c,c, as a sum of symmetric and antisymmetric parts.
susceptibility, which measures the deviation from the quanafter some algebra one obtains an effective four-fermion
tum critical point. The constantl po, andb are phenomeno-  theory which can be written as a sum of four terms. Three of
logical ones subject to some relations. Finally, the spin-ughem describe the interaction of the components of spin-1
and spin-down fermions have the following dispersion rela-composite fields {1,7]+ |1, |) which have a projection

tions: of spin 1, 0, and- 1, respectively. The fourth term describes
Q2 IM Q2 IM the interaction of the spin singlet composite fields— | 1.
ET(E): S AT S El(lz): 2——M+ > (8) The Hamiltonians of interactions are
m m
Accounting for Egs.(2) and (3) one obtains the following Ho— f 1—[ d3k; [c+(IZ )et(K,)
expression for the interacting part of the action: m 8] 4 (2m)3 r (ke (ke
J (B - - - > P - e >
sim=§f drf d*x{\2Mc] (,x)c,(m,x)a(7X) Xcy(ka—kg)Cy(ki+ka) Vpm(ka),  (14)
0
R - - J? d3k; R .
#2Me] (rX)c (r00a’ (7.%) H=—5 ) 1T Goalel (el (R
+[cf (r.x)c (1x)—c] (mx)c (1.¥)]e(7,X)}.  (9) S A
X ¢ (ka—kz)c (Ki+K3)]Vom(Ks), (15
The integral Eq.(4) over the Bose fieldsa,a™,¢) is
Gaussian. Integrating them out, using the formula for the J? d3k; . . . .
Gaussian integraf one obtains a representation for the par- Hp=— gf I1 ——[c/ (ky)e) (ko) +c¢) (kpe; (kp)]
tition function in terms of path integral over the Grassmann " (2m)
fields, - - -
X[c(ka—Kgz)c (Kit+Kg)
2(8)= f Du(c*,c)e St (10 +cy(ko—ka)ei(Ky+ka) V- (Ks), (16)
The effective fermion actioB,;; is a sum of free part and H :J_Zf H d’k; [c*(IZ )t (Ky) —c (K yer (K )
resulting four-fermion interactio, e e e O T
J? X[c(Ky—Kg)c|(Ky+Kg) —c (Ky—Ks)ci (K
su=— g | dxdtler (e -l e x)] [elemkatariemale kol
+ks) ]V (Kks), 17
XD pm(X1 = X2)[€] (X2) €1 (X2) = €[ (X2)C(X2) ] where
MJ? 4y, A4y ~t
- fd X10X5C | (X1)€1(Xq) : oM 1 )Y 1 .
V_ =—— ==, =—+t—7>. 1
( pk?  r+Dbk? +{K) pk? 1 +DbK?

XD (X1 =X2)C{ (X2)€ (X)), (11)

The spin singlet fields’ interaction Eq17) is repulsive
and does not contribute to the superconductit/ityhe spin
parallel fields’ interactions Eq$14) and(15) are due to the

do d3 e-ior+ikx exchange of_ paramagnons and_ _do not contribute_ to the

Dm(X):f_ D (12)  magnon-mediated superconductivity. The relevant interac-
27 (27)% iw+ pk? tion is that of the] | + | 1 fields Eq.(16). It has an attracting

part due to exchange of magnons and a repulsive part due to

For the purpose of doing analytical calculations it is con-exchange of paramagnons.
venient to approximate the four-fermion interaction with the  The effective Hamiltonian of the system is
static one. To this end | replace the magnon and paramagnon
propagators Eqg12) and(7) by static potentials Heri=Ho+Hp, (19

wherex=(7,X), Dpm is the paramagnon propagator Ed),
andD,, is the magnon Green function,

054416-3



NAOUM KARCHEV PHYSICAL REVIEW B 67, 054416 (2003

whereH, is the Hamiltonian of the free spin-up and spin- where M/p=3lpy, B=p/2Mb=py/2b>1 and r'=r/b

down fermions with dispersions E). <1. A straightforward analysis shows that for a fixgdhe
potential is positive wherk runs an interval aroung (p
IIl. MAGNON-INDUCED SUPERCONDUCTIVITY —A,p+A), whereA is approximately independent gnin

] ~order to allow for an explicit analytic solution, | introduce
By means of the Hubbard-Stratanovich transformatiorfyrther simplifying assumptions by neglecting the depen-
one introduces | + | T composite field and then the fermi- gence of A;o(k) on k [A;o(k)=A;o(p;)=A] and setting
ons can be integrated out. The obtained free energy is a fungz, (p, k) equal to a constar¥, within interval (p;— A, p;

tion of the composite field and the integral over the compos- A) and zero elsewhere. The system of E@2) and (23)
ite field can be performed approximately by means of thas then reduced to the system

steepest descend method. To this end one sets the first de-

rivative of the free energy with respect to composite field 1 (o 1

equal to zero; this is the gap equation. To ensure that the M= _2j dksz dt{1-0[—Exk,t)]}, (26
fermions which form Cooper pairs are the same as those 8m=Jo -1

responsible for spontaneous magnetization, one has to con-

sider the equation for the magnetization as well, IV, [pitA 1 O[—Ex(k,t)]
L A= J dkkzj dtt? A,
327/ pi—A -1 3
M:§<CT+CT—cfcl>. (20 A /e2(k)+4—t2A2
o
The system of equations for the gap and for the magnetiza- (27)
tion determines the phase where the superconductivity and
the ferromagnetism coexist. wheret=cos.
The system can be written in terms of Bogoliubov exci-
tations, which have the following dispersions relations: _ _ - 3
A. Solution which satisfies ;A<JM
. JM = =
Ei(k)=——~— Ve (k) +]AK) %, The equation of magnetizatici26) shows that it is con-
venient to represent the gap in the form\
. JM = = = ml3k(M)JIM, wherex(M)<1. Then the equation
Ex(K)= -~ V() + AR (21)
Lo .y Es(k,t)=0 (28
whereA(K) is the gap, and(k) =k“/2m— n. At zero tem-
perature the equations take the form defines the Fermi surfaces,
M 1f o {1-6[—Ex(k)]} (22)
=5 PRC I o] Bl = , . 3
2) (2m) pr= \/pfim JPM?— —t?A% pe=+2um. (29
o

=— AK). (23

8 The domain between the Fermi surfaces contributes to the

3 [ — -
2m) (k) +|A(k)|? magnetizationM in Eg. (26), but it is cut out from the do-
main of integration in the gap equati¢®7). When the mag-
Qetization increases, the domain of integration in the gap
equation decreases. Near the quantum critical point the size
of the gap is small, and hence the linearized gap equation can
be considered. Then it is easy to obtain the critical value of
the magnetizatioM g¢.*°
. 3 When the magnetization approaches zero, the domain be-
A(k)=A0(k) \/ 7-cos0. (24)  tween the Fermi surfaces decreases. One can approximate
the equation for magnetization E@6) substitutingp; from
Expanding the potentia¥ (k) in terms of Legendre poly- Eq. (29) in the difference p;{)%—(p;)? and settingp;

_ P d*k V(p—K)O[—Ey(K)]
A(p)= f(

The gap is an antisymmetric functial(—K) = —A(K),
so that the expansion in terms of spherical harmonic
Y\m(Qg) contains only terms with odt | assume that the
component withl=1 andm=0 is nonzero and the other
ones are zero,

nomial P, one obtains that only the component witk 1 =p;s elsewhere. Then, in this approximation, the magnetiza-
contributes the gap equation. The potentia(p,k) has the tion is linear inA, namely
form
Vo MK (prk|? 1 A=NmBIKM, (30
il = n T AL i i i i
1(p.K) p | 4p3k? p—k pk wherek runs the interval (0,1), and satisfies the equation
3M | p?+k?® r'+(ptk? 1 25 , 872
- n - —1, _ i =
P 4pA2 1+ (p—k)2 Pk k\1—k“+arcsink mpd” (31
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1 2 4

FIG. 3. The zero-temperature momentum distributignfor
spin-up fermions, as a function af=p/p; for t=0 (the gap is
zerg andt=*1 (the gap is maximal

FIG. 1. The zero-temperature momentum distributignfor

spin-up fermions, as a function gi=p/p; andt=cosé. whereu(p,t) andv(p,t) are the coefficients in the Bogoliu-

bov transformation. At zero temperature,(p,t)=1,
ny(p,t)=0O[ —Ey(p,t)], and the Fermi surfaces Eg29)
manifest themselves both in the spin-up and spin-down mo-
H@entum distribution functions. The functions are depicted in
Figs. 1 and 2.

The two Fermi surfaces explain the mechanism of Cooper
2472 pairing. In the ferromagnetic phase andn' have different
(majority and minority Fermi surfacegsee Figs. 3 and 4,

Equation(31) has a solution ifmp;J>167. SubstitutingM
from Eq.(30) in Eqg. (27), one arrives at an equation for the
gap. This equation can be solved in a standard way and t

solution is
A llgwA:K
=0 graph$. The spin-up electrons contribute the majority
1 Fermi surface, and spin-down electrons contribute the minor-
|(K)=J dtt?In(1+ V1—«?t%). (32) ity Fermi surface. When the value of the momentum of the
. -t . emitted or absorbed magnon lies within intervpk € A, ps
Equations(30)—(32) are the solution of the system Eq86)  + A) the effective potential between spin-up and spin-down
and(27) near the quantum transition to paramagnetism.  electrons is attracting. Hence if the Fermi momepfaand
TOne can lerte the momentum distribution functions p% lie within interval (pi—A,ps+A) the interaction be-
n'(p,t) andn’(p,t) of the spin-up and spin-down quasipar- yyeen spin-up electrons, which contribute the majority Fermi
ticles in terms of the distribution functions of the BogoliuboV g itace and spin-down electrons, which contribute the mi-

3
exg — =l(k)— ——,
2l JAV mpy

fermions, nority Fermi surface, is attracting. As a result, spin-up elec-
trons from majority Fermi surface transfer to the minority

T —12 2
n'(p,H)=u(p,Hny(p,t) +v7(p.nz(p, 1), Fermi surface and form spin antiparallel Cooper pairs, while

L2 B 2 _ spin-down electrons from minority Fermi surface transfer to
n'(PH=u(p,H1—n(p,H]+v (P, O[1=Ny(P,1)], (33 the majority one and form spin antiparallel Cooper pairs too.
As a result, the onset of superconductivity is accompanied by
the appearance of a second Fermi surface in each of the

N

1 2 4

FIG. 4. The zero-temperature momentum distributignfor
FIG. 2. The zero-temperature momentum distributignfor spin-down fermions, as a function q&= p/p; for t=0 (the gap is
spin-down fermions, as a function gf= p/p; andt=cosé. zerg andt==*1 (the gap is maximal
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spin-up and spin-down momentum distribution functions F
(see Figs. 3 and 4=1 graphs.

The existence of the two Fermi surfaces explains the lin-
ear dependence of the specific heat at low temperatures:

C 2™ N (0) N (0 34
7= 3 [N°(0) (0)]. (34
HereN=(0) are the density of states on the Fermi surfaces.
One can rewrite they=C/T constant in terms of elliptic
integral of the second kin#(a,x),

X
m pf 2 1 ) 25 0.5 1 1.5
y=—=—|(1+s)"E| zarcsink, — ) . .
3k 2 s+1 FIG. 5. The dimensionless free enerfyx) as a function of
1 5 dimensionless gax. A\=0.08,g=20, s;=0.8 (upper ling, s,
+(1—s)1’2E EarCSinK, ﬁ , (35) =0.69 (middle line, ands;,=0.595(lower line).

wheres=JMn/p2<1 and« = \3/m(A/IM). Equation(35) N=0.08,g=20, and three values of the parametgrs

shows that in the ferromagnetic phaske=0) the specific- = 0-85=0.69, ands;=0.595. As the graph shows, for some
heat constant is smaller than in the superconducting one,values of the microscopic parametersandg, and decreas-

which closely matches the experiments with YGe ing the parametes (the magnetization the system passes
trough a first-order quantum phase transition. The critical
B. Solution which satisfies\3/wA>JIM valuessg, andxc, satisfy X /Ser=v3/m(Acr/IMcr)>1 in

_ _ agreement with E¢(36).
In the present subsection one looks for a solution of the Varying the microscopic parameters beyond the critical

system which satisfies values, one has to solve the system of E§6) and (27).
3 One represents again the gap in the form
\/:A>JM. (36)
™ T
) ) . A= \ﬁK(M)JM, (39
The inequality Eq(36) shows that the gap cannot be arbi- 3

trarily small when the magnetization is finite. Hence the sys- . .
tem undergoes the quantum phase transition from ferromad2Ut NOW x(M)>1. Then the equatioi,(k,t)=0, which
netism to FM superconductivity with a jump. Approaching defines the Fermi surface, has no solution —fl <t<
the quantum critical point from the ferromagnetic side, one~ /(M) and 1k(M)<t<1, and has two solutions,
sets the gap equal to zero in the equation for the magnetiza-
tion (26) and considers the gap equati@#v) with magneti- 3

zation as a parameter. It is more convenient to consider the Py = \/pfztm \/ M2 — —12A2, (40)
free energy as a function of the gap for the different values of m

the parameteM. To this purpose | introduce the dimension- when — 1/k(M)<t<1/x(M).

less “gap”x and the parametes\, andg, The solutiong40) determine the two pieces of the Fermi
m surface. They stick together &t *+1/k(M), so that the
X=\——A. s=—JIM. A=— Fermi surface is simple connected. The domain between
Tp? pz Pt 872 pieces contributes to the magnetizatidnin Eq. (26), but it
(37)  is cut out from the domain of integration in the gap equation
(27). The Fermi surface manifests itself both in the spin-up
and spin-down momentum distribution functions. The func-
tions are depicted in Figs. 6 and 7.

3m A _Pvimpy

Then the free energy is a function »fand depends on the
parameters,\, andg,

6m2 When the magnetization approaches zero, one can ap-
F(x)= i[f(x)_f(O)] proximate the equation for magnetization E26) substitut-
p§ ing p; from Eq. (40) in the difference p;)?—(p;)? and
. N settingp; = p; elsewhere. Then, in this approximation, the
:x2+gf dqqu dt[(s— (g%—1)Z+1t23) magnetization is linear ith, namely
1-\ -1
X0 (V(q*=1)*+ 1% =)~ (s—(a’~1)?) AR, “
X O((qZ—1)2-s)]. (38) where k=mpJ/167 is the small magnetization limit of

x(M). Equation(41) is a solution ifmp;J> 167 [see Eq.
The dimensionless free ener§yx) is depicted in Fig. 5 for  (36)]. SubstitutingM from Eq.(41) in Eq.(27), one arrives at
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mp

_ T 2S
Y7 3k(M) 4

4’'s+1

(l+s)1’2E(

: (44)

2s
oz T
+(1-59) E(4,S_1)

wheres<1 [see Eq(37)].

Equation (44) shows that forx(M) just above one the
specific-heat constang is smaller in ferromagnetic phase,
while for x(M)>1 it is smaller in FM-superconducting
phase. The result closely matches the experiments with
ZrZn, and URhGe, respectively.

The solutions Eq930) and(41) show that magnetization
and superconductivity disappear simultaneously. It results
from the equation of magnetization, which in turn is added to
ensure that the fermions which form Cooper pairs are the

FIG. 6. The zero-temperature momentum distributignfor same as those responsible for spontaneous magnetization.
spin-up fermions, as a function of=p/p; andt=cosé. Hence the fundamental assumption that superconductivity

and ferromagnetism are caused by the same electrons leads
an equation for the gap. This equation can be solved in $o the experimentally observable fact that the quantum phase

standard way and the solution is transition is a transition to paramagnetic phase without su-
perconductivity.
167 psA 2472 T 1 An important experimental fact is that ZrZand URhGe
= exp — . 33l (42 are superconductors at ambient pressure as opposed to the
3 m mpJ?v, 4x® 3

existence of a quantum phase transition in YGB com-
Equations(41) and (42) are the solution of the system near prehend this difference one considers the potef2al. The

the quantum transition to paramagnetism. The second derivguantum phase transition results from the existence of a mo-
tive of the free energy Eq38) with respect to the gap is mentum cutoffA, above which the potential is repulsive. In
positive when mp;J/167>(217/16)3, hence the state turn, the cutoff existence follows from the relatiod
where the superconductivity and the ferromagnetism coexist p/2Mb>1, which is true when the spin-wave approxima-

is stable. tion expression for the spin stiffness constartMpg is
The existence of the Fermi surface explains the lineaused. The spin-wave approximation correctly describes sys-
dependence of the specific heat at low temperature: tems with a large magnetization, for example YGBut in
order to study systems with small magnetization, one has to
C 27° account for the magnon-magnon interaction which changes
—=——N(0). (43 ot ; _\lta
T 3 the small magnetization asymptotic ¢f, p=M~""%p,,

wherea>0. Then for a smalM B<1, and the potential is

HereN(0) is the density of states on the Fermi surface. Ongyyractive for all momenta. Hence for systems which, at am-
can rewrite theylz C/T constant in terms of elliptic integral pient pressure, are close to quantum critical point, as Zrzn
of the second kindE(a,x), and URhGe, the magnon self-interaction renormalizes the
spin-fluctuations parameters so that the magnons dominate
the pair formation and quantum phase transition cannot be
observed. But if one applies an external magnetic field, the
magnon opens a gap proportional to the magnetic field. In-
creasing the magnetic field the paramagnon domination leads
to first-order quantum phase transition.

0
20
0

IV. CONCLUSIONS

5
W,

QA
tealt

The proposed model of ferromagnetic superconductivity
differs from the models discussed in Refs. 7—10 in many
aspects. First, the superconductivity is due to the exchange of
magnons, and the model describes in an unified way the
superconductivity in UGg ZrZn, and URhGe. Second, the
paramagnons have pair breaking effect. So, the understand-
ing of the mechanism of paramagnon suppression is crucial
in the search for the ferromagnetic superconductivity with

FIG. 7. The zero-temperature momentum distributmnfor ~ higher critical temperature. For example, one can build such
spin-down fermions, as a function gf=p/p; andt=cosé. a bilayer compound that the spins in the two layers are ori-
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ented in two noncollinear directions, and the net ferromagorbital coupling which is present in UGeThe resulting
netic moment is nonzero. The paramagnon in this phase i;agnetocrystalline anisotropy will modify the spin-wave ex-
totally suppressed and the low-lying excitations consist ojtation and will add a gap in the magnon spectrum, which
magnons and additional spin-wave modes with linear disperchanges the potential E(R5). The physical consequence of
sion e(k) ~k.*° If the new spin waves are pair breaking, their the change is that the superconductivity disappears before
effect is weaker than those of the paramagnons, and hengge quantum phase transition from ferromagnetism to para-
the superconducting critical temperature should be highemagnetism(see Refs. 6 and 14The distance between these

Third, the order parameter is a spin antiparallel componengyo points depends on the anisotropy.
of a spin triplet with zero spin projection. The existence of

two Fermi surfaces in each of the spin-up and spin-down
momentum distribution functions leads to a linear tempera-
ture dependence of the specific heat at low temperature.

The proposed model of magnon-induced superconductiv- The author would like to thank C. Pfleiderer for valuable
ity does not contain the relativistic effects, namely spin-discussions.
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