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COEXISTENCE OF THE SPIN-TRIPLETSUPERCONDUCTIVITY WITHAN ITINERANT FERROMAGNETISM INDUCEDBY THE HUND'S RULE EXCHANGE�P. Wróbel, J. SpaªekMarian Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Polandand W. Wój
ikInstitute of Physi
s, Tadeusz Ko±
iuszko Te
hni
al UniversityPod
hor¡»y
h 1, 30-084 Kraków, Poland(Re
eived July 10, 2002)We dis
uss the lo
al spin-triplet pairing among 
orrelated fermions thatis indu
ed by the Hund's rule 
oupling in orbitally degenerate systems. Theappearan
e of the spin-polarized super
ondu
ting phase makes the Stonerthreshold a hidden 
riti
al point, sin
e the pairing 
reates a small butdete
table uniform magnetization even below this 
riti
al point.PACS numbers: 71.27.+a, 74.20.Mn, 03.65.PmThe appearan
e of super
ondu
tivity deep inside the weakly ferromag-neti
 metalli
 phase in UGe2 [1℄, ZrZn2 [2℄, and in URhGe [3℄, as well as theirsimultaneous disappearan
e as a fun
tion of pressure, indi
ates strongly thatthe same me
hanism is responsible for the onset of both ferromagnetism andsuper
ondu
tivity. Ferromagnetism 
an be indu
ed by the 
ombined e�e
tof both the lo
al repulsive intera
tion (UPil nil"nil#) and the lo
al Hund'srule ex
hange (�JPil 6=l0 Sil �Sil0) between the ele
trons lo
ated on orbitalslabeled by l, l0 and the site index i. We have re
ently proposed [4�6℄ thatthe Hund's rule 
oupling 
an also be responsible for the triplet pairing inorbitally degenerate narrow band systems, if only the magnitude J on theFermi surfa
e on the Hund's rule ex
hange ex
eeds the magnitude of theantiferromagneti
 
orrelations, i.e. for a band �lling far away from the half-�lled situation.In the present paper we 
onsider a degenerate-narrow band system 
ha-ra
terized by the two 
oupling 
onstants: the Hubbard intraatomi
 Coulomb� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(527)
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ikU and the lo
al ferromagneti
 ex
hange magnitude J . Within this two-parameter model we determine the stability regimes of the equal-spin (A)and the totally spin-polarized (A1) phases. We also show that the pair-ing enhan
es the magneti
 polarization, in e�e
t hiding the Stoner 
riti
alpoint for the onset of ferromagnetism in the sense that we observe a grad-ual growth of the magneti
 moment rather than a sharp appearan
e at theStoner threshold.The model is 
hara
terized by the Hamiltonian:H =Xkl� Eklnkl� + UXil nil"nil# � J Xill0(l6=l0)�Sil � Sil0 + 34nilnil0� : (1)In this Hamiltonian Ekl = Ekl � � is the single-parti
le energy in the l-thband, � is the 
hemi
al potential, and the last term 
ontains a full Dira
ex
hange operator written in the se
ond-quantized form [5℄. The hybridiza-tion between the orbitals is in
luded in Ekl. Therefore, U and J represente�e
tive values on the Fermi level rather than bare atomi
 values. We alsoomitted the term (12U 0Pil 6=l0 nilnil0), as it redu
es to a 
onstant term inthe �rst-order (Hartree�Fo
k) approximation we make. In what follows, we
onsider a two-orbital model (the results 
an be easily generalized to an ar-bitrary band degenera
y). As before [4℄, we introdu
e real-spa
e spin-tripletoperators Ayim and Aim. In the new notation Hamiltonian (1) takes the formH =Xkl� Eklnkl� + UXil nil"nil# � 2JXim AyimAim : (2)Hamiltonian (2) in the Hartree�Fo
k-BCS approximation redu
es to the fol-lowing formH =Xk f ykAfk +Xk Ek2 +N  I( �Sz)2 +Xm j�mj22J) ! ; (3)where �m � 2JhAimi is the gap parameter of the Cooper pair with thevalue Sz = m, I � U + 2J , �Sz = hSzi1 + Szi2i=2 is the magneti
 polarizationper orbital per site, and A is 4� 4 matrix:A = 0B� Ek1 � I �Sz; 0; �1; �00; Ek1 + I �Sz; �0; ��1�1; �0; �Ek2 + I �Sz; 0�0; ��1; 0; �Ek2 � I �Sz 1CA : (4)The form (4) is derived by introdu
ing a four-dimensional representation[4,5℄, i.e. fyk = (f yk1"; f yk1#; f�k2"; f�k2#). This Hamiltonian 
an be broughtto a diagonal form analyti
ally for an arbitrary band shapes Ek1 and Ek2



Coexisten
e of the Spin-Triplet Super
ondu
tivity with : : : 529and for arbitrary �� 6= 0 (only the phases with �0 = 0 are stable for aferromagneti
 super
ondu
tor). Namely, the four quasiparti
le bran
hes for�0 = 0 are of the form�k�1;2 = 12 (Ek1 �Ek2)� �14 �Ek1 +Ek2 � �I �Sz�2 + j�� j2�1=2 ; (5)where the sign (�) 
orresponds to the label (1; 2) of the eigenvalues �k�1;2.The spe
trum separates into two spin subbands with the spin splitting Æ ��k#i��k"i, determined mainly by the ex
hange �eld. The spe
trum is fullygapped if both �" and �# are nonzero (i.e. in the phase 
alled in analogyto the super�uid helium phase A). In the A1 phase (i.e. the phase with�" 6= 0 only) the spin-minority spe
trum has the form �k#1 = �Ek2 + I �Szand �k#2 = Ek1 + I �Sz. As we shall see, having �# = 0 and �" 6= 0 in theA1 phase does not mean that the system is ferromagneti
ally saturated, forwhi
h �Sz = hSzi1 + Szi2i = n=2, where n is the number of ele
trons per site.In Fig. 1 we display the value of the magneti
 moment per orbital(hSzl i) and (in the inset) the �eld dependen
e of the 
hemi
al potential inboth A and A1 paired states, as well as the values of the super
ondu
tinggaps in A and A1 phases. The magneti
 moment follows essentially thesame straight-line dependen
e �Sz(B) for the both paired states. In view ofthis last feature of the solution it is not strange that the A1 phase be
omesstable even though the system is not yet magneti
ally saturated.One very interesting feature of our mean-�eld approa
h should be men-tioned. Namely, the �Sz(B) in the paired state dependen
e does not approa
hexa
tly the value �Sz = 0 for B = 0, even though the system is below theStoner threshold. The e�e
t is small to be
ome visible in the lower lefthand 
orner of the upper panel, but it is 
ertainly well above the numeri-
al a

ura
y of the results. To test our 
onje
ture that the pairing itselfmay introdu
e a uniform ferromagneti
 polarization we have 
al
ulated thisremanent value of the spin magneti
 moment in the �eld B = 0 when ap-proa
hing the Stoner 
riti
al point. The result is displayed in Fig. 2.We observe a beautiful 
riti
al dependen
e of the moment as we approa
hthe Stoner point. So, indeed, the pairing washes out the Stoner 
riti
al point,i.e. makes it a hidden point. It is interesting to ask to what extent thequantum 
riti
al �u
tuations 
ould alter this mean-�eld result. The resultalso means that the super
ondu
ting 
oheren
e length be
omes in�nite atthe Stoner point. It remains to be seen whether it is unbound whenever theA1 phase sets in. The results displayed in Fig. 2 
ontain also one additionalfeature exhibited in the inset. Namely, the inset shows that if no pairingwere present then the mean-�eld para-ferro-magneti
 transition would bedis
ontinuous and dire
tly to the saturated state. The pairing smears out
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Fig. 1. Upper panel: Magneti
 moment hSzl i � �Sz in the �eld; lower panel: Fielddependen
e of the super
ondu
ting gaps as marked. Inset: Field dependen
e ofthe 
hemi
al potential in the A and A1 phases.
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Fig. 2. Magneti
 moment hSzl i indu
ed by the spin-triplet pairing below the Stonerthreshold (marked as Stoner 
riterion, J=W � 0:125). Inset: magneti
 moment vs.J=W if the spin-triplet pairing were absent (the para(PM)- to ferro(FM)-magneti
transition is dis
ontinuous at the Stoner point for the 
onstant density of states.
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ondu
tivity with : : : 531this dis
ontinuity and therefore, we have an extended 
riti
al regime forJ=W ! 0:125. Additionally, be
ause of the absen
e of the 
riti
al point for�Sz(J) dependen
e it is di�
ult to say where the ferromagnetism disappearsas a fun
tion of e.g. pressure. This is exa
tly what is a
tually observed forthe newly dis
overed super
ondu
ting ferromagnets [1, 2℄.In summary, the Hund's rule 
oupling allows for treating a weak itinerant-ele
tron ferromagnetism and a real-spa
e spin-triplet pairing on an equalfooting within a single me
hanism. However, the spin �u
tuation 
ontribu-tion should be in
luded to see their relative role in s
attering the 
arriers(parti
ularly near TC).The work was supported by the Polish State Committee for S
ienti�
Resear
h (KBN) Grant No. 2 P03B 050 23.REFERENCES[1℄ S.S. Saxena et al., Nature 406, 587 (2000); A. Huxley et al., Phys. Rev. B63,144519 (2001); N. Tateiwa et al., J. Phys. C: Condensed Matter 13, L17(2001).[2℄ C. P�eiderer, M. Uhlarz, S.M. Hayden, R. Vollmer, H.v. Löhneysen, N.R. Bern-hoeft, G.G. Lonzari
h, Nature 412, 58 (2001).[3℄ D. Aoki, A. Huxley, E. Ressou
he, D. Brithwaite, J. Floquet, J-P. Brison,E. Lhotel, C. Paulsen, Nature 413, 613 (2001).[4℄ A. Klejnberg, J. Spaªek, J. Phys. C: Condensed Matter 11, 6553 (1999).[5℄ J. Spaªek, Phys. Rev. B63, 104513 (2001).[6℄ A. Klejnberg, J. Spaªek, Phys. Rev. B61, 15542 (2000).


