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Superconductivity in ferromagnetic RuSr,GdCu,Og
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The phase diagram of temperature versus exchange field is obtained within a BCS modeatdoe
superconductivity in Cu®layers which is coupled to ferromagnetic Ru@yers in RuSyGdCy,0g. It is
found that the Fulde-Ferrell-Larkin-Ovchinnikov state is very sensitive to the band filling factor. For strong
exchange field, we point out that superconductivity could only exist in the interfaces between ferromagnetic
domains. The magnetization curve is calculated and its comparison with experiment is discussed. We also
propose the measuring of tunneling conductance near a single unitary impurity to detect the strength of the
exchange interaction.

The problem of coexistence of superconductii§C)  within the tight-binding bandf{ii) arguing that the mixed
and ferromagnetisntFM) has attracted keen interest since state is intrinsic, we calculate the magnetization as a function
the original works of Ginzburgand Matthiaset al? It was  of an applied magnetic field and compare it with experiment;
shown that singlet SC and FM are mutually exclusive andiii) we propose to measure the existence of the zero-energy
the SC can also be strongly suppressed by magnetic impurpeak(ZEP) and its splitting in the differential tunneling con-
ties. The competition between SC and FM were observed iductance near a single unitary impurity in the Gu@yer as
the ternary compounds, HoM8, HoMosSe, and atest of thed-wave pairing symmetry as well as the strength
ErRh,B,.2 But true microscopic coexistence was found onlyof the exchange field.
over a narrow temperature region when FM sets in and Our model system is defined on a 2D lattice with pairing
modifies itself to a spiral or domainlike structure. The recentinteraction taking place between two electrons on the
discovery of SC T.=16-47 K in the ferromagnetic,  nearest-neighbor sites, which in the mean-field approxima-
=132 K ruthenate-cuprate layered  compoundtion leads to the Bogoliubov—de Gennes equations
RuSKLGdCuy,0g (Ru-1213 (Refs. 4—10renewed the interest
in the issue of how SC and FM negotiate to coexist. Recent Hijo  Aj u}‘a up
band-structure calculation performed by Pickett all* > A* _H =Ep| n | D
showed that the exchange splitting in the Gu&yer is small ! i Vi
(Aexc=25 meV) compared to-1 eVin the Ru@ Iaygr but is with the single particle Hamiltoniahlj; ,= —t6;,, ; — 1
larger enough that the superconducting state in t'he ?CuO_ ohed+ U8, and the self-consistent condition;;
layer may be of the Fulde-Ferrell-Larkin-Ovchinnikov ook n na )
(FFLO)-type">*3 or finite momentum pairing state. Whether — V/4n.o(UigVj, U vis )anhE&/2keT). Here (i, .vi,)
there actually exists such a pairing state even in early foung'e the Bogoliubov quasiparticle amplitudes on itfesite;
magnetic superconductors remains to be controvetsiak vy==*X,*y represents the relative position of sites nearest
deed, until now no superconductor has been discovered to eighboring to theth site;t is the effective hopping integral
a finite momentum pairing state. Also notice that, in earlierbetween two nearest-neighbor sites within the gplane; u
studies, the FFLO state was discussed by assuming a cois the chemical potentialhe,=J((S3)+(SD)) is the ex-
stant density of statg®09), that is, the exchange field does change field coming from the ordered spins in the two
not introduce structures in the electronic properties on theearest-neighboring ferromagnetic Ru@yers; U; if any
energy scales relevant to SC. However, this becomes not trugecounts for the scattering from the impuritieg;is the
when the DOS has singular structure. Thus a further study ostrength of the nearest-neighbor pairing interaction. Notice
the existence of this state by including the energy depenthat the internal magnetic field on CuQayers due to the
dence of DOS near the Fermi surface should be interestingnagnetic moment on RuyQayers is only several hundred
Moreover, it was supposed that the SC mainly occurs in thgauss and the exchange interaction should be dominant in
CuG, layers in Ru-1212, the identification of the pairing suppressing SC. We therefore defer the effect of the internal
symmetry in this material is also of fundmental importancefield on the orbital motion of paired electrons to the study of
in view of the well-established-wave pairing symmetry in the magnetization.
high-T. cuprate superconductors, which have similar crystal Temperatureexchange-field phase diagrarkor a pure
structures. system in the absence of external magnetic field, the Bogo-

The purpose of this paper is threefold: By assuming a liubov quasiparticle amplitude can be generally written as
d-wave pairing symmetry in a two-dimension@D) lattice
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model, we present a detailed study of the temperature- THR 1 [ Uiq LelkraRy
exchange field phase diagram to investigate the sensitivity of S —( T i(k_q),R,> ,
the FFLO state by varying the position of the Fermi energy Vio, IN \vk-g0® '
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which yields the bond order parameter
A= e ® RS cogk- (R~ R
i=5N € - cogk-(Rj—R)]

X [uk+q,TU,kc—q,1 + Uk+q'lU:_q’T]tanr(Ek‘q/ZT)
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Here N=N, XN, is the number of two-dimensional lattice

sites. Equation(2) shows that the order parameter is not a
constant in space manifesting the collective motion of paired

electrons each with momentum Using the definitionA 4
=(A§O)+A(_O;)(—A§O)—A§O))/4, we find the equation deter-
mining thed-wave energy gap
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where EQ=\ZZ ., +[A% and EJY) = — oheeet Zy o -
+EQ, with &= —2t(cosk,+cosk)—u, Zyq+=(éksq
*ék—)/2, and Ay =2A4(cosk,—cosk)). Correspondingly,

the free energy per lattice site is given by
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WherefE’q:f(E&:Z) is the Fermi distribution function.
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FIG. 1. TheT-hg, phase diagram for d-wave superconductor
with u=—t (a), —0.5 (b), and —0.14 (c). The solid line repre-
sents the physical phase boundary between the superconducting
state and the normal state. In panés and (b), the dashed line
indicates the transition between the FFLO state and the normal
pairing (q=0) state. Note that the FFLO state exists only as the
temperature is below the ftricritical point A. In pane), only the

transition between the normal pairing state and the normal state is
allowed.

the momentumq corresponding to the maximurhg,. is
along the(10) and its equivalent direction in the whole tem-
perature region because the energy gap reaches the maxi-
mum value along these directions so that the system can be
more robust against the depairing effect from both the finite
momentum and the exchange field. As shown in Fig),1
whenu = —1t, the transition curvésolid line) is between the

To determine the phase boundary between the normauperconducting statavith =0 andg+0) and the normal

pairing (=0) state and the normal statspin polarizeg

state, which shows that at low temperatures, when the ex-

one should compare the free energies of the superconductirgange field is increased the system initially in the normal

state and normal state, using H¢). In the presence of a pairing state will enter the FFLO stateg#£0) through the
fairly strong exchange interaction, the system might also gdirst-order transition and then pass into the normal state by a
into the FFLO state in which all the Cooper pairs have asecond-order transition. Thus the FFLO state is a stable state
single nonvanishingq+# 0) center-of-mass momentum. This at high exchange fields. The transition curve between the
transition between the FFLO state and the normal stat@ormal pairing state and the FFLO state is represented by
would be of the second order. To find the transition curve fordashed line. When the temperature is increased, two curves
the FFLO state and the normal state, we solve Bgwith  become closer and dt=0.58T, (tricritical point) they co-
Ay=0 to find the maximum value ohg, by scanning incide with each other, where the transition begins to be of
through a whole set values gfat the same temperatufe  second order and the FFLO state merges naturally tajthe
By repeating the same calculation at a different valud,of =0 normal pairing state. This result is similar to that ob-
we then obtain the phase curlig, as a function ofT. tained within the continuum model using a constant
To see the sensitivity of the FFLO state to the FermiDOS!?!*However, we find that the phase space for the ex-
energy position in a 2D tight-binding band, we fix the pairingistence of the FFLO state shrinks at= —0.5 as the band-
interaction as8/=2t and consider three typical values of the filling factor shifts toward the half fillingFig. 1(b)]. In par-
chemical potentialy=—t, —0.5, and—0.14, correspond- ticular, near half filing whenu=—0.14, the FFLO state
ing to the band-filling factow~0.65, 0.82, and 0.95=1  will be unstable and appear as a supercooling state. There-
is a half filled bangl For the above sets of parameters, thefore as shown in Fig. (t), only the transition between the
maximum energy gap at zero temperature @Qe=0 is  normal pairing state and the normal state is physically ac-
found to beA,=4A4~0.6%, 0.88, and 0.96, and corre- ceptable. The interesting feature comes from the influence of
spondingly, the transition temperatureTigy=~0.2&, 0.3%,  the exchange field on the DOS near the Fermi surface. For a
and 0.40, respectively. Figure 1 plots the temperature—2D tight-binding band, the DOS at the energy=0 has a
exchange-field phase diagram. Our calculation shows thadingular point and it decays logarithmically as the energy



PRB 62 BRIEF REPORTS 11371

goes away from zero. Whep = —t, which has been far 0.44 g x : :
away from the zero-energy point, the DOS is flat for the Eos |
energy near the Fermi surface. In this case, the splitting of s
the normal electron band by the exchange field has little
effect on the change of the DOS and a constant DOS can be
taken which corresponds to the approximation made in the
continuum theory?* But as the chemical potential is close | .
to the zero-energy point, a little splitting of the energy band 0.42 o 1 2 3
will cause a strong variation of the DOS near 0, which HeoxHor
makes theg+# 0 pairing state unfavorable. o ) ]
For the Ru-1212, the band-structure calculation estimateg FIG. 2. Magnetization as a function of the external magnetic
the Fermi wave vector as/a. The filling factor should be leé% H}'g iﬁil;?r:ﬁ;i\csvtﬁgﬁ:;gé) m(il’ ?gtt;a(?tg;f % andx«
near the half filling x=0). Then the existence of the FFLO g T
state in the above system becomes unlikely according to Fi
1(c). In the following discussion, we focus on the transition
as between the normal pairing state and the normal stat
Consider the case 0f=0.95 [Fig. 1(c)]. If the zero-field
transition temperature is assumed to hg=90 K, A, is
about 18.7 meV. By fitting to the transition temperatiie
~36 K as measured experimentallythe exchange field
should be as small as 8.8 meV. Actually, may be as low

; 15
as 60 K when Ru is replaced by other atofesy., Cu. The observed monotonic behaviorMfby the experimefitis

Then the allowabldi, is only 5.1 meV to haves~36 K. ghown in the inset of Fig. 2. Because our study is based upon
Notice that the exchange fielt, from the band-structure e SC in a single ferromagnetic domain, the internal mag-
calculation is as large as 12.5 méVand the experimental paic field must be greater than the intrinsic first critical field
filling is very close tov=1 (or u=0); we therefore con- H., of the CuQ SC. Nevertheless, whe,,.=0, our cal-
clude that, ifh, is indeed so large, SC can only exist in the ¢jation gives an appreciable spontaneous magnetization
CuG, layers between the ferromagnetic domains where thgnich contradicts  the experimentally measured zero
exchange interactionbe,=J((S})+(S})) are small. It is  magnetizatior. This difference shows the existence of ferro-
important to emphasize that we have not ruled out the posmagnetic domains in Ru-1212, where the average magneti-
sibility of the FFLO state in the real systems because theation vanishes in the absence of an external magnetic field
estimated value of exchange interaction could in fact varynd the SC occurs in the interfacial regions between some of
over a limited range depending on the method of obtaining itthe ferromagnetic domains. Note that the magnetization has
In case that the real exchange interaction is somewhaf|so been recently studitto analyze the superconducting
smaller than that estimated in Ref. 11, the bulk FFLO Stat?)roperties of R5CQ)5RUS"2CUZO]_O, where the Meissner ef-
would become a reality. fect was absent at temperature regiopc T< T, (T.~30 K
Magnetization The bulk Meissner effect has not been ob- 53¢ T4~20 K) but present aT <Tg4. To interpret this phe-
served in the superconducting state of Ru-1@@f. § until  omenon, it was proposed that the ferromagnetism appears
very recently’ Furthermore, even the absence of supercony;ith a domain structure but the superconductivity is a bulk
ductivity has been reported in well characterized Ru-121%nase, which is different from our explanation for Ru-1212
samples*“.6 This discrepancy indicates the delicate balancegystemsy where neither Meissner efféddwn to 0.5 G nor
between the superconducting and ferromagnetic interactiongetectable condensation energy was observed at temperature
and the experimental result appears to depend critically 0gown to 2 K8 Very recently, the detection of Meissner state
the sample condition in a yet-to-be determined fashion. It isst 3 field below 30 Oe was reported by Bernhatchl? In
reported that the magnetic moment in each Ru atom is ine reported sample with a Meissner effect, the internal field
Bohr magnetorf. With structure parameter values=3.8 A, \as estimated to be only about 50—70 @ lower critical
and c=11.4 A, the internal magnetic fielth;=47Ms, field H., of the nonmagnetic superconductor was estimated
=1ug/a’c (Mg, is the spontaneous magnetizafiés esti- g be of the order 80—120 Qein contrast to the previous
mated to be 707 G in the CyQayers which is larger than reportedH,,, about 200—700 Oe by the same group and
the first critical fieldH{)~100 G of a non-Ru layered cu- others. We argue that the experimental result of Bernhard
prate superconductor with the comparable transition temet al. might make sense if the superconductivity occurs in the
perature, i.e.HY)—47M¢,<0. The measureHi., is there-  interferromagnetic domain region whek,, is much re-
fore zero and no bulk Meissner effect can be observedduced and the ratidR between superconducting volume/
Instead the superconductivity occurring in the Gu@yers  sample volume is not too small. This would not be inconsis-
has been driven into the mixed state. The overall magnetizaent with the conclusion reached for Ref. 8, whBreould be
tion in the system consists of two parts, one from the sponrather small so that the Meissner effect was not detected.
taneous magnetizatiol s, of the ferromagnetic RuOlay- Quasiparticle resonant state near a single unitary impu-
ers, the otheM, from the diamagnetic orbital contribution rity in CuO, layers Since the ferromagnetic exchange field
of the superconducting CyQayers in the mixed state, i.e., has pre-existed in the above system, it can affect the quasi-
M=M;p,+My,. When an external magnetic fielde,; is  particle resonant states near a single impurity in the case of

gdpplied, the effective magnetic field ¥=Hg,+Hi,. As

an approximation, we work with the London equation for a
Sguare vortex lattice to find the magnetic inductiBr-H
—Hg1In(He/B)/In k7 where k is the Ginzburg-Landau pa-
rameter ancH,=2«?H, is the upper critical field for the
CuG, subsystem. In Fig. 2, the total magnetization is plotted
as a function ofHqy. As it is shown, the magnetization
increases monotonically with the external magnetic field.
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e T T T T T ] local differential tunneling conductance is proportional to
L . p;, the ZEP and its splitting can be detected by the scanning
tunneling spectroscopySTS as a test of thal-wave sym-
metry as well as the pre-existing exchange field in the above
system. Experimentally, the nonmagnetic impurity with
strong scattering potential can be realized by substitution of
Zn for Cu in the Cu@ layers. In addition, the STS best
suited for exploring the local electronic properties allows a
direct examination of whether the SC in Ru-1212 appears as
FIG. 3. Local density of states as a function of energytfgy, ~ & bulk state or can only survive at the boundaries between
=0 (solid line), 0.1A, (dashed ling 0.2A, (dotted ling at the site  ferromagnetic domains. For the former, the STS data should
one lattice constant away from the impurity site. reveal a superconducting gap over the whole sample.
Finally, we would like to mention once again that the bulk
SC in Ru-1212 prevails only when the exchange interaction
fs weak. For large exchange interaction, the SC could only
exist at the interfacial CuPlayers between ferromagnetic
domains, wheré,. is small. Whether the SC in this com-
pi= = oL |Uio *f' (E~Ep) + [0, *f' (E+Ey)]. The calcu- pound is bulk or interfacial like appears to depend on sample
lation was mad.e on 86 supercglls ?‘?‘Ch with size 85 nPreparation and this issue needs further experimental studies.
X 35a by assuming a paramagnetic pairing state. The param- e added:Recently, we noticed a preprint by Shima-
eters are as follows: The single-site impurity strenBth 415 and Haf? in which the enhancement of the possible
=100, »=0.95, andT=0.02. From Eq.(1), we can see rr) o state in a layered ferromagnetic compound such as

that the zero-field quasiparticle energ§® is shifted toE g, 1212 by the next-nearest-neighbor hopping was dis-
=E(© = hey. Therefore the position of zero-energy states is.sseq.

now split to = h,,.. Figure 3 plots the LDOS on the site

nearest neighboring to the impurity site. As is shown, when We are grateful to W. Kim, W. E. Pickett, Y. Y. Xue, and
hexe= 0, there occurs a single ZEP in the LDOS. In the presKun Yang for valuable discussions. This work was supported
ence of exchange field, the ZEP is split into double peakshy the Texas Center for Superconductivity at UH, a grant
each corresponding to one spin component. The magnitudeom the Robert A. Welch Foundation, the ARP-003652-
of the splitting increases with the exchange field. Since th€®241-1999, the NSF at UH, and by the DOE at LBNL.
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d-wave pairing symmetry. To address both issues, we solv
Eqg. (1) self-consistently using the exact-diagonalization
method® and calculate the local density of stai@$DOS)
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