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Magnetic interactions and magnon gap in the ferromagnetic superconductor RuSGdCu,Og
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By means ofX- and Q-band magnetic-resonance measurements we have investigated the magnetic interac-
tions and derived the magnon gap in the ferromagnetic superconductop@RI€350g. TWO microwave
absorptions are observed: first, a paramagnetic resonance of thei@ds, and second, appearing below the
Curie temperatureTc,ie), @ ferromagnetic resonance due to the ruthenium lattice. Located between the
superconducting Cufplanes, the Gd ions serve as intrinsic probes of the internal magnetic fields near the Cu
sites. BelowTc,ie the GA&* signal shifts, evidencing the appearance of a homogeneous internal field,
Hgru.ca— 600 Oe. We show thdily,.qqis due to a Ru-Gd ferromagnetic exchange interaction. The Ru ferro-
magnetic resonance indicates the existence of a magnon anisotropy/gapi600 Oe. We estimate the
out-of-plane and in-plane anisotropy fields to be, respectité)y; 110 kOe andH,~200 Oe.
[S0163-182699)50242-7

An example of a superconductor where superconductivityparamagnetic-magnetically ordered systems similar in this
and atomic ferromagnetism uniformly coexist in a micro- sense to Ru$6dCy0g. Such is the case for the rare-earth
scopic scale has recently been reported in the hybriduprates GgCuQ,, where the paramagnetic &dions co-
ruthenate-cuprate compound ReSACWLOg (Rupy).t In exist with a weak-ferromagnetically ordered Cu latfice.
this compound, structurally similar to the high-supercon-  Magnetic resonance is almost a natural technique to tackle
ductor GdBaCu;O; (Gdyz9), ferromagnetism associated the questions posed in Ry,, for the following reasons:
with the RZ* ions develops belowW ¢, ie~133 K, while @ first, the Gd ions constitute intrinsic probes of the internal
superconducting onset is observed belby-46 K without  magnetic field and its homogeneity developing below
any apparent effect from the magnetic state. The interplayr . . This holds also within the superconducting state.
between superconductivity and magnetism has been an a¢nere is no uncertainty concerning the location of this “in-

tive subject of research for allc.)ng timg. CaS(_es havg beef?ernal probe,” contrary to the case of muon spin rotation
reporteq where superconductivity coexists with ant'ferro'experiment§.ln addition, by being situated between the two
magnetic long-range order as, e.g., in;gd where Gd or- CuO, planes, Gd is an ideal probe of the Ru-Cu coupling.

. . 2 _
ders antiferromagnetically below-2.3 K.~ Reentrant sys Second, the Ru ferromagnetic resonance is a direct measure

tems also exist where the onset of ferromagnetism destroyosf the maanon aap and of the anisotrony fields affecting the
the superconducting state as, e.g., in Eih® The coexist- 9 gap by 9

ence of ferromagnetic order and superconductivity, on th(gzu SpIns. . ,
other hand, has been observed under some special conditionsS"9!€ Phase Ri,, samples were synthesized by solid-
in the Chevrel phase compound HopBa.* Several publica-  Staté reaction of stoichiometric powders of RyGsrCQ;,
tions have recently appeared addressing the structural, ma§%0Os, and CuO. Fabrication details can be found in Ref. 1.
netic and transport properties of Bi. -5~ Concerning the After proper annealing,samples are obtained witfic e
magnetic properties, dc magnetization and muon spin rota= 133 K and thermodynami¢.=46 K. Granularity lowers
tion experiments have been reported, providing evidence thdlde zero resistancé, to ~37 K. The crystal structure of
the ferromagnetic phase is homogeneous on a microscopf12 is similar to that of Gghs, but with Ru substituting
scale, and that the magnetic order is not modified at the ons#te chain Cu of the conventional high- superconductor,
of superconductivity:®* However, numerous questions are and both oxygen basal plane sites occupiddhe resulting
still open, in particular concerning the specific magneticstructure can be viewed as two Cu@lanes, separated by
structure of the Ru moments and the internal fields sensed byrO, layers from the magnetic Ry®lanes. The Gd ions are
the superconducting planes. These points are essential to ucatedbetweerthe two superconducting Cy@lanes. Mag-
derstand the coexistence of superconductivity and ferromagietic resonance measurements, at bothxte 9 GHz) and
netism in Ruy,;,, and to devise further pertinent experi- Q(~35 GHz) bands, were made between 5 and 300 K in a
ments. Bruker ESP-300 EPR spectrometer operating in the conven-
We present a magnetic-resonance study of,Buoly-  tional absorption mode. Magnetic-field scans were per-
crystalline samples in the temperature range 5-300 K thdbrmed in the range-50 — 15000 Oe. In order to avoid
addresses these questions. Magnetic-resonance experimesypsirious signals, care was taken not to saturate the cavity
have proved in the past to provide valuable data for underbelow T .. For that purpose, and to assure good penetra-
standing the complex magnetic properties of mixedtion of the microwaves into the sample, the Ry ceramic
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FIG. 1. Magnetic-resonance spectra at various temperatures T (K)
from T>T¢ie=133 KtoT<T.=37 K, taken both at th&¥ andQ
bands. Note that derivatives of the absorption lines are displayed. FIG. 2. G&* (top) and Ru FMR(bottom) resonance fields as a
Vertical dashed lines serve as indicators of thé Gtihe shift. function of temperature taken both at tkgopen symbolsand the

Q band(solid symbol$. The X-band nonresonant FMR absorption

was thoroughly milled and mixed with a nonabsorbing KClis indicated with a different symbol. Inset: Temperature dependence
salt. No noticeable changes of the cavity coupling were regof the G3* ESR linewidth. The full curve is a fit wittAH(T)
istered in the whole set of experiments. =(1+ 6/T)AH,, (see text for details The bars indicate experimen-

In Fig. 1 we present typical magnetic resonance spectral errors.
taken both at theX and Q bands, for various temperatures
ranging fromT>Tc e to T<T,. Note that, as is custom- nance fieldHg,.gqdevelops slightly abovéc,,;. due to the
ary, the derivatives of the absorption lines are shown. Théield induced long-range ferromagnetic order. In the phase-
following observations can be drawn from the spectiaat  transition regionHg,.gqdoes not depend on the microwave
all temperatures a relatively broad absorptioH( frequency. This defines it as an “internal field.” The other
~2000 Oe) is observed arouge 2 (3300 and 12 100 Oe at possible origin of a resonance field variationgashift, is
the X andQ bands, respectivelyHereg is the gyromagnetic characterized instead by a shift proportional to the applied
factor. This absorption is due to the electron paramagnetimicrowave frequency. At the lowest measured temperature,
resonancéEPR) of the G&* ions. The linewidth is mostly Hpg, gqSaturates around 600 Oe at Bdand. At theX band,
determined by the large distribution of Gd-Gd dipolar fi€lds. for the values of applied field corresponding to the3Gd
(if) Besides this broad EPR signal, a second absorption &PR resonance, the Ru magnetization is not completely satu-
lower fields develops arourf,.. This second signal is a rated, as follows from the dc magnetization dafhis ex-
ferromagnetic resonandg-MR) absorption due to the or- plains the somewhat smaller low-temperature value of
dered Ru iong? (iii) Below Tcyrie, the Gd' EPR shifts to  Hg, gq. We note that belowl . there is no notable variation
lower fields. This shift reflects an internal figttk,_gqacting  of Hg,.gq, indicating that the magnetic order is not modified
upon the Gd ions and due to the ordered Ru magnetic mdy the onset of superconductivityln addition, it also fol-
ments.(iv) The Ru FMR appears slightly abovie.,;;c @s a lows that the internal field is microscopically homogeneous
relatively broad absorption and at a magnetic field that isn dimensions of a single unit cell within the whole sample.
frequency dependent. Then, with decreasing temperature, 8eparated ferromagnetic and superconducting phases would
narrows and strongly shifts to lower fields. For tkeband  be characterized by regions with and without internal field
this FMR signal rapidly approaches zero field and develops &lg,.cq, respectively. Such a situation should be reflected in
line shape characteristic of a nonresonant absorftiBia.  a line broadening with an onset B, or atT., depending
nally, (v) there is no notable change of the GAESR reso- on whether the separate phases correspond to different ma-
nance field and linewidth &t.. This is particularly clear for terials or to a partial reentrance induced by the superconduct-
the Q band. The FMR, on the other hand, changes its lindng onset, respectively. The measured linewigtee the in-
shape and a zero-field signal appears belgwat theQ band.  set of Fig. 2, however, does not evidence any broadening
In what follows we will discuss in detail the five points out- specifically at these temperatur@sThe monotonic increase
lined above. of AH observed towards lower temperatures follows a

The temperature dependence of the*GESR internal AH(T)=(1+ 6/T)AH., law, and can be understood as due
field (Hru.co and linewidth AH), and of the Ru FMR field to the Gd* antiferromagnetic orderintf. Here /=9 K is
(Hy rW, are displayed in Fig. 2. As usttithe internal field  the fitted Gd* Neel temperature, which can be larger than
at the Gd sites is defined adg, cdT)=H, c(300K) the ordering temperature in layered structures, aridl,
—H, {T), whereH, g4 is the measured Gd EPR reso- =1500 Oe is the high-temperature linewidth.
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The above straightforward conclusions, concerning the 0 50 100 150
homogeneity and coexistence of superconductivity and fer- Ll m— out-of-plane

romagnetism in Ryy1,, agree with the muon spin rotation in-plane
results reported in Refs. 1 and 6. In addition, a value is

derived for the internal field existing at a precise location in

. ) . . 2 {Q-band

the unit cell, i.e., at the Gd sites. We have considered two g i 7
possible origins forHg,.cq, that is, dipolar and exchange g {

interactions between the ordered Ru and paramagnetic Gd _ :' i

"<, { X-band

moments. Two situations have to be evaluated for the case of
dipolar fields: that the Ru magnetic momenigg(~1ug
according to Ref. 6, whergg is the Bohr magnetgnare
normal or parallel to the RuQOplanes. We obtain, respec-
tively, Hgyip,, ~450 Oe andHy;, |~ — 225 Oe. These values
were calculated considering a fully ordered crystal, and
should be an upper limit for a polycrystalline sample. In any
case, they cannot account for the observed Glihe shift.

For the Ru moments parallel to the planes, in fact, it even

[

—— Q-band spectrum
Calculated linesh 4

Abs. derivative (arb. units)

leads to the wrong sign. It follows thetg,,.gqmust be due to 0 1 2 3 4 5

a ferromagnetic exchange interaction, that is, due to an elec- H (kO¢)

tronic wave function overlap, between the Ru and Gd mag-

netic moments: F=—Ary.-cdMru Maa= — Hru-ca Mad- FIG. 3. Top: Resonance field modes for a ferromagnetic lattice

Here F is the free magnetic energy describing the With two anisotropy fiel_ds, out-c_)f-plaridzz 110 kOe, anql in-plane
interaction® The Ru-Cu superexchange path is compara-Hx:ZOO Oe. The _contlnuous lines correspond to the in-plane par-
tively more direct and, in addition, thé-character Cu elec- 2lle! and perpendicular resonance modefer to the bottomx
tronic levels are much more extended than t@d states. 219 While the dashed curve stands feiH, (top x axis). The
Considering that the Gd ions are located in between the tW§r055|ng of the modes with the two horizontal solid lines are the
CuO, planes, this indicates that the exchange field connec flelds where resonant absorptions are expected. Bottom: Calculated
. ’ . tiine shape obtained from an angle average of the resonance fields
ing the Cu. and Ru moments could be |mporltant. We hot aken from the top framédashed curve The continuous curve
that, even in presence of a Ru-Cu magnetic interaction, th@orresponds to th@-band experimental data measured at 128 K.
ferromagnetic order can be basically insensitive to the super-

conducting onset, as evidenced by the muon spin resohance . . .
and Gd* ?EPR experiments. How)e/ver the rev:rse need no‘?rtles of SrRu@, which has similar Rupplanes and a fer-

. . ‘15 . _
be true. In fact, this coupling could help to explain the originron.w‘gnetIC transition _at 160 K: .HZ defme_s an easy mag
of the relatively lowT, of Ru;»1,, When compared with the n(_atlz_anon plane, whileH, describes a given arientation
structurally similar Gghs, though it is believed that Reyis within this plane. The FMR modes for suc_h structure are
strongly underdoped. textbqok examples and can be found, e.g., in Ref. 12. They

We discuss next the Ru FMR observed at low fields in® ¢ 9'V€" by

Fig. 1. The resonance fieldd, r,, are displayed in the bot- Iv2=(H+H)(H+H.+H 1
tom frame of Fig. 2. This FMR corresponds to tke 0 Ru (wly)"=( d «H2), @
magnon excitations, which are tuned by the external field fofor the external fieldH applied alongH,, and
resonant absorption at the applied microwave frequency. As

for the G&" EPR line shift, the FMR is seen to develop (0ly)>=(H=H)(H+H,) for H>H,, (2
slightly aboveT e due to the field-induced ordering of the
Ru moments. At the higher temperatures, the lines are broad, H,+

H
2_ z 2 2
indicating small magnon lifetimes characteristic of the short- (0ly)*= H, (Hx—H%  for H<H,,

range-order regime. With decreasing temperature the lines
narrow, andH, g, rapidly decreases evidencing the buildup for H applied within the easy plane but normallig . Here
of a magnon gap proportional to the long-range-orderedy=gug. The expression foH|H, is similar to Eq.(2), but
magnetization. Just a few degrees belbyw; e, the X-band  H, andH, should be replaced by H, andH,+H,, respec-
FMR develops into a non-resonant-type zero-field absorptively. These FMR modes are shown in Fig. 3 as a function
tion, indicating that the microwave energy likelowthe of the applied field. AtH=0 an anisotropy magnon gap
magnon gap. Th&-band absorption, on the other hand, is appearswgya,/y= VH (H+H,)~VH,H,. This gap is pro-
resonant in the full temperature rangﬁ?Ruvaries rapidly in  portional to the magnetization and thus increases bélow
the magnetic transition region, and then decreases slowly Tcyrie rendering an absorption nonresonant if it exceeds
with decreasing temperature following the Ru magnetizatiorthe incident frequency. FoH||H, the resonant frequency
saturatiorf. These data indicate that the magnon gap is somesontinuously increases with applied field. Féi H, within
where between th¥- and Q-band energie$40—-150ueV). the easy plane, a “nonsaturated” region exists where the
We describe the Ru ferromagnetic system both with armode frequency decreases while the magnetization reorients
out-of-plane H,) and an in-planeH,) anisotropy field. As  with the applied field. The reorientation critical field corre-
we will see below, this models well the above experimentalsponds toH.=H, (or H,=H,+H,~H, if H||H,). We note
observations. In addition, it agrees with the magnetic propthat such magnon softening is only observed for angles ex-




RAPID COMMUNICATIONS

R12 600 A. FAINSTEIN, E. WINKLER, A. BUTERA, AND J. TALLON PRB 60

tremely close tdH 1 H,, within a few degrees, and that zero anisotropy fields the absorption line shape. For that purpose,
gap occurs only wherH is exactly normal to the easy we have summed the angle average of Lorenztian absorp-
axis®'2Moreover, the perpendicular mode does not soften taions with an intrinsic linewidth given by the parameter
zero if the coupling between the ferromagnetic and the paraSuch calculation is shown in Fig. 3, and compared with the
magnetic excitations is considerédn a polycrystalline experimental line. The agreement is excellent. We note first,
sample all these angles have to be averaged. The resultigatH, is the most important parameter determining the line-
absorption displays a gap similar to thgH, case, but with  \idth in the angle average of the absorption lines. Second,
a grain-disorder-induced line broadening of the order ofne gut-of-plane directions contribute to the asymmetry of
2H.. This picture qualitatively describes the main featuresie jine shape, characterized by a larger tail at high magnetic
of the FMR data, i.e., the decreasing resonant fields belowg|ds. This is a simple consequence following from the re-
Tcurie» @nd the nonresonant character of ¥wband absorp-  |ation H,>H,, which leads to larger resonance fields at
tion. o higher out-of-plane angles.

The FMR mode curves in Fig. 3 were calculated using “Finally, we would like to briefly address the Ru FMR line
H,~110 kOe andH,~200 Oe. It follows from Eq(1) that  ghape change observed beldw. Evidence seems to indi-

the magnon gamg,,/ y~4600 Oe, corresponding to @ gap cate that a shift and broadening of the low-field absorption
energy of about 5(«eV. These anisotropy fields have been geyelops belowT.. Though the data are preliminary and
estimated, for temperatures closeTigyric, by analyzing the  jncomplete at present, we believe that this result might be
linewidth of the resonant absorptions at the two studied Miindicating a self-energy change in the magnetic excitations,
crowave frequencies. In fact, we can write a phenomenologipropably due to a dynamic screening by the superconducting
cal expression for the absorption linewidthAH=aw/y  carriers. Single crystal experiments would be important to
+b, where the first term reflects an intrinsic relaxation estaplish this point.

mechanism and is proportional to the working frequency, |n conclusion, we have shown that the {dEPR is an
and the second tern, is only a function of the magnetiza- intrinsic probe of the internal fields in Ry,. These internal
tion, that, in our case, accounts for the angular distribution ofje|ds at the Gd sites amount te600 Oe, are microscopi-
resonance fields. This expression agrees qualitatively Wltt}a”y homogeneous and do not change below the supercon-
the experimental results in that, for all temperatures, the “”educting transition aT,. This field was shown to be due to a
widths are considerably smaller at theband as compared R_Gd ferromagnetic exchange interaction, pointing to the
with the Q band. In the temperature region where resonanhee( to take into account the electronic overlap between the
absorptions are observed a_t the two worlgng frequenm_es, Whagnetic (Ru@) and superconducting (Cul planes. It

can use the above expression M to derivea andb. This  spoyld be determined whether this fact is the origin of the
is only a crudg order of ma}gn!tude approximation since, to(relativelw low T, of Ruy,1,, When compared with the struc-
be more preciseh depends indirectly om because the de- yra|ly similar Gd 5. Finally, a ferromagnetic resonance due
gree of magnetization saturation is not exactly the same fofy ihe Ry magnetic moments is observed belbwy,;o evi-

the two frequencies used in our experiméh®e obtain, at dencing a magnon anisotropy gag,,/y=4600 Org The

T=128 K, the fitting parametes=0.07, anb=400. Ifwe  £\R resonance fields and line shape indicate that the anisot-
assume thab=2H,, we get from the FMR equationd, ropy fields are given byt,~110 kOe andH, =200 Oe.
~110 kOe. Just for an argument of consistency, we note that

this value agrees with the out-of-plane anisotropy field found We would like to aknowledge M. T. Causa and M. Tovar
in SrRuQ,.*® for enlightening discussions, and H. J. Trodahl for a critical
In addition, as a further check, we can calculate with theseeading of the manuscript.
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