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We report ac susceptibility data on Ry@u,Ce}Cu,0,0-, (Ru-1222, Ce contenk=0.5 and 1.0,
RuSKGdCuy,0Og (Ru-1213, and SrRu@. Both Ru-1222 x=0.5, 1.0 sample types exhibit unexpected mag-
netic dynamics in low magnetic fields: logarithmic time relaxation, switching behavior, and “inverted” hys-
teresis loops. Neither Ru-1212 nor SrRuéxhibit such magnetic dynamics. The results are interpreted as
evidence of the complex magnetic order in Ru-1222. We propose a specific multilayer model to explain the
data, and note that superconductivity in the ruthenocuprate is compatible with both the presence and absence
of the magnetic dynamics.
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[. INTRODUCTION knowledge, the first observation of this phenomenon in a
bulk magnetic system. The contrast between Ru-1222 and
Coexistence of superconductivity and long-range magRu-1212(or SrRuQ) samples is marked: neither Ru-1212
netic order, and the types of magnetic order compatible witthor SrRuQ@ exhibit any of these dynamical magnetic prop-
superconductivity, are problems of widespread intefest.erties. Following the data, we present a model in which we
Such systems include the ruthenocuprates, which exhibit sirgue that the magnetic ordering of Ru-1222 involves both
perconductivity in the Cu@planed with some typés) of  ferromagnetic and antiferromagnetic coupling, and that Ru-
long-range magnetic order that involves at least the Ru01222 is a rare example of an intrinsic, naturally grown mag-
planes* One of the main issues for the ruthenocuprates igetic multilayer system with the layers coupled with antifer-
the nature of long-range magnetic order coexisting with suromagnetic interactions, similar to that inferred of the
perconductivity. The issue is complicated because, as previLa,SrMn,0, colossal magnetoresistance mangaffite.
ous work (muon spin rotatiof, magnetic resonanceand

neutron diffractiofi) has shown, there is evidence—even in IIl. EXPERIMENT
the simple Ru-1212 material—for both ferromagrietiand _
antiferromagnetit ordering. Both magnetizatidrand NMR Polycrystalline samples of Ru-1222, Ru-1212, and

(Ref. 2 studies of Ru-1212 materials confirm the presence oSTRUG; were fabricated as published elsewh&te.Two
a ferromagnetic component of the low temperature magnetiEu/Ce stoichiometries of Ru-1222 were synthesized: “super-
order. Theoretical calculatiohof the electronic structure conducting”(Ce contentx=0.5) and “insulating”(Ce con-
predict antiferromagnetic order for Ru-1212. tent x=1.0). SrRuQ@ served as a three-dimensional, ferro-
There is an implicit assumption that all ruthenocupratesnagnetic reference material. In all three materials, magnetic
will possess the same long-range magnetic order. As werder stems from the Ry(ctahedra. We used x-ray diffrac-
show below, this is not the case for the data we measuredion (data not shownto establish that all samples were crys-
comparing Ru-1212 and Ru-1222, nor is it the case for théallographically single phase. We measured the sample mi-
existing literature. To our best knowledge, neutron-crostructure using scanning electron microscopy, with results
diffraction measurements have not been reported for Rushown in Fig. 2 below. ac susceptibility data were taken us-
1222. Magnetization, low-frequency susceptibility, anding a CryoBIND systertf calibrated for absolute susceptibil-
Mossbauer/nuclear quadrupole resonance repomslicate ity results. The ac susceptibility measurements used a fre-
a pronounced—perhaps even a dominant—role of ferromagguency of 230 Hz, an ac magnetic field of 0.15 Oe, and a dc
netism in the spontaneous magnetic order of Ru-1222. Thmagnetic field between 0 and 100 Oe. dc susceptibility mea-
main result of our report is that Ru-1222 samples exhibitsurements of some samples were obtained using a Lake
unexpected dynamical magnetic features in very low magShore vibrating-sample magnetometgSM).
netic fields. We have measured the ac susceptibility while
varying the dc magnetic field either continuously or in steps.
We found a pronounced susceptibility “switching,” logarith-
mic time relaxation, and hysteretic, inverted-in-sense, sus- Figure 1 illustrates the Ru-1222 unit cell. Notice the large
ceptibility butterfly loops. While these properties have beerseparation along the axis between RuPplanes; we return
individually reported earlier in other, nonsuperconductingto this point below. Figure 2 illustrates the microstructure.
magnetic systems, the Ru-1222 system exhibits all of thesRu-1222 &=1.0) samples exhibit a dense structure with al-
properties. The inverted butterfly hysteresis represents, to oumost no isolated grains and very small intergranular regions;

Ill. RESULTS
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FIG. 1. Unit cell of Ru-1222 ruthenocuprate.

grain boundaries were difficult to identify. Ru-122% (
=0.5) and Ru-1212 samples, by contrast, exhibit well-
defined grains(size typically 1-2 um) and pronounced
grain boundaries. As we note further below, there are
marked, qualitative differences between the Ru-1212
samples and Ru-1222 samples of either stoichiometry. Figure
2 is thus important because it rules out grain structure as the
source of these qualitative differences.

Figure 3 shows the ac susceptibility data of Ru-1212, Ru-
1222 x=0.5), and Ru-1222x=1.0). Ru-1212 exhibits a
single maximum afl =133 K. By contrast, both Ru-1222
samples exhibit peaks at lower temperatiijgl =85 K(x
=0.5) and 117 Kx=1.0)] and a broad feature between 120 : : - )
and 140 K, foIIowgd by non—Curig—Weiss behavior extendingpar::;}c;; 'Rzu'_182026‘2'?;:?_gl(ersité%r:er;:r:g??npg F‘;TF;ZSZS;?E}(SSE
up to 180 K. Possible interpretations of the latter behavior ag,, panel.
well as Ce-dependent features of magnetic order are reported
elsewheré? susceptibility of Ru-1222 samples increases as the dc mag-

In this work we primarily focus on the magnetically or- netic field increases. By contrast, Ru-1212 and SrRuO
dered T<Ty) phase of both ruthenocuprates and reportsamples exhibit “normal” behavior: at all temperatures, the
hysteretic and highly nonlinear magnetic dynamics characac susceptibility monotonically decreases for increasing dc
terizing Ru-1222, but not Ru-1212, samples. Figures 4—1@nagnetic fields. Qualitatively, “normal” behavior is easy to
illustrate different aspects of the ac susceptibility response dfterpret: ac susceptibility measures how free the magnetic
Ru-1222, pointing out the differences in the equivalent re-moments are to perform forced oscillations imposed by the
sponse of Ru-1212 under similar experimental conditionsac magnetic field. Therefore, any superimposed dc magnetic
Although we show only the results fa=0.5 orx=1.0 com-  field introduces a further restriction on the oscillations, and
positions of the Ru-1222 ruthenocuprate in a particular figthe ac susceptibility decreases. Figure 5 illustrates ac suscep-
ure, both stoichiometries exhibit the same qualitative behawtibility for Ru-1222 (x=1.0) samples. Note the common
ior in all respects. We first report on ac susceptibility qualitative trend shown in Fig. 4: below, the ac suscepti-
temperature dependence in smat 100 Oe) applied dc bility versus dc magnetic field exhibits nonmonotonic behav-
magnetic fields. Figures. 4 and 5 illustrate a sequence dbr with increasing dc magnetic field, while for temperatures
temperature dependencies of zero-field cod®elC) ac sus- aboveT), the ac susceptibility decreases monotonically with
ceptibility measurements in several dc magnetic fields aincreasing dc magnetic field. The unexpected increase in ac
temperatures near the peak value for Ru-1222 Q.5 and  susceptibility from zero dc field to the “turning fieldthe dc
x=1.0) samples. These figures show that there is a range §ield at which the ac susceptibility is at a maximuraaches
dc magnetic field values, and temperatures, for which the aas much as 15% for Ru-122£1.0). It is much less
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FIG. 3. ac susceptibility measurements of Ru-1222 (.5 and .
x=1.0) and Ru-1212 samples. Note different scales for the two FIG. 5. Temperature dependencg of ZFC ac S‘_US(_:ept'b'“ty of
sample types. Vertical arrow indicates the kink attributed to Super_Ru-1222,_x=l.0 s_ample VErsus aPp_'!ed dc_rr_lagnenc field. B_elow
conductivity in the Ru-1222=0.5 sample. the _orderlng maxma, the suspeptlblllty exhibits nonmonotonic be-

havior versus applied magnetic field.

(=~0.5% for Ru-1222 &=0.5), and the magnitude of the

turning field is lower for Ru-1222x=0.5) than for Ru-1222  \ould zero-field cool the sample to a fixed temperature, ap-
(x=1.0). For some samples we also noted small, quasiperply a dc field, and take the measurement of time dependence,
odic jumps in the temperature dependence of the ac suscefiien—in zero dc magnetic field—raise the temperature to
tibility below Ty, ; similar to the jumps recently reported for gpove 180 K and lower the temperatite the same or an-
certain manganite samplés.Because the occurrence of giher fixed temperatuyebefore repeating the measurement

these oscillations/ju(;ngs was ant reproducible i_n repde;ate&ith different dc field. Figure 6 illustrates a sequence of ZFC
measurements, we did not perform any systematic studies @ho o ,rements in several increasing dc fields. The way in

this effect on our samples. which the dc magnetic field was abruptly turned on and off
has been also shown. Figure 6 shows that the ac susceptibil-
ity sharply increaseg“switches”) when the dc magnetic
We measured the time response of the ac susceptibility theld is turned on. After the ac susceptibility switch, there is
different dc magnetic fields at several fixed temperatures. Wa gradual decrease. In Fig. 6 the time window of only 500 s
is shown; we note however that ac susceptibility does not
usually return to the initial ZFC value on the time scale of at
least one daythe longest period we measured at one dc field
and temperatuje
The ac susceptibility exhibits a strong time relaxation.
Such relaxation—often called disaccommoddfidA—has
been reported previously for other magnetic syst&hihe
data in Fig. 6 are, however, surprising in certain respects: the
ac susceptibilityincreasesabove the ZFC value when a dc
" " " " — magnetic field is applied. One observes the latter increase as
78 80 8 84 86 8 9 long as the applied dc field amplitude is small enough
Ru-1222, x=0.5 (smaller than, approximately, 65 Oe, under the conditions
45 5 0e £ defined in Fig. 6. Also, if the applied field is big enough,
o switching it off triggers a sizable susceptibility jump to the
ac susceptibility level bigger than any previous one. In par-
ticular, the data indicate the following:
- (1) A steplike change of the dc magnetic field cau6es
4:;?5’?%& the ac susceptibility to switch to a new value, aiid the
@ (b) o ZFC equilibrium state to change to a metastable magnetic
state. The magnitude of the ac susceptibility change)(
82.0 82.5 83.0 : . " ) .
(Fig. 6) is positive wherH 4. is turned on, and can be either
TK) positive or negative whehly. is turned off. The metastable
FIG. 4. Temperature dependence of ZFC ac susceptibility ofnagnetic state e_Xh'b'ts Ioggrlthmlc r.elaxatl[j-Flg. 7@]' a
Ru-1222,x=0.5 sample in a sequence of small applied magneti®®€nomenon var|0u7sly ascribed to dlsaccommod%](?mr_
fields. (@) would suggest collapsing of all of the curves below the Magnetic aftereffect’. It is particularly noteworthy, as Fig.
ordering maximum inside the 10 Oe magnetic-field range. A closer (D) illustrates, that Ru-1212 samples do not exhibit any in-
inspection of the rectangular area, shown(im on an expanded dication of ac susceptibility relaxation
scale, indicates that below the ordering maxima there is actually a (2) The ac susceptibility relaxation is logarithmic in time
nonmonotonic change of ac susceptibility as the applied magnetitor bothHy. on andH 4. off, and follows the functional form
field increases. x(t)=xo[ 1— aIn(t—ty)]. The parameterg, and the relax-

A. Time dependence of ac susceptibility

Ru-1222, x=0.5

H=2 Qe
H=4 Oe

X's (emu/ mol Oe)

(@) H=10

4 Oe

X'y (emu/ mol Oe)

144420-3



I. ZIVKOVIC et al. PHYSICAL REVIEW B 65 144420

100K Ru-1222, x=1.0 TR 00e 18] ,
m 8 [ ... A /
dc bt “oq, J/
- £ field o 0.0 127 ]
2 6.2
E 100
8 - N-"; S i Hyc (Oe)
I 20 Oe Ay -XE [ - . Jfield on
4 k—, [
7 6.0 1 Ru-1222, x=1.0 a)
r 1 10 100 1000
8 1% t-1(s)
40 Oe
I Ru-1212, 100K
2 g —~ 0.082 doe
| @ .8 Aol
’q‘)\ 7 9 ° o0
] _ g [
E gl o E 0.080 1 ’
E < W eiiogn gt
S L° 500e e h ' b
~ )
_§7J-’ 0.078 ity
= 0 50 100 150
r time (s)
o
8 1 FIG. 7. () ac susceptibility versus logarithm of time for Ru-
o 600e K- 1222,x=1.0, withH4.=70 Oe at 80 K. {p) is time at whichH 4.
iy is either switched on or off. Data for botfield on and field off
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) ) B. ac susceptibility in sweeping magnetic field: Observation of
0 250 500

inverted hysteresis

time (s) We also swept the dc magnetic field in an almost continu-
o ] ous fashion, with increments typically of 1 Oe. The most
FIG. 6. Sequence of ac su_s.ceptlblllty versus tm1_e r_neasuremengtriking behavior, as shown in Fig. 8, is an inverted hyster-
for Ru-1222 x=1.0 at 100 K, in several dc magnetic fielddd).  egjs phenomenon for Ru-1222 that is also entirely absent for
Hy4.=0 Oe initially, then acquires one of the designated vaIuesRu_1212 or SrRuQ To measure the classic magnetization

and finally swtiches back to zero, as shown schematically at the tOHyStereSiS one ramps the applied magnetic fieldl from

of figure. Overshoot 4 ), defined as a change in susceptibility o . .
immediately afterH,. is switched off, can be both negative and posmve_to rjegatlve and back_, "’?”d cgntmuouily measures the
positive, depending on thdy, value[inset to Fig. Ta)]. magnfetlzanonM(H). In a-sllrlnllar, bgtterfly hysteresis
technique™® the ac susceptibility,.(H) is measured rather
ation ratea depend on temperaturkly., and the magnetic than the magnetization. Generally, these two hysteresis loops
history (whetherH 4. was turned on or off yield similar informationt® For instance, the characteristic
(3) For |Hy | above a threshold valud, (=40 Oe for maxima in butterfly hysteresigigs. 8 and 9 define the co-
data of Fig. 6, whenH . is turned off there is a pronounced ercive field'® Figure 8a) shows typical butterfly hysteresis
“overshoot” phenomenon with a sizeable positivkx) [see data taken for Ru-1222 and Ru-1212 samples. The data es-
inset to Fig. 7a)] tablish that the two types of ruthenocuprates exhibit qualita-
(4) Surprisingly, applying a rectangular field pulse of tively different responses. There are also pronounced differ-
magnitudeH >H; results in a magnetic state with an-  ences between the Ru-1222 data and the results for SrRuO
creasedac susceptibility(Fig. 6). The logarithmic relaxation [Fig. 9a@)]. The most striking difference is the inverted sense
over several decades of time indicates that the excited agf loop circulation for Ru-1222: the ac susceptibility signal is
susceptibility persists on a long term basis. We point out thaconsistently larger for the field-decreasing branch compared
nonmonotonic behavior of ZFC ac susceptibility in increas-to the field-increasing branch. To our knowledge, this is the
ing dc fields(Fig. 6) is fully compatible with similar obser- first observation of inverted butterfly loops in a bulk mag-
vations characterizing the temperature dependencies of awetic system. The numerical integration of the butterfly hys-
susceptibility(Figs. 4 and bof the same samples beldly; . teresis is shown for Ru-122[Fig. 8b)] and SrRuQ [Fig.
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FIG. 9. (a) Butterfly hysteresis for the reference ferromagnet
SrRuQ at 160 K(i.e., just belowT,=165 K, its ordering tempera-
(© ture). Filled circles designate the virgin hysteresis branch, charac-
terized by no maximum or other features. Note that the responses
for increasing and decreasiiy. are opposite to that of Ru-1222.
Hpe (Oe) (b) NISfor SrRuQ, at 160 K. Note that this hysteresis corresponds,
by all means, to the standard ferromagnetic one.
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FIG. 8. (a) Left axis: “Butterfly” hysteresis for Ru-1222x o . 0
—1.0 at 80 K. Right axis: Analogous data for Ru-1212, just below©Xhibit a I"lr;aXIn_’]UI’ﬁ because the remanence, and thus coer-
magnetic ordering temperature. Unlike Ru-1222, note for Ru-121£1ve field™ builds up only after the first field swing, as
a monotonic decrease in ac susceptibility with increasing magnitud€hown for SrRu@ [Fig. 9a@]. The quantitative size of the
of the dc magnetic field, and no hysteregts. Numerical integral  butterfly hysteresis loop depends on the observation time,
NIS [=[Hy(h)dh] of butterfly susceptibility shown iffa) versus which is a.nother |nd|cat|.on'that the metastable magnetic
Hq. for Ru-1222. The units are arbitrary. Note the inverse hysteresi§tates are involved. Qualitatively, though, over the range of
loop. (c) dc (vibrating-sample magnetization hysteresis for the SWeep times we studigdne minute to one daythe inverted
same Ru-1222 sample as(@®. A normal (counterclockwisgcircu- butterfly Ipops ex_h|b|t the same fea_tu_res. Al_so noteworthy is
lation is observed. that the fieldH; is close to the minimum field needed to
apply in order to obtain closed butterfly loops: if the range of

: . sweeping field was narrower than-Hg;, +Hgf) no closed
9(b)]. While the results for SrRugexhibit the counterclock- loops would be observed what so ever. Insstead, the ac sus-

wise pattern of the usual magnetization hysteresis, the intqseptibility signal would merely systematically diminish from
grated butterfly of the Ru-1222 sample exhibits an invertetycle to cycle. Figure 1@) illustrates howH; anda,, the
(clockwis@ hysteresis loop. It is noteworthy that the |ggarithmic relaxation rate, change with temperature. The
vibrating-sample magnetometer measurements on the samigo parameters—Ilogarithmic relaxation and inverted hyster-
Ru-1222[Fig. 8(c)] show the dc magnetization hysteresis etic behavior—exhibit virtually identical temperature depen-
loop with a “normal” (counterclockwisg sense of circula- dence, indicating that the two phenomena have a common
tion. Therefore, the inverted hysteresis phenomenon reprerigin in Ru-1222. Another indication that the two phenom-
sents a unique, dynamical feature of the Ru-1222 systengna are interrelated is shown in Fig.(k0 a,ss changes
arising from the field-induced and ac magnetic-field-assistedapidly in small dc magnetic fields, but saturatesHay
metastable magnetic states observed in Fig. 6. Other notesH;. Another commonality is the change &fy with H,
worthy features of the Ru-122 butterfly hysteresis incllige [Fig. 7(a), insel. Ay becomes positive and monotonically
the presence of a maximum even in the Z&@gin) curve, increaes above a threshold field previously designatét} as

(i) pronounced dependence on the observing time used ®xperimentally, the two characteristic fields of the time re-
obtain the data, angii ) the presence of two—rather than the laxation (H,) and butterfly hysteresisHs;) measurements
expected one—maxima per field-increasing or field-acquire very close values and similar temperature dependen-
decreasing branch. As Fig(a shows, the virgin branch ex- cies, indicating that they are actually equal. The common
hibits a maximum at a characteristic dc magnetic fieldf. characteristic field is interpreted below as a field associated
In simple ferromagnets, the virgin curve typically does notto the spin-flop phenomenon.
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Ru-1222, the AFM contribution is tuned by the dc magnetic
field, while in Ref. 23 the AFM correlations are controlled by
varying the stoichiometry. In contrast to Ru-1222, Ru-1212
exhibits a monotonic decrease of the ac susceptibility with
increasing dc magnetic field. In Ru-1212, Ref. 6 argues from
neutron-scattering data that there i&dype AFM spontane-
ous magnetic order. We argue that applying a sif@ai100
0O¢) dc magnetic field to Ru-1212 is not large enough to
induce any FM order, while such small fields are sufficient in
Ru-1222. The butterfly hysteresis data provide information
about the nature of the AFM component of magnetic order.
For Ru-1222, the hysteresis loop from ac susceptibility data

C - is inverted. A theoretical model for such inverted hysteresis
. 'l loops indicates that inverted hysteresis loops can arise in
4 exchange-coupled layered magnetic “sandwiches” provided
that the intralayer coupling is significantly larger than the
interlayer coupling. The demagnetizing boundary effects,
0 50 100 present in any real finite-size sample, was explicitly taken
into account and shown to be crucial for the model predic-

Hy,(Oe) tions. Reference 24 also calculated the conditions needed to

FIG. 10. (a) Left axis: ayy¢, the relaxation rate constant defined assure that such inverted hy;teresis IquS do no.t violate the

in text, whenHy. is switched off, versus temperature. Right axis: second law of thermodynamics. Previous experimental re-

. . 6 . .
The field attributed to spin flopd. [Fig. 8@)], versus temperature. POrts of inverted hysteresis logi3$® have been limited to

Note that both quantities are zero at temperatures above the suscdp@gnetic multilayers and nanoscale magnetic films. Refer-
tibility peak. (b) aofr, at 80 K, versus 4. ence 25 argues that in their samples adjacent layers have

magnetic moments with AFM coupling between adjacent
layers. Reference 25 also demonstrated that the inverted hys-
teresis loop behavior disappears in their samples if the AFM
The first step to interpreting these results is to determinénterlayer coupling is changed to a FM interlayer coupling.
whether the results are intrinsic or extrinsic. The samples arghe present report, to our knowledge, is the first to show
polycrystalline, so extrinsic sources can include magnetiénverted hysteresis loops for bulk magnetic systems. We ar-
dynamics of single domain grains with intergranular mag-gue that the presence of such inverted hysteresis loops in
netic interactions. A similar question has ari€eifin studies  Ru-1222 arises from RuQlayers with FM magnetic mo-
of polycrystalline (La,SHMn,O;. For our samples, the mi- ments, combined with AFM coupling between the RBuO
crostructure(Fig. 2) indicates that the phenomena are intrin- planes. A similar conclusion has recently been made for the
sic. The largest effects were measured on Ru-1222 (layered manganite (La,S¥n,0; based on
=1.0) samples having barely detectable grain boundariesiagneto-optica and neutron-diffractiof data; in this
with large and densely packed crystalline grains. The effectsompound the Mn@plays the role of the FM layers.
are present in Ru-122X € 0.5) but absent in Ru-1212, al- Observing inverted hysteresis loop behavior provides sup-
though these samples have very similar microstructures witport for a magnetic multilayer scenario in Ru-1222. Arguing
grain sizes of +2 um and pronounced grain boundaries. for AFM interlayer coupling, however, requires more specific
We conclude that the phenomena reported in Figs. 3—10 amxperimental support. The most direct support would be evi-
predominantly intrinsic, due to magnetic interactions withindence of a spin-flop transition through which the net magne-
the unit cell. The nonmonotonic ZFC ac susceptibility for tization of adjacent, weakly AFM coupled, layers increaes.
different dc magnetic field&rigs. 4 and b can be naturally  Unfortunately, to our best knowledge, there are no single-
interpreted as indicating the coexistence of antiferromagneticrystal samples of Ru-1222 available to obtain such direct
(AFM) and ferromagnetidFM) magnetic ordering in Ru- evidence, e.g., by neutron diffraction. We argue, however,
1222, with the magnetic order spontaneously occurring bethat our results support the presence of a spin-flop transition
low Ty . As discussed further below, we argue that a smallat the characteristic fielti; in favorably oriented grains of
dc magnetic field partially cancels the AFM component,our polycrystalline Ru-1222 samples. It is important to note
which increases the magnetization of the sample. This bethat the butterfly hysteresis loops we measured would close
havior leads to first an increase in ac susceptibility, with aonly for applied fields larger thahls;, which is consistent
decrease ally. increases further. A pronounced dependenceavith a spin-flop transition and the onset of irreversible be-
of ac susceptibility on the balance between FM and AFMhavior. We attribute the maxima in the initial ac susceptibil-
correlations has recently been repoffed (La,SrsMn,0;. ity data[Fig. 8@a)] to a spin-flop transition. This assignment
Reference 23 reports the onset and growth of AFM correlais quite similar to a recent report on AFM ordered chain-
tions, accompanied by a remarkable drop in the ac susceptiadder compound® In Ref. 29, the position of the suscep-
bility, which is consistent with our interpretation. One note- tibility peak defines the spin-flop field. This field is substan-
worthy difference between our report and Ref. 23 is that intially higher in Ref. 29 than in this report due to the different

O (X1 03)
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IV. DISCUSSION
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Ru-1222 magnetic components induces an additional ferromagnetic
Lﬁ /1 L //q component:*° Very recently, results of a structural investi-
\ A\ \ A\ gation of the Ru-1222 compound<1.0) indicates that
there are no important differences in rotation or tilting angles
\ 1 between the Ru-1212 and Ru-1222=(1.0) compounds,in
2 o] © spite of Ru-1212 exhibiting dominant antiferromagnetic and
/ Ru-1222 dominant ferromagnetic spontaneous magnetic or-
/ / der. We suggest that the magnetic ordering in both com-
(,Lx —° \ LLX = 3/\ pounds is a variation of thé&-type antiferromagnetism,
while variation in dc magnetic properties, particularly in low
st fields, arises from small differences in the Ru-Ru interaction
within their respective unit cells. The unit cells are different:
Ru-1212 in Ru-1222 there is a structural phase shift of half of the
RuG, planes that leads to an approximate doubling of the
unit cell. The phase shift arises from the presence of the
fluorite-structure block Eu ,Ce,O, replacing the rare-earth
ion in Ru-1212. Thus, in Ru-1222, nearest-neighlRu)
ions are not vertically aligned, while they are in Ru-1212.
This difference in structure naturally leads, in Ru-1222, to
having the relative alignment of the in-plane components in
FIG. 11. Model for magnetic structure of Ru-1222. The region,adjacent Ru@ planes antiparallel, which is energetically fa-
two unit cells wide, is shown schematically. Circles designate thevored by a bare dipole-dipole interaction. Figure 11 shows
Ru ions and arrows the associated magnetic moments. A widelthe magnetization tilting scheme we propose for Ru-1222.
accepted modelRef. 30 for the magnetic structure of Ru-1212 is oyr experimental results fit quite naturally with such a pic-
also shown for comparison. The global orderGgsype antiferro- _ture: since the dipole interaction is very weak—the energy
magnetic in both systems. In Ru-1222, small ferromagnetic,qeqeq 1o reverse the in-plane Ru moment component is
components—a projection of the moments to the RplAnes—are ooy o smal applied magnetic field can easily transform
antiparallel inH=0. The m-plane_ co_mponents becor_ne mutu_ally the spontaneous AF order, via a spin-flop mechanism, into a
parallel—ferromagnetic—by application of small spin-flop field ; ; . T ’
H.;. Thick grey arrow designates the field direction. ferromggqetlc orientation. Thls is exactly what our measure-
ments indicate. Our model is, apart from the unusual dipole-

nature of AFM interactions in the two systems. However, oudiPole interaction, the same as the mOng used to explain
experimental values of a spin flop field below 100 Oe areVeakly AF coupled magnetic multilaye?3=* we note that
compatible with the field values measured in magnetic®ur model does not take into account the role of t@e),

trilayer and multilayer systems, which are several orders ofVhich is expected to have a nonzero magnetic moment. Our
magnitude smaller than bulk AFM systeffs. model is, however, of use in understanding the qualitative

features of the Ru-1222 experimental data.

The most unusual feature of our model is the pronounced
role of the dipole-dipole interaction; various magnetic ex-

While our report does not include any determination ofchange interactionée.g., superexchange, double exchange
the magnetic structural order, the results are compatible witlre more commonly employed to explain magnetic coupling.
a simple model, shown schematically in Fig. 11. We starbVe argue that a dipole-dipole interaction makes sense be-
with the generally accepted model for the magnetic structureause the nearest Ru@ayers are far apart, with insulating
of the more thoroughly investigated, and simpler, Ru-1212. land nonmagnetic layers in between. Experimentally, the
is well establishet™ that the dominant magnetic order is a logarithmic time dependence of the magnetic relaxaao.
G-type antiferromagnetic structure in which the Ru moments7(a)] argues for the long-range dipole-dipole interaction; it is
are aligned antiparallel in all crystallographic directions. Thewell knowr?* that such a long-range interaction can account
details of the magnetic order and the stability of a particulafor a logarithmic relaxation behavior without further assump-
ground statécan be interpreted only by explicitly including tions. We also considered the possibility that the logarithmic
rotations and tilting of the Ruoctahedra and considering relaxation behavior might be due to domain-wall stabiliza-
the orientation of the magnetic moments. A weak ferromagtion (disaccommodationinvolving a broad range of activa-
netism originates from canting the Ru momehfhe cant-  tion energies, as has been recently applied to data in a per-
ing arises from the Dzyaloshinsky-Mori{faantisymmetric  ovskite manganité*'® However, one of us(l.F) and
superexchange interaction which, by symmetry, follows fromcolleagues have performed temperature-dependent x-ray dif-
the fact that the Ru@octahedra tilt away from the crystal- fraction studies of Ru-122%.The measurements indicate no
lographic ¢ direction; there is stilla controversy as to structural change with temperature—such changes are neces-
whether the tilting around the axis perpendicular to the c-axisary for disaccommodation. Thus both the weak AF coupling
is actually observed®’®? In Ru-1212 samples containing and the logarithmic susceptibility relaxation support our
magnetic(Gd) ions, the dipolar field of the in-plane ferro- model.

A. Model for magnetic coupling in Ru-1222
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V. CONCLUSION Note addedAfter completion of this work and after the
original version of the manuscript was submitted in short

In summary, we have presented data indicating that R form,*® we became aware of two reports that are related to

D e et o anSou repor, ncung the virk by ONGsb 12 on s
9 9 . ’ y oop flip transitions in bulk materials, and by Xuet al3® on
and metastable magnetic states. None of these behaviors Sh(Gd,CelCu0 using maanetization
observed in Ru-1212. Our results are interpreted within a. - B(Gd, t2t10-y g mag '
model for the magnetic structure for Ru-1222 that, assuming
a G-type AF global magnetic order known to describe Ru-
1212, attributes the interlayer magnetic coupling to a dipole- We benefited from conversations with Robert Joynt. We
dipole interaction. We interpret the hysteretic behavior aslso thank K. Zadro for the VSM measurements. Financial
similar to that reported for magnetic multilayers, trilayers, support was partially provided by the U.S.- Israel Binational
and some manganites, due to spin-flop transitions convertin§cience Foundation, the U.S. D.O.E., the SCOPES program
the spontaneousH=0) AF order between components into of the Swiss National Science Foundation, Fonds National
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