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Magnetization study of RuSr2Y1.5Ce0.5Cu2O10
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We have studied the magnetic properties of nonsuperconducting RuSr2L1.5Ce0.5Cu2O10 @L5Y, Dy, and Ho
~Ru-1222!# compounds synthesized under high pressure~6 Gpa! at elevated temperature. These materials
become magnetically ordered atTM5152(2) K regardless ofL. The wide ferromagneticlike hysteresis loops,
which open at 5 K, close themselves aroundTirr590– 100 K and the remanent magnetizations (M rem) and
coercive fields (HC) become zero. Surprisingly, atTirr,T,TM a reappearance of theM rem and HC ~with a
peak at 120–130 K! is observed for all three samples studied. For the nonmagneticL5Y compound, the
extracted ferromagnetic moment is at 5 K and the effective paramagnetic moments are 0.75 and 2.05mB /Ru,
values which are close to the expected 1mB and 1.73mB , respectively, for the low-spin state of Ru51. We argue
that the Ru-1222 system becomes:~i! antiferromagnetically ordered atTM and in this range a metamagnetic
transition is induced by the external field.~ii ! At Tirr,TM , weak ferromagnetism is induced by the canting of
the Ru moments.

DOI: 10.1103/PhysRevB.68.094508 PACS number~s!: 74.10.1v, 74.25.Ha
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I. INTRODUCTION

The interplay of magnetism and superconductivity~SC! is
a fundamental problem in condensed-matter physics and
been studied experimentally and theoretically for almost f
decades. Coexistence of weak ferromagnetism and SC
discovered a few years ago in RuSr2L22xCexCu2O10 @L
5Eu and Gd~Ru-1222!# layered cuprate systems,1,2 and
more recently3 in RuSr2GdCu2O8 ~Ru-1212!. The SC charge
carriers originate from the CuO2 planes and the weak
ferromagnetic~W-FM! state is confined to the Ru layers.
both systems, the magnetic order does not vanish when
sets in atTC , but remains unchanged and coexists with
SC state. The Ru-1222 materials~for L5Eu and Gd! display
a magnetic transition atTM5125– 180 K and bulk SC below
TC532– 50 K (TM.Tc) depending on oxygen concentr
tion and sample preparation.1 The hole doping of the Cu-O
planes, which results in metallic behavior and SC, can
optimized with appropriate variation of the Ru/Ce ratio.4 SC
occurs for Ce contents of 0.4–0.8, and the highestTC was
obtained for Ce50.6. SC survives because the Ru magne
moments probably align in the basal planes, which are p
tically decoupled from the CuO2 planes, so that there is n
pair breaking. X-ray-absorption spectroscopy~XAS!, taken
at theK edge of Ru, at room temperature reveals that the
ions are basically Ru51 or Ru4.751 ~see Ref. 6!. Ru remains
pentavalent irrespective of the Ce concentration, wh
means that there is no charge transfer to the Ru-O layers
increasing Ce concentration.7 The remaining unresolved
question is whether the Ru51 in Ru-1222 is in its low- (S
51/2) or high- (S53/2) spin state. It is also apparent th
bulk SC only appears in iso-structural MSr2L22xCexCu2O10
0163-1829/2003/68~9!/094508~6!/$20.00 68 0945
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(M5Nb and Ta! with TC;28– 30 K, in which theM ions
are pentavalent.8

The SC state in Ru-1222 is well established and und
standable. Specific-heat studies show a sizable typical ju
at TC and the magnitude of theDC/T (0.08 mJ/gK2) clearly
indicates the presence of bulk SC.9. The specific-heat
anomaly is independent of the applied magnetic field. T
temperature dependence of the magnetoresistance d10

yields an upper critical field ofHc2(0)539 T and a coher-
ence length ofz(0)5140 Å along the CuO2 planes. Due to
the granular nature of the materials the critical current d
sity at 5 K is extremely small@JC(0)522 A/cm2# as com-
pared to other high-TC superconducting materials.11 Below
TC , the magnetoresistanceDR(H)5R(H)2R(0) is posi-
tive and unexpected hysteresis loops are observed.DR(H)
on decreasing the applied field (H) is much smaller than
DR(H) for increasingH. The width of the loops depend
strongly on the weak-link properties. Similar hysteresis loo
are observed in superconductive, nonmagnetic Nb-1
(TC528 K), thus eliminating the possibility that the hyste
esis phenomenon is caused by the coexistence of SC
magnetic states.11 Scanning tunneling spectroscopy1 and
magneto-optic experiments12 have demonstrated that all ma
terials are microscopically uniform with no evidence for sp
tial phase separation of SC and magnetic regions. Tha
both states coexist intrinsically on the microscopic sca
Studies of Zn substitution for Cu in oxygen-anneal
RuSr2Eu22xCex(Cu12xZnx)2O10 (x50, 0.01, and 0.025! re-
veal that Zn reducesTC from TC538 K for x50 to 26 K for
0.01 and that forx50.025, the material is not supercondu
tive down to 4.2 K. On the other hand, the magnetic state
©2003 The American Physical Society08-1
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the Ru sublattice is not effected by the presence or abs
of the superconductive state, indicating that the two sta
are practically decoupled.13

One of the most disputed questions is that of the magn
structure of Ru-1222. In contrast to the Ru-1212 system
which the antiferomagnetic~AFM! nature of the Ru sublat
tice has been determined by neutron-diffraction studies,14,15

the detailed magnetic features of the Ru-1222 system
lacking. The accumulated results are compatible with t
alternative models, both of which are used for understand
the qualitative features at low applied fields.~A! Going from
high to low temperatures, the magnetic behavior is basic
divided into two regions.4 ~i! Depending on Ce content, a
TM , all the material becomes antiferromagnetically order
~ii ! At Tirr (,TM), a W-FM state is induced, which origi
nates from canting of the Ru moments. This canting is pr
ably a result of the tilting of the RuO6 octahedra from the
crystallographicc axis,16 which causes the adjacent spins
cant out of their original AFM direction and to align a com
ponent of the moments with the direction of the applied fie
At TC,Tirr , SC is induced and both the superconductive a
the W-FM states coexist intrinsically on a microscopic sca
~B! Detailed analysis of the magnetization under vario
thermal-magnetic conditions suggests amagnetic phase
separation of Ru-1222 into FM and AFM~Ref. 17! nan-
odomain species inside the crystal grains. A minor part of
material becomes ferromagnetic~FM! at TM , whereas the
major part orders antiferromagnetically at a lower tempe
ture and becomes superconductive atTC . In this scenario,
the unusual SC state is well understood.

In attempting to understand the W-FM state in Ru-12
we report here a detailed magnetization study
RuSr2Y1.5Ce0.5Cu2O10 ~Ru-1222Y! which has been synthe
sized at 6 GPa at 1200 °C.18 Nonmagnetic Y has replaced th
magnetic Eu and/or Gd ions and permits an easier di
interpretation of the intrinsic Ru magnetism. The results
compared to the data obtained for RuSr2Dy1.5Ce0.5Cu2O10
~Ru-1222Dy! and RuSr2Ho1.5Ce0.5Cu2O10 ~Ru-1222Ho! both
synthesized under the same conditions.18 We show below
that the magnetic structure of all samples studied can
interpreted only by assuming model~A! discussed above
None of the samples described here is superconducting
tempts to induce SC by annealing the materials under h
oxygen pressure at elevated temperatures have failed.

II. EXPERIMENTAL DETAILS

Ceramic samples with the nominal compositi
RuSr2L1.5Ce0.5Cu2O10 (L5Y, Dy, and Ho! under 6 GPa at
1200 °C for 2 h were prepared by a solid-state reaction te
nique as described in Ref. 18. Determination of the abso
oxygen content in these materials is difficult because CeO2 is
not completely reducible to a stoichiometric oxide wh
heated to high temperatures. Powder x-ray-diffraction~XRD!
measurements confirmed the tetragonal structure~space
group I4/mmm) and yield the lattice parametersa
53.824(1), 3.819~1!, and 3.813~1! Å and c528.445,
28.439~1!, and 28.419~1! Å for L5Dy, Y, and Ho, respec-
tively. Ru-1222Dy and Ru-1222Ho are single-phase mat
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als, whereas the Ru-1222Y pattern shows three small~less
than 3%! unidentified extra peaks.18 Zero-field-cooled~ZFC!
and field-cooled~FC! dc magnetic measurements at vario
applied field in the range of 5–300 K were performed in
commercial ~Quantum Design! super-conducting quantum
interference device~SQUID! magnetometer. ac susceptibilit
was measured~at Hdc50) by a homemade probe, with exc
tation frequency and amplitude of 733 Hz and 30 mOe,
spectively, inserted into the SQUID magnetometer.

III. EXPERIMENTAL RESULTS

In contrast to the magnetosuperconducti
RuSr2L1.5Ce0.5Cu2O10 (L5Eu and Gd!, obtained at ambien
pressure, the heavy nonsuperconductingL ~and Y! materials
can be synthesized only under high pressures. The sam
obtained are insulating materials down to 5 K. The rap
increase in the resistivity with decreasing temperature~not
shown! can be characterized by fitting the data toRa102bT

where b is of the order 0.02. Attempts to induce SC b
annealing the Ru-1222Y material under 75-atm oxygen
800 °C for 6 h leads to decomposition into a RuSr2YO6
~1216! phase.19 The ionic radius of Dy31 is 0.91 Å as com-
pared to 0.90 Å for both Y31 and Ho31 ions. Therefore the
unit-cell volume (V) of RuSr2Dy1.5Ce0.5Cu2O10 (415.9 Å3),
is a bit larger than those ofL5Y and Ho, 414.7 Å3 and
413.2 Å3, respectively.

The temperature dependence of the normalized rea
susceptibility for the RuSr2L1.5Ce0.5Cu2O10 system is pre-
sented in Fig. 1. It is readily observed that none of the m
terials are superconductive down to 4.2 K. The two pe
observed, namely, the major one at 91~1!, 105 ~1!, and
107~1! K, and the minor one~Fig. 1, inset! at T5120(1),
128~1!, and 130~1! K, for L5Dy, Y, and Ho, respectively,
are both inversely proportional toV listed above. The in-
crease of the signals below 40 K forL5Dy and Ho is related
to their large paramagnetic~PM! contribution at low tem-
peratures. Neither of the two peaks is the magnetic transi
TM(Ru) of the system, as discussed below. Beside these
ferences, the magnetic behavior of all three samples is s

FIG. 1. The real part of the ac susceptibility o
RuSr2L1.5Ce0.5Cu2O10.
8-2
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lar and for the sake of brevity we describe in detail the m
netic properties of Ru-1222Y in which Y is not magnetic.
that sense, the present RuSr2L1.5Ce0.5Cu2O10 system re-
sembles the nonsuperconductive RuSr2EuCeCu2O10 material
discussed in Ref. 4.

ZFC and FC dc magnetic measurements were perfor
over a broad range of applied magnetic fields, and typ
M /H curves for Ru-1222Y measured at 15~and 500 Oe! are
shown in Fig. 2. The two curves merge twice, atTirr
5105(2) K and atTM(Ru)5152(1) K. Note~i! the small
peak in the ZFC branch around 125 K@this peak andTirr fit
well with the minor and major peaks of the ac susceptibi
~Fig. 1!#, and ~b! the ferromagneticlike shape of the F
branches. In general, the ZFC/FC curves do not lend th
selves to an easy determination ofTM(Ru), andTM(Ru) was
obtained directly from the temperature dependence of
spontaneous moment (Ms).

1 Here, since Y is a nonmagneti
ion, theM /H(T) curve, measured at lowH, permits a direct
determination ofTM(Ru). At 500 Oe the ZFC and FC
branches merge also atTirr ~Fig. 2, inset!, in contrast to pre-
vious measurements on magneticL ions,1 in which Tirr is
field dependent and shifts to lower temperatures withH. The
irreversibility is washed out forH52.5 kOe and both ZFC
and FC curves collapse into a single FM-like behavior.

IsothermalM (H) measurements~up to 50 kOe! at various
temperatures have been carried out, and the results obta
are shown in Figs. 3 and 4. BelowTM , all M (H) curves
depend strongly onH ~up to ;1 – 4 kOe), until a common
slope is reached. The remarkable feature shown in Fig.
the apparent tendency toward saturation at 5 K, but
reaching full saturation even at 50 kOe. Similar behavior w
observed in RuSr2YCu2O8.20 This phenomenon is typical o
itinerant ferromagnetic materials and reminiscence of the
saturatedM (H) curves observed for itinerant ferromagne
SrRuO3 single crystals at various orientations.21 The moment
at 5 K and 50 kOe isM50.71mB /Ru ~Fig. 3!. Estimation of
the Ru moment at infiniteH, by plotting M2a1/H ~for high
H values!, and extrapolating to 1/H50, yields Mmax
50.75mB /Ru, a value which is smaller thangmBS51 mB ,

FIG. 2. ZFC and FCM /H for Ru-1222Y measured at 15 Oe an
500 Oe~inset!.
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the expected saturation moment for Ru51 in the low-spin
state (g52 andS50.5).

The linear part ofM (H) in Fig. 3 can be described a
M (H)5Ms1xH, where Ms50.63(1)mB is the value ob-
tained by the extrapolation toH50, andx5dM /dH is the
slope (8.531023 emu/mol Oe51.5331022 mB /T). This x
is much larger than the Cu-ion contribution to the susce
bility discussed below. SimilarM (H) curves have been mea
sured at various temperatures and Fig. 5 shows the temp
ture dependence ofMs . The extrapolatedMs at zero yields
TM(Ru)5152(2) K exactly as obtained in Fig. 2. A simila
procedure for the magneticL5Dy and Ho ions yields 150~1!
K for both materials, indicating that, within the uncertain
limit, TM(Ru) remains constant regardless ofL. @The small
tail aboveTM which appears only forL5Y, is probably due
to the presence of a small amount of SrRuO3 ~not detectable
by XRD!#. The slopex5M /H obtained at various tempera
tures is exhibited in Fig. 6. It appears thatx does not change
much up toTirr , and then rises up toTM(Ru). Above this
temperature the slope follows the Curie-Weiss law discus
below.

FIG. 3. The isothermal magnetization at 5 K and the ferromag-
neticlike hysteresis loop~inset!.

FIG. 4. The hysteresis loop opens at 130 K and the magne
tion at 100 K~inset!.
8-3
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At low applied fields, theM (H) curve exhibits a typical
ferromagneticlike hysteresis loop~Fig. 3, inset! similar to
that reported in Refs. 1–4. Two other characteristic para
eters of the hysteresis loops at 5 K are shown in Fig. 3
~inset!, namely, the remnant moment (M rem50.31mB /Ru)
and the coercive field (HC5410 Oe).@For L5Dy and Ho at
5 K we obtainedM rem50.30 and 0.41mB /Ru and HC
5470 and 320 Oe, respectively#. The M rem(T) and HC(T)
values are shown in Fig. 7. BothM rem(T) and HC(T) be-
come zero around 100 K which means that essentially
discernible hysteresis is observed atTirr ~Fig. 4, inset!. Sur-
prisingly, at higher temperatures, reappearance of the hy
esis loops is obtained~Fig. 4! with a peak at 120 K for
M rem(T) and HC(T) ~Fig. 7, inset! close to the peaks ob
served in Figs. 1 and 2. In contrast to the FM-like hystere
loop obtained atT,Tirr ~Fig. 3, inset!, the loops aboveTirr
exhibit an AFM-like feature. Similar behavior is observed f
Ru-1222Dy~Fig. 8! and for Ru-1222Ho.18

Above TM(Ru), the x(T) curve for
RuSr2Y1.5Ce0.5Cu2O10, measured at 20 kOe up to 400 K
has the typical PM shape and can be fitted by the Cu
Weiss ~CW! law: x5x01C/(T2u), where x0 is the
temperature-independent part ofx, C is the Curie constant

FIG. 5. The temperature dependence of the saturation mom
of R-1222Y. The Arrott plots are shown in the inset.

FIG. 6. The slope of the high-field values, at various tempe
tures.
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and u is the CW temperature. In order to isolate the R
intrinsic magnetic contribution, we also measured~up to 350
K at 20 kOe! x(T) of YBa2Cu2O7 which is roughly tempera-
ture independent (1.8– 231024 emu/mol Oe) with values
which are two orders of magnitude lower thanx(T) of Ru-
1222Y. After subtracting 2/3x(T) of YBa2Cu3O7 from the
measured x(T) of Ru-1222Y, we obtained x0
50.0014 emu/mol Oe,C50.523(1) emu K/mol Oe, andu
5136(1) K, which corresponds toPeff52.05mB /Ru. ~In
fact, similar values were obtained for the fit of the raw dat!
This x0 is comparable tox0 of Ru-1212,20 andu5136 K is
in fair agreement withTM(Ru)5152 K extracted from Figs.
2 and 5.Peff52.05mB is somewhat greater than 1.73mB , the
expected value of the low-spin state of Ru51 and it is in fair
agreement with Peff52.13mB obtained in Ref. 4 for
RuSr2Eu1.5Ce0.5Cu2O10, where Peff(Ru) was obtained by
carefully subtracting all extra contributions tox(T). In any
case, thisPeff is much smaller than 2.8mB /Ru reported for
R-1222Eu.22 @x(T) for L5Dy and Ho adheres closely to th
CW law and the values ofC obtained are 15.6 and 12.
emu K/mol Oe, respectively. These values are much sma
than the theoretical values expected for Dy31 and Ho31 free
ions, probably due to strong crystal-field effects. Howev
this is of a little interest in the present discussion.#

nt

-

FIG. 7. The temperature dependence of the remanent and c
cive field of R-1222Y.

FIG. 8. The isothermal magnetization curves for R-1222Dy
90, 110, and 130 K. Note the absence of hysteresis at 90 K.
8-4
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IV. DISCUSSION

In a recent paper3 we have shown that a small amount~2.5
at. %! of Zn suppresses completely the SC state
RuSr2Eu22xCex(Cu12xZnx)2O10 and that the magnetic prop
erties of the Ru sublattice are not effected by the presenc
the absence of this SC state. Our general picture is that~i! in
the Ru-1222 system, all compounds have a similar magn
structure and~ii ! the two states are practically decouple
Therefore, the study of nonsuperconductive and nonmagn
Y ions permits an easier interpretation of the intrinsic Ru
sublattice magnetism, in particular, that of the PM state.

A. The qualitative magnetic structure
of RuSr2Y1.5Ce0.5Cu2O10.

While our data described here do not include any de
mination of the magnetic structure of the Ru sublattice,
results are compatible with a simple model, which is, ho
ever, of use in understanding the qualitative features at
applied fields. Starting from high to low temperatures,
magnetic behavior is basically divided into four regions.
~i! At elevated temperatures, the paramagnetic net Ru
ment is well described by the CW law, and the extrac
values for Ru-1222Y arePeff52.05mB and u5136 K. This
Peff is somewhat greater than 1.73mB , the calculated value
of Ru51 in the low-spin state, and suggests that the assu
tion of completely localized moments is not adequate for t
system.
~ii ! At TM(5152 K), the Ru sublattice becomes basica
antiferromagnetically ordered at low applied fields. This
terpretation is supported by the small peaks observed in
ac susceptibility~Fig. 1! and in the ZFC branch when mea
sured at low fields~Fig. 2!. At higher applied fields a meta
magnetic transition is induced. In general, metamagnetism
insulating AFM systems refers to the magnetic transit
produced by an externalH, when the strength of the field
equals or exceeds the exchange coupling between the
netic moments. In Ru-1222Y, the AFM Ru moments are
aligned through a spin-flip process byH, to form the AFM-
like-shape hysteresis loops observed in Figs. 4 and 8. N
the difference between the AFM-like and the FM-like~Fig.
3! hysteresis loops.
~iii ! AroundTirr5100 K a ferromagneticlike shape of the F
branches is observed~Fig. 2!. Tirr is defined as the mergin
point of the low-field ZFC and FC branches, or alternative
at the temperature in whichM rem andHC first disappear. The
exact structure of the Ru spin ordering belowTirr is still
debated and no conclusions have been reached as
Neutron-diffraction measurements are required to precis
determine the nature of the magnetic order. Without th
measurements, we may assume three scenarios for the
netic behavior in this region as follows.~I! Our preferred
scenario is that atTirr a weak ferromagnetism is induce
which originates from canting of the Ru moments. The sa
ration moment of Ru51 in the low-spin state is 1mB /Ru
(3mB /Ru for Ru51 in the high-spin state!. We note that
Mmax50.75mB /Ru obtained at 5 K is a large fraction o
1mB , implying a very large canting angle (49°) of the AFM
Ru moments. The ratio ofM rem/Mmax (0.31/0.7550.41) and
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the positiveu5136 K are also consistent with this W-FM
interpretation. ~II ! Alternatively, a frequency-dependenc
cusp was observed in the ac susceptibility of Ru-1222, wh
may be interpreted as a spin-glass behavior.23 A spin glass is
a collection of magnetic moments whose state is frozen
disordered. To produce such a state, two ingredients are
essary: frustration and partial randomness of interaction
tween the magnetic moments. Although Ru ions in Ru-12
are arranged in a strictly periodic order, it is possible that
incomplete oxygen stoichiometry and/or the small distort
of the oxygen octahedra16 are involved in inducing frustra-
tion, which, in turn leads to glassy behavior.~III ! The unsat-
uratedM (H) curve at low temperatures may suggest~similar
to SrRuO3) itinerant electron magnetism in this system. Co
sequently, we used the conventional so-called Arrott plots
determine the magnetic transition. In Fig. 5~inset! we have
plotted the field values of Ru-1222Y at various temperatu
and the magnetic transition extracted is 125~3! K, midway
betweenTirr andTM . Supporting evidence to this third sce
nario are the highPeff /Msat;3 ratio and thePeff52.05mB

value, which exceeds the expected value for a locali
Ru51 low-spin state.
~iv! For L5Eu and Gd, SC is induced atTC . TC,TM de-
pends strongly on Ce~as a hole carrier! and on oxygen
concentrations.1–5 Below TC , both SC and weak-
ferromagnetic states coexist and the two states are practi
decoupled.13

We think that the magnetic behavior of Ru-1222Y can
interpreted only by assuming model~A! regardless of the
magnetic features of region~iii !. The data described her
exclude the magnetic AFM and FM phase-separat
model17 ~B! discussed above. According to this model, a m
nor part~10%! of the material becomes FM atTM and this
FM fraction persists down to low temperatures. AtTirr , the
major part of the material orders antiferromagnetically a
this part only becomes superconductive atTC . In this sce-
nario, the unusual SC state is well understood. Thus, be
Tirr , the Ru-1222 materials are in fact a mixture of both F
and AFM phases. However, model~B! cannot be reconciled
with the accumulated data presented here:~i! the high
0.75mB /Ru moment at 5 K and~ii ! the continuousMs curve
~Fig. 5!, which does not show any inflection atTirr or at
lower temperatures,~iii ! the high positiveu value, ~iv! the
peaks in both ac and dc magnetization curves which indic
an AFM ordering aboveTirr , and ~v! the reopening of hys-
teresis loops above 100 K, which as a result, increases
M rem andHC ~Fig. 7!. According to model~B!, the hysteresis
loops opened atTM would remain all the way down to low
temperatures and bothM rem andHC would increase continu-
ously, or at least remain constant. Additional data inclu
~vi! the different shape of the hysteresis loops observed
low and aboveTirr .

As a final point of interest we compare all of the magne
behavior of Ru-1222Y to that of ferromagnet
La(FexSi12x)13 intermetallic compounds.24 In both systems
above the FM transition~or W-FM transition in Ru-1222!,
small hysteresis loops are opened and both systems ex
meta-magnetic transitions. In La(FexSi12x)13, the itinerant
8-5
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electron metamagnetic transition observed above the
transition (TFM) is a result of thermal activations that mak
the FM energy minimum shallower than the PM one, res
ing in the PM state aboveTFM . By applying a field, the FM
energy minimum again becomes lower than the PM one
a metamagnetic transition from the PM to the itinerant F
state is induced. As a result small hysteresis loops are
served aboveTFM . The single difference is that in the Ru
1222 system, the ground state in region~ii ! is AFM and the
externalH induces a spin-flip transition.

V. CONCLUSION

The magnetic behavior of all non-superconducting ma
rials studied is practically the same, and the magnetic par
eters, such asTirr , TM , HC , andM sat, are similar. Two steps
in the magnetic behavior are presented. AtTM5152(2) K all
.
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materials become antiferromagnetically ordered, a metam
netic transition is induced by the applied field, and typic
AFM hysteresis loops are observed. AtTirr ranging from 90
to 100 K, a W-FM state is induced, originating from cantin
of Ru moments. The maximum moment at 5 K is 75% of the
expected value for Ru51, indicating a W-FM state below
Tirr . The PM parameters extracted indicate that Ru is p
tavalent in the low-spin state. The present results exclude
proposed magnetic phase-separation model in the Ru-1
system.
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