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Double metamagnetic transition in the bilayer ruthenate SgRu,0O-
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We report a double metamagnetic transition igR&,0O, detected by magnetization and magnetic torque
measurements. In addition to the reported metamagnetic trangRid Perry, L. M. Galvin, S. A. Grigera, L.
Capogna, A. J. Schofield, A. P. Mackenzie, M. Chiao, S. R. Julian, S. I. Ikeda, S. Nakatsuji, Y. Maeno, and C.
Pfleiderer, Phys. Rev. Le86, 2661(2001)], an unexpected second transition started to appear in the higher-
field region below 2 K, exhibiting stronger anisotropy between inter- and intraplane field directions. We shall
discuss metamagnetism of ;8u,0, based upon spin-fluctuation theory as well as possible origins of the
second metamagnetic transition.
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Recently, Ruddlesden-PoppefRP) -type ruthenates tization data of jRu,0; as well as magnetic torque data in
Sty+1RW03n- 1 have attracted considerable attention due tomagnetic fields of up to 40 T with the use of pulse magnets
a rich variety of ground states. The=1 compound gt |ow temperatures down to 0.5 K. In contrast to resistivity
SrLRUO,,* which is of a layered structure similar to the high- gata dominated by scattering events, those measurements
T, superconductor La,SrCuQ,, is an unconventional su- gie more direct information on magnetic properties. The
perconductor with spin triplet symmetry, confirmed by the nin result of this paper is the observation of a second meta-

nuclear-magnetic resonance measurerhéfihough the de- magnetic transition in slightly higher field than the first one

tailed symmetry of the order parameter is still under debateobserved before. In this paper, we shall discuss the metamag-

the superconductivity is believed to be mediated by magnetic .. . .
excitations. On the other hand, the=c compound netism of S§Ru,O; based upon spin-fluctuation theory, and

SrRuQ,,* with a pseudocubic structure, is known to exhibit gddress possible origins of the double metamagnetic transi-
a ferromagnetic transition at 160 K with a magnetic momemt'on'_ L
of 1 ug/Ru. This compound provides a rare example of H_|gh quality single f:rystals of $R,0; were grown by_a
itinerant 4d ferromagnets. floating-zone methdd in Tsukuba. Poyvder x-ray-diffraction
Then=2 compound SRW,O, (Refs. 5 and Bis of sig- mgasurement; revealed that those single crys'FaIs do not con-
nificant importance because of its intermediate dimensionalin any impurity phases such as ferromagnetic SFR(Q
ity between paramagnetic &uQ, and ferromagnetic =160 K) or superconducting SRuQ, (T,=1.5 K). This is
SrRuQ,, and thus is expected to play a role in connectinga|50 supported by magnetization measurements with use of a
both compounds. In fact, the bilayer ;8u,0; is an commercial superconducting quantum interference device
exchange-enhanced paramagnet characterized by a large Witagnetometer. Those samples exhibited the residual in-plane
son ratio greater than 10. In addition, a pressure-induced feresistivity of p.¢=0.8—2.0u{) cm, which is lower than that
romagnetic state was found below 70°Krhese findings reported by Pernet al.” (pee=2—15 xQ cm). In this pa-
clearly demonstrate that ®u,0; is on the verge of ferro- per, we present experimental results of the samples taken
magnetic instability. from different two batches. The difference between them is
It should be also noted that a metamagnetic transition wasnly the residual resistivity value, and we found that all the
found in a moderate magnetic field of 5-7 T at low samples exhibited the same behavior.
temperature$ Contrary to the well-known & or 5f itinerant Measurements were carried out with the use of pulse
metamagnet$ metamagnetic transition ind4itinerant sys- magnets at the Institute for Solid State Physics, University of
tems is hardly reported. Sincal4lectrons in ruthenates are Tokyo. Pulsed magnetic fields of up to 40 T were generated
characterized by both strong itinerancy and orbital degrees dfy capacitor discharge. Temperature was cooled to 0.5 K by
freedom in a,y manifold, SERW,0; provides a unique sys- directly pumping liquid®He. The samples were immersed in
tem in comparison with other systems. It is of particularliquid to ensure thermal contact.
interest to see how these properties are relevant to the sys- Magnetization measurements were performed by a con-
tem’s metamagnetism. Furthermore, it is reported that botientional induction method where a sample is put in pickup
the T? coefficient of the resistivity and the specific heat tendcoils and the induced voltage proportional Mt is re-
to diverge toward the metamagnetic transition field, suggessorded during rapid field sweeps. In addition, we measured
tive of a magnetic instability point. Grigeet al® and Millis  the magnetic torque of §Ru,O; up to 40 T with the use of
et alX® discussed the results from the viewpoint of quantuma recently developed microcantilevérwith this device, it
criticality tuned by magnetic field. becomes possible to measure the magnetic torque of samples
These facts motivated us to investigate the metamagef less than 1ug even in pulsed magnetic fields. The sample
netism of S§RW,O; in more detail. Here we present magne- mass was evaluated by the eigenfrequency shift. The micro-
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FIG. 1. Magnetization data of §Ru,O; at various tempera-
tures, together withid/dH data. The magnetic fields were applied
in H|jab. The data are offset for clarity.

Magnetic field (T)

FIG. 2. Magnetic torque data of §Ru,O; at different tempera-

. . . tures between 0.55 and 60 K. The magnetic field was applied in a
cantilever was mounted on a rotating stage, and thus the fielglyection tilted by 5° from the axis. The data during a down sweep
orientation was changed by a step of 1°. The exact fielgye shown.

orientation within theab plane was not determined, but the
anisotropy of the susceptibility within the plane was showndifferent temperatures. Magnetic fields were applied in a di-
to be less than 1% in the low-field region. rection tilted by 5° from thec axis. Magnetic torquer per

Shown in Fig. 1 are magnetization data o;Ru,O; in unit volume is represented as=M XH, whereM is the
magnetic fields alongi|ab, together with #1/dH data. The magnetization and is the external field. In addition to a
data during down sweeps are shown. No hysteresis was oletamagnetic transition at7 T, an anomaly at-12 T, at-
served down to the lowest temperature of 0.47 K. Upon low4ributable to the second metamagnetic transition, started to
ering temperature, a sudden magnetization increase appear upon cooling. Similar to the magnetization measure-
moH1~5.1 T, characteristic for metamagnetic transition,ments inH|ab, no hysteresis was observed in the magnetic
was observed below 10 K. In Ref. 7, Perryet al. observed  torque data irH||c. It is of interest to point out that the sign
a metamagnetic transition at 5.5 and 7.7 T in magnetic fieldsf the low-field magnetic torque data changed between 20
alongH|ab andHl||c, respectively, at low temperature. The and 30 K, where anomaly in the lattice const&hend sign
present result is consistent with their results. change of the magnetoresistaticaere reported.

Interestingly, an additional transition was foundeH» In order to study the second transition in detail, we mea-
~5.8 T at temperatures below 1.7 K, which were moresured the magnetic torque of a sample at various tilt argles
clearly seen as a peak inddH data. The transition be- as shown in Fig. @). The definition ofé is shown in the
comes sharper with decreasing temperature, and exhibitedimset of Fig. 3b). Arrows indicate the kinklike structure in
steplike structure attributable to the second metamagnetithe magnetic torque. In the field direction né#lfab, both
transition. This result was not recognized in the previougransition fields are located at similar positions, but they
magnetization measuremehgsobably due to the rather high started to deviate when the magnetic field was tilted toward
temperature of 2.8 K, but was clearly seen in the low-the ¢ axis. The present results are summarized in Fig).3
temperature resistivity data. The magnetization jump associfhe first transition fieldH,(#) showed relatively isotropic
ated with the second transition was evaluated to be abousehavior with respect to field orientation, while the second
one-third of the first magnetization jump. transition fieldH,(6) exhibited rather strong angle depen-

We also measured magnetization in pulsed fields alongience but was not scaled with an in-plane field component.
Hllc, but it exhibited a hysteresis loop caused by the eddy Although metamagnetic transitions have been widely
current effect, though a metamagnetic transition consisterdbserved in a vast category of materials, the associated
with the previous report was observEdin addition, the mechanisms are different between localized spin systems
eddy current brings about the Joule heating effect, whicland itinerant electron systems. The former is explained by
becomes intolerable at low temperature. Since the effect ajptimal spin alignment of localized moments subject to
Joule heating is proportional & (r: the sample radiysit ~ magnetic field, while itinerant metamagnetism as splitting
is important to reduce the sample dimensions to avoid thesef the up-spin band and the down-spin band triggered by
effects. A cantilever magnetometer is useful because thmagnetic field. The most typical systems exhibiting itinerant
sample mass of Jug, which is four orders-of-magnitude metamagnetism ared3and 5 systems such as YGg°
smaller than that necessary for magnetization measuremento(S _,Se),,'” or UC0Al® Common features to those
is enough for accurate measurements. compounds are a broad peak in temperature-dependent sus-

Figure 2 shows the magnetic torque data ofR8,O; at  ceptibility and strongly exchange-enhanced paramagnetism.
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F ' e temperature, the theory is expanded, taking account of ther-
i SM =7 mal spin fluctuations, and successfully reproduces the maxi-
i 4 ] mum in susceptibility.

Here we compare the experimental results with the above-
mentioned standard thed?yWe note here that main features
are dominated by the first metamagnetic transitin First,
ac/b? is related to the magnetic susceptibiljpby the equa-
tion ac/b?=(5/28) 1— x(0)/x(Tmad 1~ *. According to Ref.

6, X(O)HHab/X(Tmax)HHab and X(O)HHC/X(Tmax)HHc are 0.6
and 0.75, respectively, which in turn giae/b?=0.44 and
0.71, respectively. Therefore, the system is in fact on the
verge of or slightly outside of the first-order metamagnetic
transition line. The absence of hysteresis in the present data
down to 0.5 K is consistent with this. Second, the transition
field is theoretically obtained by the equatioA/(0)
=(2L/40AM (O){[L/x(Tmaw 1—[1/21¢(0)]}, whereAM is
Magnetic field (T) the induced magnetization. The calculated transition field of

: ~4.8 T is found to be in agreement with the observed field
of uoHIP~ 5.1 T and uHI°~7.7 T [see Fig. &)]. Al-
though these estimations are rather crude, metamagnetic
transition of S§Ru, Oy is likely to be explained by the Stoner
theory taking into account thermal fluctuations.

However, it is not straightforward to explain the following
experimental results based upon the standard theory. One is
that the temperature dependencies of the transition fields are
opposite each other as clearly seen in th&/dH data in Fig.

1; dH,/dT<0 and dH,/dT>0. According to the standard
theory?® it is expected that the transition field increases with
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st | temperature, obeyint? dependence. In fact, this tendency is
Hile H//ab | widely observed in @ itinerant system&.The reason for the
0 25 a0 opposite temperature dependenceHgf may be relevant to
Angle 6 (degrees) the anomalous temperature dependence of the rotation angle

of the RuQ octahedrort” the rotation angle increases with
FIG. 3. (a) Magnetic torque data of §Ru,O; at 0.54 K at  decreasing temperature, but starts to decrease below 40 K.
different field angles(b) Angle dependence of the transition fields Therefore, the bandwidth, sensitively affected by the rotation
obt_ai_n_ed by magnetic torque measurements. The inset shows tba‘ﬁgle, becomes broader upon lowering temperatures below
definition of the angles. 40 K, and as a result higher magnetic field is required to
induce the metamagnetic transition.
The other concerns the high-field magnetization of
In fact, both features are recognized inRu,0; as reported  Sr;Ru,0, shown in Fig. 4. The magnetic field was applied in
by Ikeda et al,>'® thus ensuring the analysis based uponthe ab plane. The magnetization continued to increase up to
spin-fluctuation theories of itinerant metamagnetism. the highest magnetic field without saturation. The inset
Iltinerant metamagnetic transition is often explained basedhows the Arrott plotil/M vs M?) of the data. It should be
upon the phenomenological Landau theory with the Stonestressed that a linear relation after the transition was ob-
model taking account of thermal spin fluctuatf@riccord-  served in a wide field range reaching 40 T, which is far above
ing to this, the free enerdy is expanded with magnetization the transition field of~5 T. This result shows stark contra-
M up to the sixth order at =0 as diction if we assume Eq1) to hold in the entire field region;

due to the existence of the sixth-order tergtM®) in the
1 1 1 free-energy expansion, the curve will have a substantial cur-
F= EaM2+ ZbM4+ ECMG, (1)  vature in the high field region instead of a straight line. Con-
cerning this, Takahashi and SaKaproposed a different
spin-fluctuation theory of itinerant metamagnetism based
wherea, b, andc are the Landau expansion coefficients de-upon free-energy expansion up to the fourth-order term. This
termined by the band structure. By differentiating the equamay give a satisfactory explanation, consistent with the ob-
tion with M, we obtainH=aM+bM?3+cM?®, from which  served Arrott plot.
the condition for first-order metamagnetic transition is de- Finally, we discuss possible origins of the second meta-
rived, i.e.,a>0, b<0, ¢c>0, and%<ac/b?<s5. At finite  magnetic transition. As is well known, successive metamag-
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this model, however, it might be difficult to explain remark-
able differences between the observed transitions such as the
induced magnetization jump.

So far, we neglect the orbital degrees of freedom intihe
manifold, but this may also play a role in the metamag-
netism. S§Ru,O; accommodates four electrons in the triply
degenerate d orbitals d,y, dy,, andd,,), forming a low-
spin state $=1). In general, 4 electrons are more itinerant
than 3 electrons, and the orbital origin of each FS branch is
less clear due to strong hybridization. As discussed in
SrLRUQy,**?" however, the weak interaction betweelp,

5 1 andd,,/d,, orbital$® allows us to assign the dominant or-

HM (10°0e Ruipg) bital character to each FS branch. Then, respective branches

o ' 20 ' 40 could lead to different metamagnetic transition fields in anal-
Magnetic field (T) ogy to orbital-dependent superconductivity in,BunQ,,

despite the rather simplified argument neglecting its strong

itinerancy.

In summary, we reported high-field magnetization and
magnetic torque data of §Ru,0,, and found a second meta-
urpagnetic transition in the higher-field region than the previ-

netic transitions are observed in localized spin systems, b 1L slv reported one. At present the oridin of the second tran-
hardly observed in itinerant electron systems. A few ex- y rep ALP 9

X : sition is not clear, but more detailed neutron-scattering
amples are reported ind3oxide compounds such as Yo . o . :
23 . experiments will give a clue to understanding this problem.
(Ref. 22 and ThC@g.“” In these systems, successive meta-, . ;
K L . e also discussed the metamagnetism gR850; based
magnetic transitions have been explained based upon the fa\cl:\{ . . o .
: ' - __Upon spin-fluctuation theory and found that it displays typi-
that there are two or three different crystallographic Co sites; . J )
. ) . -—cal behavior expected for itinerant electron metamagnetism
Then, the local density of states differs depending on the site . .
- . -~ . 8xcept for a few observations such as the opposite tempera-
and as a result the different condition for the Stoner cnterle% ) "
) ; " . . L ure dependence of the first transition.
gives different transition fields. In this argument, it is as-
sumed that the Fermi-surfa¢eS) branches are well charac- The authors are grateful to Y. Takahashi, F. Ishikawa, H.
terized by the orbital at respective sites due to weak hybridYamada, Y. Maeno, and N. Miura for useful discussions and
ization. to K. Uchida for technical support. We also would like to
In SpRWO,, neutron-diffraction experiments have beenacknowledge H. Takahashi, Y. Shirakawabe, and S. Taka-
carried out, and different results are obtained: Huahgl.  hashi at Seiko Instruments Inc. for helpful suggestions. A
reported a crystal structure &ban,?*in which two differ-  part of this work was supported by a Grant-in-Aid for En-
ent Ru sites exist, but recent experimental results by Shaketburagement of Young Scientist from the Japan Society for
etal® claimed with better refinement that Ru sites arethe Promotion of Science and by a Grant-in-Aid for the Sci-
equivalent. According to the above-mentioned argument, thentific Research on Priority Area “Novel Quantum Phenom-
present results imply the existence of two crystallographiena in Transition Metal Oxides” from the Ministry of Edu-

Ru sites supporting the former crystal structure. Based upoanation, Culture, Sports, Science and Technology.
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FIG. 4. High-field magnetization of §Ru,O; in magnetic field
alongH|lab at 4.2 K. The inset is the Arrott plot of the data shown
in the main frame.
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