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Double metamagnetic transition in the bilayer ruthenate Sr3Ru2O7
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We report a double metamagnetic transition in Sr3Ru2O7 detected by magnetization and magnetic torque
measurements. In addition to the reported metamagnetic transition@R. S. 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. Lett.86, 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 Sr3Ru2O7 based upon spin-fluctuation theory as well as possible origins of the
second metamagnetic transition.
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Recently, Ruddlesden-Popper~RP! -type ruthenates
Srn11RunO3n11 have attracted considerable attention due
a rich variety of ground states. Then51 compound
Sr2RuO4,1 which is of a layered structure similar to the hig
Tc superconductor La22xSrxCuO4, is an unconventional su
perconductor with spin triplet symmetry, confirmed by t
nuclear-magnetic resonance measurement.2 Although the de-
tailed symmetry of the order parameter is still under deb
the superconductivity is believed to be mediated by magn
excitations. On the other hand, then5` compound
SrRuO3,3,4 with a pseudocubic structure, is known to exhib
a ferromagnetic transition at 160 K with a magnetic mom
of 1 mB /Ru. This compound provides a rare example
itinerant 4d ferromagnets.

The n52 compound Sr3Ru2O7 ~Refs. 5 and 6! is of sig-
nificant importance because of its intermediate dimensio
ity between paramagnetic Sr2RuO4 and ferromagnetic
SrRuO3, and thus is expected to play a role in connect
both compounds. In fact, the bilayer Sr3Ru2O7 is an
exchange-enhanced paramagnet characterized by a large
son ratio greater than 10. In addition, a pressure-induced
romagnetic state was found below 70 K.6 These findings
clearly demonstrate that Sr3Ru2O7 is on the verge of ferro-
magnetic instability.

It should be also noted that a metamagnetic transition
found in a moderate magnetic field of 5–7 T at lo
temperatures.7 Contrary to the well-known 3d or 5f itinerant
metamagnets,8 metamagnetic transition in 4d itinerant sys-
tems is hardly reported. Since 4d electrons in ruthenates ar
characterized by both strong itinerancy and orbital degree
freedom in at2g manifold, Sr3Ru2O7 provides a unique sys
tem in comparison with other systems. It is of particu
interest to see how these properties are relevant to the
tem’s metamagnetism. Furthermore, it is reported that b
theT2 coefficient of the resistivity and the specific heat te
to diverge toward the metamagnetic transition field, sugg
tive of a magnetic instability point. Grigeraet al.9 and Millis
et al.10 discussed the results from the viewpoint of quant
criticality tuned by magnetic field.

These facts motivated us to investigate the metam
netism of Sr3Ru2O7 in more detail. Here we present magn
0163-1829/2003/67~2!/024432~5!/$20.00 67 0244
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tization data of Sr3Ru2O7 as well as magnetic torque data
magnetic fields of up to 40 T with the use of pulse magn
at low temperatures down to 0.5 K. In contrast to resistiv
data dominated by scattering events, those measurem
give more direct information on magnetic properties. T
main result of this paper is the observation of a second m
magnetic transition in slightly higher field than the first o
observed before. In this paper, we shall discuss the metam
netism of Sr3Ru2O7 based upon spin-fluctuation theory, an
address possible origins of the double metamagnetic tra
tion.

High quality single crystals of Sr3Ru2O7 were grown by a
floating-zone method11 in Tsukuba. Powder x-ray-diffraction
measurements revealed that those single crystals do not
tain any impurity phases such as ferromagnetic SrRuO3 (Tc

5160 K) or superconducting Sr2RuO4 (Tc51.5 K). This is
also supported by magnetization measurements with use
commercial superconducting quantum interference dev
magnetometer. Those samples exhibited the residual in-p
resistivity ofr res.0.8–2.0mV cm, which is lower than that
reported by Perryet al.7 (r res.2215 mV cm). In this pa-
per, we present experimental results of the samples ta
from different two batches. The difference between them
only the residual resistivity value, and we found that all t
samples exhibited the same behavior.

Measurements were carried out with the use of pu
magnets at the Institute for Solid State Physics, University
Tokyo. Pulsed magnetic fields of up to 40 T were genera
by capacitor discharge. Temperature was cooled to 0.5 K
directly pumping liquid3He. The samples were immersed
liquid to ensure thermal contact.

Magnetization measurements were performed by a c
ventional induction method where a sample is put in pick
coils and the induced voltage proportional to dM /dt is re-
corded during rapid field sweeps. In addition, we measu
the magnetic torque of Sr3Ru2O7 up to 40 T with the use of
a recently developed microcantilever.12 With this device, it
becomes possible to measure the magnetic torque of sam
of less than 1mg even in pulsed magnetic fields. The samp
mass was evaluated by the eigenfrequency shift. The mi
©2003 The American Physical Society32-1
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cantilever was mounted on a rotating stage, and thus the
orientation was changed by a step of 1°. The exact fi
orientation within theab plane was not determined, but th
anisotropy of the susceptibility within the plane was sho
to be less than 1% in the low-field region.

Shown in Fig. 1 are magnetization data of Sr3Ru2O7 in
magnetic fields alongHiab, together with dM /dH data. The
data during down sweeps are shown. No hysteresis was
served down to the lowest temperature of 0.47 K. Upon lo
ering temperature, a sudden magnetization increase
m0H1;5.1 T, characteristic for metamagnetic transitio
was observed below;10 K. In Ref. 7, Perryet al. observed
a metamagnetic transition at 5.5 and 7.7 T in magnetic fie
alongHiab andHic, respectively, at low temperature. Th
present result is consistent with their results.

Interestingly, an additional transition was found atm0H2
;5.8 T at temperatures below 1.7 K, which were mo
clearly seen as a peak in dM /dH data. The transition be
comes sharper with decreasing temperature, and exhibit
steplike structure attributable to the second metamagn
transition. This result was not recognized in the previo
magnetization measurements7 probably due to the rather hig
temperature of 2.8 K, but was clearly seen in the lo
temperature resistivity data. The magnetization jump ass
ated with the second transition was evaluated to be ab
one-third of the first magnetization jump.

We also measured magnetization in pulsed fields al
Hic, but it exhibited a hysteresis loop caused by the ed
current effect, though a metamagnetic transition consis
with the previous report was observed.13 In addition, the
eddy current brings about the Joule heating effect, wh
becomes intolerable at low temperature. Since the effec
Joule heating is proportional tor 2 (r : the sample radius!, it
is important to reduce the sample dimensions to avoid th
effects. A cantilever magnetometer is useful because
sample mass of 1mg, which is four orders-of-magnitud
smaller than that necessary for magnetization measurem
is enough for accurate measurements.

Figure 2 shows the magnetic torque data of Sr3Ru2O7 at

FIG. 1. Magnetization data of Sr3Ru2O7 at various tempera-
tures, together with dM /dH data. The magnetic fields were applie
in Hiab. The data are offset for clarity.
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different temperatures. Magnetic fields were applied in a
rection tilted by 5° from thec axis. Magnetic torquet per
unit volume is represented ast5M3H, where M is the
magnetization andH is the external field. In addition to a
metamagnetic transition at;7 T, an anomaly at;12 T, at-
tributable to the second metamagnetic transition, starte
appear upon cooling. Similar to the magnetization measu
ments inHiab, no hysteresis was observed in the magne
torque data inHic. It is of interest to point out that the sig
of the low-field magnetic torque data changed between
and 30 K, where anomaly in the lattice constants14 and sign
change of the magnetoresistance15 were reported.

In order to study the second transition in detail, we me
sured the magnetic torque of a sample at various tilt angleu
as shown in Fig. 3~a!. The definition ofu is shown in the
inset of Fig. 3~b!. Arrows indicate the kinklike structure in
the magnetic torque. In the field direction nearHiab, both
transition fields are located at similar positions, but th
started to deviate when the magnetic field was tilted tow
the c axis. The present results are summarized in Fig. 3~b!.
The first transition fieldH1(u) showed relatively isotropic
behavior with respect to field orientation, while the seco
transition fieldH2(u) exhibited rather strong angle depe
dence but was not scaled with an in-plane field compone

Although metamagnetic transitions have been wid
observed in a vast category of materials, the associa
mechanisms are different between localized spin syst
and itinerant electron systems. The former is explained
optimal spin alignment of localized moments subject
magnetic field, while itinerant metamagnetism as splitti
of the up-spin band and the down-spin band triggered
magnetic field. The most typical systems exhibiting itinera
metamagnetism are 3d and 5f systems such as YCo2,16

Co(S12xSex)2,17 or UCoAl.18 Common features to thos
compounds are a broad peak in temperature-dependent
ceptibility and strongly exchange-enhanced paramagnet

FIG. 2. Magnetic torque data of Sr3Ru2O7 at different tempera-
tures between 0.55 and 60 K. The magnetic field was applied
direction tilted by 5° from thec axis. The data during a down swee
are shown.
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In fact, both features are recognized in Sr3Ru2O7 as reported
by Ikeda et al.,6,19 thus ensuring the analysis based up
spin-fluctuation theories of itinerant metamagnetism.

Itinerant metamagnetic transition is often explained ba
upon the phenomenological Landau theory with the Sto
model taking account of thermal spin fluctuation.20 Accord-
ing to this, the free energyF is expanded with magnetizatio
M up to the sixth order atT50 as

F5
1

2
aM21

1

4
bM41

1

6
cM6, ~1!

wherea, b, andc are the Landau expansion coefficients d
termined by the band structure. By differentiating the eq
tion with M, we obtainH5aM1bM31cM5, from which
the condition for first-order metamagnetic transition is d
rived, i.e.,a.0, b,0, c.0, and 3

16 ,ac/b2, 9
20 . At finite

FIG. 3. ~a! Magnetic torque data of Sr3Ru2O7 at 0.54 K at
different field angles.~b! Angle dependence of the transition field
obtained by magnetic torque measurements. The inset show
definition of the angleu.
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temperature, the theory is expanded, taking account of t
mal spin fluctuations, and successfully reproduces the m
mum in susceptibility.

Here we compare the experimental results with the abo
mentioned standard theory.20 We note here that main feature
are dominated by the first metamagnetic transitionH1. First,
ac/b2 is related to the magnetic susceptibilityx by the equa-
tion ac/b25(5/28)@12x(0)/x(Tmax)#21. According to Ref.
6, x(0)Hiab /x(Tmax)Hiab and x(0)Hic /x(Tmax)Hic are 0.6
and 0.75, respectively, which in turn giveac/b250.44 and
0.71, respectively. Therefore, the system is in fact on
verge of or slightly outside of the first-order metamagne
transition line. The absence of hysteresis in the present
down to 0.5 K is consistent with this. Second, the transit
field is theoretically obtained by the equationHc(0)
5(21/40)DM (0)$@1/x(Tmax)#2@1/21x(0)#%, whereDM is
the induced magnetization. The calculated transition field
;4.8 T is found to be in agreement with the observed fi
of m0H1

iab; 5.1 T andm0H1
ic;7.7 T @see Fig. 3~b!#. Al-

though these estimations are rather crude, metamagn
transition of Sr3Ru2O7 is likely to be explained by the Stone
theory taking into account thermal fluctuations.

However, it is not straightforward to explain the followin
experimental results based upon the standard theory. On
that the temperature dependencies of the transition fields
opposite each other as clearly seen in the dM /dH data in Fig.
1; dH1 /dT,0 and dH2 /dT.0. According to the standard
theory,20 it is expected that the transition field increases w
temperature, obeyingT2 dependence. In fact, this tendency
widely observed in 3d itinerant systems.8 The reason for the
opposite temperature dependence ofH1 may be relevant to
the anomalous temperature dependence of the rotation a
of the RuO6 octahedron:14 the rotation angle increases wit
decreasing temperature, but starts to decrease below 4
Therefore, the bandwidth, sensitively affected by the rotat
angle, becomes broader upon lowering temperatures be
40 K, and as a result higher magnetic field is required
induce the metamagnetic transition.

The other concerns the high-field magnetization
Sr3Ru2O7 shown in Fig. 4. The magnetic field was applied
the ab plane. The magnetization continued to increase up
the highest magnetic field without saturation. The in
shows the Arrott plot (H/M vs M2) of the data. It should be
stressed that a linear relation after the transition was
served in a wide field range reaching 40 T, which is far abo
the transition field of;5 T. This result shows stark contra
diction if we assume Eq.~1! to hold in the entire field region

due to the existence of the sixth-order term (1
6 cM6) in the

free-energy expansion, the curve will have a substantial
vature in the high field region instead of a straight line. Co
cerning this, Takahashi and Sakai21 proposed a different
spin-fluctuation theory of itinerant metamagnetism bas
upon free-energy expansion up to the fourth-order term. T
may give a satisfactory explanation, consistent with the
served Arrott plot.

Finally, we discuss possible origins of the second me
magnetic transition. As is well known, successive metam

the
2-3
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netic transitions are observed in localized spin systems,
hardly observed in itinerant electron systems. A few e
amples are reported in 3d oxide compounds such as YCo3
~Ref. 22! and ThCo5.23 In these systems, successive me
magnetic transitions have been explained based upon the
that there are two or three different crystallographic Co si
Then, the local density of states differs depending on the
and as a result the different condition for the Stoner crite
gives different transition fields. In this argument, it is a
sumed that the Fermi-surface~FS! branches are well charac
terized by the orbital at respective sites due to weak hyb
ization.

In Sr3Ru2O7, neutron-diffraction experiments have be
carried out, and different results are obtained: Huanget al.
reported a crystal structure ofPban,24 in which two differ-
ent Ru sites exist, but recent experimental results by Sha
et al.25 claimed with better refinement that Ru sites a
equivalent. According to the above-mentioned argument,
present results imply the existence of two crystallograp
Ru sites supporting the former crystal structure. Based u

FIG. 4. High-field magnetization of Sr3Ru2O7 in magnetic field
alongHiab at 4.2 K. The inset is the Arrott plot of the data show
in the main frame.
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this model, however, it might be difficult to explain remar
able differences between the observed transitions such a
induced magnetization jump.

So far, we neglect the orbital degrees of freedom in thet2g

manifold, but this may also play a role in the metama
netism. Sr3Ru2O7 accommodates four electrons in the trip
degenerate 4d orbitals (dxy , dyz , anddzx), forming a low-
spin state (S51). In general, 4d electrons are more itineran
than 3d electrons, and the orbital origin of each FS branch
less clear due to strong hybridization. As discussed
Sr2RuO4,26,27 however, the weak interaction betweendxy

and dyz /dzx orbitals28 allows us to assign the dominant o
bital character to each FS branch. Then, respective bran
could lead to different metamagnetic transition fields in an
ogy to orbital-dependent superconductivity in Sr2RuO4,29

despite the rather simplified argument neglecting its stro
itinerancy.

In summary, we reported high-field magnetization a
magnetic torque data of Sr3Ru2O7, and found a second meta
magnetic transition in the higher-field region than the pre
ously reported one. At present the origin of the second tr
sition is not clear, but more detailed neutron-scatter
experiments will give a clue to understanding this proble
We also discussed the metamagnetism of Sr3Ru2O7 based
upon spin-fluctuation theory and found that it displays ty
cal behavior expected for itinerant electron metamagnet
except for a few observations such as the opposite temp
ture dependence of the first transition.

The authors are grateful to Y. Takahashi, F. Ishikawa,
Yamada, Y. Maeno, and N. Miura for useful discussions a
to K. Uchida for technical support. We also would like
acknowledge H. Takahashi, Y. Shirakawabe, and S. Ta
hashi at Seiko Instruments Inc. for helpful suggestions
part of this work was supported by a Grant-in-Aid for E
couragement of Young Scientist from the Japan Society
the Promotion of Science and by a Grant-in-Aid for the S
entific Research on Priority Area ‘‘Novel Quantum Pheno
ena in Transition Metal Oxides’’ from the Ministry of Edu
cation, Culture, Sports, Science and Technology.
an,
.

a,

o,

ting
he
site
esis
1Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J.
Bednorz, and F. Lichtenberg, Nature~London! 372, 532 ~1994!.

2K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, Z. Q. Mao, Y
Mori, and Y. Maeno, Nature~London! 396, 658 ~1998!.

3P. B. Allen, H. Berger, O. Chauvet, L. Forro, T. Jarlborg,
Junod, B. Revaz, and G. Santi, Phys. Rev. B53, 4393~1996!.

4T. Kiyama, K. Yoshimura, K. Kosuge, H. Michor, and G
Hilscher, J. Phys. Soc. Jpn.67, 307 ~1998!.

5R. J. Cava, H. W. Zandbergen, J. J. Krajewski, W. F. Peck,Jr.
Batlogg, S. Carter, R. M. Fleming, O. Zhou, and L. W. Rupp,
J. Solid State Chem.116, R672~1997!.

6S. I. Ikeda, Y. Maeno, S. Nakatsuji, M. Kosaka, and Y. Uwatok
Phys. Rev. B62, R6089~2000!.

7R. S. Perry, L. M. Galvin, S. A. Grigera, L. Capogna, A.
Schofield, A. P. Mackenzie, M. Chiao, S. R. Julian, S. I. Ike
S. Nakatsuji, Y. Maeno, and C. Pfleiderer, Phys. Rev. Lett.86,
.

.
,

,

,

2661 ~2001!.
8T. Goto, K. Fukamachi, and H. Yamada, Physica B300, 167

~2001!.
9S. A. Grigera, R. S. Perry, A. J. Schofield, M. Chiao, S. R. Juli

G. G. Lonzarich, S. I. Ikeda, Y. Maeno, A. J. Millis, and A. P
Mackenzie, Science294, 329 ~2001!.

10A. J. Millis, A. J. Schofield, G. G. Lonzarich, and S. A. Griger
Phys. Rev. Lett.88, 217204~2002!.

11S. I. Ikeda, U. Azuma, N. Shirakawa, Y. Nishihara, and Y. Maen
J. Cryst. Growth237-239, 787 ~2002!.

12E. Ohmichi and T. Osada, Rev. Sci. Instrum.73, 3022~2002!.
13This is because the eddy current flows within the most conduc

ab plane, when the magnetic field is aligned parallel to t
c axis. The resulting magnetic moment points to the oppo
direction to the applied magnetic field. This causes a hyster
loop.
2-4



e

J.

lid

.
. B

hi,

. J.

d Y.

ys.

DOUBLE METAMAGNETIC TRANSITION IN THE . . . PHYSICAL REVIEW B 67, 024432 ~2003!
14H. Shaked, J. D. Jorgensen, S. Short, O. Chmaissem, S. I. Ik
and Y. Maeno, Phys. Rev. B62, 8725~2000!.

15Y. Liu, R. Jin, Z. Q. Mao, K. D. Nelson, M. K. Haas, and R.
Cava, Phys. Rev. B63, 174435~2001!.

16T. Goto, K. Fukamichi, T. Sakakibara, and H. Komatsu, So
State Commun.72, 945 ~1989!.

17T. Goto, Y. Shindo, H. Takahashi, and S. Ogawa, Phys. Rev. B56,
14 019~1997!.

18N. V. Mushnikov, T. Goto, K. Kamishima, H. Yamada, A. V
Andreev, Y. Shikawa, A. Iwao, and V. Sechovsky, Phys. Rev
59, 6877~1999!.

19S. Ikeda, Y. Maeno, and T. Fujita, Phys. Rev. B57, 978 ~1998!.
20H. Yamada, Phys. Rev. B47, 11 211~1993!.
21Y. Takahashi and T. Sakai, J. Phys.: Condens. Matter7, 6279

~1995!.
02443
da,22T. Goto, H. Aruga Katori, T. Sakakibara, and M. Yamaguc
Physica B177, 255 ~1992!.

23D. Givord, J. Laforest, and R. Lemaire, J. Appl. Phys.50, 7489
~1979!.

24Q. Huang, J. W. Lynn, R. W. Erwin, J. Jarupatrakorn, and R
Cava, Phys. Rev. B58, 8515~1998!.

25H. Shaked, J. D. Jorgensen, O. Chmaissem, S. I. Ikeda, an
Maeno, J. Solid State Chem.154, 361 ~2000!.

26C. Noce and M. Cuoco, Phys. Rev. B59, 2659~1999!.
27I. I. Mazin, D. A. Papaconstantopoulos, and D. J. Singh, Ph

Rev. B61, 5223~2000!.
28D. J. Singh and I. I. Mazin, Phys. Rev. B63, 165101~2001!.
29D. F. Agterberg, T. M. Rice, and M. Sigrist, Phys. Rev. Lett.78,

3374 ~1997!.
2-5


