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We have succeeded in growing single crystals of Ca3Ru2O7 using a floating-zone method. The temperature
dependence of the electrical resistivity establishes that Ca3Ru2O7 develops a quasi-two-dimensional metallic
ground state below 30 K, from which the observed quantum oscillation derives. The temperature dependence
of specific heat reveals the electronic specific-heat coefficientg to be as small as 1.7 mJ/Ru mol K2. A
qualitative difference exists between the field dependences ofrab andrc. The field dependence of the resistivity
at the metamagnetic transition around 6 T can be explained from the tunneling magnetoresistance.
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The Ruddlesden-Popper (R-P) type ruthenates
sSr,Cadn+1RunO3n+1 show a wide variety of magnetic and
transport properties, making them one of the most actively
studied systems in solid-state physics. Sr-based materials are
all metallic, and ferromagnetic(FM) correlations play an im-
portant role forn=2,`. Single-layered Sr2RuO4 sn=1d is
well known as a spin triplet superconductor with
Tc=1.5 K.1–3 Double-layered Sr3Ru2O7 sn=2d shows the
Fermi-liquid behavior and FM instability in the ground
state,4,5 which relates to a lately discussed quantum critical-
ity tuned by a magnetic field.6 The most three-dimensional
(3D) SrRuO3 sn=`d is an itinerant FM metal withTC

=160 K.7,8

On the other hand, Ca-based materials show different
characters compared with Sr-based ones, which reflects the
smaller ionic radius of Ca2+ than of Sr2+. This causes both a
rotation and a tilting of the RuO6 octahedra, which often
affect electrical and magnetic properties. Ca2RuO4 exhibits a
metal-insulator transition withTMI =357 K and orders anti-
ferromagnetically at 110 K.9,10 A recent study revealed that
Mott insulating Ca2RuO4 turns into FM metal under
pressure.11 CaRuO3 was once thought to be a conventional
paramagnetic(PM) metal with antiferromagnetic(AFM)
spin interactions, but recent studies proposed that its mag-
netic ground state was a nearly FM metal.12,13

Among the seriessSr,Cadn+1RunO3n+1, we have selected
Ca3Ru2O7 for the following reasons. Ca3Ru2O7, which
stands in the series between the metallic PM CaRuO3 and the
Mott insulating AFM Ca2RuO4, is expected to show an in-
teresting interplay between conduction and magnetism. Ac-
cording to the previous report on single crystals grown by a
CaCl2-flux method, Ca3Ru2O7 shows a metallic AFM be-
tween TMI =48 K (the first-order metal-to-nonmetal transi-
tion) and AFM ordering(Néel) temperature,TN=56 K.14 The
crystal structure is a double-layered R-P type with ortho-
rhombic symmetry and theBb21m space group, which has

both the rotation and tilting of RuO6 octahedral.15 It was also
reported that Ca3Ru2O7 had a substantial electronic specific-
heat coefficient,g=18.5–22 mJ/Ru mol K2, even in the in-
sulating state, which was determined from the specific-heat
measurement.14,16 Furthermore, they recently remarked that
the Shubnikov-de Haas oscillations with a very low fre-
quency were observed in the seemingly insulating ground
state.17 Although the partial gapping of the Fermi surface,
which was discussed in their previous report, may be consis-
tent with this observation, these phenomena drive us to the
question of whether an insulating state can have such a high
density of states near the Fermi energy.

Recently, we have succeeded in obtaining single crystals
of Ca3Ru2O7 using a floating zone(FZ) method, which is
generally expected to be purer than crystals by a flux
method. In this work, we report a highly anisotropic electri-
cal resistivity, magnetization curves with hysteresis, the
anomalous field dependence of in-plane resistivity, and the
very small electronic specific heat of Ca3Ru2O7. The quan-
tum oscillations have been actually observed in the quasi-
two-dimensional(2D) metallic state.

For single-crystal growth by the FZ method, considering
the fact that RuO2 easily evaporates at high temperature, we
employed a self-flux technique using a commercial FZ fur-
nace (Crystal System, Model FZ-T-10000-H-II-P-M). The
constituent phase of crystals was confirmed by x-ray diffrac-
tion patterns with CuKa radiation for powdered crystals, as
shown in Fig. 1. We estimated lattice parameters with ortho-
rhombic symmetry. The obtaineda, b, andc lattice param-
eters were 5.396, 5.545, and 19.61 Å, respectively, which
were consistent with the previous report.16 Although the
powder prepared from crushed single crystals was still
slightly oriented to thec axis, good assignments ofshkld
indices to all the peaks were obtained. We emphasize that
common impurity phases(CaRuO3 or Ca2RuO4) were not
detected.
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The electrical resistivitysrd was measured by the standard
four-probe method betweenT=50 mK and 300 K and in the
field up to 17 T with a superconducting magnet. The mea-
surements of magnetic susceptibilitysxd and magnetization
sMd were performed using a commercial superconducting
quantum interference device magnetometer(Quantum De-
sign, MPMS). The specific heatsCPd measurements were
carried out by a relaxation method(Quantum Design, PPMS)
between 0.4 and 300 K.

Figure 2(a) shows the temperaturesTd dependences ofr
for the current along thea axis srad and thec axis srcd.
Considerable anisotropy betweenra andrc is observed at all
the temperatures. Above 56 K,ra shows metallic behavior
sdr /dT.0d, while rc is nonmetallic. Bothra and rc de-

crease slightly at 56 K on cooling and then increase discon-
tinuously at 48 K, which agrees with the previous report.14

At 48 K, the jump of the lattice parameters was observed in
a thermal contraction measurement, from which the first-
order transition is evident.18 For T,48 K, rc is insulating,
except for below 10 K, whererc levels off. On the other
hand,ra increases from 48 to 30 K, but a metallic transport
appears again below 30 K. Metallic conductivity is also ob-
served for currents along other directions within theab plane
below 30 K. Below 20 K,r for the current along[110] fol-
lows T2-like dependence. Butra andrb showT-linear depen-
dence rather thanT2. The values forra and rc at 0.2 K are
0.41 and 614 mV cm, respectively. The anisotropy ratio
rc/ra varies from 25 at 300 K to 1500 at 0.2 K. These results
clearly indicate that Ca3Ru2O7 has a quasi-two-dimensional
metallic ground state.

Temperature dependences ofx from 2–300 K are shown
in Fig. 2(b). The magnetic field of 1 T was applied along the
three principal axes. With decreasingT from 300 K,xsTd for
all directions exhibit a Curie-Weiss(C-W)-like increase.
However, the deviation from the C-W law and the aniso-
tropic behavior ofxsTd rapidly build up below 150 K and the
a axis evidently becomes the easy axis. Compared with other
directions,xc increasingly deviates from the C-W law to-
wardsTN. We have tried to fitxsTd to the C-W lawfxsTd
=C/ sT−udg in the PM state between 150 and 300 K. The
obtained values of the effective moments and the Weiss tem-
peratures for thea, b, andc axes are 2.74, 2.78, 2.87mB and
80, 68, 50 K, respectively. These Weiss temperatures have
the same sign as those of the latest report.16 However, the
value forxc may not be significant because below 150 K,xc
takes on a downward shift from the C-W law and ceases to
diverge at a finite temperature, indicating a developing AFM
correlation. The two positive values of the Weiss temperature
for xa andxb imply that FM correlation predominates within
theab plane in the PM region. From 56 to 48 K,xsTd within
theab plane decreases steeply, while the one along thec axis
is almost constant. In this temperature region, the magnetic
moments are thought to be aligned ferromagnetically within
the ab plane and antiferromagnetically between the adjacent
planes.16 This spin structure can reconcile the FM correlation
in the plane with the actual AF order at 56 K. At slightly
above 50 K, the magnetic easy axis changes from thea to
the b axis. At 48 K, xsTd for all directions drastically de-
crease and become almostT independent. However, there is
still substantial anisotropy with the same magnetic easy axis
as in the high-temperature PM region, which is different
from the one just above 48 K. This change implies that the
spin structure is changed to another AF at 48 K.

The temperature dependence ofCP is shown in Fig. 3. As
seen in other measurements, two transitions are clearly ob-
served at 48 and 56 K. At the former one,CP diverges dra-
matically, indicating that the first-order transition and the
peak point is much higher than the values at room tempera-
ture. On the other hand, the latter one is a second-order AFM
transition as discussed before. As shown in the inset of Fig.
3, the temperature dependence ofCP below 5 K behaves like
gT+bT3. The estimated electronic specific-heat coefficientg
is 1.7 mJ/Ru mol K2, which is more than about 10 times

FIG. 1. X-ray diffraction patterns on powdered Ca3Ru2O7 single
crystals.

FIG. 2. (Color) The temperature dependences of(a) electrical
resistivities and(b) magnetic susceptibilities of Ca3Ru2O7.
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smaller than the previously reported values.14,16 The values
of g did not have any sample dependence. At room tempera-
ture, CP almost saturates at 120 J/Ru mol K, close to the
value of the Dulong-Petit’s laws150 J/Ru mol Kd.

Figure 4(a) shows magnetization curves at various tem-
peratures for both the increasing and decreasing fields along
the a axis. Above 56 K, the magnetization curve shows lin-
ear(PM) characteristics. ForT,56 K, metamagnetic transi-
tions emerge below 6 T. In the metallic AFM region
s48,T,56 Kd, the transitions are broad, while steplike
transitions are evident below 48 K. The transition field in-
creases with decreasing temperature. The magnetizations
above the transition field do not saturate up to 7 T, and they

exhibit a smaller moment in comparison with the fullsS
=1d moment of 2mB. As for the anisotropy between thea and
the b axis, the values of magnetization at 2 K after the tran-
sition are 0.5mB for H / /a and 1.8mB for H / /b, respectively.
In the magnetization curve at 45 K, multistep transitions are
observed. Below 32 K, a metamagnetic transition with a hys-
teresis appears. At 2 K, the metamagnetic transition occurs at
5.9 T with increasing field, while at 5.3 T with decreasing
field, as denoted by arrows in Fig. 4(a). The area of the
hysteresis loop diminishes with increasing temperature and
then a hysteresis disappears above 40 K.

Figure 4(b) shows the field dependences ofra along thea
axis at various temperatures. At 50 mK(i.e., in the metallic
state ofra), rasHd gradually increases with increasing field
s,13.5 Td and then decreases sharply after the transition
around 14 T. Surprisingly, no transition is observed around
6 T, where a metamagnetic transition is seen in the magne-
tization. On the other hand,rcsHd for the field along both the
a and b axes show sudden drops around 6 T(not shown),
which was discussed in Ref. 17 on the basis of a colossal
magnetoresistance(CMR) and a tunneling magnetoresistance
(TMR).17,18The latter one is a tunneling effect facilitated by
a field-induced coherent motion of spin-polarized metallic
FM layers, which is often seen in a FM-insulatorsId-FM
junction. In the present case, considering the layered struc-
ture of Ca3Ru2O7, assuming that the RuO2 layer is the me-
tallic FM one, rc corresponds to the case of a FM-I-FM
junction, whereasra corresponds to the resistivity for the
current along the metallic FM layer. In such a case, it is
natural thatra does not show any change around 6 T. There-
fore, we can say that the lower field transition ofrasHd can
be explained by a TMR. As for the higher field transition(at
14 T and 50 mK), the structural change is expected to play
an important role. For 30,T,48 K, ra gradually decreases
when the field is increased up to the transition, which is
different behavior from that in the low-T metallic state. The
transition field, corresponding to the higher field transition,
decreases with increasing temperature. At 45 K, the transi-
tion around 5 T corresponds to the second transition in mag-
netization. These results strongly suggest that the magnetiza-
tion along thea axis is expected to show a secondary
metamagnetic transition at a higher fieldsm0H.7 Td below
45 K and that this is the reason that the magnetic moment is
significantly smaller than 2mB from 2–40 K.

Taking account of the 2D metallic conduction, it is not
unusual if quantum oscillations are observed for the field
nearly along thec axis. Figure 5 showsrc at 60 mK as a
function of the inverse field forH / /c axis. In fact, periodical
oscillations can be observed from 0.08–0.28 T−1 (i.e.,
3.5,m0H,12.5 T) without any metamagnetic transition,
indicating the Shubnikov-de Haas oscillations. By executing
a fast fourier transform(FFT) analysis, the estimated fre-
quencies are 33.7 T and its harmonics, which are in reason-
able agreement with the report of Caoet al.17 The obtained
frequency corresponds to only 0.25% of the area of its first
Brillouin zone.

Finally, let us discuss the ground state of Ca3Ru2O7. A
sudden decrease and theT-independent behavior ofxsTd at
low temperature remind us of a spin-Peierls system19 or of

FIG. 3. The temperature dependence of the specific heat of
Ca3Ru2O7. The inset shows the plot ofC/T vs T2 below 5 K.

FIG. 4. (Color) (a) Magnetization curvesMsHd at various tem-
peratures for the field along thea axis. (b) Field dependences ofra

at various temperatures for the field along thea axis in Ca3Ru2O7.
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perovskite manganites, for example, Nd0.45Sr0.55MnO3.
20 In

particular, the latter one has a related crystal structure and
hasA-type AFM as a magnetic ground state. It shows struc-
tural change atTN and CMR in a wide temperature range.
From many similarities between manganites and Ca3Ru2O7,
the magnetic ground state may be conjectured to beA-type
AFM, as pointed out in the latest report.16 However, consid-
ering the change of the anisotropy inxsTd at two transition
temperatures, it needs further studies to determine the exact
spin structure. In the single-layered ruthenates, 2D transport
properties indicate thatdxy orbital in t2g, which can cause the
FM instability, plays a crucial role in the metallic state.21

Although there can be a difference between the single and

the double layer, we assume that the same discussion for the
dxy orbital can be adopted. In the PM region, the positive
Weiss temperatures indicate that thedxy orbital plays the
most important role in the transport and magnetic properties.
However, the change of lattice parameters at 48 K may affect
the energy-level scheme oft2g orbitals. As a result, the con-
tribution from dyz and/ordzx orbitals may become dominant
instead of that from thedxy orbital. There is a possibility that
a small nested Fermi surface can be formed by the band from
a dyz/dzx orbital having one-dimensional dispersion within
the conducting plane, which may explain the 2D transport
property with a small Fermi surface.

In conclusion, we summarize the features that are differ-
ent from the previous reports. Ca3Ru2O7 has a quasi-two-
dimensional metallic ground state with a large anisotropy
betweenrab andrc. Quantum oscillations are observed in the
2D metallic state below 30 K. The temperature dependence
of specific heat reveals that the electronic specific-heat coef-
ficient g is as small as 1.7 mJ/Ru mol K2. A qualitative dif-
ference exists between the field dependences ofrab and rc.
From the results of the field dependence of resistivity, we can
explain the metamagnetic transition around 6 T on the basis
of TMR.
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FIG. 5. The resistivity vs inverse field plot for the field and
current along thec axis in Ca3Ru2O7. The inset shows its FFT
spectrum.
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