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Multiple magnetic phase transitions in single-crystal„Sr12xCax…3Ru2O7 for 0<x<1.0

G. Cao, S. C. McCall, and J. E. Crow
National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310

R. P. Guertin*
Physics Department, Tufts University, Medford, Massachusetts 02155
~Received 12 March 1997; revised manuscript received 9 May 1997!

Sr3Ru2O7 is a highly correlated narrowd-band metallic ferromagnet with a Curie temperatureTC

5105 K. Ca3Ru2O7, which is isomorphic to Sr3Ru2O7, becomes antiferromagnetic and remains metallic
belowTN556 K and exhibits a lower-temperature transition atTM548 K into a nonmetallic antiferromagnetic
phase. Both systems have the Sr3Ti2O7 staggered double-layered body-centered-tetragonal structure, Ca3Ru2O7

being less ideal because of the smaller Ca ionic radius. Both systems demonstrate a very high degree of
anisotropy of the magnetic and electrical properties. Magnetization and magnetic susceptibility studies for 2
,T,400 K and 0,H,7 T, electrical resistivity for 1,T,300 K, and heat capacity measurements for 1
,T,20 K are presented on as-grown single crystals of (Sr12xCax)3Ru2O7, spanning the full concentration
range 0<x<1.0. The results show multiple magnetic phases, from ferromagnetism forx,0.4 to antiferro-
magnetism forx.0.4. The transition from ferromagnetism to antiferromagnetism precedes a crossover from
metallic conductivity at low temperatures to nonmetallic conductivity forx.0.7 andT<40 K. In all cases the
resistivity at room temperature is large (r'0.02– 0.04V cm), but with a metallic temperature dependence
(dr/dT.0), indicating the materials are probably ‘‘bad’’ metals. Resistivity anomalies at the transition
temperatures suggest the opening of a gap at the Fermi surface for the metallic antiferromagnetic phase (0.4
,x,0.7). The gap appears to evolve smoothly with increasing Ca content and may be relevant to a Mott-like
metal to nonmetal transition for Ca-rich samples,x<1.0. Magnetic anisotropy measurements show that the
easy axis~c axis forx50! rotates into theab plane with increasing Ca concentration and a lower-temperature
canted magnetic structure is suppressed as the system becomes antiferromagnetic. The electronic component of
the heat capacity, which is large for the end members of the (Sr12xCax)3Ru2O7 series,g577 mJ/mole K2 for
x50 andg535 mJ/mole K2 for x51.0, is even larger for most of the mixed systems,xÞ0,1.0. The data are
discussed relative to the physics of bad metals and to the highly correlated nature of the Ru-dominated narrow
4d bands. The results are compared with a recent analogous study of metallic ferromagnetism in single-crystal
Sr12xCaxRuO3. Included in this paper is a discussion of the strikingly strong variation between the magnetic
and electrical properties of single-crystal materials compared to similar data from isostructural polycrystalline
materials.@S0163-1829~97!04433-0#
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I. INTRODUCTION

Electron-electron correlations often dominate ban
structure effects and govern the magnetic and transport p
erties of metallic transition-metal oxide systems, includi
those of the 4d transition-metal ruthenium where thed bands
tend to be narrow.1 The low-temperature properties of th
ruthenates span the spectrum from good metals to bad m
to magnetic insulators, where in ‘‘bad’’ metals the appar
mean free path at high temperatures for single-quasipar
scattering is comparable to interatomic distances. Based
our own work and the work of others, very small chemic
substitutions in the cation sublattices can precipitate dram
changes in the ground states of the Ru transition-metal
ides: from paramagnetic to magnetically ordered, from m
tallic to nonmetallic. The boundary between bad metals
magnetic insulators is well demonstrated by the results
sented in this paper.

The origin of the strong magnetism of the ruthenates
in the localized yet strongly covalent Ru 4d shell. In the
octahedral Ru O6 symmetry characteristic of man
transition-metal oxides, the crystal-field interaction splits
560163-1829/97/56~9!/5387~8!/$10.00
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fivefold degenerated-shell configuration into a ground-stat
t2g triplet, with an excited~and for Ru oxides unpopulated!
doubleteg . The t2g-eg splitting for the 4d systems is very
large because of the large radial extent of the 4d shell. Con-
sequently, thet2g orbitals are filled first, which is the ‘‘low-
spin’’ configuration~S51 for Ru!. The exchange terms fa
voring parallel spin arrangements are less important.
most 3d oxides, where the crystal-field interaction is weak
it is energetically favorable to fill the orbitals with paralle
spins, the ‘‘high-spin’’ configuration~S52 for nd4!. The
intra-atomic Coulomb interactionU in the 4d and 5d oxides
is generally smaller than in the 3d oxides because of the
larger radial extent of thed shells. From the perspective o
the Mott-Hubbard model, the 4d and 5d oxides should thus
be more metallic, and indeed all of the (Sr12xCax)3Ru2O7
materials are metallic, at least at room temperature.

The materials described in this paper are members of
Ruddlesden-Popper~RP! structure series for transition-meta
oxides, which are characterized by the express
An11MnO3n11 , n51 –`. HereA is an alkali- or alkaline-
earth metal andM is a 3d, 4d, or 5d transition metal.2 The
index n denotes the number of coupledM -O planes in the
5387 © 1997 The American Physical Society
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repeated structure and forn5`, theAMO3 composition, the
structure is perovskite based with an infinite stacking
M -O planes, the structure for colossal magnetoresista
materials, like the manganates, such as La12xSrxMnO3. For
n51, the A2MO4 composition, the structure is that of th
familiar single layered ‘‘214’’ high-Tc superconducting se
ries, e.g., (La12xSrx)2CuO4.

In the work reported here, we examine then52 alkaline-
earth series, namely, (Sr12xCax)3Ru2O7, and the entire con-
centration range 0<x<1.0 is covered. Only well-
characterized single-crystal samples are used in this pa
the materials being fully miscible. Previous papers3,4 have
described the rich array of magnetic, electrical, and therm
dynamic properties of the end members of this series,
x50 and 1.0 compounds. Both end members were syn
sized in single-crystal form in our laboratory. Single-crys
Sr3Ru2O7 becomes ferromagnetic belowTc5105 K, with a
subsequent spin reconfiguration~canting! for T,66 K.3 It
remains metallic~dr/dT.0, wherer is the electrical resis-
tivity ! over the entire temperature range investigated, 1,T
,400 K. Single-crystal Ca3Ru2O7 is also metallic at high
temperatures, though with a large resistivity, and it becom
antiferromagnetic belowTN556 K. A subsequent first-orde
metal to nonmetal (dr/dT,0), Mott-like transition occurs
at TM548 K.4 This work reviews the magnetic, transpo
and thermodynamic properties of (Sr12xCax)3Ru2O7 and de-
tails the transition from ferromagnetism to antiferroma
netism asx increases fromx50 to 1.0 as well as the accom
panying change from low-temperature metallic
nonmetallic behavior. In addition, low-temperature he
capacity measurements (1.5,T,20 K) reveal large contri-
butions from the electronic structure. In all cases, we
characterized single-crystal samples were studied and w
appropriate the anisotropic properties were measured.
results are compared with a recent analogous study of
n5` system, Sr12xCaxRuO3. We include a discussion o
the rather wide variation among the properties of the ruth
ates that is found between single-crystal and polycrystal
materials.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

Single-crystal samples were made by a self-flux techni
in Pt crucibles. The samples were heated to 1500 °C u
off-stoichiometric quantities of RuO2, SrCO3 ~and for mixed
crystals the appropriate amount of CaCO3!, and the self-flux
SrCl2 and/or CaCl2. The mixture was soaked at 1500 °C f
24 h, then cooled slowly to 1350 °C, and quenched quic
to room temperature. Examination of the surface of sev
samples under a differential interference contrast microsc
in polarized light showed that the crystal morphology w
uniform over the crystals. An analysis of sample cation co
position was carried out with EDX scanning electron mic
scope~to an accuracy of aboutx560.005! and all materials
were examined with x-ray diffraction. All the diffraction
peaks could be indexed to the body-centered-tetrag
Ca3Ti2O7 structure. To the accuracy of these measureme
no additional phases were found with x-ray scattering,
cluding any evidence for ferromagnetic Sr12xCaxRuO3 ~see
the discussion of impurity phases in Sec. III!. The oxygen
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stability and content of the end members of the series w
examined with thermogravimetric analysis~see Sec. III!. Fi-
nally, the samples form small~1–2 mg! rectangular parallel-
epipeds, with the short dimension along thec axis ~001!.
They remain stable in the atmosphere over long periods
time. All samples were measured in an as-grown state.

The magnetization of the samples~2,T,400 K, 0,H
,7 T! was determined with a Quantum Design MPMS s
perconducting quantum interference device system, the e
trical resistivity with a conventional four-probe technique f
1,T,300 K, and the heat capacity (1.5,T,20 K) with a
low-mass thermal relaxation heat-capacity system havin
sensitivity of about 1mJ/K at 10 K.

III. PROPERTIES OF SINGLE-CRYSTAL VERSUS
POLYCRYSTALLINE SAMPLES

We digress to emphasize an interesting aspect of th
and related studies: the unusually large difference in phys
properties found between single and polycrystals of the
thenates. Two papers5,6 recently have presented convincin
evidence for antiferromagnetism in polycrystalline Sr3Ru2O7
at about 15 K, in sharp contrast to theferromagnetismat 105
K of single-crystal Sr3Ru2O7.

3 The susceptibility of the poly-
crystalline samples from both groups shows the presenc
SrRuO3, which is ferromagnetic at Tc
5165 K,7,8 acknowledged by both groups to be present
the 2–3 % range. We have found a 2–3 at. % SrRuO3 phase
in all polycrystalline samples fabricated by our own gro
and, of course, no evidence for SrRuO3 in single crystals.
~Because SrRuO3 is ferromagnetic, low-field magnetizatio
can detect the presence of this phase of better than 2 a
which is slightly more sensitive than x-ray scattering.! Ac-
knowledging the effect on the susceptibility of the impuri
phase, it remains impossible to reconcile the drastically
ferent results between single-crystal and polycrystall
Sr3Ru2O7. For example, previous studies of polycrystallin
Sr3Ru2O7 suggest a magnetic anomaly in the vicinity of 1
K, but no magnetic anomaly of any kind can be fou
aroundT515 K in our Sr3Ru2O7 single crystals. In any case
such an anomaly would probably be masked by the b
ferromagnetism, which sets in at a much higher tempera
in single crystals. Finally, there is some agreement in
doped crystal: Close examination of the susceptibility of
polycrystalline~Sr0.67Ca0.33!3Ru2O7 data for Ref. 5 shows a
weak anomaly around 80 K, consistent with the ferroma
netism for that composition in our single-crystal samp
~see below!.

In order to depict the difference between single-crys
and polycrystalline sample data, we show in Fig. 1~a! the
isothermal magnetization atT55 K for a single-crystal
sample and polycrystalline Sr3Ru2O7.

6 The single-crystal
magnetization is an average along the three principal di
tions, i.e., M (H)5 2

3 MH'c1 1
3 MHic . The two steps to the

magnetization result from the sharply increasing magnet
tion at very low fields forHic ~easy axis! and the sudden
rise of the magnetization at aboutH53 T for H'c ~hard
axis!. Regardless of averaging issues, which affect data o
for H,3 T, the variance between single-crystal and po
crystalline data is compelling.

There are several additional examples of discrepancy
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tween the properties of single-crystal and polycrystalline
thenates: Single-crystal Sr2RuO4, the n51 member of the
RP series, is superconducting belowTc51.35 K,9 the first
Cu-free superconductor isostructural with a high-Tc cuprate,
e.g., (La12xSrx)2CuO4. Sr2RuO4 has the added feature o
being superconducting in the undoped state, and there is
jecture that it may be ap-wave superconductor, analogous
liquid 3He.10 However, the authors of this discovery fin
that sintered samples of Sr2RuO4 are not superconducting.9

Indeed, another group finds semiconducting behavior in
tered Sr2RuO4.

11 This behavior is unlike conventional supe
conductors, or high-Tc cuprate superconductors, whereTc
for polycrystalline samples is generally the same as for th
crystalline counterparts, if proper care is taken in prepar
the samples. Another example comes from our own w
with CaRuO3, which shows semiconducting behavior at lo
temperatures as a polycrystal, but which shows metallic
sistivity in single-crystal form~with a resistance ratio of nea
40!. Finally, the electrical resistivity of polycrystallin
Sr3Ru2O7 shows nearly-temperature-independent, sligh
semiconducting behavior,6 whereas our single crystals sho
clear metallic behavior, with a resistivity ratio near 10. Wh
grain boundary effects might partially account for variatio
in transport, they cannot explain the drastic differences
flected in magnetic properties.

The pattern of discrepancy between single-crystal

FIG. 1. ~a! Comparison between the magnetization atT55 K of
as-grown single-crystal ferromagnetic Sr3Ru2O7 vs that of antifer-
romagnetic polycrystalline Sr3Ru2O7 and ~b! temperature depen
dence of the magnetic susceptibility for pulverized Sr3Ru2O7 single
crystals.
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polycrystalline samples of the ruthenates seems too gre
dismiss as simply a difference in sample quality or prepa
tion technique. It is tempting to ascribe these differences
something more fundamental, perhaps to some very long
herence length scale in the ruthenates. One source of disc
ancy could be oxygen content: Thermogravimetric analy
measurements on Sr3Ru2O7 and Ca3Ru2O7 showed that oxy-
gen starts diffusing out beginning around 1100 °C a
1000 °C, respectively. Therefore, in order to test the role
oxygen content, we subjected single crystals of Sr3Ru2O7
and Ca3Ru2O7 to a flowing oxygen annealing atT
51100 °C and 900 °C, respectively, for 1–2 days. The
was no change in the Curie temperature of Sr3Ru2O7 (Tc
5105 K), though the temperature of the canted phase shi
down slightly from about 66 to 53 K. However, the Mott-lik
transition in Ca3Ru2O7 was fully suppressed by the oxyge
annealing, meaning only the antiferromagnetic metallic st
remained belowT556 K in oxygenated Ca3Ru2O7. These
experiments showed that the effect of an oxygen annea
was negligible in Sr3Ru2O7 ~though not in Ca3Ru2O7!. An-
other source of discrepancy could be the crystallite size,
the pulverized single crystals of Sr3Ru2O7 display a sharp
ferromagnetic transition at 105 K with no trace of antiferr
magnetism near 15 K@see Fig. 1~b!#. The temperature de
pendence of the low-field magnetization forT<Tc5105 K
for the pulverized single crystals is somewhat different fro
that measured on the single crystals.3 This difference is ex-
pected and can be attributed to anisotropy effects that
significant for Sr3Ru2O7 for T.Tc . Nevertheless, these re
sults deepen the mystery of the huge discrepancy betw
single-crystal and polycrystalline Sr3Ru2O7 by essentially
eliminating both oxygen concentration and the crystal
size as contributing factors. This issue is puzzling and will
addressed further in our future work.

IV. EXPERIMENTAL RESULTS

Figure 2 shows the Ca concentration dependence of
room-temperature lattice parameters for five representa
powdered (Sr12xCax)3Ru2O7 single crystals. The overall de
crease in lattice parameters reflects the smaller ionic ra
of Ca and more distorted structure of the Ca compound c
pared to the Sr compound, which is a common occurrenc
other members of the RP series. At 0.33<x<0.69, a plateau
in the a axis is seen and may be associated with the dra
change in electronic orbitals evident in the transport prop
ties shown below. In the similar doping regime, an anom
lous Ca dependence of thea axis is also observed in poly
crystalline samples.5

In Fig. 3 we show the electrical resistivityrab as a func-
tion of temperature for several (Sr12xCax)3Ru2O7 samples.
In all cases the current was applied along the Ru-O plane
the @100# or @010# direction there being no discernible diffe
ence in the resistivity between these two axes for a
samples, as expected for tetragonal structures. For Sr3Ru2O7
(x50) the sample is ferromagnetic atTc5105 K. There is
no anomaly atTc for rab , but a sharp decrease in the slo
of r vs T appears atTc for rc , i.e., current measured alon
the c axis, which is the easy axis for magnetization
Sr3Ru2O7 ~see Ref. 3!. The c axis anomaly3 shows charac-
teristic Fisher-Langer behavior,12 where short-



ro
t

od

e

to
a
an
is

ly

e

em

-

nt

we
at
.04

te
vity
y
i-

5390 56G. CAO, S. C. McCALL, J. E. CROW, AND R. P. GUERTIN
wavelength spin fluctuations dominate conduction elect
scattering. The application of the Fisher-Langer model
these materials may be suspect, however, in that the m
treats magnetic scattering of a single band ofs-like conduc-
tion electrons from localized moments and the Rud shell is
not well localized. In addition, the carriers in th
(Sr12xCax)3Ru2O7 system probably do not haves-like
character.13 Finally, the model does not treat the magne
crystalline anisotropy associated with this system. Perh
adjusting for the latter could explain the lack of such
anomaly for current applied perpendicular to the easy ax

For Ca-doped materials, anomalies inrab resistivity begin
to appear: Forx50.33, there is a weak resistivity anoma
characteristic of a ferromagnetic transition forrab at Tc
580 K, more evident in a plot ofdr/dT vs T ~not shown!.
This suggests that asx is increased the easy axis for th
magnetization rotates into theab plane, away from thec

FIG. 2. Ca concentration dependence of the lattice parame
for five representative powdered single crystals.
n
o
el

-
ps

.

axis. ~The easy axis for antiferromagnetism liesin the ab
plane, in the@110# direction for antiferromagnetic Ca3Ru2O7,
i.e., x51.0.) We have noted previously in a related syst
Sr12xCaxRuO3 ~then5` members of the RP series! that the
easy axis turnsout of the plane with increasingx, the easy
axis for ferromagnetic SrRuO3 being in the ab plane.8

While the samples in Fig. 3~a! appear metallic, the resis
tivity for the midrange of composition 0.4<x<0.7 is more
complex. The temperature dependence of the resistivityr(T)
for T.50 K is metallic and weakly temperature depende
@Fig. 3~b!#. For this composition range,r(T) for T,50 K
becomes less metallic and an anomaly develops, which
will associate with an antiferromagnetic transition. Note th
the room-temperature resistivity lies between 0.02 and 0
V cm for all the mixed samples,xÞ0 or 1.0. This

rs
FIG. 3. Temperature dependence of the electrical resisti

r(T) of (Sr12xCax)3Ru2O7 showing a transition at approximatel
x50.6 from metallic to nonmetallic behavior. All magnetic trans
tions may be seen in anomalies inr(T).
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is well above the resistivity (r>500mV cm) one might cal-
culate within the Ioffe-Regel limitkFl >a, where l is the
mean free path.14 However, this seems to be a limiting valu
of resistivity for the metallic phase of the (Sr12xCax)3Ru2O7

system. Asx approaches 1.0@Fig. 3~c!#, the samples show
nonmetallic behavior below about 40 K with increasing
sharper transitions, finally developing into a first-order me
to nonmetal, Mott-like transition in Ca3Ru2O7 at TM

548 K. The small decrease in the resistivity atT556 K for
Ca3Ru2O7 is associated with a transition into a metallic a
tiferromagnetic state, as discussed in Ref. 4.

The resistive anomalies accompanying what appear to
antiferromagnetic transition temperatures for 0.38,x,0.69
@Fig. 3~b!# resemble those described by the theory of Suez
and Mori.15 In that case a gap opens at the Fermi surface
the periodicity of the magnetic sublattice doubles in the pr
ence of antiferromagnetic order. The appearance of s
kind of gap would be consistent with the Mott-like trans
tions seen for more heavily doped Ca samples@Fig. 3~c!#.

The behavior of the resistivity as a function of appli
magnetic field for the end members of the (Sr12xCax)3Ru2O7
system,x50 and 1.0, is described in some detail in Refs
and 4, respectively. We have performed a limited numbe
measurements of the longitudinal magnetoresistivity of so
of the mixed samples. In most cases the effect of field
rather small. It is generally less than 10% at the lowest te
peratures for fields to 12 T, though it reaches 18%
Sr3Ru2O7 at T>30 K. For thex50.69 sample, which show
an antiferromagneticlike, weakly metamagnetic transition
T!Tc at H54.5 T along the easy axis~see below!, the re-
sistance is unchanged upon increasingH to 4 T, whereupon
it drops uniformly by about 20% toH512 T, the highest
field applied. This slow decrease mirrors the slow increas
magnetization atH54.5 T. Both results may be compare
with x51.0, Ca3Ru2O7, where a first-order metamagnetic in
crease in magnetization atH56 T from the nonmetallic to
metallic phase is matched by a first-order decrease in e
trical resistivity at the same field.

The temperature dependence of the low-field magn
properties of the (Sr12xCax)3Ru2O7 system are summarize
in Fig. 4. In all cases the applied magnetic field was sm
enough that the ‘‘zero’’-field limit inM vs H was reached,
i.e., (dM/dH)H→0 is linear. The multitude of magnetic tran
sitions bears close scrutiny. The top panel Fig. 4~a! shows
the distinctive step signature of ferromagnetism atTc
5105 K ~‘‘kink point method’’ for determiningTc!. This
shows clear evidence that thec axis is the easy axis becaus
only a very small anomaly appears atTc for H'c, i.e.,
Hi@110# in Fig. 4~a!.

For (Sr12xCax)3Ru2O7, x50.33 @Fig. 4~b!#, Tc decreases
to about 80 K, but the anomaly for in-plane magnetizat
grows compared tox50, indicating the easy axis rotate
away from thec axis for x.0. The inset of Fig. 4~b! shows
a still prominent magnetization vs temperature forHic. As
stated above, in a related system Sr12xCaxRuO3, we found
the opposite situation:8 The easy axis~ab plane for x50!
tippedout of the plane as Ca was substituted for Sr in fer
magnetic SrRuO3 (Tc5165 K). In Sr12xCaxRuO3 ferromag-
netism is also suppressed with Ca substitution. Howeve
thex51.0 limit, CaRuO3 is an enhanced paramagnetic me
l
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and does not exhibit multitransitional behavior as is seen
Ca3Ru2O7. In Sr12xCaxRuO3 the out-of-plane rotation was
accompanied by a large increase in the magnetic hyster
for x.0.

For x.0.4 @Fig. 4~c!# the transition temperature continue
to decrease and becomes locked in at around 50 K. Howe
the shape ofx vs T develops a sharply defined peak, indica
ing antiferromagnetism rather than ferromagnetism. Final
for x51.0, we see the two antiferromagnetic transitions, d
cussed in Ref. 3. The extremely sharp loss of moment
TM548 K for x51.0 remains difficult to understand.

FIG. 4. Magnetic susceptibility vs temperatureM /H(T), for
several (Sr12xCax)3Ru2O7 samples. The multiple magnetic transi
tions may be seen in these data and compared with the data of
2.
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We measured the low-temperature (1.5,T,20 K) heat
capacityC(T) of several of the (Sr12xCax)3Ru2O7 samples
in an attempt to quantify the degree ofd-band correlation as
a function of x. This determination is complicated by th
transition from metallic to nonmetallic behavior for largex:
The temperature range over which the low-temperature e
tronic heat-capacity parameterg was measured was in esse
tially the nonmetallic region forx.0.7. In that case, the
electronic heat capacity may measure the density of state
the Fermi surface for those regions that are not gappe
well as states within the gap. TheC(T) data were fit to a
C/T vs T2 dependence, where the intercept withT50 re-
vealsg and the coefficient of theT2 term is a measure of th
Debye temperatureUD . These results are tabulated in Tab
I.

The data from Table I and a representative fit to theC/T
vs T2 fit are shown in Fig. 5. A representative fit to the da
is shown in the inset of Fig. 5~a!. The general trend ofg

TABLE I. Parameters of fits to low-temperature heat-capac
measurements.

x g (mJ/mole K2) QD ~K!

0.0 77 318
0.14 192 332
0.33 170610 275
0.58 99 307
0.90 96 330
0.93 60 357
1.00 35 369

FIG. 5. Summary of fits to the heat capacityC(T) vs T2. Inset:
data for a representative (x50.93) sample.
c-

at
as

mirrors the results obtained for the Sr12xCaxRuO3 (n5`)
system, for 0<x<1.0:8 In Sr12xCaxRuO3 the mixed crys-
tals, xÞ0 or 1.0, showed higher values ofg as well. The
rather large rise ing asx is decreased from 1.0~Sr addition!
may be correlated over the low-temperature range of m
surement with the conductivity, which increases margina
on the approach to the metallic phase@see Fig. 3~c!#.
Whether this reflects a narrowing of thed band, increased
disorder, both, or some other mass enhancing mechanis
open to speculation. It is probably not a result of increas
carrier concentration, as the samples tend to be more re
tive in the high-temperature metallic phase, thus loos
obeying Nordheim’s rule. Asx is decreased from 1.0, ther
is also a concomitant decrease of the Mott-like transiti
which disappears entirely forx,0.7 as the system become
more metallic. Attempts to include aT3/2 term in the heat
capacity resulted in improvement in some of the fits, wh
this term might be expected from magnon excitations,
one would expect stronger magnon contributions for lowex
samples, which was not found from fits to the data. Furt
analysis of the heat capacity will be pursued as these res
are extended to lower temperatures, including magneto
loric effects. This will be done to better understand the
terplay between electronic and magnetic excitations.

In order to illustrate the high-magnetic-field propertie
which are also useful in describing the magnetic ordering
the materials, we show in Fig. 6 the isothermalM vs
Hi@110# at T515 K for several (Sr12xCax)3Ru2O7 samples.
This field orientation was chosen because it is the easy
of magnetization for the majority of the materials, at least
x.0.3. ~See Ref. 4 for details about thex51.0 material.!
The chosen temperatureT515 K is well below any of the
ordering temperatures, so in effect represents theT50 iso-
therm.

In Fig. 6~a! we see that theHi@110# data forx50 ~fer-
romagnet atTc5105 K! show a field-induced spin reorienta
tion transition~perhaps metamagnetic! at about 2.5 T. As can
be seen from the inset of Fig. 6~b!, the magnetization satu
rates quickly forHi@001#, demonstrating once again tha
@001# is the easy axis. The inset of Fig. 6~b! also shows
low-field detail; this indicates that there is a slight canting
the moments from@001# that pins the moment at nearM
50 for H,0.05 T before rapidly rising to the full saturatio
moment in the easy direction, which is about 1.35mB /Ru.
This is slightly less than the saturation moment of ferrom
netic SrRuO3, which saturates forH.20 T at 1.65mB /Ru.16

The ferromagnetic domain structure in the Sr-rich samp
may also play a role in the low-field magnetization. As C
concentration is increased the@110# transitions shift some-
what nonmonotonically with increasingx to higher fields,
and the 7 T moment decreases. This probably reflec
change in the easy axis orientation and that forH.7 T
higher-field transitions would carry the moment closer
1.3mB /Ru. Finally, forx51.0, we see a characteristic firs
order metamagnetic transition where atH55.8 T the spins,
which are antiferromagnetically coupled along@110#, are re-
oriented ferromagnetically. This transition is accompan
by a first-order transition in the magnetoresistivity from
nonmetallic to metallic state.4
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56 5393MULTIPLE MAGNETIC PHASE TRANSITIONS IN . . .
V. SUMMARY OF PHASE DIAGRAM AND DISCUSSION

Because the preferred spin orientation varies withx in
(Sr12xCax)3Ru2O7, it is difficult to construct a fullx-T-H
phase diagram. Figure 7 represents the zero-fieldx-T mag-
netic phase diagram for (Sr12xCax)3Ru2O7. The system re-
mains ferromagnetic forx<0.4 and is clearly antiferromag
netic for x.0.65. For both regions there are two reasona
distinct transitions separating different ferromagnetic and
tiferromagnetic phases, respectively. In the intermediate
gion 0.4,x,0.65 there is some ambiguity of the spin co
figuration determined from these bulk macrosco
measurements. From Fig. 3~b! we see that the transition from
metallic to nonmetallic electrical conductivity forT<40 K
occurs aroundx>0.7. Thus the transition from low
temperature metallic to nonmetallic conductivity
(Sr12xCax)3Ru2O7 appears to be preceded by the transit
from ferromagnetism to antiferromagnetism at aroundx
>0.4.

In all the data presented here, clearly defined resis
anomalies accompany the transition from the magnetic
disordered to magnetically ordered state. This rather dram
cally underscores the spin-charge coupling in these 4d ma-
terials, a property that may well be related to the rather la
radial extent of the Ru 4d shell. In more conventional mag
netically doped systems, such as magnetically doped me

FIG. 6. Isothermal magnetizationM (H) to H57 T for several
(Sr12xCax)3Ru2O7 samples showing a trend from ferromagnetis
~low x! to metamagnetic behavior (x'1.0). The inset of~b! shows
the detail ofM vs H at low H for the x50 ferromagnetic materia
along the easy axisHi@001#.
y
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with rare-earth impurities, the transport is dominated by
s- andp-electron bands, whereas the magnetic properties
determined primarily by localized 4f shells. In the transition-
metal oxides, and the ruthenates in particular wh
s-electron character is essentially absent, the spin-cha
coupling is so strong that one can almost rely on resistiv
measurements to determine magnetic properties, or
versa.

Following a prior study of mixed phases between fer
magnetic SrRuO3 and strongly enhanced paramagne
CaRuO3, the data presented here summarize the extrao
narily rich array of physical properties that can be found
the Ruddlesden-Popper ruthenate series. The double-lay
(Sr12xCax)3Ru2O7 system shows considerably more com
plexity and anisotropy than the infinite layered and mo
isotropic Sr12xCaxRuO3 system. In addition to more com
plexity of the magnetic phase diagram, the Sr12xCaxRuO3

system remains metallic at all measured temperatures fo
x, unlike (Sr12xCax)3Ru2O7. We emphasize that the com
plexity is related to the much more anisotropic two-lay
structure of then52 vs n5` Ruddlesden-Popper series.

The data presented here point out the possibility of
emergence of a gap accompanying the transition from me
lic ferromagnetism to metallic antiferromagnetism. To o
knowledge, no comprehensive theory exists that incorpor
a gap at the Fermi surface and also addresses the trend
metallic antiferromagnetic (0.4<x<0.7) to nonmetallic an-
tiferromagnetic behavior (x.0.7), particularly a theory tha
incorporates the rather dramatic magnetocrystalline ani
ropy of these materials.

Finally, recent~unpublished! angular resolved photoemis
sion studies17 on our materials show features at the Fer
surface for high-symmetry directions in the Brillouin zon
that, while incomplete, are consistent with the results p
sented here. The general trend from good metallic to p
metallic conductivity is apparent from an observed decre
of a quasiparticle peak at the Fermi energy that exists for
Sr-rich materials but is less evident for Ca-rich (x.1.0)
samples.

FIG. 7. Magnetic phase diagram (H50) showing multiple
phases for the (Sr12xCax)3Ru2O7 system. The phases from this dia
gram are derived from the data of Figs. 2–4.
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We expect the results presented here will help to fo
attention on the further understanding of such a trend as
as a more secure theoretical explanation of the propertie
materials at the crossover between metals and nonmetal
among ‘‘bad’’ metal systems in general.
o
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