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Spin-charge coupling for dilute La-doped Ca3Ru2O7
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Ca3Ru2O7 is a Mott-like system with a narrow gap~'0.1 eV!. Very dilute doping of trivalent La~<5%! for
divalent Ca prompts rapid and simultaneous changes in both the magnetic and transport properties, unambigu-
ously illustrating the strong spin-charge coupling that characterizes Ca3Ru2O7. The antiferromagnetic metallic
phase unique to Ca3Ru2O7 persists into (Ca12xLax)3Ru2O7 with x50.04, which is followed by a fully metallic
ground state with a quenching of the magnetic moment atx50.05. A large sudden drop in the magnetoresis-
tivity up to 20 T defines a transition that is highly hysteretic and becomes irreversible at low temperatures and
with La doping. The impact of La doping on Ca3Ru2O7 is much more drastic than that of Sr doping, implying
the importance of the added electron from the La ion. Unlike Ca2RuO4 where ferromagnetism is instantly
induced in the antiferromagnetic host by La doping, Ca3Ru2O7 shows no ferromagnetic ordering when La
doped, but readily becomes a ferromagnet in modest magnetic fields.
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Ca3Ru2O7 is a recently studied Mott-like system with
number of unique features.1 It has a double Ru-O layere
orthorhombic structure2 and belongs to the Ruddlesde
Popper series, Can11RunO3n11 , with n52. Ca3Ru2O7 un-
dergoes antiferromagnetic ordering atTN556 K and a metal-
nonmetal transition at TM548 K with a unique
antiferromagnetic metallic phase~AFM! intermediate be-
tween the paramagnetic metallic~PMM! and antiferromag-
netic insulating~AFI! phases.1–3 Distinguishing it from other
Mott systems, Ca3Ru2O7 undergoes very sharp and concom
tant metamagnetic and negative magnetoresistive transi
at 6 T which lead to a field induced ferromagnetic meta
phase atT,TM . The field-temperature phase diagram f
Ca3Ru2O7 ~Ref. 1! displays a wealth of extraordinary phys
cal properties characterized by abrupt temperature- or fi
induced transitions that separate a variety of magnetic
electronic phases, which are highly anisotropic. Ca3Ru2O7

can serve as an ideal model system to explore new phy
unique to 4d electrons3 and address fundamental issues su
as the complex interplay of spin and charge degrees of f
dom characteristic of almost all strongly correlated syste

The intra-atomic Coulomb interaction,U, for Ca3Ru2O7 is
believed to be comparable to the kinetic energy or ba
width, W, characteristic of Mott-Hubbard systems. Results
recent optical and Raman studies indicate that Ca3Ru2O7 is
indeed delicately poised near a metal-nonmetal borderl4

with a charge gap of 0.1 eV forT,TM .5 Thus any small
perturbations may be expected to readily prompt dra
changes in the ground state.

In this paper, we demonstrate that the metal-nonm
transition, the spin gap, the metamagnetic transition
saturation magnetic moment, and the high-field magnet
sistive transitions of Ca3Ru2O7 are suppressed uniformly an
rapidly by only slight substitution of the trivalent La for th
divalent Ca. In addition, we present the detailed crystal str
ture of Ca3Ru2O7 determined by single-crystal x-ray diffrac
tion. The substitution of the larger trivalent La ion relax
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the buckling of the Ru-O-Ru bond~ionic radiusr 51.03 Å
for La vs 1.00 Å for Ca!, thus increasingW ~bandwidth con-
trol!, and adds an extra electron to the system~filling con-
trol!. While the electrical resistivity is expectedly reduced
a result of La doping, the observations are very striking:~1!
The impact of La doping is much stronger than that of
doping (r 51.18 Å),3 indicating a more critical role of the
filling-control. ~2! The AFM phase,6 persists surprisingly
into a fully metallic ground state in (Ca12xLax)3Ru2O7 for
x50.04. ~3! The magnetic moment, 1.7mB /Ru ~close to the
expected 2.0mB /Ru for the low spin state3T1g of 4d4! is
fully quenched forx<0.04 whereas the critical field for th
metamagnetic transition remains at 6 T.~4! A high-field tran-
sition in the resistivity is found, resulting in a total resistivi
decrease of more than 85%. This transition shows an un
ally large hysteresis and becomes even irreversible as
doping increases, mimicking that of Pr12xCaxMnO3.

7 ~5! In
sharp contrast to its sister compound Ca2RuO4 where La
doping instantly induces antiferromagnetic to ferromagne
ordering,8 Ca3Ru2O7 shows no occurrence of ferromagnetis
when La doped. However, it becomes strongly ferromagn
in magnetic fields larger than 6 T through spin reorientati
demonstrating an unstable magnetic ground state typica
the layered ruthenates.

The magnetic-moment suppression accompanying the
proach to the metallic ground state in (Ca12xLax)3Ru2O7
demonstrates persuasively that spin and charge are intim
associated and that the 4d electrons serve a dua
function—to form the localized moment on the Ru site a
to serve as carriers for the electrical conductivity. The p
ponderance ofd-electron weight at the Fermi surface is su
ported by photoemission studies4,9 and local-density approxi-
mation calculations of the band structure of relat
ruthenates, where no evidence ofs- or p-electron contribu-
tion to the density of states at the Fermi surface is found10

Single crystals of (Ca12xLax)3Ru2O7 were grown in Pt
crucibles using a flux technique described elsewhere.1–3 The
crystal structure of Ca3Ru2O7 is determined by single-crysta
998 ©2000 The American Physical Society
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PRB 62 999SPIN-CHARGE COUPLING FOR DILUTE La-DOPED Ca3Ru2O7
x-ray diffraction using a SiemensP3/pc x-ray diffractometer.
X-ray diffraction was also performed on powdered sing
crystals of (Ca12xLax)3Ru2O7(x.0) using SiemensQ-2Q
powder diffractometers, and the metric refinement was c
ried out using 18–23 reflections. The La concentration w
determined by energy dispersive x-ray~EDX!. All results of
x-ray diffraction and EDX indicated that the crystals studi
were pure and without any second phase. Several diffe
growth melts were performed for each composition to asc
tain reproducibility, and the data shown are representativ
these compositions. Resistivity was measured with a s
dard four-probe technique and magnetization with a Qu
tum Design superconducting quantum interference de
~SQUID! magnetometer.

Ca3Ru2O7 is an orthorhombic system with theA21ma
space group~or Cmc21 with a being the long axis!. The
tilting of the RuO6 octahedra results ina&a83&a83c lat-
tice with a55.3720(6) Å, b55.5305(6) Å, and c
519.572(2) Å. The atomic positions are listed in Table
where~x, y, z! refer to the axes~a, b, c!, respectively.

Shown in Fig. 1 is the crystal structure of Ca3Ru2O7

where views of the ac and ab planes provide a clear view
the layered nature and significant distortions. The distorti
are particularly severe in the ac plane where the tilting of
RuO6 octahedra is most pronounced. The differences in
degree of tilting among the octahedra along thea axis as
compared to theb axis is responsible for the orthorhomb
distortion. The tilting is clearly reflected in the Ru-O-R
bond angles, which differ considerably from 180°. With
the planes, these angles alternate between 149.87°
150.47°, while for Ru ions in adjacent layers the Ru-O-
angle is 152.13°, which is primarily within the ac planes. T
orthorhombic distortions present in Ca3Ru2O7 extend even to
the individual RuO6 octahedra, contorting them so that ea
of the six Ru-O bond lengths is slightly different, an
O-Ru-O bond angles are bowed slightly away from 18
Along the c axis, the Ru-O bond length for oxygen san
wiched between the two RuO6 planes is 1.9910 Å, while the
other Ru-O bond length is 1.9914 Å and this O-Ru-O bo
angle is 177°. For each octahedron, the four Ru-O bonds
lie within the plane are all different, i.e., 1.9834, 1.987
1.9972, and 2.0088 Å. The O-Ru-O bond angles are m
closer to 180° within the plane, where they alternate betw
179.42° and 179.53°.

Doping the larger La ion significantly reduces the orth
rhombic distortion, and thus, the degree of the Ru-O-
buckling. This is clearly reflected in Fig. 2 where thea andb

TABLE I. Atomic position in Ca3Ru2O7.

Element x y z

Ru 0.25192 0.86409 0.40135
Ca~1! 0.73703 0.30989 0.00000
Ca~2! 0.24336 0.41629 0.31139
O~1! 0.81582 0.34578 0.69846
O~2! 0.33745 0.88862 0.50000
O~3! 0.44737 0.06527 0.08109
O~4! 0.94891 0.16272 0.11546
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axis tend to merge asx increases. It is also noted that thec
axis changes abruptly atx50.03.

Shown in Fig. 3~a! is the electrical resistivity,r(T), for
thea axis in the basal plane as a function of temperature
(Ca12xLax)3Ru2O7 with x50, 0.01, 0.03, 0.04, and 0.05
~The a axis is the ‘‘easy axis’’ for magnetization to be dis
cussed below, thec axis being perpendicular to the Ru-
planes.! Data forx50.02 are omitted for clarity. The shar
increase inr(T) at TM548 K becomes more rounded wit
increasingx, the onset ofTM decreasing with temperatur
and becoming fully suppressed for 0.03,x,0.04. While the
x50.04 sample is on the border of the metallic state with
close proximity to the insulating state, thex50.05 sample is

FIG. 1. The orthorhombic structure of Ca3Ru2O7 showing the
tilting and rotations of the RuO6 octahedra in the ac plane~upper!
and the ab plane~lower!.

FIG. 2. The lattice parameters,a, b, andc, vs x.
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1000 PRB 62CAO, ABBOUD, McCALL, CROW, AND GUERTIN
fully metallic. For 50,T,250 K, r(T) is linear, suggesting
non-Fermi-liquid type behavior, and forT.250 K, r(T)
'r01AT2 with coefficient A'2831029 mV cm/K2. The
inset of Fig. 1~a! shows details of ther(T) anomalies atTM
and TN , respectively, forx50, 0.01, and 0.03. The shar
decrease inr(T) at TN clearly indicates the onset of th
antiferromagnetic metallic phase existing in a narrow
well defined temperature range ofTM,T,TN . This transi-
tion broadens asx increases.

The temperature dependence of the magnetic suscep
ity, x(T) defined asM /H, is shown in Fig. 3~b! for all six
different concentrations fromx50 to 0.05. The measuring
field, H ~50.5 T!, was along the easy axis. In all casesH was
small enough thatM vs H was linear soM /H represents the
zero-field susceptibility,x(T). Data were taken by field
cooling, demonstrating unambiguously that the magn
transitions, which are not hysteretic, are antiferromagn
rather than ferromagnetic or canted antiferromagnetic tra
tions, which would yield some remanence on field coolin
The data aboveTN shown in Fig. 3~b! were fit to a modified
Curie-Weiss law, x(T)5x01C/(T2Q). For 150,T
,350 K the effective magnetic moment, peff , is 2.86mB /Ru
for x50, nearly identical to that for the low-spin (S51)
value expected for the Ru41(4d4) ion (2.83mB /Ru). The
peff monotonically decreases to 2.71mB /Ru for x50.01,
2.52mB /Ru for x50.02 and 2.17mB /Ru for x50.03 but for

FIG. 3. ~a! Electrical resistivity,r(T), vs temperature for five
(Ca12xLax)3Ru2O7 samples. Data for thex50.02 sample are omit-
ted for clarity. ~b! Magnetic susceptibility vs temperature for s
(Ca12xLax)3Ru2O7 samples withHia. Insets show details near th
transitions.
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x50.04 and 0.05, the fits to the modified Curie-Weiss la
are unsatisfactory, implying possible spin fluctuations t
are absent when the ground state is nonmetallic. The
crease inpeff may be reflective of a slightly mixed valenc
Ru valence, driven by the trivalent La ion. It is noted th
there is a weak anomaly aroundT5150 K for x50.04.
Whether this anomaly is intrinsic or due to a second phas
not yet clear. Nevertheless, this does not affect the con
sions drawn from these data.

The inset for Fig. 3~b! shows details ofx(T) for x50,
0.01, and 0.02 atTN556 K andTM548 K, where the onse
of the precipitous decrease inx(T) may be used to define
TM . This anomaly is not characteristic of a typic
antiferromagnet11 and may be related to the opening of a sp
gap in the electronic excitation spectrum due to a poss
structural change. While there is no direct evidence fo
structural transition occurring atTM548 K, a concomitant
softening and broadening of an out-of-phase oxygen pho
mode forT,TM is observed in the Raman study,5 suggest-
ing a strong modulation ofd-p hybridization, or strong mag-
netoelastic coupling due to a strong modulation of the Ru-
interaction. Nevertheless, the abrupt drop atTM followed by
the nearly zerox(T) at T,TM appears to be a nearly firs
order transition leading to a ground state with a spin g
Doping with La relaxes this constraint, andx(T) approaches
a finite value, as evident inx(T), implying excitations above
an increasingly smaller spin gap.

Shown in Fig. 4 is the magnetizationM (H), for the easy
axis atT55 K for (Ca12xLax)3Ru2O7 for all x showing the
precipitous rise ofM (H) to saturation values,M sat. All mea-
surements were made after zero-field cooling the sam
With increasing La content,M sat rapidly diminishes and is
fully suppressed atx50.04 even though the antiferromag
netism persists for this composition. This unambiguously
sociates the metamagnetic transition with the insulator
metal transition. It is surprising, however, that the critic

FIG. 4. Magnetization vs field at T55 K for five
(Ca12xLax)3Ru2O7 samples withHia. The transition field at 6 T is
constant, even as the saturation magnetic moment is quenched
increasingx. The inset shows the magnetic susceptibility vs te
perature at different fields for Ca3Ru2O7. Note the sudden change a
H56 T.
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PRB 62 1001SPIN-CHARGE COUPLING FOR DILUTE La-DOPED Ca3Ru2O7
field for the metamagnetic transition for 0,x,0.03 remains
sharply defined and essentially unchanged. The inset of
4 shows details ofM (H,T).

The La concentration dependence of the PMM, AFM, a
AFI phases is illustrated in Fig. 5~a! which serves as a phas
diagram. The metal-insulator transition is defined both fr
the temperature at which the resistivityr(T) shifts from
positive to negative temperature dependence and from
onset of the sudden decrease inx(T). Both TM andTN de-
crease in a parallel fashion, and the AFM phase indeed e
almost in the entire doping range. Forx50.05, there is com-
plete suppression of the AFI and AFM phases so the sys
remains fully metallic to the lowest measured temperatu
albeit with high resistivity. The saturation moments,M sat,
are shown in Fig. 5~b! along withpeff vs x. TheS51 values
are indicated and close to those measured forx50.

Figures 6~a! and 6~b! show the longitudinal magnetoresi
tivity in high fields along the easy axis forx50 ~a! and x
50.03~b! for T,TM . There are two distinct transitions, on
at 6 T where the metamagnetic transition occurs, the othe
higher fields which was not known before. The data exhib
few noticeable features:~1! While the 6 T transition remains
essentially unchanged as temperature andx vary, the high-
field transition decreases quickly with increasing tempera
andx. These two transitions are evidently driven by differe
mechanisms. The 6 T transitions are clearly associated
the metamagnetic transitions~Fig. 4!. However, no corre-

FIG. 5. ~a! The Néel temperature,TN , vs x and metal insulator
transition temperature,TM , for (Ca12xLax)3Ru2O7 delineating the
three phases, PMM, AFM, and AFI. TheTM are determined both
from the upturn in the electrical resistivity~filled diamonds! and
from the peak in the magnetic susceptibility~open squares!. The
antiferro-magnetic metallic phase persists beyond the quenchin
the AFI phase;~b! The saturated momentM sat vs x, and effective
moment,peff vs x.
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sponding transition is seen up to 50 T in pulsed fieldM (H)
for the easy axis12 ~data not shown! on Ca3Ru2O7. ~2! The
overall negative magnetoresistance ratio„@r(0)
2r(H)#/r(0)…, which is as high as 88%, is nearly identic
for x50 and 0.03 although the decrease at 6 T for x50.03
becomes significantly smaller, which is consistent with t
smaller metamagnetic rise inM (H). ~3! The higher-field
transitions are so hysteretic that they become nearly irrev
ible at low temperatures forx50.03@inset of Fig. 6~b!#. This
behavior is commonly seen in heavily doped manganit7

where the percolative effect is believed to be the origin. I
unclear whether this behavior seen in (Ca12xLax)3Ru2O7 can
be attributed to the percolative effect, given such dilute
doping.

As mentioned above, a singular feature of Ca3Ru2O7 is an
observation in a stoichiometric compound at ambient pr
sure of the AFM phase1 for 48,T,56 K. Closely examin-
ing Fig. 2, we find it indisputable that the AFM phase pe
sists up tox50.04 where the AFM phase is characterized
the metallic behavior and well-defined antiferromagnetic
dering nearTN526 K. This is supported by the data of Fig
4: For x50.04, the metamagnetic transition is complete
absent, which unambiguously associates the 6 T metamag-
netic transition with the AFI to AFM transition. For Mot
systems whereW is comparable toU, the AFM phase was
predicted to be located either between the PMM and A
phases as in Ca3Ru2O7 or as a ground state alone as f

of

FIG. 6. ~a! High-field isothermal magnetoresistance
Ca3Ru2O7 for several temperatures. The low-field transition is
multaneous with the metamagnetic transition~see Fig. 2!, the hys-
teretic upper-field transitions are new features, absent in the h
field magnetization.~b! Similar data forx50.03. The inset shows
details of the large hysteresis associated with the upper-field tra
tions.
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0.04,x,0.05. The calculation was based on a solution
the Mott-Hubbard Hamiltonian for the case of magnetic fru
tration involving the nearest- and the next-near
neighbors.6 According to the model, the Ne´el temperature
decreases as the degree of frustration increases and for
mediate frustration, the AFM phase arises. Because of
sensitivity, the AFM phase has never been seen in other
ichiometric materials at ambient pressure,13 so it is surprising
that the AFM state in Ca3Ru2O7 is insensitive to impurity
doping.

One of the features of Ca3Ru2O7, which was not fully
addressed in our earlier paper,1 is the abrupt first-order meta
magnetic transition atH56 T for T,TM that results in a
nearly fully spin polarized metallic state with a saturat
moment,M sat, of 1.7mB /Ru ~vs expected 2mB for S51!.1

Our recentx(T,H), as shown in the inset of Fig. 4, furthe
confirms a field induced ferromagnetic~FM! state in
Ca3Ru2O7 that abruptly occurs atH56 T. It needs to be
emphasized that this spin-polarized metallic state is so s
direction dependent that it exists only whenH is parallel to
the a axis. Otherwise Ca3Ru2O7 remains nonmetallic below
TM with a low magnetic moment untilH@6 T.14 This in-
triguing behavior seemingly suggests an astonishing sim
ity to that of a half-metallic ferromagnet in which one sp
channel is metallic while the other spin channel
insulating.15 More importantly, the precipitous transitio
from the AFM to the FM state resolutely indicates a high
unstable ground state due to a strong competition betw
AFM and FM coupling commonly seen in almost all layer
ruthenates.3,8,16–18

The metamagnetism in a Mott-Hubbard system was th
retically predicted using a single-band model.19 Based on
this model, the metamagnetic transition is a function of
effective mass which is highly spin dependent. A discontin
ous change in the effective-mass enhancement factor in m
netic fields is then expected to lead to a first-order metam
netic transition to a magnetically saturated state. In this s
where all electrons are presumably in the majority spin s
band, the system is expected to be fully localized.19 In
Ca3Ru2O7, the metamagnetic transition characterized by
discontinuous jump inM (H) may indeed be first order,20

however, the magnetically saturated state antithetically
comes much moremetallic ~as seen in Ref. 1 and Fig.
above!. This discrepancy, which could be due to a possi
existence of multiple bands in Ca3Ru2O7 where the single-
band model can no longer be applicable, is striking and c
tainly merits thorough studies. Nevertheless, it is likely th
the field-induced transition may precipitate a sudden cha
et
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at the Fermi surface that leads to a rapid disappearance o
narrow gap~0.1 eV! and/or a strongly ferromagnetic sta
that favors a metallic ground state.

The results presented in this paper are in sharp con
with those of other related systems. In the case
(Ca12xSrx)3Ru2O7, all distinctive magnetic and transpo
properties of Ca3Ru2O7 are nearly retained for aboutx
50.30.3 The much more drastic changes seen
(Ca12xLax)3Ru2O7 suggest a remarkably critical role of th
added electron from the La ion. Similarly, the suppression
the insulating phase is attained much more readily in
single layered (Ca12xLax)2RuO4 ~Ref. 8! than in
(Ca12xSrx)2RuO4.

21 It is also interesting to note that in spit
of the similar monotonic depression ofTM in
(Ca12xLax)2RuO4 ~Ref. 8! and (Ca12xLax)3Ru2O7, the mag-
netic properties are quite dissimilar. Even though both s
tems for x50 have antiferromagnetic insulating groun
states, La doping in (Ca12xLax)2RuO4 even for concentra-
tions as low asx50.005, causes hysteretic ferromagne
behavior. However, for (Ca12xLax)3Ru2O7 antiferromag-
netic order is preserved even up tox50.05 at which the
magnetic moment is fully quenched. It is apparent that
double layered series is less sensitive than its single la
counterpart to a crossover from antiferro- to ferromagne
orderingby changing composition, however, it is much more
easily tipped to a strongly ferromagnetic ground stateby ap-
plying modest magnetic fields. These distinct differences
point to the very same feature that characterizes the lay
ruthenates: a highly unstable ground state due to a str
competition between FM and AFM coupling.2,3,7,17,18,21This
point is also supported by recent theoretical studies indi
ing that ferromagnetic and antiferromagnetic fluctuations
coexist in the Ruddlesden-Popper Ca- and Sr-ba
ruthenates.16

The work presented in this paper underscores the extr
sensitivity of the Ca-based ruthenates to band filling effe
and the intimate connection between the magnetic prope
characterized by the magnetic moment and magnetic or
ing and the proximity of the resistivity anomaly associat
with a metal-nonmetal transition. In addition the work unde
lines the dual functions ofd electrons at the Fermi surfac
which determine both magnetic moment formation and el
tronic carrier transport.
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cussions. The work carried out at NHMFL was supported
the National Science Foundation under Cooperative Agr
ment No. DMR95-27035, NHMFL In-House Research P
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