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CaRw,0; is a Mott-like system with a narrow gap-=0.1 eV). Very dilute doping of trivalent L&a<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 characterizeRug@,. The antiferromagnetic metallic
phase unique to GRW,0; persists into (Ca_,La,)3sRu,0; with x=0.04, which is followed by a fully metallic
ground state with a quenching of the magnetic momemt=a0.05. 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 §gRu,0O; is much more drastic than that of Sr doping, implying
the importance of the added electron from the La ion. UnlikeRD&), where ferromagnetism is instantly
induced in the antiferromagnetic host by La dopinggRia0O,; shows no ferromagnetic ordering when La
doped, but readily becomes a ferromagnet in modest magnetic fields.

CaRu,0; is a recently studied Mott-like system with a the buckling of the Ru-O-Ru bon@onic radiusr=1.03 A
number of unique featuréslt has a double Ru-O layered for Lavs 1.00 A for C thus increasingV (bandwidth con-
orthorhombic structufe and belongs to the Ruddlesden- trol), and adds an extra electron to the systgifing con-
Popper series, Ga;RU,05,.1, With n=2. CaRu,0; un- trol). While the ele_ctrlcal resistivity is expectedly redu'ced as
dergoes antiferromagnetic orderinglat=56 K and a metal- & result of La doping, the observations are very strikitig:
nonmetal transition at Ty=48K with a unique The. impact of La oalo_pln.g IS much strongle_r than that of Sr
antiferromagnetic metallic phas@AFM) intermediate be- dppmg (=1.18A) indicating a more cr_|t|cal role.o.f the
tween the paramagnetic metaliEMM) and antiferromag- f|l||ng-control. (2) _The AFM phas_é, persists surprisingly
netic insulating/AFI) phases: Distinguishing it from other miooaz);ullél n_l?ﬁtalhc grou_nd state in (Q"i/XIFEaX)3IRUZO7 fohr
Mott systems, C#&Ru,O; undergoes very sharp and concomi- x=0.04.(3) The magnetic moment, i /Ru (close to the

. . o .~ expected 20g/Ru for the low spin stat€'T,, of 4d”) is
tant metamagnetic and negative magnetoresistive transitionsy " \anched forx=0.04 whereas the critical field for the

at 6 T which lead to a field induced ferromagnetic meta"icmetamagnetic transition remains at 6. A high-field tran-
phase aff<Ty . The field-temperature phase diagram for g, in the resistivity is found, resulting in a total resistivity

CaRu,0; (Ref. 1) displays a wealth of extraordinary physi- gecrease of more than 85%. This transition shows an unusu-
cal properties characterized by abrupt temperature- or fieldyly |arge hysteresis and becomes even irreversible as La
induced transitions that separate a variety of magnetic angoping increases, mimicking that of,PrCaMnOs.” (5) In
electronic phases, which are highly anisotropicsRl80;  sharp contrast to its sister compound,Ra0, where La
can serve as an ideal model system to explore new physigfoping instantly induces antiferromagnetic to ferromagnetic
unigque to 4l electrond and address fundamental issues suctordering?® Ca;Ru,0; shows no occurrence of ferromagnetism
as the complex interplay of spin and charge degrees of freavhen La doped. However, it becomes strongly ferromagnetic
dom characteristic of almost all strongly correlated systemsin magnetic fields larger than 6 T through spin reorientation,
The intra-atomic Coulomb interactiob, for CasRu,0O;is  demonstrating an unstable magnetic ground state typical of
believed to be comparable to the kinetic energy or bandthe layered ruthenates.
width, W, characteristic of Mott-Hubbard systems. Results of The magnetic-moment suppression accompanying the ap-
recent optical and Raman studies indicate thajRDgO; is  proach to the metallic ground state in (Cala,);Ru,0;
indeed delicately poised near a metal-nonmetal bordérlinedemonstrates persuasively that spin and charge are intimately
with a charge gap of 0.1 eV foF<T,,.°> Thus any small associated and that the d4 electrons serve a dual
perturbations may be expected to readily prompt drastiéunction—to form the localized moment on the Ru site and
changes in the ground state. to serve as carriers for the electrical conductivity. The pre-
In this paper, we demonstrate that the metal-nonmetgbonderance ofl-electron weight at the Fermi surface is sup-
transition, the spin gap, the metamagnetic transition angorted by photoemission studfésand local-density approxi-
saturation magnetic moment, and the high-field magnetoremation calculations of the band structure of related
sistive transitions of GRW,O; are suppressed uniformly and ruthenates, where no evidence sfor p-electron contribu-
rapidly by only slight substitution of the trivalent La for the tion to the density of states at the Fermi surface is fotfnd.
divalent Ca. In addition, we present the detailed crystal struc- Single crystals of (Ca ,La,)sRu,0; were grown in Pt
ture of CaRu,0; determined by single-crystal x-ray diffrac- crucibles using a flux technique described elsewhet@he
tion. The substitution of the larger trivalent La ion relaxescrystal structure of GiRu,O; is determined by single-crystal

0163-1829/2000/62)/9986)/$15.00 PRB 62 998 ©2000 The American Physical Society



PRB 62 SPIN-CHARGE COUPLING FOR DILUTE La-DOPED GRW,0; 999

TABLE I. Atomic position in CaRu,0;.

Element X y z ¢ 3

Ru 0.25192 0.86409 0.40135

cal) 0.73703 0.30989 0.00000

ca?2) 0.24336 0.41629 0.31139

o) 0.81582 0.34578 0.69846 3

0(2) 0.33745 0.88862 0.50000 ¢

0(3) 0.44737 0.06527 0.08109 A 4

0O4) 0.94891 0.16272 0.11546
x-ray diffraction using a Siemeri3/pc x-ray diffractometer. ) ¢
X-ray diffraction was also performed on powdered single

crystals of (Ca_,La,)3Ru,0-(x>0) using Siemen®-260
powder diffractometers, and the metric refinement was car- a
ried out using 18-23 reflections. The La concentration was
determined by energy dispersive x-rd&gDX). All results of
x-ray diffraction and EDX indicated that the crystals studied
were pure and without any second phase. Several different
growth melts were performed for each composition to ascer-
tain reproducibility, and the data shown are representative of
these compositions. Resistivity was measured with a stan-
dard four-probe technique and magnetization with a Quan-
tum Design superconducting quantum interference device

(SQUID) magnetometer. a
CaRW,0; is an orthorhombic system with th&2,ma
space grougor Cmc2, with a being the long axis The FIG. 1. The orthorhombic structure of ga,L0O; showing the

tilting of the RuQ, octahedra results iav2a’ xv2a’ xc lat-  filting and rotations of the Rugoctahedra in the ac plarieppe)

tice with a=5.3720(6) A, b=5.5305(6)A, and ¢  2andthe ab plandower).

=19.572(2) A. The atomic positions are listed in Table | ) )

where(x, y, 2 refer to the axega, b, 0, respectively. axis tend to merge asincreases. It is also noted that the
Shown in Fig. 1 is the crystal structure of {a,0, XIS changes abruptly at=0.03. o

where views of the ac and ab planes provide a clear view of esahg?ilg ilr?tr'?eg.bggzallSpIterllr?ee;(zcglgjanlcrt(ieosésg;/lttg&g(e)r,aiﬁie or

the layered nature and significant distortions. The distortion - -

are particularly severe in the ac plane where the tilting of th _ﬁ?ie—glfszuﬁ% ,Y:;g X; Qs’”cl)‘borlﬁg?w%t'oz.a?"cl)’n ?gdbg'g.i'_

RuQ; octahedra is most pronounced. The differences in thé X | ' h Yy axl gne IZI : h :

degree of tilting among the octahedra along thexis as cussed below, the axis being perpendicular to the Ru-O

o . . planes). Data forx=0.02 are omitted for clarity. The sharp
compared to thd axis is responsible for the orthorhombic ; ; _ :
distortion. The tilting is clearly reflected in the Ru-O-Ru increase inp(T) at Ty =48 K becomes more rounded with

. . . o \ana. INCreasingx, the onset ofTy, decreasing with temperature
bond angles, which differ considerably from 180°. Wltohln and becoming fully suppressed for 0:08< 0.04. While the
the planes, these angles alternate between 149.87° and . : ;

o . . . . Xx=0.04 sample is on the border of the metallic state with a
150.47%, while for Ru ions in adjacent layers the Ru'O'Ruclose proximity to the insulating state, tke- 0.05 sample is
angle is 152.13°, which is primarily within the ac planes. The ' '
orthorhombic distortions present in £RaL,0; extend even to
the individual Ru@ octahedra, contorting them so that each
of the six Ru-O bond lengths is slightly different, and
O-Ru-O bond angles are bowed slightly away from 180°. ssl AT
Along the ¢ axis, the Ru-O bond length for oxygen sand- :
wiched between the two Ry®lanes is 1.9910 A, while the
other Ru-O bond length is 1.9914 A and this O-Ru-O bond
angle is 177°. For each octahedron, the four Ru-O bonds that
lie within the plane are all different, i.e., 1.9834, 1.9872,
1.9972, and 2.0088 A. The O-Ru-O bond angles are much ,
closer to 180° within the plane, where they alternate between S
179.42° and 179.53°. 5.35L . L L L 19.57

Doping the larger La ion significantly reduces the ortho- 0 0.01 0.2 . 0.03  0.04  0.05
rhombic distortion, and thus, the degree of the Ru-O-Ru
buckling. This is clearly reflected in Fig. 2 where taandb FIG. 2. The lattice parametera, b, andc, vs x.
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FIG. 3. (a) Electrical resistivity,o(T), vs temperature for five
(Cq _,La,)3Ru,0; samples. Data for the=0.02 sample are omit-
ted for clarity. (b) Magnetic susceptibility vs temperature for six
(Caq_,Lay)3Ru,0; samples wittH|la. Insets show details near the

transitions.

fully metallic. For 56<T<250K, p(T) is linear, suggesting
non-Fermi-liquid type behavior, and foF>250K, p(T)
~po+AT? with coefficient A~ —8x10 ° uQ cm/K? The
inset of Fig. 1a) shows details of the(T) anomalies afy,
and Ty, respectively, forx=0, 0.01, and 0.03. The sharp
decrease irnp(T) at Ty clearly indicates the onset of the
antiferromagnetic metallic phase existing in a narrow ye
well defined temperature range ©f;<T<T)y. This transi-

tion broadens

The temperature dependence of the magnetic susceptib,
ity, x(T) defined asM/H, is shown in Fig. 8) for all six
different concentrations frome=0 to 0.05. The measuring
field,H (=0.5 T), was along the easy axis. In all cas¢svas
small enough tha vs H was linear saVi/H represents the
zero-field susceptibility,y(T). Data were taken by field

ax increases.
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FIG. 4. Magnetization vs field atT=5K for five
(Ca _4La,)sRW,0; samples wittHlla. The transition field at 6 T is
constant, even as the saturation magnetic moment is quenched with
increasingx. The inset shows the magnetic susceptibility vs tem-
perature at different fields for GRu,O,. Note the sudden change at
H=6T.

x=0.04 and 0.05, the fits to the modified Curie-Weiss law
are unsatisfactory, implying possible spin fluctuations that
are absent when the ground state is nonmetallic. The de-
crease inpg may be reflective of a slightly mixed valence
Ru valence, driven by the trivalent La ion. It is noted that
there is a weak anomaly arouni=150K for x=0.04.
Whether this anomaly is intrinsic or due to a second phase is
not yet clear. Nevertheless, this does not affect the conclu-
sions drawn from these data.

The inset for Fig. &) shows details ofy(T) for x=0,
0.01, and 0.02 aty=56 K andTy,=48K, where the onset
of the precipitous decrease y(T) may be used to define
Ty . This anomaly is not characteristic of a typical
antiferromagnét and may be related to the opening of a spin
gap in the electronic excitation spectrum due to a possible
structural change. While there is no direct evidence for a
structural transition occurring at,,=48K, a concomitant
tsoftening and broadening of an out-of-phase oxygen phonon
mode forT<T,, is observed in the Raman stutiguggest-
g a strong modulation af-p hybridization, or strong mag-
netoelastic coupling due to a strong modulation of the Ru-Ru
interaction. Nevertheless, the abrupt drof gtfollowed by
the nearly zeroy(T) at T<T,, appears to be a nearly first-
order transition leading to a ground state with a spin gap.
Doping with La relaxes this constraint, agdT) approaches

cooling, demonstrating unambiguously that the magneti@ finite value, as evident ip(T), implying excitations above
transitions, which are not hysteretic, are antiferromagneti@n increasingly smaller spin gap.

rather than ferromagnetic or canted antiferromagnetic transi- Shown in Fig. 4 is the magnetizatioi(H), for the easy
tions, which would yield some remanence on field cooling.axis atT=5 K for (Ca _,La,)3sRu,0; for all x showing the

The data abovd shown in Fig. 8b) were fit to a modified
156<T
< 350K the effective magnetic momenty is 2.86ug/Ru
for x=0, nearly identical to that for the low-spirS€& 1)
value expected for the Rii(4d*) ion (2.83ug/Ru). The
Per Monotonically decreases to 2434/Ru for x=0.01,
2.52ug/Ru for x=0.02 and 2.14g/Ru for x=0.03 but for

Curie-Weiss

law, x(T)=xo+C/(T—©). For

precipitous rise oM (H) to saturation valued/l ¢,.. All mea-
surements were made after zero-field cooling the sample.
With increasing La content\ ¢, rapidly diminishes and is
fully suppressed ak=0.04 even though the antiferromag-
netism persists for this composition. This unambiguously as-
sociates the metamagnetic transition with the insulator to
metal transition. It is surprising, however, that the critical
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FIG. 5. (a) The Nesl temperatureT,, vs x and metal insulator o ) )
transition temperaturel, , for (Ca_,La,)sRu,0, delineating the FIG. 6. (a8 High-field isothermal magnetoresistance of
three phases, PMM, AFM, and AFI. Thg, are determined both C&RW:07 for several temperatures. The low-field transition is si-
from the upturn in the electrical resistivitfilled diamondy and ~ Multaneous with the metamagnetic transitisee Fig. 2, the hys- -
from the peak in the magnetic susceptibiliypen squargs The  teretic upper-field transitions are new features, absent in the high-
antiferro-magnetic metallic phase persists beyond the quenching eld magnetization(b) Similar data forx=0.03. The inset shows
the AFI phase{b) The saturated momem . vs x, and effective  details of the large hysteresis associated with the upper-field transi-

moment,Pegt VS X. tions.

field for the metamagnetic transition fork<<0.03 remains sponding transition is seen up to 50 T in pulsed fikl{H)
sharply defined and essentially unchanged. The inset of Fidor the easy axi¢ (data not shownon CaRw,0;. (2) The
4 shows details oM (H,T). overall negative magnetoresistance ratio( p(0)
The La concentration dependence of the PMM, AFM, and— p(H)1/p(0)), which is as high as 88%, is nearly identical
AFI phases is illustrated in Fig(& which serves as a phase for x=0 and 0.03 although the decreasesar for x=0.03
diagram. The metal-insulator transition is defined both frombecomes significantly smaller, which is consistent with the
the temperature at which the resistivip(T) shifts from  smaller metamagnetic rise iNM(H). (3) The higher-field
positive to negative temperature dependence and from thigansitions are so hysteretic that they become nearly irrevers-
onset of the sudden decreaseyiil). Both T, and T, de- ible at low temperatures for=0.03[inset of Fig. €b)]. This
crease in a parallel fashion, and the AFM phase indeed existsehavior is commonly seen in heavily doped mangahites
almost in the entire doping range. Fo« 0.05, there is com- where the percolative effect is believed to be the origin. It is
plete suppression of the AFI and AFM phases so the systemnclear whether this behavior seen in (Cd a,) sRu,0O; can
remains fully metallic to the lowest measured temperaturebe attributed to the percolative effect, given such dilute La

albeit with high resistivity. The saturation momentdg,,  doping.
are shown in Fig. &) along withpgs vs x. The S=1 values As mentioned above, a singular feature otRa&0- is an
are indicated and close to those measuredfef. observation in a stoichiometric compound at ambient pres-

Figures 6a) and Gb) show the longitudinal magnetoresis- sure of the AFM phasefor 48<T<56 K. Closely examin-
tivity in high fields along the easy axis for=0 (a) and x ing Fig. 2, we find it indisputable that the AFM phase per-
=0.03(b) for T<T,, . There are two distinct transitions, one sists up tax=0.04 where the AFM phase is characterized by
at 6 T where the metamagnetic transition occurs, the other dhe metallic behavior and well-defined antiferromagnetic or-
higher fields which was not known before. The data exhibit alering neafTy=26 K. This is supported by the data of Fig.
few noticeable feature$1) While the 6 T transition remains 4: For x=0.04, the metamagnetic transition is completely
essentially unchanged as temperature andry, the high- absent, which unambiguously associates T metamag-
field transition decreases quickly with increasing temperatur@etic transition with the AFI to AFM transition. For Mott
andx. These two transitions are evidently driven by differentsystems wher&V is comparable tdJ, the AFM phase was
mechanisms. The 6 T transitions are clearly associated withredicted to be located either between the PMM and AFI
the metamagnetic transitior(&ig. 4). However, no corre- phases as in GRwO; or as a ground state alone as for
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0.04<x<0.05. The calculation was based on a solution toat the Fermi surface that leads to a rapid disappearance of the
the Mott-Hubbard Hamiltonian for the case of magnetic frus-narrow gap(0.1 eV) and/or a strongly ferromagnetic state
tration involving the nearest- and the next-nearesthat favors a metallic ground state.

neighbor$. According to the model, the Né temperature The results presented in this paper are in sharp contrast
decreases as the degree of frustration increases and for int&ith those of other related systems. In the case of
mediate frustration, the AFM phase arises. Because of thi€Ca —xSk)3sRU,07, all distinctive magnetic and transport
sensitivity, the AFM phase has never been seen in other stg¥operties of CsRw,0; are nearly retained for about
ichiometric materials at ambient pressé¥sp it is surprising  =0-30° The much more drastic changes seen in

that the AFM state in 0O, is insensitive to impurity  (Ca-xLa)sRKO; suggest a remarkably critical role of the
doping. CREO7 purity added electron from the La ion. Similarly, the suppression of

the insulating phase is attained much more readily in the
single layered (Ca,lLa,),RuQ, (Ref. 8 than in
(Ca,_,Sr,),Ru0,.?! It is also interesting to note that in spite
of the similar monotonic depression ofTy in

One of the features of GRu,0,, which was not fully
addressed in our earlier papss the abrupt first-order meta-
magnetic transition aH=6 T for T<Ty, that results in a

nearly fully spin polarized metallic state with a saturated(Cai _La),Ru0; (Ref. 8 and (Ca_,La,)sRu,0,, the mag-
moment,M g, Of 1.7u5/Ru (vs expected g for S=1)." G properties are quite dissimilar. Even though both sys-
Our recenty(T,H), as shown in the inset of Fig. 4, further 1emg “for x=0 have antiferromagnetic insulating ground
confirms a field induced ferromagnetiG-M) state in states, La doping in (Ga,La,),RuQ, even for concentra-
CaRwp,0O; that abruptly occurs aH=6T. It needs to be jons as low asx=0.005, causes hysteretic ferromagnetic
emph_asmed that this spln—polgrlzed metalllc. state is o Spifsehavior. However, for (Ga,La,)sRu,0O; antiferromag-
direction dependent that it exists only whenis parallel to  netic order is preserved even up xe=0.05 at which the
the a axis. Otherwise CRU,0; remains nonmetallic below magnetic moment is fully quenched. It is apparent that the
Ty with a low magnetic moment unti>6 T.'* This in-  double layered series is less sensitive than its single layer
triguing behavior seemingly suggests an astonishing similareounterpart to a crossover from antiferro- to ferromagnetic
ity to that of a half-metallic ferromagnet in which one spin orderingby changing compositigrnowever, it is much more
channel is metallic while the other spin channel iseasily tipped to a strongly ferromagnetic ground statep-
insulating® More importantly, the precipitous transition plying modest magnetic fieldShese distinct differences
from the AFM to the FM state resolutely indicates a highly point to the very same feature that characterizes the layered
unstable ground state due to a strong competition betweefithenates: a highly unstable ground state 7(111#?82 a strong
AFM and FM coupling commonly seen in almost all layered COmpetition between FM and AFM couplifig:”+"***This
ruthenates:8-16-18 point is also supported by recent theoretical studies indicat-
The metamagnetism in a Mott-Hubbard system was thedNg that fgrromagnetic and antiferromagnetic fluctuations do
retically predicted using a single-band molfeBased on  CO€Xist in_the Ruddlesden-Popper Ca- and Sr-based

6
this model, the metamagnetic transition is a function of thJUt?r?]nateé'k ted in thi q th ¢
effective mass which is highly spin dependent. A discontinu- € work presented in this paper underscores the extreme

. ey : ensitivity of the Ca-based ruthenates to band filling effects
ous change. in the effective-mass enhancgment factor in ma nd the intimate connection between the magnetic properties
netic fields is then expected to lead to a first-order metamagy, . - -terized by the magnetic moment and magnetic order-
netic transition to a magnetically saturated state. In this stat

) g ) ﬁg and the proximity of the resistivity anomaly associated
where all electrons are presumably in the majorlty_ Spin SUb\'Nith a metal-nonmetal transition. In addition the work under-
band, the system is expected to be fully localizédn

i . i lines the dual functions ofl electrons at the Fermi surface
CaRu,0;, the metamagnetic transition characterized by th§yhich determine both magnetic moment formation and elec-
discontinuous jump ifM(H) may indeed be first ordéf,

: AT tronic carrier transport.
however, the magnetically saturated state antithetically be-

comes much morenetallic (as seen in Ref. 1 and Fig. 6  We would like to thank V. Dobrosavljevic for useful dis-
above. This discrepancy, which could be due to a possiblecussions. The work carried out at NHMFL was supported by
existence of multiple bands in gRW,O; where the single- the National Science Foundation under Cooperative Agree-
band model can no longer be applicable, is striking and cerment No. DMR95-27035, NHMFL In-House Research Pro-
tainly merits thorough studies. Nevertheless, it is likely thatgram grant and the State of Florida. R.P.G. was supported in
the field-induced transition may precipitate a sudden changpart by the Research Corporation.
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