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Field-tuned collapse of an orbitally ordered and spin-polarized state: Colossal magnetoresistance
in the bilayered ruthenate Ca;Ru,0-,
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CaRu,0, with a Mott-like transition at 48 K and a & temperature at 56 K features different in-plane
anisotropies of the magnetization and magnetoresistance. Applying a magnetic field along the magnetic easy-
axis precipitates a spin-polarized state via a first-order metamagnetic transition, but does not lead to a full
suppression of the Mott state, whereas applying a magnetic field along the magnetic hard axis does, causing a
resistivity reduction of three orders of magnitude. The colossal magnetoresistivity is attributed to the collapse
of an orbitally ordered and spin-polarized state. This phenomenon is striking in that the spin polarization,
which is a fundamental driving force for all other magnetoresistive systems, is detrimental to the colossal
magnetoresistence in thigldased electron system. Evidence of a density wave is also presented.
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The physics of magnetoresistance has generated enand b axes for 0.6sT<80 K, and nonlinear transport for
mous interest in recent years. While this quantum mechanivarious temperatures and magnetic fields. It is these results
cal phenomenon is in general associated with the spin scatoupled with some previous data that provide coherent and
tering process of conduction electrons, the origins of variougomprehensive evidence of the role of the orbital ordering,
kinds of magnetoresistance are vastly different. The giantvhich has never been addressed in our previous work. It is
magnetoresistance observed in magnetic metallic multiplayarow clear that the orbital and spin degrees of freedom are
structures can be qualitatively explained using the two curintimately coupled so that polarizing spins stabilizes the or-
rent model, corresponding to up-spin and down-spinbitally ordered state that forbids the electron hopping, and
electrons: Tunneling magnetoresistance, often seen in magthus the destruction of the spin-polarized state naturally leads
netic tunnel junctions separated by an insulating spacer layetp a “quantum melting” of the orbitally ordered state that in
is a consequence of spin-polarization. On the other handurn brings about the colossal magnetoresistance. This con-
colossal magnetoresistan@MR), seen only in the mixed- clusion is also supported by evidence for the formation of a
valence manganites so far, originates from a metal-insulatadensity wave along tha axis.
transition in the vicinity of the Curie temperature driven pri-  The bilayered CsRu,O; belongs to the Ruddlesden-
marily by double exchange due to the hoppingegfelec-  Popper series with lattice parametersacf 5.3720(6) Ab
trons of Mr?™ ions and the Jahn-Teller effett. =5.5305(6) A, andc=19.572(2) A? The crystal structure

The novelty of the bilayered GRW,O,, as presented in is severely distorted by tilting of RuQ The tilt projects
this paper, is thathe colossal magnetoresistivity is a result of primarily onto theac plane (153.22% while only slightly
the collapse of the orbitally ordered state that is realized byimpacting thebc plane (172.09.% These are crucial bond
demolishing the spin-polarized stat&his phenomenon is angles defining anisotropic spin-orbital-lattice coupling
striking in that the spin polarization, which is a fundamentalwithin the basal plane. GRu,O; undergoes an antiferro-
driving force for all other magnetoresistive systems, is detri-magnetic ordering afy=56 K while remaining metallit
mental to the colossal magnetoresistence in tldsbdsed and then undergoes a Mott-like transition &f,=48 K
electron system. Indeed, the electron kinetic energy hingedRefs. 3—1]1 with the formation of a charge gap of 0.1 eV
on the spin-orbital-lattice coupling in such a way that apply-that bears a resemblance to a Mott systéfiShown in Fig.
ing magnetic fieldB, along the magnetic easy axis axis 1 is the temperature dependence of magnetizalitT,), for
precipitates a spin-polarized state via a first-order metamaghe a andb axes aB8=0.5 T along with temperature depen-
netic transition, but does not lead to a full suppression of theélence of the lattice parameters of thaxis(a) andM(T) for
Mott state, whereas applyiri§jalong the magnetic hard axis the two orientations aB=6.5T (b). Although similar data
(b axis) does, giving rise to a resistivity reduction of three were shown previously, Fig. 1 presented here is meant to
orders of magnitude. Our previous work indicated the puzemphasize two major features that are critically linked to
zling anisotropic behavior observed in the field dependencéater discussions. First, the low fieM(T) for the a axis, the
of the resistivity at temperatures below 0.6°ut it alone  magnetic easy axis, features two phase transition tempera-
could not establish the existence and consequences of ttieres,Ty=>56 K andT,, =48 K. In contrastM(T) for theb
orbital ordering. The results presented here reveal criticahxis exhibits no anomaly correspondingTg, but a sharp
information complementary to the previous work. These repeak atTy as shown in Fig. ). In addition, the precipitous
sults include the temperature dependence of the Mott staecrease oM for the a axis atTy, is accompanied by a
with Blla andb axes for a wide range of magnetic field (O simultaneous collapse of tleeaxis lattice parameter, indicat-
<B=28T), the field dependence of the resistivity wgtha  ing the importance of magnetoelastic interactions and a Jahn-
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FIG. 1. Temperature dependence of the magnetizaignfor 0_0001-..|.|....,.........l...................

the a and b axes atB=0.5T (a) and B>6.5T (b). The lattice 0 10 20 30 40 50 60 70 80
parameterc axis (right scale vs temperature is also shown (a). T (K)

The shaded area is the temperature range betWwgeand Ty .
FIG. 2. Temperature dependence of thaxis resistivity,p., at

a few representativB up to 28 T applied along the axis (a) and

Teller distortion of Ru@.%° Second, a8 applied parallel to  the b axis (b) for 1.2 K<T<80 K. Inset:p, vs T for B.=28T.
the a axis increasesl, shifts slightly, wheread remains  The temperature dependence of thaxis resistivityp, is identical
essentially unchanged initially and becomes rounded eventue that of p. presented here, and therefore not shown.
ally. At B>6 T, the first-order metamagnetic transition leads
to aspin-polarized or ferromagnetiM) state with a satu- Further increasin@® only results in slightly higher resistivity
ration momenM g =1.73ug/Ru along thea axis, suggesting at low temperatures. The reduction @f is attributed to a
more than 85% of a hypothetical saturation magnetizationunneling effect facilitated by a field-induced coherent mo-
2up/Ru expected for ars=1 system. On the other hand, tion of spin-polarized electrons between Ru-O planes sepa-
whenB is parallel to theb axis, Ty decreases with increasing rated by insulatingl) Ca-O planes. This situation is similar
B at approximately a rate of 2 K/T. Markedly, the magneticto an array of FM/I/FM junctions where the probability of
ground state foBllb axisremains antiferromagnetjentirely  tunneling and thus electronic conductivity depend on the
different from that forBlla axis as shown in Fig.(b). This  angle between spins of adjacent ferromagnets. It is astonish-
anisotropic behavior reflects the anisotropic spin-orbit couing that the spin-polarized state generates no fully metallic
pling that only favors the spin-stabilized orbital ordering state in spite of the pronounced impact of the tunneling effect
along thea axis belowT),, . The absence of the anomaly at on p.. In fact, the behavior op. at B=28 T suggests a still
Tw in the b axis M(T) confirms such an anisotropic spin- nonmetallic statésee the inse¢tWhat is entirely unexpected
orbit coupling. As can be seen below, applylB@long theb is that wherBllb axis, the magnetic hard axis, the Mott state
axis effectively destabilizes the spin-polarized state, and corstarts to collapse at approximately the rate of 2 K/T, and
sequently causes the collapse of the orbital ordered stateanishes aB>24 T, as clearly shown in Fig.(B).
which in turn drastically increases the electron mobility. Such an anisotropy is further illustrated in Fig. 3 whpge

Shown in Fig. 2 is the temperature dependence of thas a function oB is plotted forBlla axis[Fig. 3(@] andBllb
c-axis resistivity, p., at a few representativB, which is  axis[Fig. 3(b)], respectively, for a few representative tem-
applied along the axis[Fig. 2(@)] and theb axis[Fig. 2b)],  peraturesM at 5 K for thea axis and thé axis is also shown
respectively[Note that the same log scale is used for bothin Fig. 3(a) (right scalé for the discussion. WheBlla axis,
Figs. 2a) and 2b) for comparison|. For Blla axis, p. at low  p. shows a first order transition in the vicinity of 6 T, appar-
temperatures increases slightly with increasBigvhen B ently driven by the first order metamagnetic transition which
<6 T, and decreases abruptly by about an order of magnieads to the spin-polarized state with a saturation moment,
tude whenB=6T, at which the first order metamagnetic M;=1.73ug/Ru. This metamagnetic transition decreases
transition lead to the spin-polarized sté#dso see Fig. @)]. slightly with increasing temperature and disappears com-
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E .01 i é decreases abruptly wheB rotates away from thea axis atT
a " E E <40 K and that the easy-axis starts to rotate to lthaxis (®
e i =90°) with increasing temperature whamn>42 K. The field de-
0.001 ; pendence of tha-axis resistivityp, is nearly identical to that gb.
T presented here.
[ Y ]
0.0001 sttt ing the energy of thel,, orbital relative to that of thel,, and
B (T) d,, orbitals"® and facilitates the orbital ordering. On the

other hand, the orbital degeneracy can be also lifted by the
spin-orbit interaction, which is accompanied by simultaneous
spin symmetry breaking evidenced by the occurrence of the
magnetic ordering art,, in M for the a axis[see Fig. 1a)].

) ) This anisotropic magnetic behavior illustrated in Figs. 1-3
pletely whenT approachedy, (=48 K).° Further increasing can be attributed to the existence of the orbital ordering
B.to 30 T only result§ in a linear inprease of thg resist!vityakmg thea axis belowT,, that is stabilized by the spin-
with B. WhenBIlb axis, the magnetic state remains antifer- ho|arized state via the spin-orbit interaction. Loosely speak-
romagnetic as shown iM (b axis), completely different i, "sin ferromagnetism must be accompanied by antiferror-

from M (a axis) due to a strong anisotropy field of 22.4°T, bital order, and vice versa. Therefore, applyBiglong thea

and p. rapidly decreases at a critical field by as much as__._ - ffect st th th bital-ordered state by induc-
three orders of magnitude shown in FighB The tempera- axs In efiect strengthens the orbitak-ordered state by Induc

ture and field dependence of thexis resistivityp, is nearly ing the ferromagnetism. The magnetoresistive behavior for

identical to that ofp, presented here, therefore not shotn. 5]“;‘ saxlﬁ Sg?a\:\r/ir;;g;:g; @c?uncc:igr?)cﬁ tshl;'r? gg:tt?a r:it:]relyv\tlﬁ"e
While the abrupt, simultaneous transitions in bitrand pin p P 9,

p shown in Fig. 8a) suggest a strong spin-charge CouplingtEe sl:tlllk?gnme'Falrllltt): ber:lavu_)r arkl)ses from tf;)e_ olrbltgl orderlnlg
whenBlla axis, it is clear that the spin-polarized state can at"at forbids neighbor hopping between orbitals. Conversely,

most lower the resistivity by one order of magnitude eviden@PP!Ving B along theb axis effectively destabilizes the fer-
in both Figs. 2a) and 3a). Then,what is the origin that romagnetic state, thus the orbital-ordered state. The field-

reduces the resistivity by three orders of magnitude Wheﬁuneq collapse of the orbital-ordered state systematically apd
Bllb axis and when the spin-polarized state is destabiftaed drastically increases the electron hopping amplitude or ki-
is this issue that reflects the physics fundamentally differenfietic energy, leading to the colossal magnetoresistivity as it
from that driving other magnetoresistive materials includingis unequivocally illustrated in Figs.(8) and 3.
the manganites where a spin-polarized state is essential for In line with the argument, the magnetic easy axis starts to
CMR? rotate away from the-axis in the vicinity of T, and be-

It becomes increasingly clear that the behavior observedomes parallel to thb axis atTy with the saturation moment
in the ruthenate is predominantly associated with the role oMg being only 0.&.5/Ru, as shown in Fig. 4. This rotation
the orbital degree of freedom and its coupling to the spin andriven by the collapse of the axis shown in Fig. 1 effec-
lattice degrees of freedom. The orbital degeneracy can btively destabilizes the spin-orbit coupling favorable for the
lifted by both the Jahn-Teller distortion and the spin-orbitorbital ordering, resulting in the rare antiferromagnetie-
coupling. As shown in Fig. 1, the abrupt decrease in thdallic state intermediate betwe@m, andT) (the shaded area
c-axis lattice parameter &y, suggests the Jahn-Teller dis- in Fig. 1).° The itinerancy in turn leads to the reduckd,,
tortion that lifts the degeneracy of thg, orbitals by lower-  which is about a half of the saturation moment below 42 K.

FIG. 3. Field dependence pf for Blla axis(a) andBlIb axis(b)
for a few representative temperatures from 0.6 to 48/kat 5 K for
the a axis and theb axis is shown in(a) (right scale.
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S than 6 T along tha axis drastically reduces the magnitude of
pa With the nonmonotonic temperature dependeisee inset
2). Should the nonlinear behavior be due to the self-heating

0.0045 |

lla-axis

0.004 : effect, theE dependence ob, and thel-V curve would be
—_ [ characteristically different when measured below and above
E 0.9058 ! the peak at 25 K seen ip, (T) at 7 T shown in inset 2.
a . Nevertheless, the formation of the density wave belgyy,
:«s 0003 L although subject to a thorough investigatiémrovides ad-
7 ditional evidence for the existence of the orbital-ordered state
0.0025 brought about by the highly anisotropic spin-lattice-orbital
o coupling.
0002 - VA7 vw .. . - ] Recently, a theoretical study using the Hubbard model
[ 0, 0007 pHe 0065 O0d Oy | porgeappeaieenl with Coulombic and phononic interactions predicts the exis-
o 0 OI'EZ (Vic m(;.a - 05 tence of a ferromagnetic orbital ordered state and colossal

magnetoresistance in the ruthendfeghe phase diagram

FIG. 5. Resistivity for thea axis, p,, as a function of dc electric generated in this study shows that the ferromagnetic orbital
field, E, atB=7 T applied along tha axis for a few temperatures ordered state is stabilized when both the interorbital Cou-
indicated. Inset 11-V curves for temperatures indicated. Inset 2: lomb interaction and the phonon self-trapping energy are suf-
Temperature dependence @f at B=7 applied along the axis.  ficiently strong® The study also suggests a possible colossal
Note thatp, shows a peak near 25 K. That the nonlinear transporimagnetoresistive behavior due to a strong competition be-
behavior below and above 25 K is characteristically the same inditween ferromagnetic and antiferromagnetic states. The gen-
cates the self-heating effect, if any, is not dominant. eral agreement between the theoretical and experimental re-

The orbital ordered state might also be manifested by gults further validates the crucial role of the orbital ordering

possible density wave below,, . Shown in Fig. 5 is the d”\llr']ng trr]]elphier:]or?ﬁna. | | maanetoresistance reported
resistivity for thea axis, p,, as a function of dc electric field, conclusion, the colossa’ magnetoresistance reporte

E, atB=7 T applied along the axis. The nonohmic behav- here IS _d_ue to the_collaps_e of the orbital ord_enn_g throug_h
: : - .. destabilizing the spin-polarized state. The physics involved is
lor above the threshold fieldy, suggests sliding density fundamentally different from that governing all other mag-
wave transport® The onset of the nonlinear conduction is y 9 9 9

also evidenced by the current-voltage-\{) characteristic netoresistive materials.

shown in the inset. As S-shaped nonlinear behavior is also This work was supported by NSF Grants Nos. DMR-
observed aB=0, but the rapidly increasing resistivity with 0240813 and DMR-0100572. G.C. is grateful to Dr. Ganpa-
decreasing temperature beldvy,, creates ambiguity due to thy Murthy and Dr. Elbio Dagotto for very helpful discus-
possible self-heating. As discussed above, applrgrger  sions.
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