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Magnetic-field- and temperature-dependent Raman scattering studies of CazRu,0; reveal dramatic
field-dependent properties arising from transitions between various complex orbital and magnetic
phases, including a field-induced orbital-ordered to orbital-disordered transition (H,|| hard axis), and a
reentrant orbital-ordered to orbital-disordered to orbital-ordered transition (H,|| easy axis). We find
that the dramatic magnetic-field properties are most prevalent in a “mixed’~magnetic and -orbital phase
regime, providing evidence for a strong connection between orbital phase inhomogeneity and ““colos-

sal” field effects in the ruthenates.

DOI: 10.1103/PhysRevLett.93.167205

Many of the exotic phases and phenomena exhibited by
transition metal oxides (TMO) reflect the importance of
the orbital degree of freedom, which interacts strongly
with the spins, charges, and lattice via Jahn-Teller, spin-
orbit, and other interactions [1]. In La,_,(Sr, Ca),MnOs,
for example, partial filling of the e, orbitals leads to a
splitting of degenerate d(e,) states via a cooperative Jahn-
Teller distortion of the MnOg octahedra, contributing to
such phenomena as orbital ordering, polaron formation,
and electronic phase separation [1,2]. Although less thor-
oughly studied, TMO with partially filled 7,, orbitals,
such as the titanates, vanadates, and ruthenates, are po-
tentially more rich and interesting, due to both the higher
degeneracy of the f,, states and the strong spin-orbit
interaction in these TMO. The exotic orbital physics
associated with these TMO includes coherent orbital-
liquid phases in YVOj; and LaTiO;, [3,4] orbital ordering
phases in the vanadates [5] and ruthenates [6,7], and
“orbital selective’” Mott transitions [7,8].

The layered ruthenates (Sr, Ca),,Ru,O0s3,.; (n =
number of Ru-O layers/unit cell ) [9] have been of par-
ticular interest recently because of their diversity of
doping-induced phases, from orbital-ordered Mott insu-
lator in Ca,RuO, [7,9] and Ca3zRu,0 [9] to exotic super-
conductor in Sr,RuO, [9] or exotic metal in SrzRu,0,
[10]. However, the ruthenates are also characterized by a
wealth of magnetic-field-induced phases [10,11], due to
strong spin-orbit coupling in the 4d shell of Ru [12]. The
ruthenates also exhibit rich orbital physics, such as a
strong dependence of the orbital population on tempera-
ture and pressure in Ca,RuO, [12-14] and CazRu,0,
[15,16], and evidence for a “d,,” orbital-ordered ground
state consisting of an approximate hole distribution of 0.5
and 1.5 on the d,, and d,/,, orbitals in Ca,RuO, [12].

This Letter describes an inelastic light (Raman) scat-
tering study of the magnetic-field-induced orbital and
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magnetic phases in Ca;Ru,0;, (Ty =56 K; Ty =
48 K). In contrast to transport and magnetic measure-
ments [11], this study allows us to directly probe the field-
induced evolution of the orbital configuration, as well as
the attendant changes of the spin dynamics and structural
properties, in CazRu,0O,. Our investigation reveals a rich
orbital and magnetic phase diagram in Ca;Ru,0, which
is precipitated by the interplay between applied field,
magnetic exchange, and spin-orbit coupling.

Raman scattering measurements were performed on
CazRu,0; single crystals at temperatures 11.5-300 K,
and in magnetic fields up to 9 T. Spectra were obtained
with the applied field (H,) parallel to both the (easy) a
axis ([1,1,0]) and (hard) b axis ([1, —1,0]), with the
incident and scattered photon wave vectors q 1 H,
(Voigt geometry), and with circular polarized incident
and scattered photon polarizations. Figures 1(a)—1(d)
show representative field-dependent Raman spectra of
Ca;Ru,0; with H,||a axis, illustrating the two key spec-
troscopic features with which we are able to explore the
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FIG. 1. Representative magnon and phonon Raman inten-
sities for CazRu,O; as a function of magnetic-field
(H,|la axis): 57 cm™! magnon spectrum at (a) T =11.5K
and (b) T=43 K (X3.8), and Ru-O out-of-phase c-axis
phonon spectrum at (¢c) 7= 11.5 Kand (d) T = 43 K ( X 0.84).
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field-induced spin and orbital configurations in this
material:

Spin configuration.—Figures 1(a) and 1(b) show a low-
frequency mode near 57 cm™! associated with spin wave
(magnon) excitations of the antiferromagnetic (AF)
ground state [15,16]. This mode was tentatively identified
in zero-field Raman measurements [15] as a two-magnon
(double spin flip, AS = 0) excitation, based on the mode’s
temperature dependence and symmetry. However, the
magnetic-field-induced splitting observed in this study
allows us to more conclusively identify the 57 cm™!
mode as a single-magnon (single spin flip, AS = *=1)
excitation. Here, we use this magnon to monitor the field
dependent spin configuration in CazRu,0O;.

Orbital configuration.—Figures 1(c) and 1(d) show the
field dependence of the Ru-O phonon near 416 cm™! in
Ca3Ru,05. This mode is exquisitely sensitive to the RuOg
octahedral structure and orbital population as functions
of temperature [15] and pressure [16]: it has an energy
~433 cm ™! in the metallic [11] orbital-degenerate phase
(T > Ty = 48 K), in which regime the RuOg octahedra
are undistorted (a"© ~ dﬁ“o; d®"Oand dﬁ“o = apical and
in-plane Ru-O bond lengths) and the four Ru d electrons
have an approximate d-orbital distribution (n,,/,,, n,,) ~
(8/3,4/3) [7]. However, this mode softens dramatically
to less than ~418 cm™! in the insulating [11] “dy”
orbital-ordered (OO) phase of CazRu,0;. In this phase,
the RuOq octahedra become compressed (d*® < df)
[17], which lowers the energy of the d,, orbitals relative to
that of the d, . orbitals, and causes an approximate
d-orbital distribution of (ny,/,,, n,,) ~ (2,2) [18]. Here,
we exploit the strong correlation of this Ru-O phonon
energy with orbital distribution to investigate field-
induced changes in d§'©/df"® and the orbital
configuration.

For fields H,||a axis ( = [1, 1, 0]), the field-dependent
spectra summarized in Figs. 2(a)—2(c) reveal several
interesting field-induced magnetic and orbital phases:

(i) Orbital-degenerate regime.—For T > Tyy(= 48 K)
and in moderate fields (H, < H*), the Ru-O phonon en-
ergy is roughly 433 cm™!, suggesting that the Ru ions
have an approximate d-orbital population (n,,/.,, ny,) =
(8/3,4/3) and that the RuOg octahedra are undistorted,
dReo ~ dﬁ“o. Interestingly, although transport and mag-
netic measurements suggest that this regime (Tyy <7 <
Ty) is an AF metal with moments oriented along the b
axis [11], no magnon response is observed, presumably
because it is overdamped by itinerant charges.

(i1) AF/00 regime.—At low temperatures (T < Ty)
and applied fields, H, < H,., the magnon mode near
57 cm™! is clearly observed and splits into two modes
with increasing field. This field-dependent splitting is
consistent with the behavior expected of k =0 spin
waves in a simple two-sublattice AF (H,|| easy axis),
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which have energies given by

wt(k =0) = [aJL(k =0) + ,8J||(k
=0) + gupHal = gupgH, = AN + guzH,,

where J (k = 0) and J)(k = 0)(~gupzH) are the inter-
layer and intralayer exchange coupling parameters, H,
and Hg are the in-plane anisotropy and exchange fields,
and « and B are exchange parameters [19]. In the case of
A-type AF Caz;Ru,0; [in-plane ferromagnetic (FM), in-
terplane AF] [11], the spin waves associated with these
two energies can be attributed to spins precessing in
opposite senses on adjacent Ru-O layers. The observed
splitting of the magnon energies at H, =5 T and T =
11.5 Kis Aw™ = 9.5 cm™! [Fig. 2(a)], which is consis-
tent with 2gugH, = 9.3 cm™! for g = 2. Also, the large
magnon energy reflects a substantial AF spin gap
o= (H, =0) = AAF =57 cm™!, indicative of the large
exchange and anisotropy fields in CazRu,0;. Signifi-
cantly, throughout the AF-OO temperature and field re-

12 3 a4 5 6 7 8
H, (T)

S e 0
_\"m "71. SF/OD

€
4 HSF
E i
§> AFI00(d,)  TEMI0O (d,)
& ] Li === s ==
B S - LA G oo
il X ra # s
.
¢ p 3 5 5
H, (M)

FIG. 2 (color). (a) Magnon energy vs magnetic-field for vari-
ous temperatures in Ca;Ru,0; with H,||a axis. (b) Ru-O pho-
non energy vs magnetic field for various temperatures with
H,|la axis, illustrating OO and OD regimes. (¢) H,-T phase
diagram for H,||a axis, deduced from results in (a) and (b).
Squares denote transition between AF/OO and SF/OD phases,
diamonds denote transition between AF/OO and FM/OO
phases, purple circles denote transition between SF/OD and
FM/OO phases, and triangles denote transition between
orbital-degenerate and SF/OD phases.
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gime, the Ru-O phonon mode is field independent and has
a low-frequency value =< 418 cm™!, indicating that orbi-
tal ordering persists in this phase. Indeed, transport mea-
surements indicate insulating behavior in this regime [11],
presumably due to the weak hybridization associated with
the occupied d,, orbitals [7,8].

(iii)) FM/OO regime.—As shown in Fig. 2, for H, >
H.~ 59T, the split AF magnon modes collapse to a
single-magnon mode, indicating a metamagnetic transi-
tion from an A-type AF configuration to a FM configu-
ration. Metamagnetic transitions are expected for H, =
H.(=2Hg — H, [19]) when a material’s anisotropy field
H, is larger than its exchange field Hy [20]. Hysteretic
behavior between Raman spectra obtained when increas-
ing and decreasing the field confirm that the metamag-
netic transition is first order. Importantly, Fig. 2(b)
shows that the Ru-O phonon mode maintains its “low”
OO value through the metamagnetic transition in
CazRu,05, indicating that neither the orbital configura-
tion nor the RuOg octahedral structure are influenced by
this transition. This is consistent with the fact that the
moments remain oriented along the easy-axis direction
through this transition, and therefore induce no orbital
rearrangement via the spin-orbit interaction.

Several important 7 ~ 0 parameters can be extracted
from the magnon spectra measured well below Ty (at T =
11.5 K). For H, > H_ and J; < J||, the field-dependent
FM magnon energy is given by

o™ = [gupHr — aJ| + gupHal + gugH,,

[19], which is consistent with the measured field depen-
dence, AE/AH, ~ 1 cm™'/T, of the magnon energy in
Fig. 2(a). From the observed critical field H,. in
Ca3Ru, 05, we can estimate an interlayer exchange energy
of gugH, = aJ; ~ 5.5 cm™! (0.7 meV). Note also that
the linear extrapolation of @™ (H,) back to zero field
(i.e., FM spin gap) in the FM-OO regime is A™ ~
49.5 cm™!, which is roughly 7.5 cm™! lower than the
measured AF spin-gap energy AAF ~ 57 cm™!. The dif-
ference between the zero-field AF and FM magnon
energies is expected to be Aw ~2aJ; =2guzH,. =
11 cm™!, which compares reasonably with the measured
difference, Aw ~ 8 cm™! (1 meV) in Fig. 2(a). Finally,
from the critical field energy gugH.(= aJ;)~
5.5 cm™!, the AF spin-gap AAF ~ 57 cm™!, and the rela-
tionship H, = 2Hg — H, [20], we estimate H4 ~ 35 T in
CazRu,0; at T =11.5 K. These values are somewhat
larger than estimates obtained from the low-7T magnetic
susceptibility, Hy ~224 T and Hp~ 142 T [11].
Figure 2(a) shows, however, that AAF and A™ decrease
with increasing T, indicating that H,, Hy, and H,/Hp
systematically decrease with increasing 7' in CazRu,0.
Note that the temperature dependences of AAF and AFM
are consistent with magnon frequency renormalization
predicted by spin wave theory and with the temperature-
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dependent magnon energies experimentally observed in
other AF and FM systems [19].

(iv) SF/OD regime.—In contrast to the metamagnetic
transition in Cas;Ru,0;, which has no influence on the
orbital population, Fig. 2(b) shows that the Ru-O phonon
frequency at higher temperatures B0K<T<Ty ) in-
creases rapidly with increasing field, then subsequently
decreases with field back to its zero-field value. This field-
induced phonon energy renormalization reflects an evo-
lution of the orbital configuration in CazRu,0; from an
AF “d,,~00 arrangement (n,,/.,,n,,) = (2,2) for H, <
Hge to an ‘‘orbital-disordered” (OD) configuration
(Hsg <H,<H,) in which the RuOg octahedral structure
and Ru d-orbital population first change rapidly with field
toward their orbital-degenerate values, d"® ~ dji*° and
(y2/20 Nyy) ~ (8/3,4/3), then return rapidly to their OO
configurations at higher fields. At still higher fields, H, >
H., the Ru-O phonon frequency saturates at its low-
frequency, OO value, and a weak FM magnon reappears
[Fig. 1(a)], revealing a transition to a “reentrant” d,,-OO
(FM) phase when H, (||a axis) is large enough to align
the moments along the a axis.

This complex and interesting field-tuned behavior of
the orbital distribution is clearly associated with the
appearance of a “spin-flop” (SF) phase at intermediate
fields and temperatures in CazRu,0; [Fig. 2(c)]. In con-
trast with a metamagnetic transition, an antiferromagnet
with H, < Hp, is expected to evolve with field from AF to
FM phases (H, > H,) through an intermediate SF phase
for Hsg < H, < H,.. In this phase, the moments align
roughly transverse to the applied field before gradually
aligning themselves with the applied field for H, > H,
[20]. In systems with strong spin-orbit coupling, such as
CazRu,05, this “flopping” of some fraction of the mo-
ments from the (easy) a-axis to the (hard) b-axis in the SF
phase naturally results in a field-dependent reorganiza-
tion of orbital populations on the affected sites. Im-
portantly, several features in the data, including the grad-
ual reduction of magnon intensity in the SF-OD regime
[Fig. 1(a)], the rather broad field region over which the
Ru-O phonon frequency is observed to change [Fig. 2(b)],
and the field-hysteretic behavior observed in the Raman
spectra, all suggest that this interesting SF phase is both
magnetically and orbitally disordered, consisting of a
random mixture of a- and b-axis oriented moments and
orbital populations on different Ru sites or Ru-O layers.
Evidence for “mixed-phase” behavior in the SF-OD re-
gime of CazRu,0; is particularly noteworthy in view of
the large magnetoresistance observed in this regime [11],
as it suggests that the intimate connection between
mixed-phase behavior and “colossal” field and pressure
effects established in the manganese perovskites [2] ex-
tends also to the layered ruthenates.

The field-induced phases revealed by the Raman spec-
tra for H,||b axis [Figs. 3(a) and 3(b)] are much simpler
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FIG. 3 (color). (a) Ru-O phonon energy vs magnetic field for
various temperatures in Ca;Ru,0; with H,||b axis, illustrating
OO and OD phases. (b) H,-T phase diagram with H,||b axis.
Squares denote transition between AF/OO and OD phases and
purple circles denote transition between SF/OD and FM/OO
phases.

than for H,||a axis: with increasing H, (||b axis), there is
a systematic increase of the Ru-O phonon energy
[Fig. 3(a)], and a concomitant diminution of the magnon
intensity. This is indicative of a field-tuned *“‘quantum
melting”  transition from the AF d,,-O0 phase
[(ny;/20 nyy) ~ (2,2)] for H, < H*, in which the applied
field is insufficient to reorient the moments away from the
(easy) a axis, to the high-field FM orbital-degenerate
regime [(ny,/.., ny,) ~ (8/3,4/3)] for H, > H,, in which
the applied field is of sufficient strength to orient most of
the moments along the b axis. Most interesting is the
intermediate-field and -temperature OD regime, H* <
H, < H_., which is characterized by a rapid increase in
the Ru-O phonon energy with field [Fig. 3(a)], and hence a
rapid increase in both n,. .. /n,, and @"°/df® with field.
Substantial evidence suggests that this phase regime is
orbitally disordered and composed of a mixture of a- and
b-axis oriented moments, and is therefore akin to the SF-
OD regime observed for H,||a axis: the magnon intensity
decreases systematically with field, the spectra exhibit
hysteretic behavior, and the Ru-O phonon energy is
strongly field dependent over a broad field range.
Significantly, this OD phase regime also exhibits the
most dramatic magnetoresistance when H,||b axis [11].
These spectroscopic results demonstrate that the dra-
matic field-induced transport properties in CazRu,0; [11]
are spawned by large field-induced orbital and structural
changes made possible by the strong spin-orbit coupling
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configuration, which has a “regular” RuOg structure,
moments ||b axis, and no evidence for magnons. This
disparate behavior reflects substantial differences in the
degree to which different Ru (d) orbitals hybridize be-
tween neighboring sites.
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