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Anisotropy of magnetoresistivities in Sry;Ru3;0,,: Evidence for an orbital-selective
metamagnetic transition
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We have investigated magnetic field orientation dependences of intraplanar and interplanar magnetoresistiv-
ity [pap(B, &, 0) and p.(B, ¢, 6)] for SryRu30,4, which exhibits a puzzling coexistence of ferromagnetism and
metamagnetism. We find that p,,(B, ¢) exhibits a remarkable field-dependent ferromagnetic anisotropy below
and above the metamagnetic transition field B, while p.(B, ¢) displays anisotropy from spin polarization only
when field is above B,.. These observations strongly support that the metamagnetic transition in SryRu304 is

orbital selective.
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Orbital physics in transition-metal oxides is among the
central topics in the physics of strongly correlated electron
systems. In these materials the orbital degree of freedom is
typically active and has a complex interplay with charge,
spin, and lattice degrees of freedom, resulting in a wide
range of unique electronic and magnetic properties. Ex-
amples include orbital ordering in vanadium oxides,"? orbital
ordering and orbital-driven ferroelectricity in manganese
oxides,>* orbital ordering and an orbital-selective Mott tran-
sition in Ca,_,Sr,Ru0,,>~® and orbital-dependent supercon-
ductivity in Sr,Ru0,.>!° In this Brief Report we will show
that the magnetism in SryRu;0,, is governed by the orbital
degree of freedom and that its metamagnetic transition is
orbital selective. To our knowledge this may be the first ex-
ample of an itinerant metamagnetic transition involving or-
bital selection.

Sr4Ru30, is the n=3 member of the Ruddlesden-Popper
series of strontium ruthenates Sr,,,Ru,03,,; and shows puz-
zling magnetic properties. For field applied along the ¢ axis it
exhibits typical ferromagnetic (FM) behavior with T,
~105 K.''2 However, below 50 K, moderate fields applied
in the ab plane induce a metamagnetic transition.'"'> This
metamagnetic transition occurs via a phase separation
process'315 and is accompanied by enhanced spin-phonon
coupling,'® an anomaly in specific heat,'” and an unusual
increase in thermopower.'3

How both metamagnetism and ferromagnetism coexist
within this material is not yet resolved. To reveal the under-
lying physics we have investigated magnetic field orientation
dependencies of intraplanar and interplanar magnetoresistiv-
ity for SryRu3;O;. Since SryRus;0,, has a quasi-two-
dimensional structure similar to those of Sr,RuO, and
Sr3Ru,04, the interplanar resistivity (p,) should reflect trans-
port properties of charge carriers from the Ru 4d,, ,, orbitals
hybridized with apical O 2p orbitals, while the intraplanar
resistivity (p,,) should primarily probe charge carriers from
the Ru 4d,, orbitals hybridized with the planar O 2p orbitals.
This premise is supported by the large ratio of p./p,, in
SryRu30;( [~383 at 0.3 K (Ref. 19)]. In our experiment we
combine this directional magnetotransport measurement with
angle-resolved magnetoresistivity measurements, which we
found very effective in extracting orbital information of the
magnetic states.
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PACS number(s): 75.75.—c, 72.15.Qm, 68.37.Ef, 72.25.Ba

Utilizing these techniques we found that p,, and p, dis-
play distinctly different anisotropic properties under in-plane
magnetic fields. p,, exhibits a remarkable field-dependent
FM anisotropy with a twofold symmetry below the meta-
magnetic transition field B, and a fourfold symmetry above
B,., whereas p. shows a fourfold symmetry attributable to
spin polarization only when the applied field is increased
above B,. In addition, we observe a giant decrease in p,
attributable to spin polarization when applied field is above
B, and rotated from the ¢ axis toward the ab plane. These
observations strongly suggest that the metamagnetic transi-
tion in SryRu30, is orbital selective, where the d,, ,, orbitals
are responsible for the observed metamagnetic transition.

The crystals used in this study were grown by floating-
zone technique'® and screened by x-ray diffraction and by
superconducting quantum interference device magnetization
measurements to exclude intergrowth of any other layered
phases with different n. Crystal orientation was determined
using Laue x-ray diffraction. Our magnetoresistivity mea-
surements were performed in a Quantum Design Physical
Property Measurement System (PPMS), and a He? cryostat
equipped with a rotating sample stage, utilizing a four-probe
technique.

Our previous work revealed three distinct magnetic
phases in different magnetic field ranges (applied in the ab
plane),’>1> as shown schematically in Fig. 1(a). LP repre-
sents the lowly polarized phase where FM domains are
present; this phase occurs below the metamagnetic transition.
FFM denotes a forced FM state with a single domain, which
occurs above the metamagnetic transition. MIX stands for
the mixed phase of LP and FFM through which the meta-
magnetic transition occurs. We observe three different
anisotropies corresponding to these three magnetic phases in
the azimuthal angle dependence of in-plane magnetoresistiv-
ity pap(B, @) measured with 8= 90° [see Fig. 1(c)]. In the LP
phase (<2 T) we observe twofold symmetry of the form
A+D sin’(¢) (where A and D are constants), which breaks
down as B approaches 2 T. Fitting is shown by the solid line
over 1.5 T in Fig. 1(c). The amplitude of the anisotropy in
magnetoresistivity [AMR, defined as (p,,qx— Pmin)/ Pmin) SI2-
nificantly increases with increasing field. In the mixed phase
(2-3.5 T) the anisotropy changes dramatically; we observe a
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FIG. 1. (Color online) (a) Schematic representation of the three
magnetic phases previously observed in SryRu;0;, (Refs. 13 and
14) (see text). (b) Definition of polar and azimuthal angles used in
this Brief Report. ¢=0° and #=90° is [100] (a axis) and #=0° is
[001] (c axis). (c) Normalized azimuthal angle dependence of in-
plane magnetoresistivity Ap,,(¢)/pap(0) at selected applied mag-
netic fields and 2 K, where Jlla. From the top down, 1, 1.5, and 1.95
T are within the LP phase, 2.64, 3, and 3.5 T are within the mixed
phase, and 5 and 6 T are within in the FFM phase. The solid curve
at 1.5 T represents a theoretical fitting. The relative magnitude of
anisotropy is indicated in percentage.

large maxima centered at [100], where in the LP phase a
minima was located. Additionally, a clear local minima with
significantly smaller amplitude is superimposed over the
large maxima at [100]. Finally, in the FFM phase (>3.5 T)
we observe a fourfold symmetry with minima at [100] and
[010], unique from the anisotropy seen in the LP and mixed
phases.

These anisotropic properties seen in various magnetic
phases are unrelated to the anisotropy which may be caused
by the polar angle misalignment with 6+ 90°. To verify this
we have performed a control experiment. In Fig. 2(a) we
present p,,(B, ¢) data for a second sample which was inten-
tionally misaligned with #~80°. A remarkable misalignment
effect on the anisotropy was only observed in the mixed
phase, manifesting as an overt asymmetry of the large peak
centered at [100]. This misalignment effect arises from the
variation in polar angle during azimuthal rotation and the
polar angle dependence of B, [see Fig. 2(b)]. Moreover, we
performed systematic measurements of field sweep of p,, at
various ¢, p,,(B,¢). From these measurements the maxi-
mum misalignment the sample experiences under azimuthal
rotation is estimated to be A#,;;,=2.5° for the sample pre-
sented in Fig. 1(c) (sample 1) and 8° for the sample pre-
sented in Fig. 2(a) (sample 2). For sample 1, the magnitude
of anisotropy caused by misalignment is estimated to be
<1% in the LP and FFM phases, and <1.5% in the mixed
phase. They are all far smaller than the observed maximum
AMR for these three phases (10% for LP, 9% for FFM, and
31% for MIX).

The azimuthal angle dependence of normalized interpla-
nar magnetoresistivity, Ap.(¢)/p.(0) is shown in Fig. 3. In
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FIG. 2. (Color online) (a) Normalized azimuthal angle depen-
dence of in-plane magnetoresistivity Ap,,(h)/pap(0) for a second
pap sample at selected applied magnetic fields and 2 K. The relative
magnitude of anisotropy is indicated in percentage. Field depen-
dence of normalized magnetoresistivity at selected polar angles for
(b) pap and (c) p. at 2 K. From left to right, magnetoresistivity data
were taken at #=90, 86.5, 85.5, 83.5, 78.5, and 73.5° for p,, and
6=90, 84, 80, and 76° for p,.

contrast with the FM anisotropy seen in p,,, in the LP phase
p. anisotropy has a small, weakly field dependent, non-FM
anisotropy with fourfold symmetry, where minima are at
[100] and [010] (note: angle range in Fig. 3 is 180°, not 360°
as in Fig. 1), which can be attributable to Fermi-surface (FS)
warping as in Sr,RuO, (Ref. 20) (the magnitude only in-
creases by 1% with an increase of 1 T, compared to an in-
crease of 8% in p,p). In the mixed phase an additional four-
fold symmetry develops with minima located along [110]

and [110], offset 45° from the minima observed in p,, in the
FFM phase. From the mixed phase to the FFM phase this
anisotropy evolves smoothly. This anisotropy can be attrib-

uted to spin polarization of the d,,,, orbitals as discussed
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FIG. 3. (Color online) Normalized azimuthal angle dependence
of c-axis magnetoresistivity Ap.(#)/p.(0) at selected applied mag-
netic fields and 2 K. From the top down: 1.0, 1.5, and 2.0 T are
within the LP phase, 2.5, 2.6, and 2.7 T are within the mixed phase,
and 3.0 and 6.0 T are within the FFM phase. The relative magnitude
of anisotropy is indicated in percentage.
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below. We have also measured field sweeps of p,. at various 6
[see Fig. 2(c)] and ¢, respectively, from which the aniso-
tropy due to misalignment is estimated to be <0.1% in the
LP and FFM phases, nearly negligible compared to the ob-
served AMR (3% for LP and 20% for FFM), and ~20% in
the mixed phase, which is comparable to the observed AMR
(~8-20 %), giving rise to a clear asymmetry.

The observation of extraordinarily different anisotropic
properties in p,, and p, suggests that the metamagnetism in
Sr,Ru30, is orbital dependent. Below we discuss the origin
of each unique type of anisotropy observed. As indicated
above, the p,, anisotropy in the LP phase has symmetry of
the form A+D sin’(¢) [Fig. 1(c)]. This symmetry is consis-
tent with magnetocrystalline anisotropy theoretically pre-
dicted and experimentally observed in 3d FM metals or 4d
FM metal SrRuOs, with spin-orbit coupling.?!~2* Spin-orbit
coupling competes with crystal-field splitting to create pref-
erential spin orientations, causing anisotropy in magnetore-
sistivity. In the LP phase, FM domain-wall scattering should
play a minor role in magnetotransport since typical domain-
wall scattering dominated transport properties, i.e., negative
magnetoresistance,>* were not observed here [see Figs. 2(b)
and 2(c)]. The strong field dependence of the magnitude of
anisotropy is also consistent with expectations for Ising-type
FM anisotropy.

In the mixed phase the presence of FFM domains results
in spin scattering between LP and FFM domains. The spin
scattering increases initially with the growth of FFM do-
mains, but decreases when FFM domains become large
enough so that they can become connected, eventually di-
minishing as FFM domains form a percolative network.'*> We
can attribute the large anisotropy of magnetoresistivity of the
mixed phase to field-orientation-dependent spin scattering.
When applied field is well below the field for the formation
of percolation and oriented along the easy axis [100] the
FFM domains are larger, increasing the spin scattering rate
and resistivity, whereas with field along the hard axis, FFM
domains are smaller, causing a lesser spin scattering rate and
smaller resistivity. The local minima located within the [100]
maxima is due to the presence of LP domains in the mixed
phase.

Previous Raman spectroscopy studies revealed that the
metamagnetic transition is accompanied by enhanced spin-
phonon coupling,'® suggesting the transition involves a
change in the lattice degree of freedom. Moreover, ther-
mopower shows an unusual increase across the transition as
noted above, which points to a change in the orbital degree
of freedom.'® These implications suggest that the FM aniso-
tropy caused by spin-orbit coupling may change with the
metamagnetic transition. The transition from twofold sym-
metry below B, to fourfold symmetry above B,, indicates
that the lattice and orbital degrees of freedom have changed
in such a way that spin polarization becomes equivalent be-
tween [100] and [010], resulting in an anisotropy with a sym-
metry consistent with the electron density expected for a d,,
orbital. '

p. anisotropy exhibits markedly different symmetry than
Pup> as described above. In the LP phase the fourfold aniso-
tropy with minima along [100] and [010] is non-FM type
since it is inconsistent with the twofold anisotropy observed
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FIG. 4. (Color online) Polar angle dependence of normalized
c-axis magnetoresistivity Ap.(60)/p.(0) at selected applied magnetic
fields and 2 K. When fields are oriented in the ab plane (6=90°),
from the bottom up: 0.05, 1.0, and 2.0 T are within the LP phase,
2.5, 2.6, and 2.7 T are within the mixed phase, and 4.0, 5.0, and 6.0
T are within the FFM phase.

in p,, and has a weak field dependence, indicating that p,
does not exhibit a FM response. Instead this anisotropy can
be attributed to Fermi-surface warping, as mentioned
above.?’ Above B, in the FFM phase p, exhibits an addi-

tional fourfold anisotropy with minima along [110]/[110],
offset by 45° from the p,, minima. We have already estab-
lished that the p,, FFM phase anisotropy is consistent with
d,, orbital symmetry, so taking into account the 45° offset we
can see that this additional p. anisotropy is consistent with
the symmetry of the d,, ,, orbitals. In light of this symmetry
consistency with the dx'z’yz and that spin polarization is a
requirement for magnetic anisotropy our observation of p,
anisotropy in the FFM phase suggests that the d,. . orbitals
are unpolarized below B, and only become FM in nature
above the metamagnetic transition. The polarization of the
d,,, orbitals only above B, is further evidenced in polar
angle dependence of p.(B) shown in Fig. 4. When B<B,, p,
gradually increases with increasing angle, but with no clear
anomaly. When B> B, a sharp drop in p, develops for polar
angles close to the ab plane, resulting in a higher conductiv-
ity state, indicating a transition to a polarized state.

The orbital dependence of magnetism in SryRu;0,, can
be ascribed to FS peculiarities caused by RuOg octahedron
rotation. The effect of RuO¢ rotation on the FS has been
examined in single-layered Ca,_,Sr,Ru0Q,,> which revealed
that RuOq4 rotation caused by partial Ca substitution for Sr
(0.5=x=2.0) results in a downward shift of the Ru4d,,
band, moving the Van Hove singularity (VHS) closer to the
Fermi level (FL). Octahedron rotation in Sr;Ru,0; appears
to have a similar effect. Recent photoemission spectroscopy
studies on Sr;Ru,0; revealed that the 7y, FS pocket, derived
from the d,, orbital, indeed has a VHS slightly below the FL,
which is favorable for magnetic instability.?® Since the octa-
hedra rotation in the central layer of each triple layer in
Sr,Ru;0,, is greater than the rotation in Sr;Ru,0-,'! it can
be extrapolated that the VHS should be closer to or at the FL
in SryRu30/. As a result, the ferromagnetism seen in the LP
phase can be attributed to the VHS in the density of states at
the FL in the d,, bands, whereas the bands from d,_ . orbitals
are not polarized until B=B,..
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This orbital-selective metamagnetic transition scenario is
consistent with the early result of high magnetic field mea-
surements on SryRu;0,,.27 That experiment revealed that
when magnetic field is rotated out of the plane, the metamag-
netic transition bifurcates into two separate transitions. The
one occurring at low fields shows behaviors consistent with a
FM state. The other which moves to higher field with larger
out-of-plane angles, shows characteristics consistent with an
itinerant metamagnetic transition. The enhancement of the p,
minima along [100] and [010] above B, (Fig. 3) should be
associated with the change in FS across the transition.

The role of the orbital degree of freedom in governing the
magnetism of SryRu;0,, provides us with insights into com-
plex magnetic properties of other ruthenates, such as com-
peting magnetic fluctuations in Sr;Ru,0- (Ref. 28) and mul-
tiple magnetic phase transitions in (Sr;_,Ca,);Ru,05, which
includes itinerant metamagnetic, nearly FM, and AFM
states.”” The orbital degree of freedom may be active in all of
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these materials. Similar studies on these materials may reveal
their underlying orbital physics.

In summary, we investigated the anisotropic properties of
magnetoresistivity for various magnetic states in SryRu30.
Our results suggest that the metamagnetic transition in
Sr,Ru30, is orbital selective. The p,;, anisotropy with two-
fold Ising-type symmetry below the metamagnetic transition
indicates that the d,, orbital is ferromagnetic in the ground
state, whereas the fourfold p, anisotropy below the transition
originates from Fermi-surface warping. Only above the tran-
sition does p,. exhibit ferromagnetic anisotropy, suggesting
that the metamagnetic transition in SryRu30,, originates

from the d,, ,. orbitals.
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