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Emergent electronic and magnetic state in CazRu,0; induced by Ti doping
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We report an emergent electronic and magnetic state in the bilayer ruthenate CazRu,07 upon doping with a
small concentration of Ti on the Ru sites. In contrast to a quasi-two-dimensional metallic state in Ca;Ru, 07, which
has an antiferromagnetic (AF) state formed by ferromagnetic (F) bilayers stacked antiferromagnetically along
the c-axis, we find an insulating ground state with a “G”-type nearest-neighbor AF order in Caz(Ru;_,Ti,),0
for x > 0.03. The close proximity of these two distinct electronic and magnetic states demonstrates unique
competing magnetic interactions in Caz;Ru,07, which provides a rare opportunity to investigate the interplay

between correlated metal physics and Mott physics.
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Competition between different magnetic tendencies in
metals is thought to play a key role in emergent phenomena, in-
cluding unconventional superconductivity. Examples include
the Fe-based superconductors, where competing magnetic
tendencies are thought to lead to a weakened spin-density wave
state that gives way to high temperature superconductivity'-?
and the single-layer ruthenate Sr,RuQOj,, which has competing
ferromagnetic (F) and antiferromagnetic (AF) tendencies® that
give way to an unconventional superconducting state, most
likely a triplet state.*

SrpRuO4 and the related ruthenates, (Sri_,Cay),1
Ru,, 03,41, provide an excellent opportunity for unraveling
the physics of such competitions. These materials exhibit
various remarkable states such as triplet superconductivity
(Sr,Ru0,),” a novel nematic electronic state (Sr;Ru,07),°
and a Fermi surface-driven metal-insulator transition (MIT)
in CazRu,05.7 In addition to these states that are associated
with the metallic physics, ruthenates also involve physics
of localized states associated with the orbitals, including
superexchange and tendencies towards orbital ordering, as
manifested by the orbital-ordered Mott-insulating antifer-
romagnet, Ca;Ru04.*® These rich properties of ruthenates
reflect the essential role of competing magnetic interactions.
Two types of magnetic competitions have been identified in
ruthenates: (1) competition between states associated with
distinct Fermi-surface instabilities, such as the competition
between F and incommensurate AF fluctuations in Sr,RuO4>
and Sr;Ru,07;° (2) competition between the antiferromag-
netism due to Mott transition and the itinerant ferromagnetism
due to Stoner instability in Ca,_,Sr,Ru04.% The competition
of various ground states in ruthenates also manifests itself in
the sensitivity of their ground states to external stimuli, such
as chemical doping, pressure, etc.

Ti doping into Ru sites has been used as an important means
in investigating the nature of competing magnetic interactions
in ruthenates. Ti** is nonmagnetic and has similar ionic radius
as Ru** such that Ti doping should introduce little lattice
distortion but nonetheless strongly scatters charge carriers
at the Fermi level and is thus disruptive to the magnetic
interactions. In both Sr,RuQO,4 and Srz;Ru,O; a small amount
of Ti doping yields unexpected incommensurate spin-density
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wave ordering,'®!! indicating that these two materials are near

a quantum critical point associated with the interplay of F and
AF fluctuations.'?

CazRu, 07 is known to possess very rich physics as well. It
undergoes a paramagnetic-AF transition around Ty ~ 56 K,
followed by a MIT at Ty ~ 48 K.!3 Interestingly it is found
the conductivity of CazRu, 07 shows a metallic behavior along
the in-plane directions below Tyyr, indicating the existence
of a non-negligible number of itinerant charge carriers.'*
This is indeed demonstrated by the ARPES experiments,’
which reveal a small Fermi-surface pocket surviving at low
temperatures and by the optical conductivity measurements
as well.”> This is associated with the particular magnetic
structure'®'8 of Ca;Ru, 05 consisting of F bilayers that couple
antiferromagnetically to each other, the latter of which results
in spin-valve type conductivity. Pressure-effect studies on
CazRu;0; show that a high pressure applied within the
ab-plane weakens the MIT accompanied with the occurrence
of a possible new magnetic phase transition.!” Moreover,
recent angle-resolved magnetoresistance measurements reveal
that the change of magnetic field orientation can induce
complex magnetic phase transitions.”’ These results imply
that CazRu,0; may involve competing magnetic interac-
tions.

Here, we report an emergent magnetic ground state induced
by a small amount of Ti doping in CazRu,0;. While the
magnetic structure of Caz(Rug¢7Tig03)207 appears to be the
same as the one for the pure compound at Tyyr < T <
Ty, Caz(Rug97Tig03)207 shows a G-type AF spin structure
within the bilayer below Tyt accompanied with an insulating
transport behavior along both in-plane and ¢ axes. This is
in sharp contrast to the spin structure featured by F bilayers
coupled antiferromagnetically along the c-axis in the pristine
compound. This G-type AF state is accompanied by a dramatic
magnetoelastic coupling effect. These findings, in conjunction
with density functional calculations, suggest that CazRu,0O7,
which shows competition between different states associated
with Fermi-surface instabilities, is also on the borderline of
a very distinct non-Fermi surface-driven magnetic instability,
making it a fascinating system for studying the interplay of
correlated metal physics and Mott physics.
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Single-phase Cas(Rug97Tig3)207 single crystals were
grown using a floating-zone technique. The Ti-doping con-
centration of the samples was verified using the Energy
Dispersive Spectroscopy method. Magnetization and trans-
port measurements were conducted using a superconducting
quantum interference device (SQUID) magnetometer and a
physical property measurement system (PPMS), respectively.
Neutron diffraction experiments were performed using HB1A
thermal neutron triple-axis spectrometers at High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory. The
neutron incident energy E; was fixed as 14.64 meV, and data
were taken with collimations of 48'-48'-sample-40'-68'. A
high-quality single-domain single crystal sample with a mass
of ~0.15 gram was cooled down using a closed-cycle He
fridge. Orthorhombic crystal structure indices of the material
were used, and the sample was measured in the (H 0 L) and
(0 K L) scattering planes, where H, K, and L are the reciprocal
lattice indices. Nuclear Bragg diffraction requires H (K) and L
be even or the sum of H and L be even.

Figure 1(a) shows the temperature dependence of magnetic
susceptibility for Cas(Rug 97Tig03)207. It clearly shows two
transitions occurring at Ty ~ 62 K and Tyyr ~ 45 K,
corresponding to the paramagnetic-AF transition and the MIT,
respectively, as in the pure CazRu,07.'>!* The Curie-Weiss
temperatures derived from fits over 240 K < T < 300 K
are —46 K, —123 K, and —68 K along a, b, and c-axes,
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FIG. 1. (Color online) (a) Temperature dependence of magnetic
susceptibility of Cas(Rug 97Tig03).07 measured with 5000 Oe field.
The data were measured while warming up after an initial zero-field
cool. Arrows denote the onset of magnetic transitions. (b) In-plane
resistivity p,, as a function of temperature for Cas(Ru;_,Ti,),07
with different x values. The transport data were measured using a
standard four-probe technique with a dc current / = 1 mA applied
along the [110] direction.
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respectively. This is distinct from the positive Curie-Weiss
temperature reported in CazRu,O7, which exhibits F in-plane
coupling.?! Figure 1(b) shows the in-plane resistivity p,;, as a
function of temperature for Caz(Ru;_,Ti,),0; with different
x values. It is seen that Caz(Rug 97 Tig.03),07 displays an insu-
lating conductivity behavior below Tyyr, which is in contrast
to the in-plane metallic feature'* observed in the undoped
sample. Hysteresis in the transport measurements (Fig. S2 in
the supplementary materials) indicates the first-order character
of the MIT. The MIT feature becomes much more remarkable
with increasing x. The in-plane resistivity of the 5% and
10% Ti-doped samples, which have the same low-temperature
magnetic structure as the 3% Ti-doped sample (see subsequent
discussion), increases by ~8 orders of magnitude below Tyr.
This result, together with the observation of zero-electronic
specific heat,?? indicates that the insulating behavior observed
in the Ti-doped sample results from an electronic gap opening.
Future spectroscopy measurements, such as angular resolved
photoemission spectroscopy and optical conductivity, are de-
sirable to directly probe the electronic gap value. Furthermore,
a third magnetic transition is observed in Caz(Rug 97 Tig 93)207
at T ~ 40 K, as clearly evidenced by the abrupt change in
the magnetic susceptibility [Fig. 1(a)] with the magnetic field
applied along the a-axis, which is not observed in CazRu,0O5.
Several magnetic diffraction peaks of Caz(Rug 97 Tip.03)207
were measured. The integrated intensity as a function of
temperature is shown in Fig. 2(a). As mentioned previously,
(005), (102), and (0 1 3) do not satisfy the nuclear Bragg
diffraction condition. Also plotted is the (0 0 5) magnetic
Bragg peak of the pure CazRu; 07, which reflects its magnetic
structure with (0 0 1) propagation wave vector.'®!7 Compared
to the monotonic increase in the magnetic scattering density
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FIG. 2. (Color online) (a) Temperature dependence of the inte-
grated intensity of the magnetic Bragg reflections measured via neu-
tron diffractions: (1 0 2), (00 5), and (0 1 3) of Caz(Rug.97Tig03),07.
Diamond symbols in grey represent the data for Ca;Ru,O;. (b) Lattice
constant as a function of temperature. Inset shows the temperature
dependence of the unit cell volume of Cas(Rugy7Tig3),07. The
dashed line marks the MIT.
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of (0 0 5) in CazRu,07 due to the localization of electrons
below Twr, intriguingly, the (0O O 5) magnetic scattering
intensity of Caz(Rugg7Tig3)0O7 has a sharp drop to near
zero, while two new magnetic Bragg diffractions along (0 1 3)
and (1 0 2) emerge below Tyyr. This suggests the occurrence
of a new magnetic structure in Caz(Rug97Tig3)2,07 at low
temperatures, which is different from that of pure CazRu, 0.

We measured a series of magnetic diffraction peaks both
below and above Tyr, in order to resolve the magnetic
structure of Caz(Rugg97Tip03)20O7 in different temperature
regimes. We found that at Tyyr < T < Ty, the spin structure
of Caz(Ruyg.97Tig 03)207 is the same as that of pure CazRu,07,
i.e., spins within the bilayer are ferromagnetically aligned with
AF order between the bilayers,'®!7 as shown in Fig. 3(a).
Intriguingly, we find?> that Cas(Rugo7Tip03),07 exhibits a
G-type nearest-neighbor AF structure [Fig. 3(c)] below Tyt
compared to the F-aligned bilayers for pure CazRu,O7 shown
in Fig. 3(b); the obtained saturated magnetic moment is about
1.65 (0.2) ug/Ru, close to the theoretical value for the (S = 1)
low-spin state of Ru*t ions, with the moment direction tilted
approximately 70° from both the a- and c-axes. A similar
G-type AF ground state is observed in the 5% and 10%
Ti-doped samples. The MIT stated previously is apparently
associated with the AF ordering of spins within the layer planes
and has a different nature compared to the insulating state in
pure CazRu, 07, which still has low energy charge excitations.

Figure 2(b) shows the temperature dependence of lattice
parameters of Caz(Rug 97Tig03)207. While there is no notice-
able change in the lattice parameters directly below Ty, both b
and ¢ change significantly with an opposite sign below Ty,
and a only increases slightly. Although a similar trend is also
observed in CazRu,;07, the changes in both b and c in the
Ti-doped sample are about 41.1% and —0.85%, respectively,
much larger than that reported in CazRu, 07 (~+0.1%). 16 The
chemical unit cell volume shows a larger negative thermal
expansion as well, as shown in the inset of Fig. 2(b). This
implies that the RuOg octahedra is dramatically compressed,
as confirmed by neutron powder-diffraction measurements on
a Casz(Rug9s5Tig05)207 powder sample. That is, the apical
Ru-O bond length decreases while the in-plane Ru-O bond
length increases, accompanied with a decrease in the Ru-O-Ru
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FIG. 3. (Color online) Schematics of the magnetic structure (a)
above Ty, (b) below Tyyr for CazRu,O5, and (c) below Tyyr for
Ca;3(Rug.97Tip.03)207.
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bond angle within the intrabilayer, indicating that octahedral
tilting enhances below Ty Such remarkable RuOg octahedral
flattening and tilting are expected to lift the degeneracy of the
1, orbitals and lead to a possible orbital-ordered state, as seen
in CagRuO4.8’24

We performed density functional theory (DFT) calculations
with the generalized gradient approximation of Perdew, Burke,
and Ernzerhoff”® and using the rietveld refinement results
for the crystal structure of the Ti-doped materials.>* The
calculations were done using the general potential linearized
augmented planewave (LAPW) method?® with the augmented
planewave plus local orbital modification,?’ as implemented in
the WIEN2k code.?® The core electrons were treated relativis-
tically, while a scalar relativistic treatment was used for the va-
lence states. We employed a four formula-unit supercell based
on a doubling of the primitive cell to the conventional cell.

Calculations were performed both with Ru only and with
one Ru replaced by Ti. For the pure Ru case we find energetics
and ordering of the magnetic states similar to that obtained
previously,!® even though the structure is now distorted to
that of the Ti-doped AF phase. In particular the lowest
energy state is that with half-metallic F bilayers stacked
antiferromagnetically, which is close in energy to the fully
F state. Also similar to the structure of the pure compound,
the strongest F interactions are those between the layers
comprising the bilayer. The calculated energies with the refined
structure relative to the fully F state on a per formula unit basis
are —4 meV (ground state), +133 meV (C, nearest neighbor
AF layers, F intrabilayer ordering), -89 meV (A, F layers, AF
intrabilayer stacking), and +163 meV (G, nearest neighbor
AF). The densities of states at the Fermi energy, N(Er), on
a per formula unit basis are 4.2 eV~!, 42 eV~!, 9.6 eV!,
5.7eV~!, and 9.4 eV~! for the ground state and F, C, A, and
G, respectively. This reflects the metallic Stoner mechanism,
which is enhanced by double exchange,'® yielding a reduced
N(EF) for the F orderings relative to the AF orderings. In
particular, the G-type ordering is disfavored by the electrons at
the Fermi energy and furthermore there is no tendency towards
gap opening at the DFT level even when the structure of the AF
insulating phase is used. Therefore we may conclude (1) the
transition to the G-type structure is not Fermi-surface driven,
and (2) the material is far from this state at the bare DFT
level, meaning that beyond DFT correlations, most likely Mott
physics is responsible.

Calculations with one Ru replaced by Ti show the effect of
Ti at the band-structure level. Independent of magnetic order,
the Ti occurs as Ti*" with the Ti d bands above the Fermi
energy, similar to what was found in Sr,Ru0y,'? where a Mott
state is induced by Ti alloying, although ~20% replacement
of Ru is required in that material.”> We find that there is very
little contribution of Ti to N(Er), independent of the magnetic
order of the neighboring Ru. The resulting disruption of the
hopping in the Ru-O network at a Ti site (note that on the Ti
sites there are no d orbitals near Er to hop through) narrows
the bands and modifies the moments on the neighboring atoms
(Fig. 4). However, even at the high Ti concentrations in our
DFT calculations, the calculated DFT ground state consisting
of F bilayers is in disagreement with experiment and again
pointing to the essential role of Mott physics in the observed
transition. Therefore we conclude that the main effect of
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FIG. 4. (Color online) Projections of the d contributions to the
density of states for different atoms in a ferromagnetic supercell with
one Ru replaced by Ti. The projections are onto the LAPW spheres of
radius 2.05 bohr, and the energy zero is at Er. Rul, Ru2, and Ru3 are
in the same bilayer as the Ti, while Ru4 is in the other bilayer in the
supercell, which is practically the same as in the pristine compound.
Rul is connected to the Ti through the apical O, Ru2 is in the same
layer as the Ti, and Ru3 is the remaining Ru in the non-Ti-containing
layer. Note the narrow Ti #,, contribution to the DOS well above the
Fermi energy and the narrowing of the DOS projections on Rul, Ru2,
and Ru3 relative to Ru4.
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Ti substitution is to disrupt hopping, narrow the bands, and
lead to a Mott transition. The remarkable fact is that a very
low Ti concentration is needed to induce this transition, and
furthermore this transition also takes place as a function of
temperature with modest Tyt in Ti-doped materials.??

To summarize, we find that CazRu, 07, which is a magnetic
metal and shows a fascinating array of magnetic and transport
properties and phase transitions associated with metal physics,
is in fact a strongly Coulomb-correlated material as well in the
sense that it is in very close proximity to a Mott transition
associated with a G-type AF state. This material, in pristine
form and with light Ti doping, provides an excellent system
for probing the interplay between correlated metal physics
associated with the Fermi surface and Mott physics associated
with Coulomb repulsions and orbital physics.
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