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Exotic Magnetism in Perovskite KOsO;
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A new perovskite KOsOj; has been stabilized under high-pressure and high-temperature conditions. It is
cubic at 500 K (Pm — 3m) and undergoes subsequent phase transitions to tetragonal at 320 K (P4/mmm)
and rhombohedral (R —3m) at 230 K as shown from refining synchrotron x-ray powder diffraction
(SXRD) data. The larger orbital overlap integral and the extended wave function of 5d electrons in the
perovskite KOsOj; allow to explore physics from the regime where Mott and Hund’s rule couplings
dominate to the state where the multiple interactions are on equal footing. We demonstrate an exotic
magnetic ordering phase found by neutron powder diffraction along with physical properties via a suite of
measurements including magnetic and transport properties, differential scanning calorimetry, and specific
heat, which provide comprehensive information for a system at the crossover from localized to itinerant

electronic behavior.
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The Bloch wave function consists of atomic orbitals and
plane waves for describing electrons in a crystal. The
Coulomb interaction U between electrons increases the
probability for electrons to stay in atomic orbitals, i.e., more
localized in real space. A sufficiently large U opens a gap
near the Fermi energy, which leads to a Mott insulator [1].
Transition-metal perovskite oxides provide a good play-
ground for studying the Mott physics. In addition to the
Coulomb interaction, the Hund’s coupling plays an impor-
tant role in determining physical properties in the strongly
correlated systems, especially those with electrons in the t,,
orbitals in the cubic crystal field [2]. The threshold U, for
the Mott transition becomes the lowest for systems with
three electrons in the t,, orbital. In other words, these
systems are most likely to be Mott insulators. The cubic
perovskite StMnO; with the electron configuration e is
a G-type antimagnetic insulator with a Néel temperature
Ty =~ 260 K [3]. Another family of 3d perovskites RCrO,
having t3,e0 is also a G-type antiferromagnetic (AFM)
insulator with Ty in a range from 120 to 298 K [4]. As
orbitals become more extended for 4d electrons, a weaker
U in StTcO; with t},ef has been invoked in an argument
that the oxide approaches the crossover from localized to
itinerant electronic behavior so as to exhibit a higher
Ty ~ 1000 K; it also exhibits the G-type AFM order [5,6]
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and presumably an insulator. The even more extended 5d
electrons with a much weaker U makes AOs>* O with 65,7

a good candidate to test whether the G-type AFM remains
stable at the crossover. The orthorhombic NaOsOj; exhibits
the G-type AFM ordering with Ty = 410 K [7,8]. However,
areduced Ty in NaOsOj relative to that in SrTcO3 may be
attributed to a highly distorted structure that reduces the
bandwidth like that in the orthorhombic RCrOs;.

The cubic perovskite KOsO; can be stabilized by
quenching the high-pressure phase to ambient condition.
The detailed information about the sample preparation can
be found in Supplemental Material (SM) [9]. The avail-
ability of KOsO5 completes the family of A'*Os>T0; in a
broader range of geometric tolerance factor 1= (A—0)/

(B— 0)+/2. LiOsO; synthesized under high pressure has a
t = 0.86 which is too small for the perovskite structure; it
crystalizes in the LiINbO; structure [24]. NaOsO; (7 =0.98)
synthesized under high pressure crystalizes in the ortho-
rhombic perovskite structure. NaOsO; undergoes a metal-
insulator transition at Ty = 410 K [7] and the G-type AFM
has been determined by neutron diffraction. The metal-
insulator transition has been argued as a good example of
Slater transition since there is no obvious change in the cell
volume on crossing the transition [8]. However, a kink in
both a and b axes of the Pbnm orthorhombic cell found in

© 2024 American Physical Society
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neutron diffraction on crossing the metal-insulator transi-
tion has been well mimicked by a density-functional theory
calculation along increasing of U, which is associated with
a change of the local structural distortion. This work
indicates that the Mott physics plays an important role
behind the metal-insulator transition [25]. The Néel temper-
ature in a localized electron system increases with increas-
ing the orbital overlap integral (OOI). The bandwidth can
be tuned by altering the structural distortion through
chemical substitution. In perovskite AMOs, a <1 is
accommodated by the cooperative octahedral-site rotations
that lower the structural symmetry and bend the bond angle
M—O—M from 180° found in the cubic phase for t = 1.
The structural change from the orthorhombic to cubic phase
enhances OOI, therefore the bandwidth. The structural
change from the orthorhombic NaOsOj to the cubic KOsOj3
broadens up the electron bandwidth. Therefore, studying
the evolution of magnetism from NaOsO; to KOsO; will
illuminate the enigma of magnetism at the crossover.

The structural study by SXRD indicates that KOsO;
undergoes subsequently phase transitions from the cubic C
(Pm — 3m) to the tetragonal at 320 K T (P4/mmm) and to
the thombohedral phase R (R — 3m) at 230 K as shown by
lattice parameters versus temperature in Fig. 1(a). There is
no thermal hysteresis loop in the structure on crossing these
phase transitions. The detailed information of the structural
refinement can be found in Figs. S1-S4 and Table S1-S6
in SM [9]. There are extremely small local structural
distortions associated with the two phase transitions. The
Os—O bond length along the ¢ axis is slightly smaller than
that in the a — b plane in the T phase and the O—0Os—0O
bond angle deviates slightly from 90° in the R phase.
Neutron powder diffraction (ND) has been performed in the
same temperature range. Although the very tiny peak
splitting associated with the phase transitions detected
by SXRD cannot be distinguished in the ND, the com-
parison of patterns between SXRD and ND at 500 K in
Fig. 1(b) unambiguously illustrate the magnetic diffrac-
tions, which indicates a magnetically ordered phase in
KOsOj at least at 500 K. Further justifications that the extra
peaks from ND are from magnetic ordering are given in
Figs. S5-S9 of SM [9].

We start with the magnetic structure in the cubic phase at
500 K. The initial fitting with magnetic structures having
k = 0 fails. The possible magnetic structures are given by
the basis vectors of the irreducible representations of the
little group Gy, which is formed by the symmetry elements
of the space group Pm — 3m that leave k invariant. For the
cubic KOsOs3, there is only one Os atom per unit cell, so the
basis vectors can only establish some relationships between
the m,, my, and m, components of the magnetic moment.
For ky = (ky.ky,k,), the little group Gy is only formed by
the identity, in which there is only one irreducible repre-
sentation and there is no relationship between the m,, my,
and m, components [15]. The basis vectors of three phases
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FIG. 1. (a) Lattice parameters versus temperature for KOsO;

obtained by Rietveld refinement of the synchrotron XRD profile
(A =0.61928 A) collected on warming and cooling processes.
The data acquired from warming up are denoted by red markers,
while data from cooling down are represented by blue markers.
(b) Neutron powder diffraction (ND), synchrotron x-ray diffrac-
tion at 500 K, and the fitting results of ND (the reflections from
top to bottom represent nuclear structure of KOsOj;, nuclear
structure of Os, and magnetic structure of KOsO3); the inset is the
spin structure from the fitting. (c) The zoomed-in plot of ND and
the simulation.

are presented in Table S7 [9]. A good agreement between
the observed and calculated neutron diffraction patterns in
bankl at 500 K based on a model of spin structure is
obtained and shown in Figs. 1(b) and 1(c) for a zoomed-in
plot at magnetic peaks, and Fig. S10 for the fitting results in
bank2. The magnetic structure with a sinusoidally modu-
lated moment and the maximum moment M ~ 1.5 up is
incommensurate to the lattice; a schematic plot of the spin
structure projected in the a — ¢ plane of the cubic cell is
given in an inset of Fig. 1 and the magnetic moment
direction is shown in Fig. S11. [9] The important param-
eters of fitting the neutron diffraction patterns at 500 K are
shown in Table S8 [9]. The model of magnetic structure in
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(a) Field dependence of the magnetization of KOsO; at different temperatures; temperature dependences of (b) the

magnetization, (c) the resistivity, (d),(f) the specific heat, and (e) the thermoelectric power. The symbols in (c) represent the results
measured on a cluster of KOsOj5 crystal (WU, warm up; CD, cool down); the solid line shows the result of pressed powder sample in a

diamond anvil cell.

T and R phase is similar to that in C phase, but has slightly
different k. The fitting results with the model are shown in
Fig. S10 and fitting parameters are in Table S9 [9].

The nonlinear M — H curves in Fig. 2(a) from 300 to
680 K and the hysteresis loop in Fig. S12 of SM [9] confirm
the magnetically ordered phase. The magnetization at
H =2 T and room temperature is comparable to that in
NaOsOj; [7] in which the small spontaneous magnetization
was attributed to the spin canting allowed by the G-type
AFM ordering in the Pbnm perovskite structure. The sample
starts to decompose at T > 600 K from the magnetization
measurement, which prevents us from determining Ty
accurately. However, extrapolating the curve of coercive
force versus temperature (Fig. S12 of SM [9]) to higher
temperatures can give a rough estimation of Ty ~ 800 &
100 K. The structural phase transitions at 230 K and 320 K
correspond to anomalies at these temperatures in the temper-
ature dependence of magnetization in Fig. 2(b), which also
has the same magnitude as that of NaOsO; below Ty [7].
Since all the crystal structural of three phases found in
KOsOj; are not compatible with spin canting, the nonlinear
magnetization must be attributed to a weak ferromagnetism,
which will be further elaborated below.

Measurements of resistivity in Fig. 2(c) confirm that
KOsOs is a poor metal with an overall resistivity comparable
with that of the metallic phase at T > Ty, in NaOsOs;.
However, the subsequent phase transitions from Cto 7 to R
phase cause jumps in the resistivity. There are corresponding
anomalies in the temperature dependence of thermoelectric
power S in Fig. 2(e); S drops abruptly and changes sign on
cooling from C phase to T phase whereas the magnitude of
|S| reduces through the transition from 7 phase to R phase.

The overall magnitude and the temperature dependence of S
are consistent with a metal with the Fermi level located in the
middle of z* symmetry band shown in Fig. S14 [9,26]. The
specific heat result in Fig. 2(d) can fit well to the formula of
Debye-Einstein model at all temperatures and C,(T) =
yT + BT? atlow temperatures. A y = 2.54 mJ/mol K? from
the fitting result is the smallest one for a metal; a y =
4.25 mJ/mol K? is obtained from the band structure in
Fig. S13 [9]. The A-shape anomaly in C,(T), typical for the
second-order phase transition can be clearly seen at 230 K
and 320 K. The entropy change AS = 1.7 Jmole~! K~!
associated with the C — T phase transition and the results
of differential scanning calorimetry (DSC) measurement
from 100-500 K are given in Figs. S15 and S16 of SM [9].
Comparing with a AS = 0.6 Jmole™! K~! associated with
the orthorhombic to the thombohedral structural transition
in the perovskite LaGaO; [27], a huge AS at the C—T
transition must be due to some change of electronic degree
of freedom.

The spin canting due to the Dzyaloshinskii-Moriya theory
occurs only in some structural systems with lower sym-
metries, such as the orthorhombic Pbnm perovskite [28,29].
The abrupt cancellation of canted moment from the ortho-
rhombic to cubic perovskite in G-type AFM Ca;_, Sr,MnO;
is a good example [3]. None of the three phases found in
KOsO; is compatible with canted spins. The coexistence
of the magnetic structure with a sinusoidally modulated
moment and conducting electrons in the perovskite KOsO;
fits the prediction of the Hubbard Hamiltonian at the
crossover [30]. In this theory, the effect of U is not to split
a band into the upper Hubbard band (UHB) and the lower
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(a),(b) The correlation between the Néel temperature Ty and the magnetic moment at 4.2 K and the structural distortion in the

perovskite structure for the 3d, 4d, and 5d perovskites with the tggeg electronic configuration. The angle ¢ measures the deviation of

bond angle M—O—M from 180° in the orthorhombic perovskite structure. A in the formula stands for alkaline elements, AE for alkaline
earth elements, and R for rare-earth elements. The magnetic moments in RCrO; are from Ref. [37]; the moment of StMnO; at 77 K is
from Ref. [36], which is converted to the moment at 4.2 K following the Brillouin function (J = 3/2); the moment of Ca;_,Sr,MnQj is
from Ref. [3]; the moment of CaTcOs is from Ref. [38]; the moment of SrTcOj; is from Ref. [5]; the moment of NaOsOj5 at 200 K is from
Ref. [8], which is converted to the moment at 4.2 K following the Brillouin function (J = 3/2). (c) A schematic phase diagram shows the
evolution of the magnetic transition temperature as a function of electron bandwidth from localized electrons to itinerant electrons.

Hubbard band (LHB) in one step, but to transfer the spectral
weight around the Fermi energy Ep of free electrons into
UHB and LHB continuously. At the crossover, there are
coherent electrons near Ep and localized electrons in LHB
responsible for static magnetic moments. The nonlinear
magnetization in the KOsO;5 can be well attributed to the
weak itinerant electron ferromagnetism [28,31] contributed
from the coherent electrons at Eg.

The evolution of magnetism in transition-metal perov-
skites can be demonstrated along pathways of either the
structural distortions or the broadening of the d orbital
distribution function from 3d to 4d to 5d orbitals in systems
with the tggeg configuration. In the perovskite structure, b of
OOl is related to the orthorhombic structural distortion,
specifically, the M—O—M bond angle v = 180 — ¢ by the
relationship of the bandwidth W ~ b ~ cos ¢. The transition
from the orthorhombic phase ( = 180 — ¢) to the cubic
phase (y = 180) enhances W (given a constant M—O bond
length). The magnetic transition temperature, therefore, can
be linked to the structural parameter through the perturba-
tion expression of superexchange interaction (SEI) [32],
Ty ~ b%/U ~ cos’¢p/U, which implies lines with a nearly
identical slope for different perovskite systems with local-
ized electrons in the plot of In(Ty) versus In(cos ¢).

The systems having tggeg give the highest possible spin
state available for comparing the change of magnetic
properties in perovskites with 3d, 4d, and 5d transition
metals. In the 3d oxides, there are two families of RCrO5 [4]
and Ca,_, Sr,MnOj suitable [3]. The G-type AFM ordering
identified in these two families is in line with the rules for
SEIL The rare-earth substitution in the orthorhombic per-
ovskite RCrO; changes the Cr—O—Cr bond angle from 145°

to 160° for R = Lu to La [4]. Data points from all members
in this perovskite family fall almost perfectly on a line in the
plot of In(Ty) versus In(cos ¢) in Fig. 3(a). For the series of
Ca;_,Sr,MnO;3, a line with nearly the same slope as that for
RCrOj5 can be obtained if it is drawn between the spots for
CaMnOj; and StMnOs. A slightly lower Ty relative to the
line for the Ca;_ Sr,MnO; with 0 < x < 1 can be well
accounted for by the size variance effect [33,34]. This plot
confirms that the perturbation expression [32] of SEI is
applicable to describe the magnetic interactions in these
3d perovskite systems with localized electrons. Moreover,
the structural change from the orthorhombic phase to the
cubic phase adds a clear restriction on the spin structure.
The canted spin structure is allowed in the orthorhombic
structure based on either the DMI [35] or the single ion
anisotropy [15], which is represented by a spontaneous
magnetization along the canted spin direction and a diverge
increase of M(T) on cooling through Ty in CaMnO;. These
features disappear in the cubic StMnO; [3,36].

The 4d perovskites CaTcO5 [38] and SrTcO; [5] show the
highest magnetic transition temperature in transition-metal
oxides due to the much extended 4d orbitals. The colinear
G-type spin structure found in CaTcO; and SrTcO; and
the positive slope of a line connecting CaTcOj3; and StTcO;
in the plot of In(Ty) versus In(cos¢) in Fig. 3(a) are
consistent with the scenario of localized electrons in these
oxides. However, a reduced magnetic moment relative to the
3d perovskites in Fig. 3(b) reflects the extended wave
function for the 4d electrons.

While an even higher Ty is expected in AOs>* O3(A =
alkaline elements) because of a larger OOI through even
more extended 5d orbitals and a weaker U based on SEI,
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the strong spin-orbit coupling associated with Os(z = 78)
compared with Tc(z = 43) competes with the spin-spin
interaction [39,40]. The spin-orbit coupling effect should
be negligible for the L — S coupling as the orbital momen-
tum is quenched for Os’'(t3,el). However, the j—j
coupling that leads to a J = 1/2 state in Sr,IrO, [41],
still places the spin-orbit coupling on the same footing with
the spin-spin interaction in these 5d oxides so as to lower the
magnetic transition temperature. A large change of the bond
angle Os—O—Os from the orthorhombic NaOsO; to the
cubic KOsO; separates these two perovskites in the plot of
In(Ty) versus In(cos ¢) in Fig. 3(a). The nearly same slope
for the line connection NaOsO; and KOsOj; as those for
RCrO; and AEMnO; in Fig. 3(a) may be an accident. But the
positive slope for the Ty change between NaOsO; and
KOsO; in the plot and the G-type magnetic ordering in
NaOsO; fit the picture of localized electrons in NaOsOs. The
transport properties and the specific heat in Figs. 2(c)-2(f)
clearly place KOsOj; on the itinerant electron side of the
crossover. Two important findings from this Letter are, first,
on top of the moment modulation, the spin arrangement in the
ac plane creates the interfaces of AFM coupling that is
incommensurate with the lattice. The incommensurate spin
structures reported in the literature refer to the spiral spins
that travel in the lattice transversely [42—47]. The unprec-
edented incommensurate moment variation found in KOsO;
can be treated as an example of electronic structure at the
crossover. The average moment of the sinusoid wave of the
moment at Os sites in KOsOj is nearly the same as that in
homogeneous NaOsO;. Second, whereas there is a sharp
change of the magnetic structure from the G-type AFM found
in the orthorhombic NaOsOj to the incommensurate spins in
the cubic KOsOj3, both perovskites show the colinear spin
arrangement. The orthorhombic distortion in a perovskite
structure allows or induces [48] the spin canting that leads to
a spontaneous magnetization in the G, A, and C types of
AFM [15]. The canted spins in NaOsO;3 account for the
nonlinear magnetization. However, the spontaneous mag-
netization found in the KOsO; in Fig. 2(a) and the clear
coercive force plotted in Fig. S12 comes from the weak
itinerant electron ferromagnetism in coherent electronic
states near Ef.

The M—O bonding covalency or the d — p hybridization
in the transition-metal oxide perovskites reduces the
magnetic moment in spin ordered structures. Figure 3(b)
displays the change of magnetic moment in four families of
perovskites with 3d, 4d, and 5d electrons. The 3d per-
ovskites exhibit the saturation moments M = 2.9-2.5 pp
that are close to 3up for the spin-only value for localized
electrons. A reduction to M = 2.1 ug in SrTcO; has been
accounted for by the bonding covalency in a first-principles
calculation [6]. An even smaller M = 1.09 pg in NaOsOj;
is consistent with the enhancement of the bonding cova-
lency for 5d electrons. The crystal field on t, orbitals
becomes y, = N,(f, — 1,¢,) after including the covalent
mixing with the anion; where N, is the normalization

constant, f; is d orbital, ¢, is a t,-symmetrized p, orbital.
The moment reduction of the d orbital is caused by the
covalent mixing A, = b“*/(E, — E,), where b is the
orbital overlap integral in M—O bonds, E, is the bottom
energy in the band for the t, electrons, and E, is the top
energy in the oxygen 2p band. For the orthorhombic
perovskites, the overlap integral over the M—O—M bond
becomes b, = £,42 cos ¢. Given the nearly constant M—O
bond length for the perovskites discussed here, the increase
of b, comes from a monotonic reduction of A = E, — E
and a significant increase of b°“ due to the change of radial
distribution function of d orbital from 3d to 4d to 5d. The
change of b, between NaOsO; and KOsOj is caused by the
structural factor cos ¢. This change plus a sufficiently large
A as illustrated by a strong Osty,: O,, hybridization as
indicated in the density-functional theory calculation of
Fig. S14 for KOsO3 makes it the first perovskite with the
tggeg configuration at the crossover. The schematic plot of
Ty versus b, in Fig. 3(c) builds in the effects on the
bandwidth enhancement from both the structure and the
radial distribution function of different orbitals.

In conclusion, the electron bandwidth in the perovskite
systems can be varied by the structural distortion and the
covalent mixing between the d — p orbitals, which is
sensitive to orbital distribution function. The synthesis of
cubic KOsO; completes a group of perovskites with the
highest spin state tggeg crossing 3d, 4d, and 5d of transition
metals, which enables the study of evolution of magnetism.
The Hund’s coupling effect makes most of these perovskites
a Mott insulator. Whereas the antiferromagnetic phase in
the 3d perovskites can be described by the Heisenberg
Hamiltonian beautifully; much enhanced Ty and reduced
magnetic moment in the 4d and 5d perovskites fit predic-
tions of the simulation of the Hubbard Hamiltonian. KOsO4
has the highest electron bandwidth, which places it at the
crossover from localized to itinerant electronic behavior.
The incommensurate magnetic moment revealed by neutron
diffraction and anomalous physical properties in connection
with the unusual structural changes advance our knowledge
of a system at the crossover.
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