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Temperature-induced valence-state transition in double perovskite Ba,_,Sr, TbIrQOgq
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In this paper, a temperature-induced valence-state transition is studied in a narrow composition range
0.2 < x < 0.375 of Ba,_,Sr, TbIrOg¢ by means of x-ray and neutron powder diffraction, resonant inelastic
X-ray scattering, magnetic susceptibility, electrical resistivity, and specific heat measurements. The valence-state
transition involves an electron transfer between Tb and Ir leading to the valence-state change between Tb** /Ir**
and Tb** /Ir** phases. This first-order transition has a dramatic effect on the lattice, transport properties, and the
long-range magnetic order at low temperatures for both Tb and Ir ions. Ir>* ion has an electronic configuration of
5d* (Jyr = 0), which is expected to be nonmagnetic. In contrast, Ir** ion with a configuration of 5d°(Joz = 1/2)
favors a long-range magnetic order. For x = 0.1 with Tb>* /Ir>* configuration to the lowest temperature (2 K)
investigated in this paper, a spin-glass behavior is observed around 5 K indicating Ir>* (J.¢ = 0) ions act as a
spacer reducing the magnetic interactions between Tb** ions. For x = 0.5 with Tb*" /Ir** configuration below
the highest temperature 400 K of this paper, a long-range antiferromagnetic order at 7y = 40 K is observed
highlighting the importance of Ir*" (J.r = 1/2) ions in promoting the long-range magnetic order of both Tb and
Ir ions. For 0.2 < x < 0.375, a temperature-induced valence-state transition from high-temperature Tb>* /Ir>*
phase to low-temperature Tb** /Ir*" phase occurs in the temperature range 180 K < T < 325 K and the transition
temperature increases with x. The compositional dependence demonstrates the ability to tune the the valence state
for a critical region of x that leads to a concurrent change in magnetism and structure. This tuning ability could

be employed with suitable strain in thin films to act as a switch as the magnetism is manipulated.

DOL: 10.1103/PhysRevMaterials.6.054410

I. INTRODUCTION

The complex interplay among spin-orbit coupling (SOC),
on-site Coulomb interaction, noncubic crystal field, and elec-
tronic bandwidths leads to rich exotic phenomena and novel
physics in 4d /5d transition-metal compounds [1-3]. One im-
portant manifestation is the nontrivial Jegr = 1/2 Mott state in
Sr,IrO4 with tetravalent Ir** (54°) ions, in which the lower
Jest = 3/2 band is fully occupied leaving the higher Jo =
1/2 band half filled, see Fig. 1(a) [4]. Such a spin-orbit-
entangled J.¢r = 1/2 scenario can give rise to unique magnetic
ground states in 4d> and 5d° compounds, such as Kitaev
quantum spin liquid [5]. Compounds containing transition-
metal ions with 443 or 5d° configuration can host magnetism
with magnetic ordering temperatures even above room tem-
perature [6—10]. In contrast to the rich magnetic phenomena
for 4d/5d ions with 3 or 5 electrons, a nonmagnetic state is
expected for Joif = 0 compounds in which 5d transition-metal
ions have four electrons that are paired in J. = 3/2 band, see
Fig. 1(b). Despite the theoretical prediction of excitonic mag-
netism and tremendous experimental efforts, the search for
an intrinsic long-range magnetic order in Joir = 0 compounds
is still ongoing [11-31]. One challenge is to distinguish the
intrinsic magnetism from effects related to defects or uninten-
tional doping.
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The preference of a nonmagnetic ground state for d* ions
indicates the possibility to switch on/off of magnetism by
controlling the charge transfer between d* and d° or d°
ions. One approach toward this magnetism control is inter-
metallic charge transfer driven by temperature, chemical or
hydrostatic pressure, or other external stimuli such as elec-
tric or magnetic fields. The intermetallic charge transfer is
quite rare in transition-metal oxides [32]. However, rare-earth
ions Pr, Ce, Tb can stabilize in different oxidization states
in perovskite structured oxides, which makes possible charge
transfer between these rare-earth and transition-metal ions.
One good example of such an intermetallic charge transfer
is (Pr,Y);_,Ca,CoOj3 in which the charge transfer from Pr
to Co ions at low temperatures changes the valence state of
both Pr and Co ions and induces a metal-insulator transition
accompanied with magnetic and structural anomalies [33].

A similar charge transfer was also reported in
Sr,TbRu, _Ir,O¢ [34,35] and Ba,PrRu;_,Ir,O¢ [36,37]
where mixing Ru and Ir at the transition metal site induces
a charge transfer between the rare-earth and transition-metal
ions. This first-order valence-state transition induces a sudden
change of lattice and magnetic properties. The effect of
Jeg =0 ions and valence-state change on the magnetic
properties is well illustrated by the evolution of magnetic
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FIG. 1. [(a), (b)] Schematic diagrams of electron filling on 1,,
level split by spin-orbit coupling (SOC) for Ir** (54°) and Ir’* (5d*)
configurations. X is the strength of SOC, U is the on-site Coulomb
interaction. UHB: upper Hubbard band. LHB: lower Hubbard band.
(c) Electronic configuration of Tb** /Ir*" and Tb** /Ir>". The arrow
illustrates that the valence-state transition between the high tempera-
ture Tb3*/Ir>* and the low temperature Tb**/Ir** is accompanied by
an electron transfer between Tb and Ir ions.

properties with Ir substitution in Sr;TbRu;_.Ir,O¢ [35].
St Tb>*Ru’tO4 shows a long-range magnetic order at
41 K. With increasing substitution of Ru> (4d3) by Jeg =0
Ir’t (5d*) ions, the magnetic order is suppressed and
disappears around x = 0.8. With x > 0.85, the transfer
of one electron from Tb’* to Ru’*/Ir’t site results in
Srsz‘H(Ru]_XIrX)‘HOG phase which shows a long range
magnetic order around 50 K. This compositional dependence
suggests the nonmagnetic nature of 5d* It (e = 0)
and highlights the importance of 5d4° Ir*" (Jux = 1/2)
in the long-range magnetic order of both rare-earth and
transition-metal ions in this system.

Mixing Ba and Sr without disturbing the transition-metal
site in Ba,_,Sr, TbIrOg was proposed to induce a valence-
state transition, which has been studied from the structural
point of view at room temperature [38]. Ba,Tb**Ir’TOq
(x = 0) crystallizes in a cubic structure with a Fm3m space
group [see Fig. 2(a)] and is paramagnetic down to 2 K [39],
while Sr,Tb*Tr**Og (x = 2) crystallizes in a monoclinic
structure with a P2;/n space group [see Fig. 2(a)] and un-
dergoes two antiferromagnetic (AFM) transitions at 51 K and
25 K [40,41]. On account of the smaller size of Sr cations,
the lower tolerance factor (0.992 for Ba,TblrOg [39] and
0.959 for SryIrO¢ [41]) induces the tilting and distortion of
the TbOg /IrO¢ octahedra and SrO;, dodecahedra, which is re-
sponsible for the change of the crystal structure from cubic to

monoclinic. With increasing x in Ba,_,Sr, TbIrOg, the lattice
parameter shows a sudden drop around x = 0.35 suggesting a
valence-state change from Tb** /Ir>* to Tb** /Ir** phase.
Partial substitution of Ba>" by Sr>" in Ba,_,Sr, TbIrOg
is expected to reduce the tolerance factor, which measures
the stability and distortion of perovskites. The transi-
tion from Tb>*/Ir’* to Tb*'/Ir*" phase with increasing
x signals that a smaller tolerance factor stabilizes the
Tb* /Ir** phase. For most perovskites, the tolerance fac-
tor has a positive temperature dependence. This indicates
that Ba,_,Sr, TbIrOg members near the critical composi-
tion x = 0.35 can have a temperature-induced valence-state
transition between the high-temperature Tb>*/Ir’* and the
low-temperature Tb** /Ir** configurations. This thermally in-
duced valence-state transition assisted by chemical pressure
has not been studied yet. More importantly, the valence-
state transition can have a dramatic effect on the magnetic
properties considering the change of the electronic config-
uration of Ir and might be employed to tune magnetism,
as shown in Fig. 1(c). In this paper, we investigate the
thermally-driven valence-state transition in Ba,_,Sr, TbIrOg
with the motivation of understanding its effect on the low-
temperature magnetism and possible switchable magnetism
using the transition between Jor = 0 and Jgr = 1/2 at Ir
site. The thermally-driven valence-state transition was investi-
gated in the composition range 0.2 < x < 0.375 by measuring
x-ray and neutron powder diffraction, resonant inelastic x-
ray scattering, magnetic susceptibility, electrical resistivity,
and specific heat. The valence-state transition has a dra-
matic effect on the electronic configuration of Ir and thus
the long-range magnetic order at low temperatures for both
Tb and Ir ions. A long range magnetic order is observed in
Ba,_, Sr, Tb**Ir*+ Og but absent in Ba,_,Sr, Tb>*Ir’* Q. The
valence-state change is associated with a dramatic first-order
structural change of the lattice. Consequently, control of the
lattice, through strain or pressure, is a potential route to further
control and drive the valence state and associated magnetic
order. This would yield a switchable mechanism to turn on
and off the magnetism, which deserves further investigation.

II. EXPERIMENTS

Polycrystalline Ba,_,Sr, TbIrOg samples (x = 0, 0.1, 0.2,
0.325, 0.35, 0.375, 0.4, 0.5, and 2) were synthesized by the
solid-state reaction method. BaCO3, SrCO3, Tb407, and IrO,
were used as starting materials. The stoichiometric and ho-
mogeneous mixture was pelletized and fired from 1000 °C to
1200 °C for up to 6 days with intervening regrindings and
repelletizings.

Powder x-ray diffraction (XRD) was carried out on a
PANalytical X’Pert Pro MPD powder x-ray diffractometer
using Cu K,,; radiation. Room-temperature diffractions for all
compositions were performed in the range 10° < 26 < 90°.
Variable-temperature XRD patterns were collected from room
temperature down to 20 K using an Oxford PheniX closed
cycle cryostat.

Magnetic susceptibility (x) was measured in the tem-
perature range 2 K < 7 < 380 K on a Magnetic Property
Measurement System (Quantum Design, QD). Specific heat
(C,) was measured by the relaxation method between 2 K and
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FIG. 2. (a) Crystal structures of Ba,TbIrOg and Sr, TbIrOg projected in the ab plane. The space group and tolerance factor ¢ are also given.
(b) Powder x-ray diffraction patterns of Ba,_,Sr, TbIrOg collected at room temperature. The superlattice indicating the ordered arrangement of
Tb and Ir cations is highlighted by the rectangle. (c) Composition dependence of the refined lattice parameters. The lattice parameters reported
in Ref. [38] are also given for comparison. In the composition range plotted, both the Ba,_,Sr, Tb>*Ir’* O4 and Ba,_, Sr, Tb* Ir*T Oy phases
are cubic with a space group Fm3m. (d) Evolution with x of the fraction of Ba,_,Sr,Tb* Ir’" Q4 and Ba,_,Sr, Tb** Ir** O determined from
the Rietveld refinements of the diffraction patterns shown in (b) (see Fig. S1 in Supplemental Material [42] for details).

300 K using a QD Physical Property Measurement System
(PPMYS). Electrical resistivity (p) was also measured between
100 K and 380 K on the PPMS.

Neutron powder diffraction was performed on the HB-2A
Powder Diffractometer at the High Flux Isotope Reactor, Oak
Ridge National Laboratory. The sample was contained in an
annular Al sample holder to reduce the absorption from Ir.
Diffraction patterns were collected from 1.5 K to 250 K in a
helium cryostat. Wavelengths of 2.41 A and 1.54 A were se-
lected from a vertically focusing germanium monochromator
from the Gel13 and Gel15 reflection, respectively.

Resonant inelastic x-ray scattering (RIXS) was performed
on the MERIX beamline, 27-ID, at the Advanced Photon
Source, Argonne National Laboratory. The finely ground
powder samples were contained in a custom Al sample holder
with Kapton windows for the three compositions of x = 0.1,
0.2, 2.0. The incident energy was tuned to the Ir L;-edge
(11.215 keV) resonant edge to enhance the Ir scattering. The
inelastic energy was measured with the use of a Si(844) ana-
lyzer. The energy resolution was determined to be 35 meV at
full width half maximum, based on fitting the quasielastic line
to a charge peak. The scattering plane and incident photon
polarization were both horizontal, i.e., 7 incident polariza-
tion, with the incident beam focused to a size of 40 x 25

microns? (H x V) at the sample position. To minimize the
elastic scattering, measurements were performed with 26 at
90° in horizontal geometry. Temperature-dependent measure-
ments were collected from 5 K to 295 K using a closed cycle
refrigerator.

III. RESULTS AND DISCUSSIONS

A. Valence-state transition in Ba,_,Sr, TbIrOg
from room-temperature XRD

Figure 2(b) shows the powder XRD patterns of
Ba,_,Sr, TbIrOg (0 < x < 0.5) collected at room temperature.
All these samples were fired in air at 1200 °C for 48 hours. The
existence of the superlattice reflection for all compositions
at 20 ~ 19° indicates an ordered arrangement of Tb and
Ir ions. For x = 0, the Rietveld refinement (see Fig. S1 in
Supplemental Material [42]) confirms the cubic structure,
and the lattice parameters agree well with previous reports of
Ba,_,Sr, Tb**Ir’T Oy [38]. With increasing Sr concentration,
extra reflections are observed above x = 0.325. These
extra reflections can also be indexed with the cubic Fm3m
structure but with a smaller lattice parameter. According to
Refs. [38,39], this new cubic phase is Ba,_ Sr, Tb* Ir*+Og.
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FIG. 3. Evolution with temperature of the cubic (422) peak for
x = 0.2 monitored upon (a) cooling and (b) warming in the tempera-
ture range 20 K < 7' < 300 K. The peak sitting at 26 = 53.6° is from
the Tb3*/Ir>*, while the one at 20 ~ 54.3° from the Tb**/Ir** phase.
[(c), (d)] Temperature dependencies of the (422) peak intensity for
Tb** /Ir’* and Tb** /Ir* phase, respectively. The arrows denote the
direction of sweeping temperature.

The intensity of those reflections from Tb*' /Ir** increases
with more Sr substitution. Figure 2(c) shows the evolution
with Sr content of the room-temperature lattice parameters.
Also plotted are the data from Ref. [38], and the results
agree well. With increasing x, the lattice parameter gradually
decreases and shows a sudden drop around x, = 0.325, which
corresponds to the valence-state transition with electron
configuration from Tb**/Ir’* to Tb*'/Ir** state. From
room-temperature powder XRD patterns, these two cubic
phases coexist in the composition range 0.325 < x < 0.4.
Figure 2(d) shows how Sr content affects the fractions of the
Tb’* /Ir’* and Tb**/Ir*" phases in Ba,_,Sr,TbIrOg. The
fraction of the Tb** /Ir** phase is dramatically enhanced in
x = 0.4 with only a few percentage of residual Tb** /Ir>*
phase.

We noticed that the fraction of these two cubic phases de-
pends on the sintering conditions. For example, for x = 0.35,
about 17%wt of Tb*" /Ir** phase was found when the pellet
was fired at 1200 °C for 48 hours. This fraction increases to
33%wt when the sample was heat treated at 1250 °C for 48
hours or at 1200 °C for 144 hours (see Fig. S2 in Supplemental

Material for details [42]). This processing dependence might
be related to variation of Ir deficiency and/or the oxygen
content in the sample after an extended sintering.

B. Temperature-induced valence-state
transition in Ba; gSry,TbIrOg

The above room-temperature XRD studies show that the
doping-induced valence-state transition occurs in a narrow
composition range around x, = 0.325. As explained in Sec. I,
one would expect a thermally driven valence-state transition
near x. = 0.325 considering the temperature dependence of
the tolerance factor for most perovskites. To verify this, we
investigated the structure, valence state of Ir, magnetic and
transport properties, magnetic structure of Ba; gSrg,TbIrOg
by measuring low-temperature x-ray and neutron powder
diffraction, RIXS, magnetic susceptibility, and electrical re-
sistivity. This composition is particularly investigated because
it is single phase at room temperature as shown in Fig. 2.
Therefore, the appearance of the Tb*+ /Ir‘“r phase, i.e., the
valence-state transition, could be better resolved upon cool-
ing.

Low-temperature XRD. The variable-temperature powder
XRD patterns were recorded down to 20 K. Figures 3(a)
and 3(b) show the evolution with temperature of the (422)
reflection upon cooling and warming, respectively. At 300 K,
one single peak is observed at 26 & 53.6°, suggesting that
the sample has a single Tb>*/Ir’* phase. With decreas-
ing temperature, a weak peak centering around 26 ~ 54.3°,
which is the (422) reflection of the Tb** /Ir** phase, starts to
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FIG. 4. Temperature dependence of (a) magnetic susceptibility
and (b) electrical resistivity for x = 0.2 measured upon warming and
cooling as marked by arrows.
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FIG. 5. RIXS spectra as a function of energy loss measured for
x = 0.2. Data collected on x = 0.1 and x = 2 are used as a reference
for Tb>* /Ir>* and Tb** /Ir** configurations, respectively.

appear below T, | = 150 K, as seen in Fig. 3(a). The peak
intensity of Tb** /Ir** phase increases upon further cooling,
while the peak intensity of Tb>*/Ir’* phase decreases. After
dwelling at 20 K for about one hour, the profile of these
two peaks were monitored upon warming. The peak intensity
of Tb*"/Ir*" phase starts to decrease around 7, ; = 180 K
while that of Tb** /Ir’* phase starts to increase. Above about
250 K, only the Tb** /Ir>* phase is left. We also performed
low-temperature x-ray powder diffraction measurements on
x = 0.1 and 0.5. As shown in the Supplemental Material
(Fig. S3) [42], we did not observe similar dramatic change
in peak intensity.

The appearance of the Tb** /Ir** phase at lower temper-
atures provides a clear evidence for the temperature-induced
valence-state transition from Tb** /Ir>* to Tb** /Ir** config-
uration in Ba, gSro,TbIrOg. The different transition temper-
atures 7, 4 ~180 K and T, | ~ 150 K indicate a first-order
nature of this transition. The transition is not complete at

20 K, leading to a mixed-phase state due to the polycrystalline
nature of our samples.

Magnetic and transport response to the valence-state tran-
sition. The magnetic susceptibility x(7') as a function of
temperature measured in an applied field of 100 Oe is shown
in Fig. 4(a). Upon cooling, x(7T") shows a step-like change
around 170 K. While upon warming, the change occurs
around 200 K. The obvious hysteresis in x(7') is consistent
with that observed in low-temperature XRD measurements
and is a clear evidence for the first-order nature of this
valence-state transition. A Curie-Weiss fitting of the mag-
netic susceptibility above 200 K gives an effective moment
of 9.70 ug and a Weiss constant of —21 K. The effective
moment is as expected for Tb>* and similar to that of x = 0.1
presented later.

Figure 4(b) shows the temperature dependence of the elec-
trical resistivity, o(T). A resistive behavior is observed below
400 K. Upon cooling, p(T) increases from about 20 Q2cm
at 400 K to 3 x 10° Qcm at 130 K, below which the
sample is too resistive for any reliable data from our machine.
When measured on warming, o(7) exhibits a kink around
220 K, where the hysteresis in x (7") occurs. We also measured
p(T) for x = 0.1 and 0.5 where no valence-state transition is
expected (data not shown). We did not see any anomaly as
observed in Fig. 4(b).

Resonant inelastic x-ray scattering. To verify that the
anomalies in the low-temperature XRD study is indeed from
the transition between Tb>* /Ir>* and Tb** /Ir** phases due to
the charge transfer between Tb and Ir ions, we measured RIXS
for three Ba,_,Sr,TbIrO¢ samples with x = 0.1, 0.2, and 2.
RIXS is element specific and measures directly transitions
between d — d orbitals; therefore, it is a powerful probe to
provide direct information on the valence states of the Ir ions
in this compound [43]. At 295 K, as shown in Fig. 5, the spec-
trum for x = 0.2 exhibits two peaks around 0.3 and 0.6 eV. At
lower temperatures, two features are observed: (i) the intensity
of the high-energy peak is nearly temperature independent
while the low-energy peak is significantly suppressed; (ii)
a shoulder around 0.7 eV gradually arises. To explain the

TABLE I. Structural parameters of Ba,_,Sr,TblrOs (x = 0.2) at different temperatures obtained from Rietveld refinement of neutron
powder diffraction patterns. The coexistence of the Tb>* /Ir>* and Tb** /Ir** phases with a reasonable phase fraction allows us to extract the
structural parameters of each phase. The space group is Fm3m for both phases. The position of oxygen (x, 0, 0) is presented. Refinement of the
Ba/Sr ratio found agreement with the nominal composition. The refinement also suggests a stoichiometric amount of oxygen. The oxidization
states of Tb and Ir estimated from bond valence sum (BVS) are also shown. For the BVS calculation [44], Tb*", Ry = 2.018 A and B = 0.395.

For Ir*t, Ry = 1.909 A and B = 0.258.

Tb>* /Ir’* phase

Tb*" /Ir** phase

250 K 165K 60 K 250 K 165K 60 K
aA) 8.3754(2) 8.3737(2) 8.3715(3) 8.2920(2) 8.2885(2)
Xo 0.2344(2) 0.2328(4) 0.2329(6) 0.2407(3) 0.2412(3)
Ba/Sr-O (A) 2.96402(10) 2.96405(18) 2.9632(3) 2.93268(10) 2.93132(10)
Tb-O (A) 2.2245(17) 2.237(4) 2.236(6) 2.150(3) 2.145(3)
BVS Tb*+ 3.56 3.45 3.46 430 4.35
Ir-O (A) 1.9632(17) 1.949(4) 1.950(6) 1.996(3) 1.999(3)
BVS Ir*+ 4.86 5.14 5.12 4.28 4.23
ZTb-O-Ir (deg) 180 180 180 180 180
Fraction 100% 34.7(4)% 22.8(3)% 0% 65.3(6)% 77.2%
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evolution of the peak intensity with temperature, the RIXS
spectra of x =0.1 and 2 are also plotted as a reference.
At 295 K, the spectrum of x = 0.2 matches well with the
x = 0.1 curve, indicating a pure Tb**/Ir>" phase. At lower
temperatures, the emergence of the shoulder feature indicates
the presence of the Tb**/Ir** phase, which is therefore a
very direct evidence for the valence-state transition between
Tb>* /Ir>* and Tb** /Ir** states. The weak but visible low-
energy peak for x = 0.2 at 5 K supports the phase coexistence
as deduced from the variable-temperature XRD results.

Nuclear and magnetic structure from neutron powder
diffraction. Figure 6(a) shows the Rietveld refinement of the
neutron powder diffraction pattern for x = 0.2 collected at
60 K, which is consistent with the XRD result including
both Tb** /Ir>* and Tb** /Ir** phases below T,. Some extra
strong reflections are observed at 3 K in Fig. 6(b). The d
spacing proves that this set of magnetic peaks come from the
Tb*" /Ir** phase. Figure 6(c) shows the temperature depen-
dence of the peak intensity at 26 = 23.8°, which confirms the
long-range magnetic order at 40 K. The positions of the mag-
netic reflections are compatible with a propagation vector k
= (0, 0, 1). A representational analysis approach was utilized
with the aid of the SARAh program [45]. For a propagation
vector k = (0, 0, 1) and magnetic Tb ions at (0.5, 0.5, 0.5)
and Ir ions at (0, 0, 0) in the Fm3m space group, there are
two symmetry allowed irreducible representations: I'; and I'g
in Kovalevs scheme. I'g confines the spins on both Ir and Tb
ions to the c¢ axis and was found to provide the best fit to the
data. Any determination of canting away from the ¢ axis is
beyond the limits of the data. As illustrated in the inset to
Fig. 6(c), both the magnetic moments of the Tb** and Ir*+
spins are aligned along the ¢ direction. The Tb** and Ir**
sublattices couple ferromagnetically in the ab plane, which are
further arranged antiferromagnetically along the ¢ direction.
The deduced magnetic moment is 5.98(4) g for Tb** ion and
0.5(1) ug for Ir** jon. It should be noted that the low signal
from Ir makes accurate isolation of the signal challenging and
these values are best fits only.

The coexistence of the Tb>*/Ir’" and Tb*'/Ir** phases
with a reasonable phase fraction allows us to obtain the struc-
tural parameters of each phase from Rietveld refinement of
the neutron powder diffraction patterns collected at different
temperatures. As shown in Table I, the Tb** /Ir*+ phase has
a smaller lattice parameter than the Tb>* /Ir>* phase. This is
consistent with that determined by x-ray powder diffraction.
The Tb** /Ir** phase has an elongated Ir-O bond but short-
ened Ba-O and Tb-O bonds compared to the Tb** /Ir>* phase.
Also shown in Table I are the oxidization states of Tb and Ir
estimated from bond valence sum, which in general agree with
the expected oxidization states of Tb and Ir ions in each phase.

C. Evolution with x of the valence-state transition and
low-temperature magnetic order of Ba,_, Sr, TbIrOq

In order to understand how the valence-state transition
evolves with the chemical pressure, we measured x (T') curves
of six different Ba,_,Sr, TbIrOg samples with 0.1 < x < 0.5.
Figures 7(a)-7(e) show the x(7) data below 100 K. For
x = 0.1, x(T) increases upon cooling and exhibits a slope
change around 5 K, below which x (7)) measured in field-

Z | (@ ek obs
o p— al
§ 7=151% ——— Obs-Cal
: To> /1
"% To* /e
~ Al
2z
z N
E (. | [ | I | [
— | | |
¥ Bt L s At
20 40 60 80 100 120
z ®) 3k Obs
= = 147% — Obs-Cal
. T /I
'c% T/
~ Al
;\ ﬁ é ﬁ Magnetic
= ,
g £ £
8 | | | I | [ I
=) | \
— [ [ I [ [ [ [ I I
s ~f——
20 40 60 80 100 120
20 (deg)
59534 (©)

Intensity (arb. units)
I
of

T (K)

FIG. 6. Neutron powder diffraction performed with a wavelength
of 241 A on x=0.2 at (a) 60 K and (b) 3 K. In panel (a), the
vertical-tick marks from top to bottom correspond to Tb**/Ir’*
phase (green), Tb*" /Ir** phase (orange), and Al can (blue). The
additional set of vertical tick marks in panel (b) at the bottom are
the magnetic reflections. (c) Temperature dependence of the peak
intensity around 26 = 23.8°. The solid line is a fit as described in
the text. The inset is the arrangement of Tb*" spins (red) and Ir**
spins (blue).

cooling (FC) mode starts to diverge from that collected in
zero-field cooling (ZFC) mode. For x = 0.5, the slope change
is absent but a kink at 40 K can be well resolved. For other
compositions, both the slope change around 5 K and the kink
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FIG. 7. Temperature dependence of magnetic susceptibility for
Ba,_,Sr, TbIrOg series measured in H = 100 Oe. x = 0.5 sample
was measured in a magnetic field of 500 Oe. Panels [(a)—(e)] high-
light the features at low temperatures. The magnetic susceptibility of
x = 0.2 is similar to that of x = 0.325 shown in panel (b). Panels
[(£)-()] highlight the valence-state transition at high temperatures.
Solid (open) symbols are measured in ZFC (FC) process. The drop
of the magnetic susceptibility near 3 K comes from a small amount
of Tb, O3 impurity that is present in all samples studied in this paper.

around 40 K are present. A sudden drop of x (T") upon cooling
across ~2.5 K is observed in all compositions and comes
from a small amount of Tb,O3 impurity [46] that can barely
be observed by room-temperature x-ray powder diffraction.
At high temperatures, see Figs. 7(f)-7(j), a paramagnetic be-
havior is observed for x = 0.1 and 0.5 up to 380 K, while a
clear first-order transition is observed for 0.2 < x < 0.375 in
the temperature range 180 K < T < 320 K. The valence-state
transition shifts to higher temperatures with increasing x. A
Curie-Weiss fitting of the high-temperature magnetic suscep-
tibility for x = 0.1 gives an effective moment of 9.74 up and a
Weiss constant of —16 K. This effective moment is as expected
for Tb>* ions and confirms the Tb>*/Ir>* state for x = 0.1.
The Curie-Weiss fitting of x = 0.5 gives an effective moment
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FIG. 8. Specific heat of selected compositions of Ba,_,Sr, TbIrO.

of 8.47 ug and a Weiss constant of —30 K. This effective
moment is slightly larger than the expected value of 8.13 ug
for Tb** /Ir** configuration.

The above complex temperature dependence of x(7)
shows a close relation between the high-temperature valence-
state transition with the low-temperature magnetic order. For
x = 0.1 with only Tb>*/Ir>* phase, no long-range magnetic
order is observed but a spin-glass state is developed below
~5 K. For x = 0.5 with only Tb*"/Ir** phase, the kink
feature around 40 K is a signature for the long-range AFM
order. The absence of the splitting between FC and ZFC y (T')
indicates a collinear AFM spin arrangement as confirmed for
the Tb**/Ir** phase in x = 0.2 by the neutron diffraction
measurements. For other compositions with the valence-state
transition, the incomplete transition results in the coexistence
of Tb* /Ir>* and Tb** /Ir** phases. Therefore, both the slope
change around 5 K and the kink around 40 K are observed in
x(T).

The magnetic order around 40 K can be well resolved in the
temperature dependence of specific heat as shown in Fig. 8.
For x = 0.1, no anomaly is observed around either 5 K or
40 K. The former is consistent with the spin-glass origin of the
splitting of FC and ZFC curves; the latter confirms the absence
of a long-range magnetic order. For other compositions, a
A-type anomaly due to the AFM order of the Tb** /Ir** phase
shows up near Ty = 40 K. Application of a magnetic field can
suppress the magnetic order and reduce 7.

IV. SUMMARY

In summary, we study the temperature-induced valence-
state transition in a narrow composition range 0.2 < x <
0.375 in Ba,_,Sr,TbIrO¢. Upon cooling, one electron is
transferred from Tb®* to Ir’* in the Ba,_,Sr,Tb*FIr’TOq
phase leading to the formation of the Ba,_,Sr, Tb* Ir** Oy
phase. No long-range magnetic order was observed in
Ba,_,Sr, Tb>t1IrPtOg where the I’ has an electronic con-
figuration of 5d* (Jofr = 0). The observation of the long-range
magnetic order with Ty = 40 K in Ba,_,Sr,Tb* Ir*+ O, at
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which both Tb** and Ir** ions order simultaneously, suggests
an essential role of Ir*t (Jor = 1 /2) in mediating the magnetic
interactions of Tb ions.

We noticed that the valence-state transition is not com-
plete even at 2 K in our polycrystalline samples. Detailed
studies on single crystals are desired to further understand
the mechanism and effects of the valence-state transition. The
first-order valence-state transition is sensitive to the chemical
pressure induced by the size difference between Ba’t and
Sr?* cations. It is thus reasonable to expect that strain field
can be effective in controlling the valence-state transition
and thus the magnetism. This kind of effect can be better
tested in thin films on different substrates or using in situ
strain fields. In addition, appropriate chemical doping that
might induce electrical conductivity also deserves some ef-
forts for novel phenomena accompanying the valence-state
transition.
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