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The newly synthesized Tm,Ir,O; iridate is investigated using neutron scattering techniques. Powder neutron
diffraction patterns confirm that Tm,Ir,O; crystallizes in a cubic structure of pyrochlore type, consistent with
the rest of the rare-earth A,Ir,O; series, and the crystal structure is preserved down to 0.2 K. The thermal
expansion of the crystal lattice is well described by a Debye model of lattice vibrations. A weak magnetic signal
consistent with the so-called all-in-all-out magnetic order (AIAO) is traced at low temperature; however, it cannot
serve as unambiguous evidence of the AIAO structure in the compound. Nondispersive magnetic excitations in
energy-momentum space are observed in inelastic neutron scattering spectra of Tm,Ir,O;. The crystal-field
scheme and parameters of the thulium iridate are refined and discussed with respect to the specific heat and
magnetization data. The results are supported by mean-field calculations.
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I. INTRODUCTION

The A,T,0; family of compounds, where A stands for a
rare-earth element and 7 is a transition element, has been
studied intensively for its complex structural, magnetic, and
conductive properties. The majority of A,7,07 crystallizes
in an ordered structure of the pyrochlore type (space group
Fd-3m, no. 227, origin choice: 2), consisting of individual
A and T nets of interpenetrating corner-sharing tetrahedra
and oxygen 8- and 6-coordinate cages around the respective
cations [1]. The geometrically frustrated lattice significantly
affects the magnetic behavior/ground state of the A,7,0;
members with A or/and T being magnetic, e.g., the uncon-
ventional spin-glass state in Y,Mo,07 [2], the ordered spin
ice state in TbySn,O7 [3], the spin ice states in Dy,Ti, O
and Ho,Ti,O7 [4], the chiral spin-liquid state in Pr,Ir,O7 [5],
or the structural disorder-induced quantum spin-liquid state
in Pr,Zr,O7 [6]. Partially ordered systems [7] and fragmen-
tation of magnetic moments in Dy,Ir;,O; [8] or Ho,Ir,0
[9] have also been reported. Furthermore, magnetic sublat-
tices A and T can strongly affect each other [10,11]. The d-f
exchange (T and A spins) [12] could lead to, e.g., anisotropy-
tuned magnetic order as in Er;Ir;O; and Tb,Ir,O;7 [13]
or giant magnetoresistance observed in Nd,Ir,O; [14]. The
competition and delicate balance among exchange, dipolar,
and spin-orbit (SO) interactions in pyrochlores have been
proposed and observed to generate topologically nontrivial
phases, e.g., a Weyl semimetal state and Fermi-arc surface
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states (in Eu,Ir,O7) [15,16], a topological band insulator, or a
topological Mott insulator [17,18].

Focusing on A,Ir,O7 iridates, the subject of our present
work, they crystallize in the pyrochlore structure. The iridium
sublattice orders magnetically below ordering temperature,
Ti:, in the majority of members, Pr,Ir,O; being an exception
[15,19,20]. The magnetic order of an iridium sublattice has
been repeatedly reported to be all-in-all-out (ATAO) order, i.e.,
neutron diffraction experiments evidenced a magnetic signal
consistent with the AIAO order for Nd,Ir,O7 [21], EuyIr,Of
[22], DyZII'207 [8], Tb21r207 [10], Yb21r207, and LU2IT207
[23]. Concomitantly with magnetic ordering, metallic (A =
Pr, Nd) or semimetallic/nonmetallic (A = Sm-Lu) A,Ir,05
undergo a transition to the insulating state below T [19].
The rare-earth moments are subject to the Ir molecular field
through d-f coupling, which might result in induced AIAO
magnetic order of the A sublattice—evidenced by neutron
diffraction experiment in Nd,Ir,O7 [21] and Tb,Ir,O; [10].
Importantly, the second XY component of the Tb magnetic
moments in Tb,Ir,O; was identified at low temperature, lead-
ing to a tilt of the total magnetic moments from the local
(111) direction of AIAO order. An antiferromagnetic cou-
pling between Ir and Sm, as well as a long-range ordering
of Sm moments, were inferred by analyzing the «SR spectra
of SmyIr, 07 [24]. A ferromagnetic order of Yb moments in
Yb,Ir, 07 is not fully established down to 40 mK due to phase
competition caused by a coupling with the AIAO order of an
iridium sublattice [23].

In addition to the long-range Ir order, the induced A order
(of magnetic rare-earth ions), and the A-A magnetic corre-
lations, the low-temperature behavior of A,Ir,O7 is defined
by the A single-ion properties, namely the crystal field (CF)
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acting on the A cation. The crystal-field schemes of heavy
rare-earth A,;Ir,O; compounds have been studied systemati-
cally by inelastic neutron scattering—Dy,Ir,O7 [8], Ho,Ir, O
[9], Er,Ir,O5 [25], and Yb,Ir,O7 [23]—and confronted with
macroscopic data [20,25,26]. Recently, we synthesized and
thoroughly characterized the previously unreported Tm;Ir, O,
member of the family [20]. Experimental data allowed us
to update and complete the A,Ir,O; phase diagram of
Tir [15,19,20], confirm the nonmagnetic Tm ground-state
crystal-field singlet, and propose a CF model for Tm;Ir,O;.
Determination and parametrization of the crystal field in the
Tm;,Ir,O7 iridate acting on Tm?* cations are the subject of
the present study. Simultaneously, a neutron diffraction ex-
periment was performed to inspect the magnetic order of the
Ir sublattice.

II. SAMPLE SYNTHESIS AND CHARACTERIZATION

Polycrystalline samples of Tm;Ir,O7 and Lu,Ir,O; were
synthesized from a stoichiometric mixture of A,Os; and
IrO, (AlfaAesar, purity 99.99% metal basis) using the CsCl
flux method. The initial oxides were individually heated to
500 K to remove water, weighted in a 1:2 ratio, and thoroughly
mixed with CsCl salt (99.999%) in a 1:50 ratio. The mixture
was placed in an open Pt crucible and reacted at 1120 K
for three weeks with 14 intermediate grindings. The CsCl
salt was washed off the samples. Further details on sample
preparation have been published elsewhere [27]. The samples
were synthesized in large amounts [6.9 and 4.2 g of Tm;Ir, 0,
for MARI and D1B experiments (see below), and 5.7 g of
Lu,Ir,O7] to be directly used for the present neutron scatter-
ing experiments.

The quality of the samples was checked by x-ray
diffraction (Bruker D8-Advance diffractometer with Cu Ko
radiation) and scanning electron microscopy [MIRA, Tes-
can, with backscattered-electron (BSE) and energy-dispersive
x-ray (EDX) detectors]; see Fig. 1. The x-ray diffraction pat-
terns confirmed the cubic pyrochlore structure (Fd-3m) of
prepared samples. About 3% of unreacted A,O3 oxides was
evidenced in the samples of total mass 4.2 and 5.7 g, while
the Tm,Ir,O; sample (6.9 g) later used for inelastic neu-
tron scattering experiment contained about 12% of unreacted
Tm,O3. Unreacted initial oxides in the sample are a common
problem preparing A,Ir, O iridates [5,10,13,25,28] due to sig-
nificantly different melting temperatures of initial oxides and
heavy sublimation of iridium dioxide (in contrast with, e.g.,
isostructural rare-earth titanates [29] or zirconates [36]). The
decomposition and evaporation of IrO, are mostly suppressed
using the flux, in which the oxides are dissolved, allowing a
lower reaction temperature [27]. Nevertheless, synthesizing
a large amount of the sample—which is certainly preferable
considering the samples’ homogeneity and the requirements
of neutron scattering techniques for sample volume—is still
complicated, and a presence of unreacted oxides cannot be
fully suppressed (14 reaction cycles in the present case did
not eliminate all Tm,Oj3 in the sample).

The FULLPROF suite [30] was employed to deter-
mine the lattice parameter a™™2™2%7 = 10.135(1)A and
2207 — 10.104(1) A, and the fraction coordinate of the
oxygen atom [Wyckoff position 48f: (xg.agr, 1/8, 1/8)]
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FIG. 1. X-ray diffraction patterns of investigated Tm,Ir,O; and
Lu,Ir,0O; iridates. The experimental data (red circles), the fit of the
data to the pyrochlore model (black line), the difference between the
experimental and calculated data (blue line), and the positions of the
Bragg reflections of the pyrochlore phase (green ticks) are presented.
Peaks of the A,O; phase are marked by asterisks. The insets contain
the BSE images of selected single crystalline grains of um sizes.

xgﬂélgzm =0.335(2) and x(%férfzm = 0.342(3) from diffrac-
tion patterns. We note perfect agreement comparing the
crystallographic parameters of the previously synthesized
sample (a mass of approximately 0.5 g) [20] and the present
large amount sample. Furthermore, a pronounced bipyramid
shape of synthesized grains (of pum sizes; see the BSE images
in the inset of Fig. 1) documents both the good quality of the
material and its pyrochlore structure. The stoichiometry ratio
A:Ir = 50(2):50(2) was confirmed by the EDX technique; the
technique is not sufficiently sensitive to light elements, and
therefore the oxygen content cannot be determined.

III. EXPERIMENTAL METHODS AND CALCULATIONS

The neutron diffraction experiment was performed using
the D1B diffractometer at the Institute Laue-Langevin (ILL),
Grenoble. Monochromatic neutron radiation with a 2.528 A
wavelength, and a multidetector with an angular range of
128° and a step of 0.1° between each of the 1280 *He de-
tection cells, were employed (see e.g. [31,32] for details).
The Tmj;Ir,O; powder sample was loaded in a cylindrical
copper container to ensure good thermal contact, of 6 mm
diam and 60 mm height mounted on a dilution insert stick.
The dilution insert was placed inside a cryofurnace, allowing
accurate temperature control from sub-Kelvin temperatures
(0.2 K) to 550 K. Parasitic diffraction peaks arising from the
cryofurnace were removed by a radial oscillating collimator.
The measured diffraction patterns, available in the datasets
[33], were processed using the FULLPROF suite [30].
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The inelastic neutron scattering (INS) experiments on
AsIr,O7 were performed on the time-of-flight spectrometer
MARI at the ISIS pulsed neutron and muon source, Ruther-
ford Appleton Laboratory, Didcot, UK. The samples were
packed in aluminum foil, in an annular geometry, and placed
inside an aluminum cylindrical sample holder with a diameter
of 4 cm. The measurements were conducted in a stan-
dard closed-cycle refrigerator at temperatures of 5, 100, and
200 K. The incident energies (E;) were selected by phasing
the Gd Fermi chopper in repetition-rate multiplication mode,
allowing us to measure two sets of simultaneous energies,
namely 10 and 120 meV, and 10, 30, and 180 meV. Auxil-
iary measurements of an empty container and vanadium for
calibration purposes were performed. Data were corrected for
container scattering, absorption, and self-shielding, and for
detector efficiency variation. The normalization to a vanadium
standard allowed the calculation of the dynamic structure
factor S(Q,w) in absolute units, employing the software pack-
age MANTIDPLOT [34]. Normalized spectra were corrected
for sample absorption by assuming an evenly loaded sample,
similarly to that in the case of other heavy rare-earth analogs
[23,25]. The experimental data are accessible in datasets [35].

The magnetization and specific-heat measurements were
conducted employing the Magnetic Properties Measurement
System and the Physical Properties Measurement System
(MPMS and PPMS, Quantum design). Part of the sample
was cold-pressed, and a small pellet (=5 mg) was cut off the
pressed sample. Magnetization was measured employing the
reciprocating sample option (RSO) at a temperature down to
2 K. The low-temperature magnetization (from 0.4 to 5.0 K)
was evaluated indirectly by measuring the electrical resis-
tivity signal of precalibrated Hall probes, Arepoc Company
in PPMS [36,37]. Magnetization data were measured in a
magnetic field up to 7 T. A standard time-relaxation method
and PPMS were used for specific-heat measurements in the
temperature interval from 0.4 to 300.0 K.

The model crystal-field (CF) parameters to fit the
Tm;,Ir,O7 inelastic neutron scattering spectra were obtained
from the CF parameters of Er,Ir,O7 [25] and Yb,Ir,O7 [23]
by scaling the corresponding Stevens factors. In the case
of Yb,Ir,07, the transformation was made from Wybourne
to Stevens convention [20]. The respective CF parameters
and eigenenergies are listed in Table I. The CF parameters
divided by Stevens factors are presented for all heavy rare-
earth AyIr,O7 (A = Dy, Ho, Er, Tm, Yb) in Table II for
completeness. The final set of CF parameters determined
by analyzing the experimental INS data, together with the
external magnetic field, was used to construct the micro-
scopic Hamiltonian containing the CF and Zeeman terms. The
numerical diagonalization of the microscopic Hamiltonian
provided eigenfunctions and eigenenergies. Magnetization as
a function of temperature and external magnetic field, and the
Schottky contribution to specific heat, were calculated using
our in-house computer codes (for details, see [26]).

IV. NEUTRON DIFFRACTION—LATTICE THERMAL
EXPANSION AND SIGNS OF ATAO ORDER

The long-range ordering of the iridium magnetic moments
in TmyIr,O7 was studied by powder neutron diffraction down

TABLE I. The crystal-field parameters in Stevens notation and
corresponding CF eigenenergies. Model Tm,Ir,O; schemes derived
by scaling the CF parameters of Er,Ir,O; [25] and Yb,Ir,O; [23]
by Stevens factors (Er—Tm) and transforming the Wybourne CF
parameters into Stevens notation (Yb—Tm), and the CF parameters
refined from the INS spectra of Tm,Ir,O; are listed. Singlet states
are marked (s); the other levels are doublets.

Tm21r20173r21r207 Tm21r20¥b21r207 TmZII‘ZO;NS
BY (102 meV) 29.670 36.670 18.277
BY (107 meV) 6.949 5.265 5.057
B3 (102 meV) 4.228 5.602 3.184
BY (10°meV)  —26.330 —29.470 —31.260
B} (10* meV) 3.981 7.166 3.873
BS (10* meV) —6.554 —4.398 —5.890
Ey (meV) 0(s) 0(s) 0(s)
E; (meV) 8.733 13.733 10.467
E, (meV) 37.646 24.359 (s) 33.827 (s)
E; (meV) 37.935 (s) 32.418 36.734
E4 (meV) 65.429 60.740 56.559
Es (meV) 83.915 71.550 (s) 72.768 (s)
Es (meV) 86.147 (s) 75.259 73.868
E; (meV) 117.112 (s) 110.438 (s5) 89.239 (s)
Eg (meV) 121.177 (s) 113.829 (s5) 95.250 (s)

to 0.2 K. The Tm** ion in Tm,Ir,O; crystal field reveals
a singlet ground state (see Sec. V), therefore no long-range
magnetic ordering is expected for a Tm sublattice. That is,
only the magnetic signal of an iridium sublattice is investi-
gated by neutron diffraction.

Diffraction patterns recorded in the whole temperature
range, above an Ir sublattice magnetic transition [20] as
well as below Ty, are described by the pyrochlore struc-
ture. A diffraction pattern measured at 180 K, that is, at a
paramagnetic state, is presented in Fig. 2. Bragg reflections
corresponding to Tm,Ir,O; pyrochlore structure are marked
by green ticks and respective Akl indices. Signals arising from
a copper sample container (Cu) and from unreacted Tm,O;
oxide (*) are labeled. We note that the refined volume fraction
of thulium oxide is lower than 1.5%, in good agreement with
XRD analysis.

TABLE II. CF parameters divided by Stevens factors for A,Ir, O
pyrochlore iridates. The values are provided in meV units. The initial
CF parameters (for A =) were taken from the literature: Dy [8], Ho
[9], Er [25], Tm (present study), and Yb [23].

A Dy Ho Er Tm Yb

B’ Ja 32.050 32.000 29.358 18.094 36.300
B°/B 38.375 30.250 42.477 30.977 32.250
B/B 267.111 210.021  258.558  195.040 343.133
B’y 8.088 5.563 4.696 5.576 5.256
Bs®/y —116.175 —106.312 —71.162 —69.086 —127.831
Bs®/y 66.019 85.493 116.815 105.065 78.463
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FIG. 2. Neutron diffraction experiment on Tm,Ir,O;. (a) Powder
neutron diffraction pattern recorded at 180 K: experimental data
(black circles), model structure fit (red line), difference between
experimental and calculated data (blue line), and positions of Bragg
reflections of pyrochlore phase, copper, and Tm,0; (green, gray,
and pink ticks) are shown together with reflections marked (Cu for
copper and asterisks for Tm,0Oj3). (b) Temperature development of
the pyrochlore lattice parameter a. The fit to the Debye model of
the lattice expansion (1) is plotted as a red line. (c) Temperature
development of the 222 peak of pyrochlore structure and zoomed-in
detail.

The pyrochlore structure of Tm;Ir,O7 is preserved down to
0.2 K; no structural transition is observed. The lattice parame-
ter a decreases approximately linearly down to 80 K and tends
to saturate at lower temperature. A thermal expansion of the
crystal lattice can be described within a Debye model of lattice
vibrations. For a cubic material, the temperature development
of the lattice parameter can be described by the following
formula:

a=aoll + T ¢(bp/T)], ey

where aq is the lattice parameter extrapolated to 0 K
(=10.145 A), and I, [fitted as 1.02(6) x 107°] is proportional
to the product of the isothermal expansion and the Griineisen
parameter [38]. ¢(6p/T) represents a polynomial approxi-
mation of the Debye integral. Fitting the data, the Debye
temperature 6p was determined to equal 380(30) K, which
is in good agreement with the Debye temperature previously
calculated for Lu,Ir;O; analog from the specific-heat data
[6p = 350(4) K] [39]. This agreement, inter alia, justifies the
use of lutetium analog as a good approximation of the contri-
bution of the lattice to Tm;Ir,O; data (see Sec. V).

When searching for a magnetic signal below
T,Tm2I207 — 142 K, no clear evidence of magnetic ordering
is observed. No additional peaks outside of the nuclear
reflections’ positions are tracked out. Focusing on a

development of intensity of nuclear peaks, a subtle increase of
intensity was followed on 222 reflection [Fig. 2(c)]. We tend
to ascribe this signal to the ATAO structure of the Ir moments,
similar to that previously reported for other A;Ir,O7 (A = Nd
[21], Tb [10], Dy [8], Yb, and Lu [23]). However, in contrast
to previous studies, no additional magnetic signal—namely,
on reflections 220 and 311—was found in the diffraction
patterns measured below T,. Moreover, the magnetic signal
is visible only at low temperature below 10 K, that is,
significantly below 7j; (see also Sec. VI). Therefore, based on
measured data, the AIAO type of ordering of an Ir sublattice
in Tm;Ir,O7 cannot be unambiguously acknowledged.

V. INELASTIC NEUTRON SCATTERING—
CRYSTAL-FIELD SCHEME OF Tm,Ir,0,

The inelastic neutron scattering (INS) spectra of Tm;Ir, O
and Lu,Ir,O; were collected with four incident neutron
energies at three temperatures as described above. Lattice
excitations (phonons) are observed in INS spectra of both
AyIr,O7; members, while additional magnetic excitations,
namely crystal-field excitations, are followed in the Tm,Ir,O
spectra. Magnetic excitations related to Ir** are expected
at significantly higher energy [40—42] than those of A3*,
and one can suppose that they are similar in Tm and Lu
analogs. Simultaneously, almost identical phonon signals in
both isostructural analogs are expected. The atomic mass of
Tm and Lu, the crystallographic parameters of Tm;Ir,O; and
LuyIr,O; (see Sec. II), as well as the Debye temperature
(Sec. IV and Ref. [39]) are similar. Therefore, the lutetium
iridate data can be effectively used to subtract any phonon
contribution from the Tm,Ir,O7 spectra, and in turn to study
magnetic excitations connected with the Tm>* ion. Prior to
the subtraction, the data were corrected and normalized (see
Sec. I1I); and considering the different neutron scattering cross
sections of the Tm and Lu ions, the Lu,Ir,O; data were
multiplied by the ratio between these scattering cross sections
(= 0.9772). TmyIr,07, Lu,Ir,0O7, and their difference spec-
tra measured with incident neutron energies of 30, 120, and
180 meV at 5 K are presented in Fig. 3. The difference spectra
contain, with good accuracy, only magnetic excitations con-
nected with the Tm>* ion in the crystal environment.

Inspecting the difference data, the so-called difference
AE-Q maps (AE stands for energy transfer; |Q| = Q is the
momentum transfer), several nondispersive magnetic excita-
tions are unambiguously identified: excitations at around 4,
8, 10, 35, and 55 meV at 5 K (Fig. 3). No clear additional
magnetic excitations are detected at higher energies, up to
150 meV. The magnetic origin of the observed signal is proven
by its O-dependence: The intensity of excitations becomes
weaker with increasing Q following the O-dependence of the
magnetic form factor of Tm31, as well as with increasing tem-
perature (in comparison with the lattice excitations becoming
more intense with increasing temperature).

We note that the spectra contain, in addition to magnetic
excitations of Tm,Ir,O7, also excitations connected with un-
reacted Tm;QO3. Thulium oxide crystallizes in cubic structure
described by space group Ia-3 (no. 206) with Tm occupying
two nonequivalent positions: 8b and 24d [43]. Point group
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FIG. 3. Inelastic neutron scattering AE-Q maps for Tm,Ir,07, Lu,Ir,O7, and their difference. The spectra were collected employing

incident neutron energies of 30, 180, and 120 meV at 5 K.

symmetries of the two Wyckoff positions are Cs;; and C;,
respectively. Therefore, Tm,O3 reveals two sets of CF ex-
citations, one for each Wyckoff position. The CF scheme
connected with a 24d position was investigated in detail in the
case of Tm-doped nonmagnetic Y,O3 [44]. The first observed
excitation in our spectra, the pronounced excitation at approx-
imately 3.8 meV, is identified to be the first CF excitation of
the 244 site scheme. Excitations connected with the 85 posi-
tion were studied only indirectly, investigating a magnetic part
of the specific-heat data [45]. According to the specific-heat
analysis, the energy of the first CF excitation is 0.5 meV. This
excitation cannot be identified in measured INS spectra due
to the resolution of the spectrometer (the vicinity of excitation
to the elastic peak). The second CF excitation related to the
8b site is expected to occur at 7.8 meV [45]. In fact, we

observe this excitation in the measured data. The unreacted
thulium oxide being responsible for the first two observed
magnetic peaks, at 3.8 and 7.8 meV, is supported also by the
analysis of magnetic specific-heat data (see Sec. VI). Trials to
fit the magnetic excitations of Tm,Oj3 in the measured spectra
failed, mainly due to a large number of CF parameters and
only a few related (sufficiently intensive) peaks in the spectra.
Nevertheless, we calculated the spectrum related to the 24d
site from known CF parameters [44]. The calculation showed
that the intensity of excitations significantly decreases, com-
ing from low to high energies. Indeed, while excitations at
3.8 and 11.0 meV have significant intensity, excitations at
27.2, 28.5, 42.2, 47.4, 54.0, and 60.5 meV (and higher en-
ergies) are hardly observable in measured data. See Fig. 4
for details. A reliable estimation of the 8b site contribution
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FIG. 4. Low-Q cuts of the difference (magnetic) Tm,Ir,O; spectra. Black lines are the fits (pseudo-Voigt functions) to the TmyIr, 0
spectra with the CF parameters reported in Table I. Arrows mark the eigenenergies listed in Table I and depicted in panel (d), as well as the
energies of excitations between thermally populated levels. The excitations related to the impurity Tm,O; phase are fitted as well: green line
for the thulium 24d Wyckoff site [44] and yellow line for a single peak identified for the 8 site [45]. See text for details.

to spectra cannot be done. Although the sample contains
a non-negligible amount of impurity phase (approximately
12%), the following analysis of the crystal-field scheme of
Tm;,Ir,O7 is still valid as the impurity phase contributions are
accounted for.

The free Tm>* ion with total angular momentum J =6
has a ground state of 2/ + 1 =13 times degenerate. In
D3y (—3m) point symmetry of Wyckoff position 16d:
(172, 172, 1/2)—of the rare-earth atoms in the pyrochlore
lattice—the ground-state multiplet of the thulium ion (non-
Kramers’ ion) is supposed to split into four doublets and
five singlets. Therefore, eight excitations from the ground
state to the higher-energy states are expected in Tm,Ir,O7.
Unfortunately, only four excitations were identified in 5 K
spectra: excitations at 10.5, 33.8, 36.7, and 56.6 meV. We
note that the excitations at 33.8 and 36.7 meV form a single
broad peak. Its shape, nevertheless, suggests that it comprises
two peaks, as was confirmed by fitting to models described
below (see the fits of the two peaks in Fig. 4). Determining
the CF scheme of Tm,Ir,O5, that is, refinement of six CF
parameters, utilizing only four excitations, would, of course,

lead to dubious results. Therefore, the following two factors
were used:

(i) The model CF schemes of Tm,Ir,O; were calculated
by rescaling the CF parameters obtained by the previous INS
studies on the Er,Ir,O7 [25] and Yb,Ir,O7 analogs [23], with
Er and Yb having one lower and one higher atomic number
than Tm, respectively. Model CF parameters were calculated
by scaling the corresponding Stevens factors as described
in Sec. III and our recent publication [20]. Yb,Ir,O7-based
model CF parameters led to a different scheme, noticeably
different degeneracy of the individual energy levels (Table 1),
compared to the Er,Ir,O7-based CF scheme. The Yb,Ir,O7-
based scheme allowed for a significantly worse description
of bulk magnetization and specific-heat data, as illustrated
in [20]. The spectra calculated from rescaled CF parameters
suggest three excitations below and one excitation close to
60 meV, which is well in agreement with the experiment. In-
specting the higher-energy region in the AE-Q maps (Fig. 3),
no clearly defined magnetic signal is found. Indeed, the cal-
culated intensities of high-energy excitations are order(s) of
magnitude lower than those at lower energy. The model CF
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FIG. 5. Specific heat and magnetization of Tm,Ir,O7. (a) Magnetic contribution to the specific heat and Schottky contribution calculated
from CF eigenenergies. The inset contains the total specific heat of Tm,Ir,O; and Lu,Ir,O; and their difference. (b) Inverse magnetic
susceptibility of Tm,Ir,O;, difference susceptibility, subtracting Lu,Ir,O; data from Tm,Ir,O; data, and susceptibility calculated from
CF parameters (refined CF parameters and Er-analog rescaled parameters, respectively). (c¢) Isothermal magnetization of Tm,Ir,O; and
magnetization curves calculated using a microscopic Hamiltonian with the CF (full blue line for 180 K data) and molecular field term (dashed

lines for 180 and 100 K data).

parameters were used as starting values for a refinement of
the measured data.

(i) Data measured with incident energies of 30, 120,
and 180 meV at 5, 100, and 200 K were fitted simultane-
ously. The thermal population of the first excitation level at
10.5 meV (thermal energy E = kgT', where kg is the Boltz-
mann constant) at temperatures 100 and 200 K enables
transitions from this level to higher CF levels, resulting in
new excitations at 23.3, 26.2, 46.1 meV, and a very weak
magnetic signal at around 62.3 meV (Fig. 4). Simultaneously,
the respective signal appears in the neutron-energy-gain part
of the spectra (negative AFE). Of course, also other exci-
tations/deexcitations between partially thermally populated
higher-energy levels are allowed, but they are calculated to
have significantly lower intensity. Fitting a larger number of
peaks in the spectra allows for a more reliable determination
of the crystal-field parameters.

The magnetic (difference) spectra of Tm,Ir,O; were fitted
to the model crystal-field Hamiltonian for the (local) point
symmetry D3;:

H cy=B,"0,"+B,°0,°+ B4’ 04’ +Bs 05" +Bs> 06> +Bs° O4°,

@)
with B,™ and O,™ representing the crystal-field parameters
and Stevens operators of the thulium 4f shell, respectively.
The resulting fits are plotted in Fig. 4, and the corresponding
crystal-field parameters and eigenenergies are listed in Table I.
We note that identical final CF parameters were refined using
both Er,Ir,O7-based and Yb,Ir,O;-based models of starting
CF parameters.

VI. MAGNETIZATION AND SPECIFIC HEAT IN VIEW OF
THE DETERMINED CF SCHEME, DISCUSSION

Magnetization and specific heat were measured simulta-
neously on samples used later for the INS experiment and

calculated from refined CF parameters and eigenenergies (Ta-
ble I, see Sec. III). The comparison of data and calculations is
shown in Fig. 5. In the following text, we restrict ourselves to
a brief description of measured data; the complete analysis of
the magnetization and specific heat of Tm;Ir,O; was recently
published elsewhere [20].

The specific heat of Tm;Ir,O7 is composed of electronic,
lattice, and magnetic contributions of Tm and Ir. To estimate
the magnetic contribution of only Tm, the Lu,Ir,O; analog
data with no magnetic contribution of Lu** were subtracted
from the Tm;Ir,O; data. The difference data are compared
with the Schottky specific heat calculated from the deter-
mined CF eigenenergies in Fig. 5(a). A reasonable agreement
between the data and the calculation based on the rescaled
EryIr;O7-to-Tm;Ir,O; model energies (red dashed line) is
observed (as discussed in detail in [20]). Naturally, even better
agreement is seen using the eigenenergies determined from
the INS spectra of TmyIr,O; (solid blue line). Importantly,
this agreement strongly supports our interpretation of INS
data. That is, the magnetic excitations at 3.8 and 7.8 meV orig-
inate from unreacted Tm,O3, and they should not be involved
in the fitting of the CF parameters of Tm;Ir,O;. Otherwise,
a significant difference between the calculated Schottky spe-
cific heat (considering one or both of these excitations) and
measured data is observed.

The magnetic susceptibility related to the Tm magnetic
moments was estimated by subtracting the Lu;,Ir,O7 data from
the Tmj,Ir,O7 data. Susceptibility was calculated simultane-
ously (see Sec. III) from both the Er,Ir,O;-based model and
the refined CF parameters (Table I). The inverse susceptibil-
ities are presented in Fig. 5(b). A good agreement between
measurement and calculations is observed down to approxi-
mately 200 K. Still, a reasonable agreement is seen between
200 and 70 K. However, at lower temperature, the calculated
susceptibility deviates significantly from the measured data.
Although the Ir-sublattice contribution was estimated (using

094408-7



M. KLICPERA et al.

PHYSICAL REVIEW B 106, 094408 (2022)

Lu,Ir,O7 data) and subtracted from Tm,Ir, O data, the result-
ing data below 7j; do not correspond to only Tm contribution.
The Tm magnetic properties are influenced by the molecular
field induced by Ir sublattice ordering.

The disagreement is pronounced also comparing the mean-
field calculations and isothermal magnetization data presented
in Fig. 5(c). Calculating the isothermal magnetization con-
sidering only the CF contribution, the measured data are
described only qualitatively; about half of the measured mo-
ment is estimated [full blue line in Fig. 5(c)]. Therefore,
we constructed the microscopic Hamiltonian containing the
crystal-field part and the Zeeman term with the molecular
field. The molecular field Hy¢ = A(M), for simplicity along
the direction of the external magnetic field, was calculated
self-consistently. The molecular field constant A was adjusted
to properly describe the magnetization data (average magneti-
zation (M)) measured at 180 K (dashed black line). However,
calculating the magnetization at 100 K (dashed red line) led to
significantly higher values than measured. The simple molec-
ular field approach, which well described the magnetization of
other A,Ir,O7 [20,23,25], fails to describe the Tm,Ir,O; data.

In our opinion, the simple Heisenberg spin pairwise Hamil-
tonian also cannot be used to properly regard the complex
magnetism of the system. The magnetism of the Ir sublat-
tice, including the orbital contributions induced by the strong
SO coupling at the itinerant iridium sublattice, is essen-
tial to consider for a proper description of the experimental
data.

The refined CF parameters were also compared with the
parameters of other A,Ir,O; pyrochlore iridates [8,9,23,25].
We highlight a noticeable systematics within the series. The
CF parameters divided by Stevens factors «, B, y are pre-
sented for heavy rare-earth A,Ir,O; pyrochlores in Table II.
Values of the same signs and similar magnitudes were de-
termined for all members. On the other hand, the values
do not follow, for instance, the contraction of the 4f ra-
dial wave function [46]. In our opinion, this fact reflects
the small changes of hybridization between the rare-earth
4f wave function and 2p-states of eight nearest-neighbor
oxygen atoms in the pyrochlore lattice. Such hybridiza-
tion creates an important contribution to the crystal field in
oxides [47].

Strikingly similar systematics is observed for A,Ti,Oy
counterparts [48]. We emphasize the CF scheme of Tm;Ti, O,
with the first CF excitation at 10 meV [49]. No other excitation
was observed by inspecting the INS data. However, by scaling
the CF parameters of other titanates [48], excitations of (very)
low intensity were predicted at 20, 27, 51, 61, 63, 90, and
92 meV. We note the exact same schemes of levels in
Tm;Ti,O7 and Tm,Ir,O7. That is, the ground-state singlet in
Tm,Ti» O is followed by doublets and singlets separated in
energy in a very similar way as refined for Tm;Ir,O; (Table I).
The same excitation scheme, similar excitation energies, as
well as good agreement in comparing the CF schemes of other
titanates and iridates [20,23,25,26,48] strongly support our
refinement of the INS data and the final set of CF parameters.

Finally, let us briefly discuss the ground-state singlet of
Tm>* in Tm,Ir, 07, well separated from the first CF doublet.
The strength of the crystal-field and exchange interactions
effects in the material can be comparable in rare-earth materi-

als under certain circumstances, determining the qualitative
nature of magnetic ordering [50]. Specifically, the ground-
state singlet state well separated from the first excited state
results in no magnetic ordering of the Tm sublattice down to
low temperature (at least down to 0.4 K based on measured
magnetization and specific-heat data) in Tm,Ir,O;. Weak ex-
change interaction between thulium cations compared to the
gap between singlet ground state and first excited state was re-
ported also for the titanium counterpart: Tm,Ti,O; pyrochlore
[49], as well as other Tm-based compounds [51,52]. The
crystal-field splitting is strong enough to preclude magnetic
order also in other non-Kramers ion systems, most notably Pr-
based systems [53-58]. However, recent neutron diffraction
study on Tmy;Mn,0O5 [59] revealed a magnetic signal that is
not consistent with the magnetic moment only on Mn**. The
data were interpreted considering either a lowering of cubic
symmetry of the lattice or the Mn-molecular-field induced
magnetic moment on Tm. Similarly, the molecular field of Ir
sublattice might induce a weak magnetic signal observed in
low-temperature powder neutron diffraction patterns (Fig. 2).
Indeed, the magnetic signal was observed at low temperature
(significantly below Tj;) only. Nevertheless, this speculation,
whether the magnetic signal originates in Ir or Tm moments,
cannot be unambiguously verified on the basis of measured
data. No lowering of the cubic symmetry was observed in-
specting diffraction data down to low temperature.

VII. CONCLUSIONS

A Tm,Ir,O; powder sample was synthesized from a
stoichiometric mixture of Tm,0O; and IrO, oxides us-
ing the CsCl flux method. The iridate was confirmed to
crystallize in a pyrochlore-type of cubic structure. The de-
termined lattice parameter a'™2"207 = 10.135(1) A and the
fraction coordinate of the Wyckoff oxygen 48f position
X577 = 0.335(2) agree well with previous studies on
TmyIr,O7 and other members of the series. The pyrochlore
crystal structure is preserved down to 0.2 K; no structural
change was observed in neutron diffraction patterns. Thermal
expansion of the lattice is well described within a Debye
model of lattice vibrations. A weak magnetic signal, consis-
tent with the ATAO order, was observed in diffraction patterns.
However, no further magnetic peak was tracked; AIAO struc-
ture cannot be unambiguously confirmed in Tm;Ir,O; based
on measured diffraction data. The crystal-field parameters
and the CF eigenenergies were determined by analyz-
ing the inelastic neutron scattering spectra of TmyIr,O5.
Nondispersive magnetic excitations were described by a
standard crystal-field model. The determined crystal-field
scheme was discussed with respect to the magnetization
and specific-heat data under constraints of the mean-field
approximation.
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