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Little is so far known about the magnetism of the A2B2O7 monoclinic layered perovskites that
replace the spin-ice supporting pyrochlore structure for 74 /rp > 1.78. We show that high quality
monoclinic PraTi2O7 single crystals with a three-dimensional network of non-Kramers Pr3t ions
that interact through edge-sharing super-exchange interactions, form a singlet ground state quan-
tum paramagnet that does not undergo any magnetic phase transitions down to at least 1.8 K.
The chemical phase stability, structure, and magnetic properties of the layered perovskite ProTioO7
were investigated using x-ray diffraction, transmission electron microscopy, and magnetization mea-
surements. Synthesis of polycrystalline samples with the nominal compositions of ProTisy,O7
(=0.16 < z < 0.16) showed that deviations from the ProTizO7 stoichiometry lead to secondary
phases of related, structures including the perovskite phase Pry/3TiO3 and the orthorhombic phases
PrsTigO24 and ProTiOs. No indications of site disordering (stuffing and anti-stuffing) or vacancy
defects were observed in the Pr2Ti2O7 majority phase. A procedure for growth of high-structural-
quality, stoichiometric single crystals of ProTi2O7 by the traveling solvent floating zone (TSFZ)
method is reported. Thermo-magnetic measurements of single-crystalline ProTi2O7 reveal an iso-
lated singlet ground state that we associate with the low symmetry crystal electric field environments
that split the 2J + 1 = 9-fold degenerate spin-orbital multiplets of the four differently coordinated
Pr3" ions into 36 isolated singlets resulting in an anisotropic temperature independent van-Vleck
susceptibility at low 7. A small isotropic Curie term is associated with 0.96(2)% non-interacting

Pr*" impurities.
I. INTRODUCTION

The ternary oxides of the family A;B>O7, predom-
inantly with the face-centered cubic pyrochlore lattice
in which A3t is a trivalent cation and B*t is a tran-
sition metal, have been extensively studied due to a
wide variety of interesting physical propertiest. These
include the anomalous Hall effect in Nd;Mo,O74, giant
magnetoresistance in TlyMnoO7% 2, superconductivity in
CdyRes07Y9, a phase transition from a paramagnetic
metal to an antiferromagnetic insulator in EuylroO74,
and classic spin ice in Dy,TisO7 and HoyTio O, Py-
rochlore magnets are also promising systems for realizing
3-dimensional quantum spin liquids'** and other exotic
states of matters25,

Among the extensively studied rare-earth titanates
(RE2Tiz07), those which adopt the layered perovskite
monoclinic structure have been relatively less explored.
The formation and stability of this layered structure
depends on the ratio ra/rp between the radii of the
A3t and B*t cations (here Pr®* and Ti*t). For
ra/rs > 1.78, which occurs for La, Ce, Pr, Nd, the low-

symmetry layered-perovskite monoclinic structure (space
group P2;) is preferred, while in the range 1.48 <
ra/rp < 1.78 (from Sm to Lu and Y) the titanates form
the cubic pyrochlore structure (space group Fd3m )22%7,

The monoclinic structure is described by four (001)
layers (n = 4) of corner-sharing TiOg octahedra that
form a perovskite-like slab separated by two (001) layers
of RE-site cations (Fig. . Praseodymium occupies four
2a Wyckoff sites that fall in two groups. Located in the
perovskite slab within interstices defined by the TiOg oc-
tahedra, Prl and Pr4 are 12-fold and 7-fold coordinated
by oxygen, respectively. Pr2 and Pr3 with oxygen coordi-
nation number 10, bracket the perovskite slabs?®. Since
these four Pr sites carry the low C? point group sym-
metry, the J = 4 spin-orbital multiplet of Pr3* must be
split into 9 non-magnetic singlet levels. In addition, as
the four sites are different, a total of 4 x 36 singlet crys-
tal field levels should be anticipated. If the energy scale
for interactions is less than the splitting between the sin-
glet ground state and the first excited singlet, then we
can expect ProTioO7 to form a paramagnetic band insu-
lator, which although magnetizable, should not in gen-



FIG. 1. Layered-perovskite monoclinic crystal structure of
ProTioO7. The structure consists of two-dimensional in-
finite perovskite slabs (four layers of corner-sharing TiOsg
octahedra) that are separated from each other by two
praseodymium-rich layers. There are four formula units per
monoclinic unit cell.

eral be expected to undergo a magnetic phase transition.
It should however, be possible to drive the material to
quantum criticality and an ordered state through the ap-
plication of pressure or field at low temperatures.

The monoclinic layered perovskite titanates were pre-
viously studied for their interesting ferroelectrid2?36,
piezoelectrid®?, nonlinear optical®Z, photocatalytic3859,
and dielectric23940 properties, as well as their high fer-
roelectric Curie temperaturéﬁ'm, Monoclinic PryTizO7,
in particular, was grown and studied as powder through
solid-state reaction®”, mnanoparticles through the sol-
gel method?? or the modified self-propagated high-
temperature synthesis (SHS) method®”, and as epi-
taxial thin films grown by pulsed laser deposition
(PLD)Y. Single-crystal synthesis was also reported74L,
The powder samples of PryTisO; showed a mono-
clinic structure in the non-centrosymmetric P2; space
group and were investigated by X-ray diffraction and
Raman spectroscopy>t21#2 The electronic structure
of PryTisO7 has been studied with X-ray photoelec-
tron spectroscopy (XPS), and the optical proper-
ties were investigated by first-principles density func-

tional theory calculations®?. The photocatalytic activ-
ity of RE3Ti2O7 (RE = La, Pr, Nd) is highly depen-
dent on their electronic band structure®®. Ferroelec-
tric measurements showed a Curie temperature beyond
1555(5) °C33 while similar properties were observed for
monoclinic LasTisO7 and NdsTisO7 with Curie tem-
peratures of 1461(5) °C355 and 1482(5) °C¥5, respec-
tively. The temperature-dependent Raman spectroscopy
is very different for the pyrochlore “dynamic spin-ice”
compound PrySnyO7 and its non-pyrochlore (monoclinic)
counterpart PryTip O74L.

To our knowledge there has been no comprehensive
study of the phases, structures and disorders associated
with the compositional deviations from the stoichiomet-
ric ProTisO7. As we shall see this reveals a distinct
contrast in chemical solubility compared to pyrochlore
titanates. An investigation of the low-symmetry lattice
structure’s effect on the low temperature magnetic prop-
erties of ProTisO7 is also lacking. In this work, we report
a systematic investigation of the phase and structural sta-
bility of ProTizsO7 based on synthesis of polycrystalline
powders and single crystals. A process to develop a sto-
ichiometric high-quality PryTisO7 single crystal by the
traveling solvent floating zone (TSFZ) technique is re-
ported for the first time. In order to understand the role
which the lattice structure plays in determining the mag-
netic properties, single crystalline ProTisO7 is character-
ized through magnetization measurements versus tem-
perature, field, and crystalline directions. Our study
shows there is no magnetic ordering and the non-Kramers
Pr3+ ions form singlet ground states with an energy gap
to excited states. The presence of a three dimensional
network of edge-sharing praseodymium oxide polyhedra
suggest that it may be possible to induce a quantum
phase transition to an ordered state through the applica-
tion of pressure, strain, or high magnetic fields.

II. EXPERIMENTAL DETAILS
A. Synthesis of powders

Powder samples of praseodymium titanates with nom-
inal compositions ProTis; 07, —0.16 < z < 0.16 were
synthesized by the solid-state reaction method. The
PrgO11 (99.99% Alfa Aesar) and TiOs (99.99% Alfa Ae-
sar) starting materials were dried at 1050 °C for 10 hours.
PrgO11 powder was reduced to PryOg3 in a hydrogen at-
mosphere. The resulting powders were then weighed and
the appropriate ratio was mixed, thoroughly ground, and
heated to 1300 °C in air for 10 hours. The process of
mixing, grinding, and heating was repeated four times.

B. Single-crystal growth

Crystal growth of praseodymium titanates was car-
ried out using the floating-zone melting technique®3#4



in a four-mirror image furnace equipped with four 1 kW
halogen lamps (Crystal Systems, Inc., FZ-T-4000-H-VII-
VPO-PC). Powder samples of stoichiometric PraTisO7
were first pressed into rods typically 5 mm in diameter
and 8 cm in length and sintered in air at 1300 °C for
10 hours. The feed rod and the seed rod were mounted
on the upper and lower shafts of the furnace, respec-
tively, with the mirror stage moving upward during the
growth process. The rotation speeds of the upper and
lower shafts were 3 rpm and 6 rpm, respectively, during
growth.

C. Characterization

The resulting phases, crystal structures, and lattice pa-
rameters were determined using powder x-ray diffraction
(XRD) at room temperature. Data were acquired for 4
hours covering a scattering angle range 5° < 26 < 100°
on a Bruker D8 focus diffractometer with monochromatic
Cu K, radiation and a LynxEye strip detector. Stan-
dard Si (silicon) powder was added as a reference into
the samples. Rietveld refinement of the XRD patterns
was carried out using TOPAS software (Bruker AXS).

All reflection intensities of single-crystalline ProTisO7
were measured at 213(2) K using a SuperNova diffrac-
tometer (equipped with an Atlas detector) with Mo K,
radiation (A = 0.71073 A) under the program CrysAl-
isPro (Version CrysAlisPro 1.171.39.29¢, Rigaku OD,
2017). The same program was used to refine the cell
dimensions and for data reduction. The structure was
solved with the program SHELXS-2018/3 and was re-
fined against the squared structure factor with SHELXL-
2018/ 345 Empirical absorption correction using spher-
ical harmonics was applied through CrysAlisPro. The
sample temperature during data acquisition was con-
trolled using a Cryojet system (manufactured by Oxford
Instruments).

The single crystals were oriented using a tungsten an-
ode back-reflection x-ray Laue diffractometer with a 1
mm diameter x-ray beam spot. A single crystal oriented
with (100), (010), and (001) planes was cut using a di-
amond wire saw to the dimension of 1.28 x 1.58 x 2.47
mm? respectively for a mass of 29.8 mg. For transmis-
sion electron microscopy (TEM), samples were prepared
by crushing as-grown crystals in ethanol and placing a
single drop of the solvent on a TEM carbon grid. We
used a JEOL 2100 field emission TEM equipped with a
high-resolution pole piece. Temperature-dependent sus-
ceptibility and isothermal magnetization measurements
were performed using a Quantum Design SQUID (super-
conducting quantum interference device) magnetometer
on the single crystal mentioned above in three different
orientations and on a stoichiometric polycrystalline sam-
ple.

FIG. 2. (a) Image of the PrTi2O7 single-crystal grown by
the traveling solvent floating-zone (TSFZ) technique. (b-d)
Laue back-reflection x-ray diffraction patterns taken with the
beam incident normal to the (100), (010) and (001) planes,
respectively.

III. EXPERIMENTAL RESULTS
A. Polycrystalline Pr.TizO7

Contrary to the high temperature dynamic
melt/liquid-zoning crystal growth processes, solid-
state powder synthesis at lower temperatures is a
highly controllable process to explore both stoichio-
metric PryTisO; and neighboring off-stoichiometric
phase(sﬁtructures. Detailed in the supplementary
materiali0 (see also references®™ 67 therein), our study
of the effect of variations in the net reagent composition
in ProTisy,O7 for (—0.16 < z < 0.16) shows the
monoclinic phase forms as a stoichiometric compound
mixed with secondary phases to accommodate the
reagent composition. This sets PryTisO7 apart from
the cubic rare earth pyrochlores, which can deviate
considerably from the ideal 2:2:7 stoichiometry. The
stability of ProTisO7 as a stoichiometric solid, facilitates
the process of growing high quality stoichiometric single
crystals.

B. Single crystal of Pr.:Ti>O7

Though high-temperature phase instabilities and in-
congruent melting were encountered during the float-zone
(FZ) melting process, crystal growths of ProTiaO7 were
successfully performed by the traveling solvent floating
zone technique (TSFZ) under 1 bar static UHP argon.
The growth was stable during the entire process at the
consistent lamp power of 56.5%, and no vaporization was
observed. A typical transparent and green PryTisOr
crystal together with the Laue patterns along the main
crystallographic planes are shown in Fig. 2] x-ray Laue
patterns taken at regular intervals along the lengths and
cross sections of the crystals indicated high crystalline
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FIG. 3. Rietveld refinement of XRD pattern taken from pow-
der formed by crushing a ProTizO7 single-crystal. The col-
lected pattern is in black, the simulated pattern is in red, and
the difference is in green. Locations of Bragg reflections for
Si and Pr2Ti2O7 are marked as pink and blue vertical bars,
respectively. The background arises from the quartz sample
plate.

FIG. 4. (a) High-resolution transmission electron microscopy
(HRTEM) image of ProTi2O7 crystal. (b) The correspond-
ing inverse fast Fourier transform (IFFT) image. (c) Fast
Fourier transformation (FFT) image, showing the reflection
with beam incident along the [111] direction.

quality with no detectable variation of orientation and
no evidence of spot splitting or distortion. The crystal
showed an easy cleavage along the (001) plane.

The Rietveld refinement of the XRD pattern (Fig. |3)
taken from the crushed crystal at room temperature con-
firms that the crystal is single phase, the structure is
monoclinic with space group P2;, and the lattice con-
stants were measured to be a = 7.7116 A, b = 5.4867 A,
¢ =13.0072 A, and 8 = 98.5563°, similar to the stoichio-
metric powder sample.

The crystal data and structure refinement for
PryTioO7 measured at 213(2) K is shown in Table S2.
The occupancy factors for PrX and TiX (X = 1, 2, 3,
4) were all refined freely in Table S3, and their final val-
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ues are: Prl 0.970(5), Pr2 0.969(5), Pr3 0.959(5), Pr4
0.961(5), Til 0.966(6), Ti2 0.964(6), Ti3 0.963(6), and
Ti4 0.955(6). The occupancy factors for all O atoms re-
fine to 1 within their standard uncertainties, and were all
constrained to be 1 in the final refinement. The absolute
configuration has been established by anomalous disper-
sion effects in diffraction measurements on the crystal,
and the Flack and Hooft parameters refine to -0.024(11)
and -0.026(9), respectively.

Single crystals of ProTioO7 were further examined
by high-resolution transmission electron microscopy
(HRTEM) from the [111] zone axis, indicating a crystal
of high structural quality (Fig. E[)

C. Magnetization measurements

The high quality ProTisO7 single crystals described
in the previous sections enabled us to explore the
anisotropic magnetism of interacting non-Kramers rare
earth ions occupying four distinct low symmetry sites.
Prior experiments characterizing the physical properties
of PryTisO7 are quite limited. Room temperature fer-
romagnetism was reported for polycrystalline ProTisO7
nanoparticles grown through the sol-gel method. This
effect is however, unrelated to the rare earth magnetism
and appears to be connected with oxygen vacancies at
the surfaces of nanoparticles?. A Raman study on a
single crystal of PryTisO7 synthesized by the float-zone
method revealed structural stability up to 18 GPa and a
complex spectrum as the low symmetry monoclinic space
group leads to 129 Raman active optical phonons®69,

We measured the temperature-dependent magnetic
susceptibility for both the single- and poly-crystalline
PryTi;O7 samples. Fig. [f[a) shows M(T)/B as a func-
tion of temperature for applied fields normal to the (001)
plane ranging from 100 Oe to 70 kOe. No anomalies
or hysteresis is observed down to T' = 1.8 K. This indi-
cates PryTisO7 has no magnetic phase transition in this
temperature and field range. The field dependence of
M(T)/B at low T for B < 15 kOe indicates the pres-
ence of paramagnetic impurities. We use measurements
of M(T) at B = 1 kOe to report the magnetic susceptibil-
ity x(T') = M(T)/B versus temperature and field direc-
tion in Fig. b). As should be anticipated for the non-
Kramers ion Pr3* in a monoclinic structure, there is con-
siderable single ion crystal electric field driven anisotropy
with more than a factor 2 difference in low T' suscepti-
bility for the easy (100) versus the hard (001) directions.
No field direction has indications of a magnetic phase
transition. The inset shows the ratio of the single crys-
tal to powder sample magnetic susceptibility versus T,
which provides a dimensionless measure of the magnetic
anisotropy. The anisotropy is reduced at higher T" which
indicates population of excited crystal field levels in that
temperature range. An upturn in x(7') is apparent at
the lowest temperatures for both the single-crystal and
polycrystalline sample. As detailed later, we associate



TABLE I: The fitting parameters from analysis of the T'—dependent susceptibility of monoclinic PryTioO7 for
various directions («) of a single crystal, the average of parameters for those three directions, and obtained for a
polycrystalline sample.

Field direction (a)[C§ (522uE) [0 (52uE)[AT (meV) [0 (522 B )[AS (meV)
o = (100) 0.0054(2) 0.50(2) 3.93(7) 1.03(2) 9.2(1)
o = (010) 0.0046(1) 0.789(3) 6.99(2) 0.84(1) 50(1)
o = (001) 0.0050(2) 0.324(3) 172(4) 0.805(5) 28.4(4)
average 0.0050(2) 0.54(2) 5.2(1) 0.89(2) 29.2(4)
powder sample 0.0086(3) 0.711(9) 5.55(5) 0.918(8) 28.3(7)
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FIG. 5. Magnetization data for single crystal and polycrystalline samples of monoclinic ProTi2O7. (a) Temperature-dependent
“susceptibility” M (B,T)/B for fields normal to the (001) plane under ZFC condition with multiple measurement fields. De-
magnetization corrections are negligible. (b) Susceptibility inferred from magnetization measurements in a field of 1 kOe while
warming from 1.8 K to 300 K. The solid lines show best fits to Eq. with the parameters listed in Table @) Dashed lines
represent the susceptibility calculated from Crystal Field calculation®™ using point charge model. The inset shows the ratio
of the single crystal to powder sample magnetic susceptibility versus 7. (c) Isothermal magnetization measured at 5 K for
the three directions of a single crystal and for a polycrystalline sample of ProTiaO7. (d) Non-linear part of the isothermal
magnetization AM (B, T) for fields normal to the (001) plane at various temperatures. The linear part determined by fitting
data for [B| > 6.5 T in (c) was subtracted. The fits to AM (B, T') are based on Eq. and yield an impurity concentration of
£ =0.96(2)% with an average saturation moment of psq¢+ = 2.00(3) up.

this “Curie tail” with paramagnetic Pr**T impurities. IV. ANALYSIS AND DISCUSSION

A. Phenomenological crystal field level scheme

With the J = 4 non-Kramers Pr3% ion in four differ-
ent sites with C2 symmetry there should be 36 crystal
field levels in PraTisO;. Neutron and/or Raman scat-
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FIG. 6. Crystal field level scheme calculated for each of the
four distinct Pr3t Wyckoff sites in PraTiaO7 with a compari-
son to the site averaged level scheme inferred from susceptibil-
ity data (far right). The strength of each crystal field level’s
van Vleck contribution to the magnetic susceptibility in the
low T limit is indicated by the color of that level refering to
the upper right color bars with cyan, green, and red associ-
ated with the three directions respectively. a*, b*, and c* are
the directions normal to the (100), (010), and (001) planes.
Gray levels do not contribute to the magnetic susceptibility at
low T for the indicated field direction. The coordinating O~
ligands that generate the crystal electric field are depicted as
red spheres surrounding each of the four different Pr3* ions
shown as yellow spheres.

tering could in principle be used to determine these but
that is beyond the scope of this paper. By analyzing
the T—dependence of the magnetic susceptibility we can,
however, obtain an estimate for the energy range asso-
ciated with these crystal field levels. For this purpose,
we fit the data to the following three component phe-
nomenological form

Gy Ci BA;
X—?—FQI{:B;Etanh 5 (1)

Here 8 = 1/kpT and kp is the Boltzmann constant. The
first term is the Curie term, which we shall associate
with Pr*timpurities. The summations are over each of
the four Pr3t sites, which are approximated as two-level
systems with a singlet ground state and excited levels at
a characteristic energy A;. This form is obtained as a low
T approximation to the general Van Vleck susceptibility
in the supplementary material (Eq.7)2%. The expression
has been constructed so that the high T limit takes the
Curie-form C;/T as for the impurity term. We found
that two terms are sufficient to obtain excellent fits for
all field directions.

The best fit parameters are listed in Table [ Con-

sider first the fit to the poly-crystalline data. The sum
of Curie constants Cy + Cy = 1.63(2) (emu-K/Oe-mole)
agrees well with the Curie constant for Pr3t Cpss =
polNag?J(J+1)u%/(3kp) = 1.60 (emu-K/Oe-mole). The
two polycrystal gap values provide a scale for the crys-
tal field levels from 5 meV to 28 meV. For comparison
the crystal field levels for ProZroO7 are at [0, 10, 57,
82, 93, 109] meVH. The ratio of the Curie constants
C1/Cy = 0.77(1) indicates similar spectral weight at Aq
and Ay. The ratio Cp/(C1+C2) = 0.53(1)% provides the
order of magnitude of the Kramers rare earth impurity
concentration.

The fits to single crystal data yield a broader range of
gap values with the smallest gap value A = 3.93(7) meV
associated with the easy (100) direction and the largest
gap value Ag = 50(1) meV for the (010) direction. The
different energies A$* obtained for different field direc-
tions indicate the energy range for crystal field levels ¢
with dominant contributions to the susceptibility for each
field direction, a. However, with a total of 32 crystal field
transitions available from the ground state of ProTis O,
these data can only provide a general sense of the energy
scale for the crystal field levels that contribute most to
the Van Vleck susceptibility for each field direction. The
Curie constants C** for each field direction o reflect the
site averaged dipolar matrix elements for crystal field lev-
els separated by energies A$ for ¢ > 0. The consistency
between the directionally averaged single crystal param-
eters and those obtained for polycrystalline samples sup-
ports the evidence from x-ray diffraction that the single
crystal and powder samples are similar at the atomic
scale despite the very different growth conditions. We
note the Curie constant associated with impurities C§“
is more isotropic than for the intrinsic bulk terms C7'.
The impurity content as measured by Cj is 40% less in
the single crystal as compared to the powder samples.

In this insulating rare earth compound with
shared ligands, super exchange interactions between
praseodymium are expected to be on the 0.5 meV scale.
This is an order of magnitude smaller than needed to
close the lowest crystal field energy gap. The low-
symmetry environment thus effectively renders the non-
Kramers rare-earth ion compound non-magnetic and pre-
cludes a phase transition or indeed any truly collective
physics. It might, however, be possible to induce a quan-
tum phase transition through the application of pressure
as in TICuCl3™ ™ and TbyTi,O7%2 before inducing a
structural phase transition.

B. Point charge model

The splitting of the J—multiplet and the associated
magnetic single-ion anisotropy is due to the crystal elec-
tric field (CEF) associated with the ligands surrounding
each rare earth ion. As detailed in the supplementary
material®, the corresponding single ion hamiltonian can



be expressed in the form

Hopr =) BLOY, (2)

n,m

where O™ are Stevens operators™ 4 and B™ parametrize
the effects of the CEF on the J—multiplet. Starting from
the crystal structure, the point charge model yields es-
timates for B]* which are provided for each distinct Pr-
site within PryTisO7 in Table IV of the supplementary
material40,

Diagonalizing Eq. [2]yields the CEF level scheme shown
for each of the four Pr Wyckoff sites in Fig.[6] The pre-
dicted contribution of crystal field level to the low T Van
Vleck susceptibility for each of three field directions is
listed in Table 5 of the supplementary material?® and in-
dicated by the color scheme in Fig.[6] The point charge
model predicts that the Pr2 and Pr3 sites which are ten
fold coordinated by oxygen and bracket the perovskite
(001) slabs (Fig. [I]), are the dominant contributors to
the low T Van Vleck susceptibility (see also Fig. S1 of
the supplementary material?%).

The point charge model also indicates that the first
excited CEF levels provide the largest contribution to
the magnetic susceptibility. This support our use of the
phenomenological form in Eq. [I] to fit the magnetic sus-
ceptibility data. Comparison of the point charge energy
level scheme with that inferred from these fits shows a
remarkable agreement in identifying the CEF levels that
dominate the low T magnetic susceptibility for each of
the three field directions. There is however, a consis-
tent trend that the point charge model predicts lower
energy levels than inferred from the phenomenological
fitting. This is also apparent in Fig. b) where the point
charge model (dashed lines) generally overestimates the
low T magnetic susceptibility. Overall though consider-
ing that there are no adjustable parameters, the point
charge model does fairly well. For example it correctly
predicts that x* > x*" > x¢". Our analysis shows that
Eq.[[]provides an excellent account of the anisotropic 7'—
dependent magnetic susceptibility of this singlet ground
state system. The corresponding energy levels on the far
right in Fig[f] represent our best experimental estimate
of the crystal field level scheme in PryTisO7.

C. Curie tails and Pr*" impurities

Examining the low field behavior in greater detail, Fig.
c) shows magnetization curves for various field direc-
tions at T' = 5 K. For all orientations, the data look
linear on this scale. However, if we subtract a linear
fit to the high-field regime from 6.5 T to 7 T from the
data, we obtain the non-linear component shown for the
(001) direction in Fig. d). Resembling the magneti-
zation curve for a paramagnetic impurity, the non-linear
component becomes more prominent when the thermal
energy scale falls below the Zeeman energy scale. Under
the assumption of a single characteristic impurity species

it is possible to extract both the saturation magnetiza-
tion and the impurity concentration from such data. To
do so we fit the Langevin magnetization curve to the data

AM(B7 T) = fNAUsatL(ﬂusatB) (3)

Here f is the paramagnetic impurity fraction, N4 is Av-
agadro’s number, and the Langevin function is given by
L(z) = limy_, o By(z) = coth(xz) — 1/x. By(x) is the
Brillouin function describing the magnetization curve for
a paramagnetic impurity with spin-orbital angular mo-
mentum quantum number J. Fig. d) shows that
this functional form provides an excellent fit to the data
with an impurity fraction of f = 0.96(2)% and a sat-
uration moment of pgq; = 2.00(3) pp. The Curie con-
stant corresponding to these parameters is approximately
froNap?,,/(3kp) = 0.0048(2) (emu-K/Oe-mole), which
is entirely consistent with Cy in Table [[] derived from T-
dependent susceptibility data. Note that although the
majority component of the magnetization is excluded
from this analysis, the Langevin fit is consistent with
the concentration estimate obtained from the ratio of
Curie constants. We consider the concentration from the
Langevin analysis to be more accurate though because it
does not rely on the impurities having the same effective
moment as the majority phase.

The specification of the PrgO11 starting material was >
99% rare earth oxide with 99.99% of the rare earth oxide
being PrgO1;. A non-Pr source for the paramagnetic
impurity is thus unlikely. A possible explanation is that
the rare earth impurity is Pr**, which has a single 4f
electron and the same magnetic properties as Ce?*. In
particular it is a Kramers ion with a saturation moment
of 2.14 pup, consistent with the Langevin analysis of the
magnetization data.

V. CONCLUSION

We have successfully synthesized both polycrystalline
samples and stoichiometric single crystals of ProTisOx.
Small levels of compositional deviations from the stoi-
chiometric PryTisO7 target compound lead to secondary
phases of different, albeit related, structures. In con-
trast to the pyrochlore titanates, site disordering was not
observed in the lower-symmetry monoclinic ProTisO7
structure.

Building upon the chemical and structural stability of
monoclinic PryTisO7, we provide a process to grow large
high-quality single crystals. Stoichiometric PryTiosOf
single crystals were grown for the first time using the
traveling solvent floating zone (TSFZ) method. The
susceptibility and magnetization measurements show no
indications of a phase transition down to T = 1.8 K.
Our analysis of the susceptibility data indicates a singlet
ground state with excited CEF levels at energies rang-
ing from 3.93(7) meV to 50(1) meV. This is as antic-
ipated for the low-symmetry crystal electric field envi-



ronment associated with Pr®t in monoclinic PrsTisO7.
At sufficiently low density, Kramers rare earth impurities
within ProTisO7 behave as isolated paramagnetic impu-
rities that dominate over the majority phase paramag-
netic van-Vleck susceptibility at the lowest temperatures
and fields (T < 5 K, B < 5 kOe). Analysis of the mag-
netization data in this regime yields a 0.96(2)% impurity
content with a saturation moment of pzq: = 2.00(3) g,
which is consistent with a low concentration of Pr*t im-
purities.

The monoclinic structure contains a 3D network of
Pr3t with edge sharing ligand polyhedra assuring super-
exchange interactions on the 0.5 meV energy scale. If the
gap between the two lowest lying singlets can be closed
through the application of hydrostatic of uniaxial pres-
sure, or fields, a quantum phase transition into an or-
dered magnetic state induced by these interactions can
be anticipated. PryTizO7 thus may provide an interest-
ing opportunity to explore universal aspects of quantum
critical spin dynamics in a material where large high qual-
ity crystals are attainable.
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