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High-pressure synthesis of quantum magnet M-YbTaO4 with a stretched diamond lattice
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We report bulk magnetic properties of ytterbium tantalate in its monoclinic fergusonite modification,
M-YbTaO4. The spin- 1

2 Yb3+ ions in this phase are arranged on a geometrically frustrated “stretched diamond”
lattice. M-YbTaO4 cannot be prepared at ambient pressure and was instead prepared in a belt-type apparatus at
6 GPa and 1800 ◦C. Susceptibility and specific heat data show no long-range ordering down to 1.8 K and are
consistent with a Jeff = 1

2 Kramers doublet which splits in an applied field. Furthermore, under high-pressure
synthesis the entire solid solution YbNbxTa1−xO4 (0 � x � 1) can be stabilized in the M phase, in contrast
to ambient-pressure synthesis which favors the competing M ′ phase for Ta-rich compositions. Subsequent
annealing of the Nb-Ta mixed samples resulted in color changes, suggesting oxygen deficiency in some of the
as-prepared high pressure samples. There was little variation in the bulk magnetic properties upon varying either
the Nb/Ta ratio or the annealing conditions.

DOI: 10.1103/3xqz-qzr7

I. INTRODUCTION

Synthesis under high pressure is an important tool to
stabilize novel phases of condensed matter. It has been
used to synthesize compounds from many different chemical
and structural families, including borates [1–3], oxychalco-
genides [4,5] and oxyhalides [6], nitrides [7], simple, double,
triple, and quadruple perovskite oxides [8–12], and many
others, often with unusual magnetic or electronic properties
such as incommensurate magnetic order. High-pressure-high-
temperature synthesis is a particularly powerful technique
to stabilize cations in unusual oxidation states or coordina-
tion environments [11], allowing the synthesis of metastable
phases that would not be accessible at ambient pressure.

Solid-state materials with the magnetic ions located on a
diamond-like lattice have gained significant attention in re-
cent years. In a perfect cubic diamond system, such as the
A sites of spinels like MnAl2O4 [13] or CoRh2O4 [14], all
the nearest-neighbor interactions between magnetic ions are
identical, forming a network where every magnetic ion is
surrounded by four others in a tetrahedral arrangement. Con-
sidering only the nearest-neighbor exchange interactions (J1),
spins on a cubic diamond lattice are expected to display long-
range three-dimensional order. Both MnAl2O4 and CoRh2O4
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are antiferromagnets with Néel temperatures of 40 and 25 K,
respectively. However, nonzero next-nearest-neighbor inter-
actions J2 can also compete with J1, sometimes significantly
suppressing long-range order [15] or at other times promoting
a glassy state [13,16], showing that the cubic diamond lattice
is already a rich landscape for different magnetic behav-
iors. In contrast, in tetragonal or hexagonal crystal structures
such as those of LiYbO2 [17] or β-KTi(C2O4)2 · 2H2O [18],
the distances remain identical but the angles between adja-
cent spin-spin interactions are distorted away from the ideal
109.5◦, leading to competition between different interactions.
Especially when there are nonzero J2 interactions, such a
network can also host strong geometric magnetic frustration
[14,19–21]. Further distortion or “stretching” of the diamond
lattice occurs in monoclinic systems, such as the lanthanide
metaborates Ln(BO2)3 [22], niobates LnNbO4, and tantalates
M-LnTaO4 [23]. This is shown schematically in Fig. 1(a). In
monoclinic crystal structures, each point on the stretched di-
amond lattice has two distinct pairs of near neighbors, shown
as red (shorter) and blue (longer) lines, compared with the
cubic diamond lattice where each point has four neighbors at
the same distance, shown as black lines. Since the exchange
between the magnetic ions depends on overlapping atomic
orbitals, the strength of magnetic exchange will be different
for the different interatomic distances, possibly leading to
magnetic frustration. Frustration effects in compounds with
a stretched diamond lattice have been linked to observations
of unusual magnetic behavior including incommensurate he-
lical order [21]. Furthermore, strong spin-orbit coupling and
crystal electric field effects also play an important part in the
magnetism of lanthanide-based compounds.

A recent study focused on the series of compounds
M-LnTaO4 (Ln = Nd–Er) with a monoclinic stretched dia-
mond lattice of magnetic Ln3+ ions. None of the compounds
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FIG. 1. (a) Schematic illustrating the cubic diamond lattice (all
nearest-neighbor distances are equal, shown as black lines) and the
“stretched diamond lattice” in monoclinic systems (inequivalent dis-
tances between neighboring points, shown as red and blue lines). (b)
Crystal structure of M-YbTaO4, space group I2/a (no. 15). Yb3+

ions are shown in black and Ta5+ ions in gray; oxide ions are located
at the vertices of the TaO6 polyhedra. The red and blue solid lines
indicate the two closest Yb–Yb distances making up the stretched
diamond lattice.

orders above 1.8 K except M-TbTaO4, which displays A-type
antiferromagnetic (AFM) order below TN = 2.25 K [23]. In
an applied field the compound undergoes a spin-flop-type
transition to ferromagnetic (FM) at 6 T and 1.6 K and there
is evidence for magnetoelectric coupling [24]. Furthermore,
Kumar et al. have recently studied the isostructural ytterbium
niobate YbNbO4 using magnetic susceptibility, heat capacity,
and muon-spin relaxation (μSR) spectroscopy. Their observa-
tions exclude the possibility of either long-range order or spin
freezing and indicate that the Yb3+ spins remain correlated
and strongly fluctuating down to 300 mK, making YbNbO4 a
potential spin liquid candidate [25].

The M phase of YbTaO4 is isostructural with YbNbO4 and
therefore also hosts a stretched diamond lattice; see Fig. 1(b).
The presence of two competing Yb–Yb interactions with sim-
ilar interatomic distances is expected to produce geometric
magnetic frustration. It is not possible to prepare M-YbTaO4

at ambient pressure and all previous reports [26,27] have uti-
lized high-pressure synthesis. To our knowledge no magnetic
studies have been carried out on this phase. In this work,
we synthesized M-YbTaO4 with high reproducibility using
a belt-type high-pressure apparatus at 1800 ◦C and 6 GPa
and measured its bulk magnetic properties down to 1.8 K.
M-YbTaO4 shows no long-range order in this temperature
range and magnetometry and specific heat data support an
effective J = 1

2 Kramers doublet state. We also synthesized
the solid solution YbNbxTa1−xO4 (0 � x � 1) under both
ambient- and high-pressure conditions. Under ambient pres-
sure, Nb-rich samples crystallize in the M phase with a

stretched diamond lattice while Ta-rich samples favor the
competing M ′ phase with a distorted 2D square lattice of Yb3+

ions [28,29]. In contrast, high-pressure synthesis allows the
pure M phase to be stabilized for all x. However, the reducing
environment of the high-pressure synthesis resulted in colored
samples for some values of x, which was ascribed to oxygen
deficiency; the color changed to white after annealing under
ambient pressure in either air or O2.

II. EXPERIMENTAL METHODS

A. Synthesis

Appropriate stoichiometric amounts of Yb2O3 (99.9%, Ko-
jundo Chemical Laboratory Co. Ltd.), Nb2O5 (99.9%, Rare
Metallic Co. Ltd.), and Ta2O5 (99.9%, Rare Metallic Co.
Ltd.) for a target mass of 0.5 g YbNbxTa1−xO4 (0 � x � 1)
were weighed accurately and ground together by hand. For
ambient-pressure synthesis, the mixture was pressed into an
8 mm pellet, placed in an alumina crucible, and heated at
3 ◦C min−1 to 1500 ◦C for 24 h in air. After cooling at the
natural rate of the furnace, the resultant pellets were ground
into fine white powders. For high-pressure synthesis, the mix-
ture was sealed into a Pt capsule (inner diameter 6.9 mm,
length ≈2.2 mm, and wall thickness ≈0.2 mm) and loaded
into a belt-type press (Kobe Steel, Ltd.) [30] using a NaCl–
pyrophyllite cell assembly with a graphite tube heater [31].
After cold pressurizing to 6 GPa, the samples were heated to
1800 ◦C at 100 ◦C min−1, held for 60 min, and quenched to
below 100 ◦C within 30 s while holding pressure. Pressure
was then released over approximately 40 minutes and the
product was recovered from the Pt capsules in the form of
a white (x = 0) or beige (x > 0) fine powder. A sample of
M-LuTaO4 was synthesized from Lu2O3 (99.9%, Kojundo
Chemical Laboratory Co. Ltd.) and Ta2O5 at 6 GPa, 1600 ◦C,
2 h; the product was a white powder.

B. Powder x-ray diffraction (PXRD)

Powder x-ray diffraction (PXRD) was carried out on a
Rigaku MiniFlex600 diffractometer with Cu Kα radiation,
λ = 1.541 Å, range 5–70◦, and step size 0.01◦. Rietveld re-
finement [32] was carried out using TOPAS [33]. The zero
offset and 12 background coefficients (Chebyshev polyno-
mial) were refined, as were the unit cell dimensions and the
y fractional coordinates of the lanthanide and transition metal
sites. The fractional occupancies of the transition metal site by
Nb and Ta were fixed at their nominal values according to the
reaction stoichiometry. The peak shape was described by a
modified Thompson-Cox-Hastings pseudo-Voigt function. A
preferred orientation correction of order up to 8 was modeled
using the spherical harmonics function in TOPAS.

C. Magnetometry

Magnetic measurements were made using a Quantum De-
sign Materials Properties Measurement System (MPMS-3).
10–20 mg of sample (accurately measured each time) was
contained in clingfilm inside a plastic straw as the sample
holder. The dc magnetic moment was measured as a function
of temperature upon warming in the range 1.8–300 K at a field
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of 500 Oe, after cooling in zero field (ZFC) or in the applied
field (FC). The dc moment was also measured as a function of
magnetic field in the range 0–7 T at several temperatures. The
data were corrected for the presence of up to 5 wt.% nonmag-
netic PtO (exact value determined by Rietveld refinement for
each sample).

D. Specific heat

Approximately 50 mg of M-YbTaO4 was pressed into a
pellet of diameter 5 mm and thickness about 1 mm. In order
to increase the pellet’s hardness, it was annealed in air for 2 h
at 800 ◦C, which is low enough to prevent transformation to
the M ′ phase [27] as confirmed by postannealing PXRD. A
portion of the pellet weighing 8.50 mg was attached to the
sample holder using Apiezon N grease and the heat capacity
was measured at T = 2–60 K using a Quantum Design Phys-
ical Properties Measurement System (PPMS) EverCool II.

The lattice contribution Clatt was modeled using the Debye
law:

Clatt = 9nRT 3

θ3
D

∫ θD
T

0

x4ex

(ex − 1)2
dx, (1)

where n is the number of atoms per formula unit, R is the
molar gas constant, T is the temperature in K, and θD is
the Debye temperature in K [34]. A scalar parameter p was
included in the fitting equation and refined to account for
the sample mass error and imperfect coupling to the sample
stage, since the title compound is an insulator. The lattice
contribution was then subtracted from the total heat capacity
to leave the magnetic contribution, Cmag(T ).

III. RESULTS

A. Synthesis and structural characterization

Reaction of equimolar amounts of Ln2O3 and Ta2O5 in
air under ambient-pressure conditions produces M-LnTaO4

for Ln = Nd–Er [23]. However, the required synthesis tem-
perature increases across the Ln series and application of
pressure is necessary to favor M-YbTaO4 over the layered M ′
polymorph. Brixner and Chen [26] successfully synthesized
M-YbTaO4 at 1400 ◦C and 6 GPa, while Markiv et al. [27]
used 1500 ◦C and 8 GPa. Our experiments found that 1 h at
6 GPa and 1800 ◦C, or alternatively 2 h at 6 GPa and 1700 ◦C,
reliably produced M-YbTaO4 without any reflections from
the competing M ′ phase. The discrepancies between the dif-
ferent synthesis temperatures for our study compared with
the literature results is most likely related to the calibration
methods of the high-pressure apparatus, where the set point is
typically specified by an electrical power rather than an abso-
lute temperature value. All high-pressure reactions at elevated
temperatures produced small amounts of PtO from oxidation
of the Pt capsule, visible as shiny gray residue on the surfaces
of the sample. This proved difficult to separate from the target
phase and was therefore present at up to 5 wt.% in the final
products. A prereaction at ambient pressure (to form the M ′
phase) was also tested but was less successful than starting
from the binary oxides. All synthesis attempts and results are
summarized in the Supplemental Material [35].

TABLE I. Refined structural parameters for M-YbTaO4 and
M-LuTaO4 synthesized at high pressure. Space group I2/a, Cu Kα

radiation, and room temperature.

M-YbTaO4 M-LuTaO4

(NK080) (NK060)

a (Å) 5.2692(2) 5.25080(12)
b (Å) 10.8388(4) 10.8126(3)
c (Å) 5.03159(18) 5.02333(11)
β (deg) 95.4562(13) 95.3906(14)
V (Å3) 286.061(19) 283.937(11)
Rwp (%) 9.92 7.73
χ 2 2.96 3.95

Yb1 (4e) x, y, z [0.25, 0.1181(2), 0] [0.25, 0.1172(3), 0]
Ta1 (4e) x, y, z [0.25, 0.6482(2), 0] [0.25, 0.6467(2), 0]
O1 (8 f ) x, y, z (0.015, 0.719, 0.216) (0.015, 0.719, 0.216)
O2 (8 f ) x, y, z (0.901, 0.456, 0.240) (0.901, 0.456, 0.240)

The crystal structure of M-YbTaO4 was refined against
room-temperature powder x-ray diffraction (PXRD) data us-
ing the Rietveld method [32]. The atomic coordinates for
oxide ions were fixed at values from the literature for SmTaO4

[36] because of the low x-ray scattering power of O compared
with Yb and Ta; the isotropic thermal parameters Uiso were
fixed at 1 Å2 for all atoms. Table I gives the refined structural
data for a representative sample of M-YbTaO4 (NK080) and
Fig. 2 shows the refinement. We chose the I2/a setting of
space group 15 because it gives the conventional cell with the
smallest β angle [37]. However, other authors have previously
reported the structure of M-YbTaO4 using the nonconven-
tional B2/b setting [27]. After transforming that cell to I2/a,
their reported lattice parameters agree well with our results
and with those of Brixner and Chen [26]. The unit cell volume
of M-YbTaO4 also fits into the linear trend observed for the
whole M-LnTaO4 series; see Fig. 3. We could also synthe-
size the nonmagnetic analog M-LuTaO4 using high pressure
(6 GPa, 1600 ◦C, 2 h). Its structural parameters are consistent
with the previous report [26] and are included in Table I for
comparison with the Yb compound.

FIG. 2. Rietveld refinement against room-temperature PXRD
data (λ = Cu Kα, 5–70◦, 0.01◦ steps) for M-YbTaO4. Red circles:
observed data; black line: calculated pattern; blue line: difference
pattern; green tick marks: Bragg reflection positions.
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FIG. 3. Unit cell volume of M-LnTaO4 compounds
[23,26,27,36,42] as a function of lanthanide ionic radius [43].

Note that somewhat high values of χ2 > 2 were obtained
in the refinements of all high-pressure samples, indicating that
the structural model does not completely capture the experi-
mental diffraction data. We believe this is partially related to
strong preferred orientation, which is a common feature of
samples made under high-pressure conditions [38–40]. The
extent of the preferred orientation effect, visible by eye as
discrepancies between different Bragg reflection intensities,
clearly varied between synthesis runs (see the Supplemental
Material [35]). A correction for preferred orientation was in-
cluded in all refinements but could not completely account for
the variation in peak intensities. Furthermore, a synchrotron
measurement in cylindrical capillary geometry (Supplemental
Material) [35] also suffered from large χ2 values, despite
having much less preferred orientation. Other factors such
as microstructural effects (strain) or local variation in the
structure or composition may also be at play. We intend to
investigate this in the future using high-resolution neutron
diffraction, which is outside the scope of the present work.

Refined lattice parameters for all samples of M-YbTaO4

from different synthesis runs are highly consistent, demon-
strating that this synthesis route is repeatable and reliable (see
table in the Supplemental Material [35]). The crystal struc-
ture of M-YbTaO4 is built up from second-order Jahn-Teller
distorted TaO6 octahedra [41], as shown in Fig. 1, and YbO8

polyhedra, which are best described as distorted square an-
tiprisms with the unique direction along the c axis [26]. These
polyhedra are linked together by edges and vertices to form
the crystal structure with its two interlocking “stretched dia-
mond” networks, one for the magnetic Yb3+ and one for the
nonmagnetic Ta5+. M-YbTaO4 is isostructural with YbNbO4,
which has been recently investigated by Kumar et al. [25].

We also synthesized several samples from the solid solu-
tion YbNbxTa1−xO4, 0 � x � 1. At ambient pressure, only
the M phase formed in the Nb-rich samples with x � 0.5; only

FIG. 4. (a) Refined weight fractions of the M and M ′ phases
of YbNbxTa1−xO4 made through high-pressure (HP, top) versus
ambient-pressure synthesis (AP, bottom). (b) Pictures of sam-
ples show the different colors observed under different synthetic
conditions.

the M ′ phase formed for the Ta-rich samples x � 0.05; while
at intermediate values 0.1 � x � 0.4 a mixture of both phases
was observed; see Fig. 4. Our data are consistent with the
previous findings of Mullens et al., whose ambient-pressure
synthesis at 1400 ◦C gave only the M ′ phase for YbTaO4, only
M for YbNb0.4Ta0.6O4 and more Nb-rich compositions, and
a phase mixture for YbNb0.2Ta0.8O4 [42]. In contrast, under
our high-pressure conditions (6 GPa, 1800 ◦C, 1 h) only the
M phase was observed for all x. However, many of the high-
pressure samples with x �= 0 were beige in color, rather than
white like the whole ambient-pressure series (Fig. 4). No im-
purities or structural transformations were visible by powder
x-ray diffraction (additional Rietveld refinements available in
the Supplemental Material [35]) to explain the color, which
also did not seem to follow a clear trend with x. Furthermore,
the lattice parameters were broadly consistent between the
two synthesis methods, Fig. 5(a), within experimental error.
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FIG. 5. Refined unit cell parameters of the compounds YbNbxTa1−xO4 (M-type crystal structure) as a function of x. (a) Comparison
of samples made by high-pressure (HP) and ambient-pressure (AP) synthesis. (b) Comparison of the HP samples as-synthesized and after
annealing in either air or pure oxygen. Error bars are smaller than the data points in all cases.

The color of the high-pressure samples might arise from
charge transfer behavior, i.e., promotion of electrons from lig-
ands (oxide ions) into the unfilled Yb 4 f shell to form
localized Yb2+ ions [44]. However, we also note that off-
stoichiometry in the pyrochlore oxide Yb2+xTi2−xO7−δ has
been found to have a significant impact on the color of single-
crystal samples, even where oxygen vacancies can account for
all Yb ions remaining in the +3 state [45]. In fact, refining the
metal cation site occupancies in our samples gave no indica-
tion of off-stoichiometry. Alternatively, other defects such as
nitrogen impurity centers may be present and/or the forma-
tion of some Yb2+ ions might be compensated by vacancies
formed in the oxide-ion sublattice under high-pressure-high-
temperature synthesis, which is known to alter the patterns of
defects and optical centers in doped gemstones [46].

In order to investigate potential variation in the oxide stoi-
chiometry, portions of the samples made under high pressure
were subsequently annealed for 2 h at 800 ◦C in a chamber
furnace under static air atmosphere or in a tube furnace under
flowing O2 gas. After removal from the furnaces, all samples
had changed to a pure white color (images available in the

Supplemental Material [35]). PXRD measurements, Fig. 5(b),
showed that the samples annealed in air and in O2 were iden-
tical to each other and their lattice parameters were very close
to the as-made samples, indicating that there was no structural
transition. Overall, the trends with x, particularly the trend in
b, became smoother after annealing. The low scattering power
of oxygen meant that the oxygen site occupancies could not be
refined. However, these observations suggest that the observed
color change upon annealing is related to a change in the oxide
ion composition and/or the oxidation of isolated Yb2+ ions.
The presence of Yb2+ ions in the as-made samples would be
possible because of the slightly reducing synthetic environ-
ment of the high-pressure apparatus (Pt capsule surrounded
by graphite).

B. Magnetic measurements

Magnetic susceptibility measurements were carried out on
several samples of M-YbTaO4 (as-made after HP synthesis).
The presence of nonmagnetic PtO up to about 5 wt.%, as
mentioned in Sec. III A, was quantified by Rietveld refinement
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FIG. 6. Magnetic data for a sample of M-YbTaO4 (NK099): (a) magnetic susceptibility χ (T ) and inverse susceptibility χ−1(T ). The
inverse susceptibility was fitted to a simple Curie-Weiss law (black dashed line, extrapolated from 150 down to 0 K) or a modified two-level
Curie-Weiss law to account for crystal electric field effects (red solid line). (b) Isothermal magnetization curves, fitted to the Brillouin function
with J = 1

2 (black dashed lines). (c) Magnetocaloric effect calculated from magnetic isotherms. The gray dashed line shows the expected
maximum value of −�S = R ln 2.

[35] in order to correct the raw data. The susceptibility is given
by χ ≈ M/H because H is small (500 Oe) and M(H ) is linear
in this region. No magnetic ordering was observed in any of
the samples down to a minimum temperature of 1.8 K and
the ZFC and FC curves were identical (Supplemental Material
[35]), which rules out any spin-glass behavior in this tempera-
ture range. A representative data set is shown in Fig. 6(a) and
fitted parameters for all samples are tabulated in the Supple-
mental Material [35].

The inverse susceptibility, χ−1(T ), was first fitted to the
Curie-Weiss (CW) law:

1

χ
= 8(T − θCW)

μ2
eff

, (2)

where θCW is the Weiss temperature and μeff the effective
magnetic moment. Linear fitting in the range 150–300 K,
on average for several samples of M-YbTaO4, yielded
θCW = −78(7) K and μeff = 4.79(11)μB [black dashed line
in Fig. 6(a)]. While the effective moment is close to the
estimated free-ion value for Yb3+ ions, 4.54μB, the Weiss
temperature is unphysically large for the expected strength
of magnetic exchange interactions, which is typically of the
order of 1–10 K for lanthanide compounds. Similarly large
estimates of the Weiss temperature have been observed for
other Yb compounds and the unsuitability of the simple Curie-
Weiss model is explained by contributions from thermally
populated crystal electric field (CEF) levels above the J = 7

2
ground state; a low-temperature Curie-Weiss fit is often used
to mitigate this [47,48]. However, Yb3+ is a Kramers ion (with
an odd number of unpaired electrons) so its J = 7

2 state is
expected to split into four doublets, with the ground state
being a J = ± 1

2 doublet, separated from the first excited state
(a J = ± 3

2 doublet) by an energy gap �E10. Therefore, we
fitted the data in the entire temperature range (1.8–300 K) to
a two-level function:

1

χ
= 8(T − θCW)

(
1 + e−�E10/kBT

μ0
2 + μ1

2e−�E10/kBT

)
, (3)

where μ0 is the effective magnetic moment in the ground
state, μ1 the effective moment in the first excited state, and

�E10 the energy difference between those states [49]. The
two-level fitting [red solid line in Fig. 6(a)] was carried out
for eleven distinct M-YbTaO4 samples from different syn-
thesis runs (tabulated in the Supplemental Material [35]).
The fitted parameters, on average over all the samples, were
θCW = −2.4(6) K, �E10 = 256(16) K, μ0 = 3.48(8)μB, and
μ1 = 5.8(3)μB. The negative Weiss temperature indicates
antiferromagnetic interactions in M-YbTaO4 and the sizes
of the effective moments are in line with those obtained in
other Yb-based metal oxides using the same fitting model
[25,28,50]. We also fitted the susceptibility to the CW law
in the low-temperature regime, 1.8 � T (K) � 30, which re-
sulted in θLT

CW = −0.68(14) K and μLT
eff = 3.32(8)μB. The

obtained low-temperature effective moment is clearly reduced
compared with the high-temperature effective moment and,
importantly, it is consistent with μ0 obtained from the two-
level CW fitting, indicating that the two-level Jeff = 1

2 model
is a good fit for our data.

Isothermal magnetization data collected on M-YbTaO4 as
a function of field are shown in Fig. 6(b). The magnetization
approached saturation at low temperatures and high fields.
The data at 1.8 K were first fitted to a linear function in
the range 5–7 T, representing the temperature-independent
paramagnetism [51]. This yielded a gradient χ0 = 1.5(2) ×
10−2 emu mol−1 and intercept (saturation magnetization)
μsat = 1.82(6)μB. The g factor could then be estimated using
geff = (μsat/μB)/Jeff [52] = 3.65(12) for Jeff = 1

2 .
Next, the data sets at each temperature T were fitted in the

entire field range to the function

M(H ) = χ0H + gJBJ (H ), (4)

where g is the Landé g factor and BJ (H ) the Brillouin func-
tion. For an effective J = 1

2 , typical of Yb3+ compounds, the
Brillouin function is given by BJ (H ) = tanh ( gJμBH

kBT ). The fits
are shown in Fig. 6(b) as black dashed lines. The fitted g
factor at 1.8 K was g = 3.58(8), which is consistent with
our earlier estimate and comparable with those of NaYbGeO4

(3.84) [52], M ′-YbTaO4 (3.2) [28], YbNbO4 (3.0) [25], and
Na0.5Yb0.5WO4 (3.1) [50]. The saturation magnetization Msat,
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FIG. 7. (a) Magnetic specific heat Cmag for M-YbTaO4 at different applied fields, fitted to the two-level Schottky equation. (b) Fitted
parameters f and �/kB as a function of field. (c) Magnetic entropy change obtained by integration of Cmag/T ; for the legend, see part (a).

estimated by extrapolating the high-field linear region of
M(H ) back to zero field, was 1.82(6)μB. Comparing this value
with gJ · J = 4 for the Yb3+ ion indicates substantial single-
ion anisotropy, most likely Ising-like because Msat ≈ gJ · J/2
[53].

We also calculated the magnetocaloric effect (MCE) from
evenly spaced magnetic isotherms (with data points at 1 K
intervals from 2 to 10 K and 1000 Oe intervals from 0 to
7 T) using Maxwell’s relations [54]. We found a maximum
MCE of −�Smag(2 K, 7 T) = 5.60 J mol−1K−1, which is al-
most equal to R ln 2 = 5.76 J mol−1K−1; see Fig. 6(c). This
indicates that the effective quantum number Jeff = 1

2 is ap-
propriate for M-YbTaO4, as for a number of other Yb-based
oxides [25,28,29,50,52].

Magnetic susceptibility and isothermal magnetization data
were also collected on all samples from the solid solution
YbNbxTa1−xO4 after annealing in oxygen (see Sec. III A)
and on several other samples either as-made or annealed in
air. Two-level Curie-Weiss fits to the susceptibility were car-
ried out in the same manner as described above. The fitted
magnetic parameters (Supplemental Material [35]) showed no
obvious trends as a function of x and the spread of data for
each parameter was of a similar magnitude to the uncertainties
reported above, which were obtained by averaging over sev-
eral samples of the same composition. Therefore, we cannot
draw any conclusions from this data set about the effect of Nb
substitution on the magnetic properties of M-YbTaO4.

C. Specific heat

Specific heat data were collected on M-YbTaO4 at several
fields in the temperature range 2–60 K and fitted to the Debye
law with θD = 246(2) K in order to provide an estimate of the
lattice contribution to the specific heat, Clatt , which was then
subtracted to give the magnetic contribution Cmag. Figure 7(a)
shows Cmag for all fields. In nonzero applied fields a broad
Schottky-type anomaly is visible, shifting to higher tempera-
tures as the field increases. This behavior is consistent with
Zeeman splitting of a J = 1

2 doublet [51]. The Cmag curves
were fitted to a two-level Schottky function:

CS(T, H ) = f R

(
�

kBT

)2 e�/kBT

(e�/kBT + 1)2
, (5)

where f is the molar fraction of free spins, R the molar gas
constant, and � the Zeeman energy gap in the split ground

state doublet. The model fits our data well, as shown by the
solid lines in Fig. 7(a). The gap � increases linearly with field
as expected, with f also increasing but not reaching 100% by
μ0H = 9 T; see Fig. 7(b). Extrapolation of the straight-line
fit of �(H ) indicates a small finite energy gap at zero field,
�(0) ≈ 1.2 K, which may correspond to interactions between
Yb3+ ions, but is well below the minimum temperature of
the present work. Further measurements at T < 2 K will be
important for future investigation of M-YbTaO4.

The magnetic entropy, �Smag, was obtained by integrat-
ing Cmag/T and is shown in Fig. 7(c). At high fields the
entropy saturates at 4.38 J mol−1K−1, which is around three-
quarters of the expected value of R ln 2 = 5.76 J mol−1K−1

for a two-level system. Since we found that the magnetic
entropy change reached almost R ln 2 in our MCE calculation
[Fig. 6(c)], this is probably a systematic offset with the “miss-
ing” entropy being gained below 2 K, because the starting
point for our numerical integration of Cmag/T was T = 2 K
instead of the ideal value of zero.

IV. DISCUSSION

The lanthanide niobates and tantalates exhibit several dif-
ferent structural polymorphs including at least one tetragonal
and three monoclinic phases, depending on the transition
metal ion (Nb vs Ta), lanthanide ion, temperature, and pres-
sure [42]. Of these, the M or fergusonite-type monoclinic
phase is of particular interest for its stretched diamond net-
work of magnetic ions, which has previously been studied
in both the niobates [25] and tantalates [23,24]. While anti-
ferromagnetically coupled spins on a cubic diamond lattice
are expected to display long-range magnetic order, lowering
of symmetry to tetragonal or monoclinic crystal structures
typically introduces magnetic frustration due to competing
interactions. Additional complexity is possible in the case of
nonmagnetic substitution onto the diamond-like lattice, for
example, in Na0.5Yb0.5WO4 with 50:50 random site occu-
pancy of Na+ and Yb3+ [50].

M-YbTaO4 is an example of a monoclinic stretched di-
amond lattice with no site disorder. Like its niobate analog
YbNbO4 [25], we observed evidence for a Jeff = 1

2 Kramers
doublet down to 1.8 K in the analysis of susceptibility, isother-
mal magnetization, and specific heat data. Kramers behavior
is typical of compounds containing the Yb3+ ion, which
has a half-integer spin and strong spin-orbit coupling, in a
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low-symmetry crystal electric field environment such as the
distorted YbO8 polyhedra of M-YbTaO4. In such compounds,
the Jeff = 1

2 ground state means that the effective magnetic
moment at low temperatures is smaller than expected. Indeed,
the susceptibility data for M-YbTaO4 clearly showed that the
Curie-Weiss law does not hold over the entire temperature
range studied (1.8–300 K), i.e., the effective magnetic mo-
ment is strongly temperature dependent. We calculated θLT

CW =
−0.68(14) K, which suggests that the exchange interactions
between neighboring Yb3+ ions are very weak. The nearest-
neighbor interaction strength Jnn, in the mean-field limit, may
be estimated as follows [55]:

Jnn ≈ 3kBθCW

2zS(S + 1)
. (6)

Substituting Jeff = 1
2 for the spin quantum number S, and

setting the number of neighboring ions z = 4, we obtain an
estimated Jnn ≈ −0.34 K using θLT

CW. We can also estimate the
dipolar interaction, D = −μ0μ

2
eff/4πr3, where r is the (av-

erage) nearest-neighbor distance and μ0 = 4π × 10−7 is the
permeability of free space [56]. Each Yb3+ ion in M-YbTaO4

has four neighboring Yb3+ ions, two at a distance of 3.691(4)
Å and two at a distance of 3.791(4) Å according to our
Rietveld refinements (at room temperature). Taking the aver-
age as r ≈ 3.741 Å, we calculate D ≈ −0.29 K, which is a
similar size to Jnn. However, these mean-field approximations
do not take spin anisotropy into account, whereas our M(H )
data indicate substantial anisotropy for the Yb3+ ions. Both
of the estimated values are considerably smaller than 1.8 K,
so the effects of the interplay between dipolar and exchange
coupling will only be observed at temperatures below the
minimum achieved in this experimental study.

Magnetocaloric calculations for M-YbTaO4 indicate that
the magnetic entropy change is more than 97% of the
maximum (R ln 2) at 2 K and 7 T. This result, coupled
with the weak magnetic exchange and geometric frustration
which should act to suppress magnetic ordering, means that
M-YbTaO4 has the potential to be used as a magnetocaloric
material in adiabatic demagnetization refrigerators (ADRs)
at liquid-helium or dilution temperatures. ADRs have tradi-
tionally used single crystals of paramagnetic salts, but these
often contain water of crystallization and therefore cannot
be evacuated or heated above 100 ◦C in preparation for ul-
trahigh vacuum applications. However, recent studies have
found that some chemically stable ytterbium-based oxides are
strong contenders for new ADR technology [52,57,58]. The
ADR technique itself can even be used to determine mag-
netic transition temperatures, using an indirect measurement
of heat capacity calculated from the heat input and the time
derivative of the measured temperature [52]. The experimental
setup for such a measurement usually requires at least 2 g
of the sample, which would necessitate the combination of
several 0.5 g samples from different high-pressure synthesis
runs. However, our results show that this synthesis route is
repeatable and produces samples with consistent structural
and magnetic parameters, so there is potential for M-YbTaO4

to be investigated for ADR applications in the near future.
Finally, we compare M-YbTaO4 with the niobate YbNbO4.

The two compounds have almost identical unit cell dimen-
sions, less than 0.05% difference in unit cell volume, because

TABLE II. Comparison of fitted magnetic parameters for
M-YbTaO4 (this work) and the isostructural YbNbO4 [25].

M-YbTaO4 (This work) YbNbO4 [25]

High-temperature fitting
θCW (K) −78(7) −113(5)
μeff (μB) 4.79(11) 4.59(14)

Low-temperature fitting
θCW (K) −0.68(14) 0.025
μeff (μB) 3.32(8) 2.68(18)

Two-level fitting
θCW (K) −2.4(6) −9.40
μ0 (μB) 3.48(8) 3.40
μ1 (μB) 5.8(3) 6.45
�E10 (K) 256(16) 330

g from χ (T ) 3.65(12) 3.1
g from M(H ) at 1.8 K 3.58(8) 3.0
Msat at 1.8 K (μB) 1.82(6) 1.48

Nb5+ and Ta5+ have identical ionic radii (0.64 Å if six-
coordinate [43]). Given the very similar ionic radii, it is
perhaps surprising that high temperature and/or pressure (de-
pending on Ln) is required to stabilize M over M ′ for the
lanthanide tantalates while the niobates do not display the M ′
phase at all. The HoTaO4-HoNbO4 solid solution has recently
been explored in depth using a combined synchrotron x-ray
and neutron diffraction study [42]. The authors found subtle
differences in the (Nb/Ta)–O bond lengths which could be
related to the natures of the valence orbitals (4d vs 5d), with
Ta–O bonds having greater covalency than Nb–O bonds. The
transition metal ions were also more displaced from the cen-
ters of the (Nb/Ta)O6 polyhedra in the Ta-rich samples, which
were described as a second-order Jahn-Teller effect. Since the
phase behavior of Ln(Nb/Ta)O4 compounds depends strongly
on the Ln ion [26,27], and oxide ions are weak scatterers of x
rays, we plan to carry out neutron diffraction studies on our
Yb samples in order to locate the oxide ions accurately and
explore this further.

YbNbO4, recently investigated by Kumar et al., also has
a Jeff = 1

2 Kramers doublet ground state with temperature-
dependent effective magnetic moment. The magnetic param-
eters of M-YbTaO4 and YbNbO4 are compared in Table II. In
YbNbO4, muon-spin relaxation (μSR) data at low tempera-
tures demonstrated strong magnetic correlations in a dynamic
internal field with no ordering or freezing of spins down
to 300 mK, making it a strong candidate for quantum spin
liquid properties [25]. Our results at T � 1.8 K suggest that
M-YbTaO4 would also benefit from μSR and/or neutron
diffraction measurements at low temperatures to rule out
long- or short-range magnetic order and inelastic scattering
at higher temperatures to investigate the crystal electric field
levels and confirm the size of the energy gap between the
ground and excited state doublets. Further specific heat and
ac susceptibility experiments below 1.8 K are also planned.

V. CONCLUSIONS

We synthesized M-YbTaO4, which can only be pro-
duced under high-pressure-high-temperature conditions, and
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measured its bulk magnetic properties. Similarly to its niobate
analog, which also hosts a stretched diamond lattice of Yb3+

spins, no magnetic ordering or spin freezing is observed down
to a minimum temperature of 1.8 K. Analysis of specific heat
data provides evidence for a Jeff = 1

2 Kramers doublet state
down to 1.8 K, which splits upon application of an external
magnetic field. This conclusion is further supported by anal-
ysis of the low-temperature magnetic susceptibility, magnetic
isotherms, and magnetocaloric calculations.

In the solid solution YbNbxTa1−xO4, the application of
pressure is required at x � 0.1 to stabilize the M phase at all
and at x � 0.4 to obtain only the M phase. Under conditions
of 1800 ◦C and 6 GPa, the competing M ′ phase is completely
suppressed for all x. However, an interesting variation in color
across the series of high-pressure samples was observed and
ascribed to off-stoichiometry, pointing to subtle differences
in the crystal chemistry which should be investigated fur-
ther using high-resolution diffraction techniques and optical
measurements.

Overall, this study has explored a new material example
of spin- 1

2 magnetism on a diamond-like lattice, synthesized
in a practical high-pressure synthesis window with high re-
producibility. M-YbTaO4 has possible future applications in
ADR technology, owing to its chemical stability and lack of
magnetic ordering above 1.8 K, and has a high potential for
unusual quantum magnetism to be observed at low tempera-
tures in future studies.
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