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ABSTRACT

We report the anisotropic magnetic properties of single crystals of the triangular lattice magnet,
NaBaYb(BOs),. In this material, a layered [Yb(BO3),]., framework is sandwiched by Na" or Ba*
layers in alternation. The space group is centrosymmetric, R3m, with no detectable disorder and
Yb*"-based easy axis Kramers doublets forming layered triangular lattice planes. A specific heat
anomaly indicates a second order phase transition at 7= 0.41(2) K that is suppressed to less than
0.15 K in a 0.1 Tesla magnetic field. With a change in entropy of only 0.6(2)% of RIn2 at this
transition, NaBaYb(BO;), however, retains 94(1)% of RIn2 entropy to the lowest temperature

accessed (7= 0.15 K). Strong frustration and the potential for quantum magnetism is implied.
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INTRODUCTION

Geometric magnetic frustration occurs when interactions between magnetic spins
compete and cannot be simultaneously satisfied. It is commonly found in materials with triangle-
based or tetrahedron-based magnetic units[1-5]. Depending on the arrangements of these simple
units, various geometrically frustrated frameworks, such as 2D triangular lattices[6-9], kagomé
lattices[10-12], 3D pyrochlore lattices[13] and hyperkagomé lattices[14,15] are found.
Unconventional magnetic ground states have been found in geometrically frustrated magnets
(GFMs), such as spin ice and quantum spin liquid states [16-18]. In general, the quantum states
are most likely to be found in low-spin GFMs.

Recently, 2D magnetic systems based on rare earth ions have received a significant
amount of attention. For the current context the ongoing debate about spin liquid vs. spin glass
behavior in the Yb-based layered triangular lattice material YbMgGaOs, is of interest. The
debate arises at a fundamental level from the fact that in the crystal structure of YbMgGaO,, Mg
and Ga atoms are randomly mixed in the same Wyckoff position, in equal proportion, with the
magnetic Yb’s positionally displaced from their ideal sites, making the low temperature spin
state, the result of interactions on the order of several Kelvin in energy, disrupted by random
magnetic bond disturbances of the same magnitude. [19-23]

Hence the discovery of a structurally perfect, low-spin triangular lattice magnet based on
the rare earth ion Yb is if interest for further experimental and theoretical research. Considering
the strong spin-orbit coupling and highly anisotropic magnetic properties among rare earth (R) -
based materials, we have studied R-based triangular lattice materials that carry 4f electrons,
including KBaR(BOs),[24,25] and RbBaR(BOs3),[26]. The former materials have a symmetric

rare earth triangular lattice, but the K and Ba atoms, which are in sites near the magnetic R ions,



are disordered in the crystal structure, as is found for YbMgGaO,4. For RbBaR(BOs),, on the
other hand, although the Rb and Ba are structurally ordered, the R atoms are located on a
geometrically distorted triangular lattice, which can introduce anisotropy in the magnetic
interactions, again a non-ideal case. In contrast, here we report the magnetic properties of a
structurally ideal Yb-based triangular lattice magnet, NaBaYb(BOs),, where single crystalline
samples can be grown with no detectable structural distortion or disorder. We report the absence
of a conventional magnetic phase transition to a temperature of 0.15 K.

EXPERIMENTAL

Crystal Growth of NaBaYb(BO;),. NaF, Yb,0;, Na,CO;, BaCO; and H3;BO; were used as
received. All starting materials were analytical grade and from commercial sources. Single
crystals were obtained by high-temperature flux growth through spontaneous crystallization.
Mixtures of Na,CO3/BaCO3/Yb,03/H3;BO3/NaF with molar ratios of 3:2:1:[7-9]:[1-3] were fully
ground and placed in a 10 ml platinum crucible. The crucible was rapidly heated to 960 °C in an
electric furnace and held for 2 days until the melts became transparent and homogeneous. The
solution was cooled slowly at a rate of 1-3 °C/h during the process of crystal growth and after
melt solidification (~800 °C) cooled to room temperature at a rate of 25 °C-h™". Millimeter-level
hexagonal plate crystals (Figure 1) were obtained at the top of solidified flux, from which they
were mechanically separated. The remnant flux was cleaned from the crystals by washing with
distilled water and ethanol in succession.

Single-Crystal and powder X-ray Diffraction (SXRD and PXRD). The crystal structure of the
title compound was determined by SXRD. The diffraction data were collected at 299(1) K with a
Kappa Apex2 CCD diffractometer (Bruker) using graphite-monochromated Mo-Ka radiation (4

=0.71073 A). The raw data were corrected for background, polarization, and the Lorentz factor



and multi-scan absorption corrections were applied. Finally, the structure was analyzed by the
Intrinsic Phasing method provided by the ShelXT structure solution program[27] and refined
using the ShelXL least-squares refinement package with the Olex2 program[28]. The ADDSYM
algorithm in program PLATON was used to double check for possible higher symmetry[29],
which was not found. For general analysis, crystals ground into a powder were characterized by
PXRD on a Bruker D8 Advance Eco instrument in Bragg-Brentano geometry with Cu Ka
radiation (A4 = 1.5418 A) and a LynxEye-XE detector at room temperature in a range of 26 =
5-70°.

Physical Property Measurements. Magnetization data were acquired using a Quantum Design
(QD) physical property measurement Dynacool system (PPMS) equipped with a vibrating
sample magnetometer (VSM) option. Anisotropic magnetization data were obtained on single-

crystals. For the field-dependent magnetization at 1.8 K, when H|jc and H | ¢, single-crystals

were mounted on a silica sample holder with GE varnish. Anisotropic, temperature-dependent
magnetization was measured between 1.8 and 300K collected on visually oriented single-crystal
samples in an applied field of H = 5000 Oe. Magnetic susceptibility y was defined as M/H. The
heat capacity was measured on a single-crystal of NaBaYb(BO3); in the same PPMS instrument
equipped with a *He refrigerator in the temperature range 0.35-10 K. Lower temperature specific
heat data were obtained down to 7= 0.15 K using a dilution fridge insert in a PPMS.
RESULTS
Crystal Growth and Crystal Structure.

A 6 x 5 x 0.5 mm’ NaBaYb(BO;), crystal was successfully grown, as were smaller
crystals in the same batch (Figure 1). Observed and calculated PXRD patterns are shown in

Figure 2, confirming the single-phase nature of the samples employed for the property



measurements. NaBaYb(BOs), crystalizes in the centrosymmetric space group R-3m (#166). In
the asymmetric unit of NaBaYb(BOs),, there are two unique types of Yb atoms (Wyckoff sites 3a
and 3b), with no variable structural parameters, i.e. the positions are fully fixed by the crystal
symmetry to be in a perfect triangular lattice. The special positions of the Yb atoms create layers
of ideal equilateral triangles. The two types of Yb atom layers have the same Yb-Yb in-plane and
plane-to-plane separations. Also, there is one type of Na atom (Wyckoff site 6¢), one type of Ba
atom (Wyckoff site 6¢), two types of B atoms (Wyckoff site 6¢), and two types of O atoms
(Wyckoff site 184). The crystal structure is fully ordered, both positionally and chemically. The
Yb’" ions are in octahedral coordination with oxygen, with a regular [YbOg] octahedral shape,
and bond lengths dybi02) = 2.197(5) A and dyw.on = 2.212(6) A (i.e. to the number of
significant digits relevant to the bonding 2.20 and 2.21 A, respectively.) The [YbOs] octahedra
are connected through planar [BOs] triangles in the ab plane, forming a layered [Yb(BO3):]. (i.e.
2D) framework (Figure 3b). One of the Yb layers has adjacent Na layers while the other has
adjacent Ba layers. The Yb-based triangular lattices display ABCABC stacking (FCC-like) along
the c-axis of the rhombohedral cell (Figure 3a), with a Yb-Yb separation between layers of 6.7
angstroms, substantially larger than the in-plane Yb separation, 5.3 angstroms. The nine-
coordinated Ba atoms and nine-coordinated Na atoms are situated in the space between adjacent
Yb-based ideal triangular [Yb(BOs),]» planes. The crystallographic information, position,
selected bond lengths are summarized in Tables 1-3.
Magnetic properties.

The susceptibilities were fit to the Curie-Weiss Law, y — yo = C/(T — ©Oc¢w), where y is the
susceptibility, C is the Curie Constant, Oc¢y is the Curie-Weiss temperature, and y, is a

temperature independent contribution. The effective magnetic moments were then obtained using:



Uefp = V/8C (CGS units). Crystal field effects influence the multiplet populations versus
temperatures and thereby impact susceptibility measurements; therefore, the magnetic data were
fit to the Curie—Weiss law at both low and high temperatures for comparison. The results for the
high temperature (7 = 150-280 K) fits and low temperature (7 = 1.8 - 25K) fits are listed in Table
4,

Direction-dependent magnetic susceptibility measurements were performed on a single
crystal of NaBaYb(BO;),. As shown in Figure 4a, the temperature-dependent susceptibility of
NaBaYb(BO3); has uniaxial easy axis anisotropy y(jc) > x(#.c)- From the high temperature fitting,
the Curie-Weiss temperatures in different directions are Ocw.¢) = -248.8 K and Ocye) = -30.7
K, respectively. The negative Curie-Weiss temperatures in these fits are indicative of the crystal
field energy scale rather than inter-site interactions. The effective magnetic moment of
NaBaYb(BOs), for Hljc and H L ¢ are 6.22 up/Yb and 3.80 up/YD, respectively. The large
difference of effective magnetic moment between these two orientations is attributed to the
structural anisotropy via crystal field effects. In the low temperature range fits, very small
negative Curie-Weiss temperatures were observed for both field parallel to ¢ and perpendicular to
¢ (O©cw (HLc)=-0.03 K and Oc¢y (H||c) =-0.15 K).

Considering the trigonal crystal system, the weighted average magnetic susceptibility yave =

(2x(#Le) t xwe))/3. Alinear Curie-Weiss fit was also applied to the weighted average data in both

temperature ranges. At high temperature, the inverse susceptibility data gives ¢y = -113.5 K
and u.p = 4.64 up/Yb. The effective magnetic moment matches well with the expected value for
free Yb'© (4.53 ug). In contrast, in the low temperature range (1.8 — 25 K), the Curie-Weiss fit
yielded the O¢cy = -0.07 K and u.p= 2.23 up/Yb. The effective magnetic moment (2.23 up/Yb) is

smaller than the value for free Yb’" (4.53 uz) as a result of crystal field effects. The field-



dependent magnetization at 1.8 K shows a nonlinear response and saturates below 90,000 Oe. to

about 1.09 up/Yb and 1.71 up/Yb for H_ ¢ and H]|c, respectively (Figure 4b). The implication is

that additional steps in the magnetization will occur at higher applied fields. As shown in Figure
5, the field-cooled (FC) and zero-field-cooled (ZFC) susceptibility was measured on a powder
sample at applied field of 100 Oe. The magnetic susceptibilities for both FC and ZFC increase
down to 1.7 K without bifurcation, which indicates the absence of a spin-glass transition down to
that temperature.

Specific heat

Specific heat measurements were performed on a 1.2 mg single crystal. The nonmagnetic
compound NaBaLu(BOs), was grown and its specific heat measured and used to isolate the
magnetic contribution to the specific heat of NaBaYb(BOs),. At zero field, the magnetic specific
heat C,, of NaBaYb(BOs;), increases gradually upon cooling without a large anomaly
characteristic of a conventional magnetic phase transition (Fig. 6(a)). We shall later discuss a
weak anomaly at T = 0.41(2) K. When we apply fields of 0.1 and 0.5 T, however, a large upturn
is induced at low temperatures. A broad peak is observed when the applied field exceeds 1 Tesla.
The broad peak moves to higher temperature with increasing field. The inset to Fig. 6(b) shows
the change in entropy inferred from the data. At high fields the full value of AS,, = R In2 is
obtained while at zero field the spin system retains 94(1)% of the R In2 magnetic entropy down
toT=0.15K.

Fig. 6(b) shows a scaling plot of C,, versus T/uH. Here psq¢ . = 1.711p/YDb is the saturation
magnetization for H || c¢. The scaling collapse for H > 0.5 Tesla shows the effects of inter-site

interactions is less than an energy of psq¢ . - 0.5 Tesla = 0.57 K, which is consistent with Ocy

(H|lc) = -0.15 K inferred from the low T susceptibility data. The solid line was calculated for a



Kramers doublet. The excellent agreement with the data is evidence for a monodisperse

ensemble Kramers doublets with saturation magnetization . Kramers doublets are characterized

Uerf

Usat

2
by the following dimensionless ratio: R = ( ) = 3. For comparison this squared moment

ratio, inferred from our susceptibility and saturation magnetization measurements, is Ry, =
296 and R, = 2.67 for H || c and H L c respectively. The deviations below 3 are within the
systematic uncertainty associated with sample alignment in the different measurements and at the
different fields. Specifically, torque and sample misalignment tend to overestimate the hard axis
saturation magnetization and thus suppress R . below 3.

Fig. 6(c) shows the low temperature dilution fridge data in greater detail. An anomaly at T, =
0.41(2) K is clearly visible both in adiabatic heat pulse and long pulse measurements. Their
consistency rules out a first order phase transition in the 77> 0.15 K temperature range accessed.
The total change in entropy through this apparent second order phase transition is only AS =
0.006(2)RIn2 leaving much entropy for a lower temperature phase transition, a cross-over to a
non-degenerate state, or a non-ergodic manifold.

Discussion

We first discuss the nature of the spin degrees of freedom. The scaling collapse of the high field
specific heat data indicate Yb*" form low energy Kramers doublets as anticipated given the 3m
point group symmetry. In combination, the high field magnetization and the low field
susceptibility measurements constrain the ratio between the Kramers doublet moment of the two

Yb sites. Denote pgqer = flsqr1- For any field direction and each site i = 1,2 we have u; =

2 2 2
. . . i u i i

Usqae; tanh Blisqe ;B, which implies y; = &0t = 2Ll yng R, = (—Meff'l) = 3. For the sample
’ ’ kpT 3kgT HUsat,i

1 . 1 1
average we have ps,; = gﬂsam(l + f) while ygff = Eugm (1 + f?) because y = 3 1+ x2).
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Thus R = (Hsat) =6 wi: ° that 3 < R < 6 ; the limits realized for f =1 and f = 0,

respectively. Considering systematic errors, our data place an upper limit of R < 3.05 on the two
crystallographic directions from which we obtain 0.77 < f < 1.3 . Thus, the saturation moments
of the two Yb sites cannot differ significantly (<25%) from each other either for H || ¢ or for
H 1 c. Given the measured easy axis anisotropy this implies that both Yb*" sites must be easy
axis pseudo spin-1/2 degrees of freedom. A full determination of the ground state spin orbital
wave function of Yb*" will require measurements of the crystal field level scheme for example
through inelastic neutron scattering.

Next, we discuss the nature and strength of inter-site interactions. Considering first the dipole-

2
dipole interaction, the relevant nearest neighbor bond energy scale is D = % = 12 mK. For

comparison the bond energy scale inferred from the low T Curie-Weiss fit along the c-axis is

2

~ 0 . .

] = % (ilﬂ) = 11 mK. Here we have used the Lande factor g; = gand the coordination
sat,c

number z = 6. Note that all spin-spin interactions contribute to Oy, and can cancel so that naive
interpretation of ®.,, can underestimate exchange interactions. Nonetheless the similarity of
these energy scales suggests dipole interactions are significant in the magnetism of
NaBaYb(BOs),. Even in NaYbO,, where just one O is in the super-exchange path thus favoring
exchange, one finds D ~ ] [30]. Since the spacing between Yb in adjacent layers (6.7 A) exceeds

the in-plane spacing (5.3 A) the nearest neighbor inter-layer dipole interactions (which link the

3
triangular lattices as in a 3D FCC lattice) are a factor (%) = 2.0 weaker than the corresponding

intra-layer interaction.
CONCLUSIONS

In summary, single crystals of the structurally perfect Yb-based triangular lattice magnet



NaBaYb(BOs), have been grown by the spontaneous nucleation method. According to the
SXRD refinement, the crystal structure of NaBaYb(BOs3), is fully crystallographically ordered,
forming a 2D [Yb(BOs):]» triangular framework with no structural disorder. The magnetism
arises from pseudo-spin-1/2 quantum degrees of freedom with ~60% enhanced c-axis moment in
both two distinct triangular lattices. A small anomaly in the specific heat at 7= 0.41(2) K signals
a second order phase transition that is associated with a change in entropy of just AS =
0.006(2)RIn2. The preponderance of the magnetic entropy is however, unaccounted for at zero
field down to the lowest temperature of the present experiment (7' = 0.15 K) leaving open the
possibility of exotic magnetism arising from easy axis quantum spins with frustrated long-range,

possibly dipolar, interactions on the triangular lattice[31].
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FIGURES

Figure 1. NaBaYb(BOs), crystals grown by spontaneous nucleation.

Figure 2. Calculated and experimental PXRD patterns for crushed single crystals of
NaBaYb(BO3)2 .

Figure 3. (a) The crystal structure and building blocks of NaBaYb(BOs),. (b) 2D structure
formed by YbOs and BO; groups, as viewed along ¢ axis. (¢) The Yb-based triangular magnetic
lattice, with the nearest neighbor Yb*" ions in the same plane (5.3 A) and the neighboring plane

(6.7 A).

Figure 4. Magnetic characterization of single crystal NaBaYb(BOs),. (a) Anisotropic and
polycrystalline averaged inverse magnetic susceptibility and (b) 1.8 K field-dependent

magnetization measurements on a single crystal parallel and perpendicular to the c-axis.

Figure 5. FC and ZFC magnetic susceptibility in an applied field of 100 Oe for NaBaYb(BO3)s.

Figure 6. a) Heat capacity C, as a function of temperature for an NaBaYb(BO3), single crystal
measured under several applied magnetic fields. Data for the non-magnetic analog
NaBaLu(BOs),, employed for subtraction of the phonon contribution, is also shown b), C,,/T as a
function of temperature at several magnetic fields scaled versus kgT /(Usqe B) Where kg is the
Boltzmann constant, B is the applied magnetic field along the c-axis, and pigq. . = 1.71 pp/Yb is
the corresponding saturation moment. c¢) Change in entropy versus temperature shifted to
accommodate the full RIn2 spin entropy in the high T limit for consistency with the ground state
Kramers degeneracy. d) The very low temperature heat capacity measured in zero field and a
field of 0.1 T. A small anomaly at 0.41(2) K indicates a second order phase with AS =
0.006(2)RIn2. Points were obtained with the heat pulse method, while continuous lines were

obtained with the long pulse method upon heating and cooling as indicated by the arrows.
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Figure 1 NaBaYb(BO3), crystals grown by spontaneous nucleation.
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Figure 2. Calculated and experimental PXRD patterns for crushed single crystals of
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Figure 3. (a) The crystal structure and building blocks of NaBaYb(BOs),. (b) 2D structure
formed by YbOs and BO; groups, as viewed along c axis. (¢) The Yb-based triangular magnetic

lattice, with the nearest neighbor Yb*™ ions in the same plane (5.3 A) and the neighboring plane

6.7 A).
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Figure 4. The Magnetic characterization of single crystal NaBaYb(BOs),. (a) Anisotropic and
polycrystalline averaged inverse magnetic susceptibility and (b) 1.8 K field-dependent

magnetization measurements on a single crystal parallel and perpendicular to the c-axis.
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Figure 6. a) Heat capacity C, as a function of temperature for an NaBaYb(BO3), single crystal
measured under several applied magnetic fields. Data for the non-magnetic analog
NaBaLu(BOs),, employed for subtraction of the phonon contribution, is also shown b), C,,/T as a
function of temperature at several magnetic fields scaled versus kpT /(Usqe B) Where kg is the
Boltzmann constant, B is the applied magnetic field along the c-axis, and pigq. . = 1.71 pp/Yb is
the corresponding saturation moment. c) Change in entropy versus temperature shifted to
accommodate the full RIn2 spin entropy in the high T limit for consistency with the ground state

Kramers degeneracy. d) The very low temperature heat capacity measured in zero field and a
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field of 0.1 T. A small anomaly at 0.41(2) K indicates a second order phase with AS =
0.006(2)RIn2. Points were obtained with the heat pulse method, while continuous lines were

obtained with the long pulse method upon heating and cooling as indicated by the arrows.
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Table 1. Crystal data and ambient temperature crystal structure refinements for NaBaYb(BO3)s.

Formula NaBaYb(BOs),
formula mass(amu) 450.99
crystal system trigonal
space group R-3m
a(A) 5.3295(3)
c(A) 35.5840(17)
V(A% 875.30(8)
VA 6

T(K) 299(1)
p(caled)(g/em’) 5.133

2 (A) 0.71073
F(000) 1170
O(deg) 3.44-27.46

Cryst size (mm3)

p(mm™)

R;(obs)

Ri(all Fo)

Ry(all Fo)

Residual electron density/ (eALS)

Goodness of fit

0.025 x 0.063 x 0.066
22.672
0.0202
0.0205
0.0530

(-2.485) - 1.347

1.163
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Table 2. Wyckoff positions, coordinates, occupancies, and equivalent isotropic displacement

parameters respectively for NaBaYb(BOs),.

Atoms  Wyck.Site x/a y/b z/c S.O.F. Ueq
Ybl 3b 0 0 1/2 1 0.0069(2)
Yb2 3a 0 0 0 1 0.0076(2)
Bal 6¢ 0 0 0.10220(2) 1 0.0101(2)
Nal 6¢ 0 0 0.3822(3) 1 0.0336(16)

B1 6¢ 0 0 0.2049(4) 1 0.013(3)
B2 6¢ 0 0 0.2945(4) 1 0.011(3)
01 18h 0.4802(6)  0.5198(6) 0.37239(15) 1 0.0389(15)
02 18h 0.5185(5) 0.4815(5) 0.12789(14) 1 0.0165(10)
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Table 3. Selected bond lengths (A) for NaBaYb(BO3)s.

bond length bond length

(B1-02) x 3 1.368(5) (Bal-Ol)x3 2.831(6)
(B2-01)x3  1.356(6) (Bal-02)x6 2.822(1)
(Yb1-02)x 6  2.197(5) (Nal-O1)x6 2.694(1)
(Yb2-Ol)x 6 2.212(6) (Nal-02)x3 3.211(10)
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Table 4. Effective moments (uerr) and Weiss temperatures (@c¢,) for an NaBaYb(BOs), single

crystal determined by fitting of the Curie—Weiss law to the magnetic susceptibility data in an

applied field of 5 kOe. us; = g;4/J(J + 1) is the free ion magnetic moment where / = g and

8

9; =7
. . High Low
Direction | ig"lt Hett(up) | Ocy (K) Tfit | Hett (uB) | Ocw (K) | ps (up)
Hlc 6.22 -248.80 1.78 -0.03
100 K 1.8 K
H//c to 3.80 -30.69 to 2.94 -0.15 4.53
280 K 25K
Ave 4.64 -113.45 2.23 -0.069
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