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The quasi-two-dimensional Shastry-Sutherland model has remained topical in the field of condensed mat-
ter physics for the last two decades, following the experimental realization of the model in the material
SrCu,(BOj),. Since then, research into the Shastry-Sutherland system has revealed more nuanced physics
than initially predicted; recent theoretical works have even predicted a quantum spin liquid phase may exist.
Herein, we report on a new Shastry-Sutherland lattice material, Yb,Be,GeO5, of the rare-earth melilite family
RE,;Be,GeO;. We find, through SQUID magnetometry, powder neutron diffraction, specific heat capacity, and
muon spin relaxation, that Yb,Be,GeO; lacks magnetic order and exhibits persistent spin dynamics to at least
17 mK. We propose the Shastry-Sutherland lattice material Yb,Be,GeO; as a candidate to host a quantum spin

liquid ground state.

DOI: 10.1103/PhysRevB.110.014412

I. INTRODUCTION

A spin liquid (SL) is a state in which the magnetic ordering
of interacting spins is suppressed by a macroscopic ground-
state degeneracy. This may be introduced via, for example,
magnetic frustration, i.e., order is prevented by spins freely
fluctuating between unique but degenerate configurations [1].
Spin liquids occur in two flavors: classical and quantum.
In a classical spin liquid, this behavior is thermodynamic
in nature, i.e., thermally driven random fluctuation between
asynchronous microstates, and occurs only for a finite tem-
perature range [2]. Conversely, the quantum spin liquid (QSL)
state, as the name suggests, is quantum in nature; fluctuations
are driven by the zero-point energy of the uncertainty princi-
ple, and spins exist highly entangled and in a superposition
of many orientations [2]. Such a state is only possible when
the zero-point motion is on the order of the size of the spin
angular momentum, generally precluding all but S = % and
S = 1 systems [1,2].

The search for the elusive QSL began in 1973, following
the postulations made by Anderson on resonating valence
bonds [3]. A material that hosts a QSL state has yet to be
definitively identified, owing largely to the inability to directly
probe the QSL state [2]. Nevertheless, various QSL candi-
date materials (examples in parentheses) have been proposed
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on several lattice symmetries, including one-dimensional
(1D) chains (Sr,CuO; [4]), honeycomb («-RuCl; [5]), py-
rochlore (Yb,Ti,O7 [6]), diamond (FeSc,S4 [7]), triangular
(YbMgGaO, [8]), kagome (ZrCu3(OH)eCl, [9]), and hyper-
kagome (PbCuTe,Og¢ [10]).

QSLs have a number of properties that can be probed (but
are by no means definitive proof of a QSL state), such as
a lack of magnetic order at all temperatures (which can be
confirmed via magnetic susceptibility, specific heat capacity,
and elastic neutron scattering measurements) and a persis-
tence of spin fluctuations at 7 = 0 (probeable via inelastic
neutron scattering, muon spin relaxation/rotation («SR), and
nuclear magnetic resonance). QSLs may also fractionalize
electrons into holons and spinons, and the associated spinon
excitation can be seen in inelastic neutron scattering (which
forms a continuum [11]) and spinon thermal conductivity (if
the spinons are itinerant).

Recently, Ashtar, Bai et al. [12] synthesized members of a
family of rare-earth (RE) materials isomorphic with melilite,
RE;Be,GeO;. These rare-earth melilites form in alternating
layers of nonmagnetic Be,GeO; and magnetic RE** ions and
lack detectable site mixing of the constituent ions. The RE**
ions form with an in-plane geometry topologically equivalent
to the Shastry-Sutherland lattice (SSL) (see Fig. 1), a theo-
retical model proposed by Shastry and Sutherland [13] as a
2D Heisenberg Hamiltonian with antiferromagnetic nearest-
(J) and next-nearest-neighbor (J') interactions. The SSL is
predicted to host a spin-dimer state when J>>J' and a square
antiferromagnet when J'>>J; the specific transition between

©2024 American Physical Society
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FIG. 1. Left: The crystal lattice of Yb,Be,GeO;, which has the
space group P42,m. The unit cell is shown in dark gray. Right:
AB-planar arrangement of the RE*" atoms. Here, J and J' denote
the nearest-neighbor and next-nearest-neighbor interactions. If both
J and J' are antiferromagnetic, the lattice is expected to be geomet-
rically frustrated. The unit cell is shown in dark gray.

these two phases was calculated by Miyahara and Ueda to
be J'/J =~ 0.7 [14]. The SSL is well known as the first 2D
spin system to exhibit fractional magnetization plateaus [15],
observed in the first known SSL material SrCu,(BO3),.

Contemporary experiments [16,17] on SrCu,(BOs3), have
revealed evidence of a plaquette state, accessible via pressure-
induced tuning of J'/J, residing in the intermediate region
between the spin-dimer and antiferromagnetic phases. This
has inspired a number of theoretical works into the SSL sys-
tem, which predicts that a spin liquid phase is possible for a
narrow window of J'/J ratios [18-20].

In this paper, we report our findings on a particular
member of the rare-earth melilites: the Yb-based rare-earth
melilite Yb,Be,GeO;. We find that, despite the presence
of magnetic interactions, Yb,Be,GeO7 lacks any signature of
magnetic ordering and has persistent spin dynamics down to
17 mK. We, therefore, propose the Shastry-Sutherland system

Yb,Be,GeO7 as a candidate for the QSL ground state under
ambient pressure.

II. METHODS

Polycrystalline Yb,Be,GeO; was synthesized via solid-
state reaction, following the methodology of Ochi ef al. [21],
as well as Bai and Ashtar [12]. Stoichiometric ratios of Yb,O3
(4N), BeO (4N), and GeO, (4N) powders were mechani-
cally ground/mixed under an argon environment, then fired
at 1350 °C for 24 h; this process was repeated four times. The
resulting powders were pelleted, then sintered at 1350 °C for
24 h.

The sample composition was confirmed by x-ray diffrac-
tion (XRD), which was performed on a Panalytical X’pert Pro
diffractometer. Isothermal magnetization [i.e., Fig. 3(c)] mea-
surements were collected with a Quantum Design MPMS3
magnetometer with a *He insert on a sample of mass 9.2 mg.
Magnetic susceptibility measurements were performed using
a Quantum Design MPMS XL magnetometer. We conducted
measurements in the temperature range from 1.8—400 K with
a 0.2 T field on a sample of mass 58.0 mg. Low-temperature
measurements were performed with an iQuantum 3He insert
in the temperature range from 0.49—4.8 K with a 0.02 T
field on a 5.31 mg sample. These data sets are combined in
Figs. 3(a) and 3(b). We carried out powder neutron diffrac-
tion (PND) measurements using a vanadium sample can
loaded with loose Yb,;Be,GeO; powder and Fluorinert (FC-
40) on the Wide Angle Neutron Diffractometer (WAND?) at
Oak Ridge National Laboratory’s High Flux Isotope Reactor.
Specific heat capacity measurements employed the two-tau
relaxation method on a Quantum Design PPMS equipped
with a dilution refrigerator. La;Be,GeO; was used as a non-
magnetic analog to remove the lattice contribution to the
specific heat. Our uSR measurements were performed at
TRIUMF (Canada’s Particle Accelerator Centre) using the
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FIG. 2. Left: Neutron [Ge (113) A = 1.486 A]. Right: X-Ray (Cu K,; » = 1.541 A) elastic scattering of Yb,Be,GeO;. The green marks
indicate the main phase, Yb,Be,GeO;. The orange and red marks indicate impurity peaks, only detectable in the XRD pattern, attributed to
GeO, and Yb,0;. In the PND pattern, the purple arrow around 18° indicates scattering due to FC-40. Gray arrows correspond to the (002)
and (102) peaks, which overcontribute. The Rietveld refinement was performed on FULLPROF; see Table IV of Appendix B for a summary the

fitting parameters.
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FIG. 3. Magnetometry measurements of Yb,Be,GeO;. (a) x(T)
with two-level Curie-Weiss fit (orange dashed line). The red and
blue solid lines represent conventional Curie-Weiss fits of the high-
and low-temperature regimes, respectively. The purple dotted line
corresponds to susceptibility as predicted by the PCCEF calculations.
(b) x(T) at low temperatures with two-level (orange dashed line) and
conventional (blue solid line) Curie-Weiss fits. PCCEF susceptibility
is shown as the dotted purple line. (c) Magnetization at 0.4 K. The
dotted purple line represents the magnetization as predicted by the
PCCEEF calculations.

M20 and M15 muon beam lines of the Centre for Molecular
and Material Science. Measurements performed on M15 were
performed on the Pandora spectrometer with a dilution refrig-
erator cryostat; a single sintered sample pellet was mounted
on a silver cold finger, thermally coupled via a 50/50 mixture
of Cryocon and Apiezon N greases, and wrapped in a thin
99.95% Ag foil. The M20 measurements used the LAMPF

spectrometer with a helium gas flow cryostat. Sintered sample
pellets were mounted via Mylar tape on a low background
probe; muons missing the sample were detected in a veto
counter and not recorded in the measured spectra.

III. RESULTS

The x-ray and powder neutron diffraction patterns of
Yb,Be,GeO; are shown in Fig. 2. The patterns correspond
well with the expected tetragonal space group P42;m (113).
Rietveld refinement results in the lattice parameters of a =
b =7.33557(2) A and ¢ = 4.75520(2) A for x rays at 300 K,
and a = b = 7.3005(9) A and ¢ = 4.7351(6) A for neutrons
at 290 mK. A summary of the refinement parameters can be
found in Table IV of Appendix B. There are slight impurity
phases present in the x-ray diffraction pattern, with peaks
centered at 29.1° and 30.2°; these are attributed to GeO,
and Yb,03, which have maximum intensity peaks around 29°
[22] and 30° [23], respectively. These phases are included in
the Rietveld refinement of the XRD pattern. The additional
peaks that would be associated with GeO, and Yb,Oj3 are
undetected, presumably due to the insignificant molar frac-
tion of these impurity phases. GeO, is diamagnetic [24] and
therefore inconsequential to the magnetic properties. Yb,O3
is known to be antiferromagnetic, with a Néel temperature of
2.3 K [25]. However, no evidence of this antiferromagnetic
transition is observed in SQUID magnetometry, PND, nor
specific heat capacity, indicating a negligible contribution to
the bulk properties of the sample. In the PND pattern, the
(002) and (102) peaks overcontribute to the pattern; this is not
well captured by the refinement and can not be attributed to
GeO; nor Yb,03, which have only weakly scattering peaks in
the vicinity. This feature is present up to the highest measured
temperature of 80 K [see Fig. 4(b)], hence it is unlikely to be
magnetic in nature.

Magnetic susceptibility in temperature y (T) measurements
reveal no sign of magnetic ordering down to 500 mK [see
Fig. 3(b)]. Notably, x(T) was observed to have two distinct
slopes in 1/x that intersect around 40 K [see Fig. 3(a)], an
observation shared by Ashtar and Bai. This behavior is likely
due to crystal electric fields and is well modeled by a two-level
Curie-Weiss law [26-28]

(1 —i—e_k%)

1 3k
= 2(T —0) ——
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X—x0o Na

ey

where yxq is the temperature-independent susceptibility, N, is
Avogadro’s number, kg is Boltzmann’s constant, 6 is the Weiss
parameter, E; is the energy separation between the ground
state and the first-excited state, and p;, are the effective
moment numbers of the ground state and first-excited state,
respectively. This relation is, in essence, the nominal Curie-
Weiss law, with the temperature-independent Curie constant,
C, replaced by a temperature-dependent function, determined
via Fermi-Dirac statistics of a two-level system. Note that to
avoid over-fitting, the temperature-independent term in Eq. (1)
was determined to be —7(5) x 107> c¢cm?/mol by a high-
temperature one-level (the conventional Curie-Weiss law) fit
from 125-400 K and fixed to this value.
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FIG. 4. Elastic neutron scattering of Yb,Be,GeO;. (a) The dif-
ference between patterns collected at 290 mK and 1.3 K. The green
line is the PND pattern collected at 290 mK, indicating the locations
of the experimentally allowed crystallographic Bragg peaks. The
blue ticks correspond to allowed crystallographic Bragg peaks, deter-
mined via Rietveld refinement of the aforementioned 290 mk PND
pattern. Broad peaks are observed around Q = 0, 2.3, and 4.1 A1,
The Q = 0 peak may indicate ferromagnetic SRO. (b) Normalized
patterns at 80 K and 290 mK. No qualitative difference in patterns is
discernible, indicating the absence of magnetic Bragg peaks down to
290 mK.

The use of the two-level model results in parameters of
w1 = 3.232(6)up, o = 5.5253)up, E; = 142.8(8) K, and
0 = —0.63(4) K. In the high-temperature limit (kg7 > E),
Eq. (1) predicts an effective moment of 4.53u5. Yb*" has
a one-less-than-full 4/ valence shell; thus, it is expected by
Hund’s rules to occupy a state with S = % and L = 3, giv-
ing a free ion moment of 4.54up. In the low-temperature
limit, the effective moment is simply po = 3.232(6)up. Con-
ventional Curie-Weiss fits in the high- and low-temperature
regimes yield 4.56(3)up and 3.034(5)up. The magnetization
of Yb,Be,GeO7 reaches a value of 1.47,uvB/Yb3+ in a field of
7 T at 0.4 K. A summary of the Curie-Weiss parameters can
be found in Table I.

TABLE 1. Summary of the Curie-Weiss parameters for the
conventional Curie-Weiss fitting of the high- and low-temperature
regimes, as well as the two-level model. Both effective moments p;
and u, are listed, in that order, for the two-level model.

Method Range (K)  ptegr (s) 6 (K) Xo (cm? /mol)

High-T 125400 4.56(3) —46209)  —7(5)x 10~

Low-T 0.49 — 15 3.034(5) —0.236(7) fixed

Two-level 0.49 — 400 3.232(6), —0.63(4) fixed
5.525(3)

For insight into the single-ion effects, we utilized the point
charge crystal electric field (PCCEF) model. Although the
true CEF levels are only determinable via experiment, the
bulk magnetic properties predicted by the PCCEF model both
qualitatively agree with our experimental results and have
reasonable quantitative agreement [see Figs. 3(a) and 3(c)].
Details of this model can be found in Appendix A.

Unlike the case of the dimer singlet SrCu,(BO3);, the
susceptibility does not show any indication of approaching
zero at very low temperatures, nor is a maximum observed
[which should occur at ~0.6K for the gap of 0.840(3) K
deduced via the specific heat capacity]. Interestingly, con-
ventional Curie-Weiss analysis produces a Weiss parameter
of almost [—0.236(7)K] zero. A Weiss parameter of zero
implies that such a system is purely paramagnetic. However,
the isomorphic Tb,Be,GeO; is known to order antiferro-
magnetically at Ty = 2.5 K [12], hence magnetic interactions
are expected. Additionally, diffuse magnetic scattering is ob-
served, which will be discussed later. As such, it is unlikely
that Yb,Be,GeO; is purely paramagnetic; the trivial Weiss
parameter may be artificially due to competing ferromagnetic
and antiferromagnetic interactions.

Next, we present the results of powder neutron diffraction.
Figure 4(b) shows the normalized spectra at 80 K and 290
mK; they are quantitatively identical. We know from SQUID
magnetometry that Yb,Be,GeO; is paramagnetic down to
~500mK, hence the PND pattern at 80 K shows elastic scat-
tering from the nuclear sites of the crystal lattice only. Since
no perceivable additional Bragg peaks emerge at 290 mK,
we conclude that Yb,Be,GeO; does not magnetically order
down to 290 mK, which corroborates the lack of long-range
magnetic order seen in magnetometry. Figure 4(a) shows the
difference between the patterns at 290 mK and 1.3 K. Again,
no magnetic Bragg peaks were detected. However, diffuse
scattering is observed as broad peaks centered at Q = 0, 2.3,
and 4.1 A~'. Away from the broad peaks, the intensity ob-
served in the 290 mK pattern is less than that of the 1.3 K
pattern, hence counts are consumed by the diffuse scattering
in the 290 mK pattern. Diffuse peak maximums at 2.3 and
4.1 A-! are closest to the (211) and (421) crystallographic
diffraction peaks, respectively. However, the unresolvable
line shape interferes with determining an accurate location
in Q space. The diffuse scattering near Q = 0 implies that
short-range ferromagnetic correlations are present. This is
somewhat puzzling since this precludes geometric frustration
on the SSL and hence magnetic order is expected. In contrast,
bulk magnetometry measurements imply that antiferromag-
netic interactions are present via the negative Curie-Weiss
temperature. The observed diffuse scattering may be a com-
bination of ferromagnetic and antiferromagnetic correlations.

Our heat capacity measurements, again, confirm a lack
of any phase transition [see Fig. 5(a)] down to 55 mK. In
zero field, a broad peak is observed, with a maximum of
around 0.35 K, which resembles the characteristic shape of
a Schottky anomaly. Two-level Schottky anomalies have the
mathematical form [29]:

AN? e_%
C=nAR( =) ——. )
T)] 1+Ae7)
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FIG. 5. (a) Specific heat capacity of Yb,Be,GeO;. Both the two-level Schottky and isolated dimer models are fit from 55 mK to 1 K.
The phonon contribution, estimated by the nonmagnetic analog La,Be,GeO7, is denoted by the green dashed line. (b) Entropy observed in
Yb,Be,GeOy, calculated as S = [ %d T. The gray dashed line corresponds to In(2). (c) Log-log plot of the specific heat capacity. The yellow
lines correspond to the power-law fits at each field. The cyan and red dashed lines represent the individual power-law fits for the two distinct
slopes seen above and below 0.5 K in the 10 T field. (d) Power-law exponent y at various the fields. The cyan and red points at 10 T represent

the slopes above and below 0.5 K, respectively.

where C is the specific heat capacity, R is the gas constant, n
is the occupancy, A is the energy difference between the two
levels, and A is an integer representing the degeneracy. This
relation follows simply by considering the partition function
of a two-level system is

Z=1+AeT. 3)

The specific heat capacity is shown in Fig. 5(a), along with a
fit to a two-level Schottky model [Eq. (2) with A = 1, the cyan
dotted line in Fig. 5(a)]. This model results in an energy gap
of 0.840(3) K and an occupancy of n = 0.91(1), indicating the
majority of Yb** ions are accounted for. This model fails to
capture the specific heat capacity above ~1.5 K, which decays
more slowly with increasing temperature than predicted.

The specific heat capacity of the SSL material
SrCu,;(BO3), [30,31] is known to be well modeled by
an isolated dimer model [29,31]. For Yb,Be,GeO5, this
is probably not the case. Along with the limitation above
1.5 K seen with the two-level Schottky model, the isolated
dimer model [Eq. (2) with A = 3 for the three triplet states,
orange dashed line in Fig. 5(a)] does not adequately capture

the peak profile around its maximum. However, a two-level
nondegenerate system could still describe a dimer model,
albeit one in which the degeneracy of the triplet levels is
lifted.

With the application of a magnetic field, the maximum
of the heat capacity shifts to higher temperatures, reaching
1.1 Kin a 1 T field, and the profile of the peak is significantly
broadened. Furthermore, the behavior approaching 7 — 0 is
no longer exponential, likely indicating the closing of the gap
in this field. Interestingly, the low-temperature specific heat
capacity takes on a power-law dependence in temperature,
evident in a log-log plot [Fig. 5(c)], at this field and remains
as a power law, with a field-dependent exponent, for larger
fields. This behavior indicates that the gap remains closed
with an increasing field. In a field of 10 T, two distinct slopes
[2.58(4) and 4.27(1)] are observed in the logarithmic plot of
the specific heat capacity versus temperature, with the slope
change occurring around T =~ 0.5 K. The exponent of the
power law for each measured field is shown in Fig. 5(d).

The entropy in zero field [Fig. 5(b)] almost reaches Rln2
by 4.2 K. This is consistent with an effective spin % system, a
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FIG. 6. uSR on Yb,Be,GeO; powder. (a) Raw zero-field spectrum collected with a low-background probe on M20. The data is fit (solid
lines) according to Eq. (5). (b) Raw zero-field spectrum collected with a silver cold finger on M15. The data is modeled (solid lines) via Eq. (4).
(c) Fitting results of the relaxation rate A and exponential stretching exponent 8 with temperature. (d) Longitudinal-field spectra collected for
Y,Be,GeO; mounted on a silver cold finger (on the beam line M15). Fits to the spectra determined by Eq. (4) are shown as solid lines. (e)

Fitting results for A in the applied longitudinal fields.

result that is also predicted by our PCCEF calculations (see
Appendix A). No significant residual entropy is observed,
hence magnetic order is not expected to occur below the low-
est measured temperature. With the application of a magnetic
field, the low-temperature entropy is significantly decreased
(down to 0.12 R at 10 T). This is likely simply due to the loca-
tion of the maximum in the specific heat capacity shifting to
higher temperatures. Since the integrand of the entropy scales
as 1/T and the temperature range is set by experimental limits,
much of the change in entropy occurs outside the experimental
temperature window for fields > 5 T.

Lastly, we will discuss our muon spin rotation/relaxation
(uSR) data. In ©SR, a homogeneous internal field results
in a sinusoidal oscillation in the muon polarization function
(see, e.g., Ref. [32]) in the time spectrum, which can indicate
conventional magnetic order [33]. No homogeneous fields
were detected in Yb,Be,GeO7, however, depolarization of the
muons was present.

Depolarization can occur due to stochastic static field dis-
tributions (e.g., nuclear dipole moments [34,35], spin freezing
[36]), incommensurate magnetism, inhomogeneous spin den-
sities, or dynamic field distributions (from spin fluctuations).
Longitudinal field #SR can be used to differentiate stochastic
static and dynamic field distributions, hence the fluctuation

rate of spins in dynamical depolarization processes is typi-
cally quite large, while the gyromagnetic ratio of muons is
comparatively small. As a result, dynamical depolarization
processes tend to be field independent until relatively large
fields are applied. This is not the case for static random fields,
whose associated depolarization can be prevented, a process
known colloquially as decoupling, by applying a field on the
order of the width of the field distribution describing them
[37]. Additionally, the polarization function is depolarized to
zero for dynamical fluctuations. This is not the case for poly-
crystalline specimens with stochastic static fields, where % of
the polarization will be preserved in the absence of an applied
(longitudinal) field. This preserved % polarization component
corresponds to the fraction of muons that experiences a local
field parallel to their initial spin direction and hence are not
depolarized.

The polarization functions in zero field uSR, performed on
TRIUMF’s M15 beam line [see Fig. 6(b)] in the temperature
range of 17 mK to 6 K, were modeled phenomenologically
with a stretched exponential function:

P =[Fe 0 4 (1 — F)e ], )

where A is the relaxation rate, § is the stretching exponent, and
F is the sample fraction. The second term in the expression
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TABLE II. Eigenvectors and eigenvalues of the CEF Hamiltonian.

E (meV) |- 3) |- 3) |- 3) |- 3) 3) 3) 3) 13)
0.000 (0.023140j)  —0.0534 (0.06154+0j)  —0.1325j (0.128340j)  —0.3538; (0.4205+0j))  —0.8104j
0.000 (0.8104-+0j) 0.4205; (0.3538-+0j) 0.1283; (0.1325+0j) 0.0615] (0.0534-+0j) 0.0231j
31.516 (-0.42+0j) 0.48; (0.0005+4-0j) 0.404j (0.3058+-0j) 0.2886j (0.4981+-0j) 0.0713;
31.516 (0.0713+0j)  —0.4981j (0.2886+0j)  —0.3058; (0.404-+0j) —0.0005; (0.48+0j) 0.42j
58.002 (-0.2945+0j)  —0.0309j (0.6463+0j)  —0.0524 (0.3615+0j) 0.2299j  (-0.4962+0j)  —0.2494
58.002 (-0.2494+0j) 0.4962j (0.22994+0j)  —03615]  (-0.0524+0j)  —0.6463j  (-0.0309+0j) 0.2945;]
117.993 0j 0.2875]  (-0.1249+0j)  —0.7466]  (-0.1358+0j) 0.5492j (0.10954+0j)  —0.1108;
117.993 (0.1108-+0j) 0.1095]  (-0.5492+0j)  —0.1358; (0.74664+0j)  —0.1249j  (-0.2875+0j) 0j

represents the contribution of the silver background, which
was found to have a small relaxation of Axg = 0.0124 pts’l,
and is removed in Fig. 6. This model is also used for longitu-
dinal field measurements [see Fig. 6(d)].

Higher temperature measurements from 2-200 K were per-
formed on TRIUMF’s M20 beam line, utilizing an ultralow
background probe [see Fig. 6(a)]. In this case, the depolariza-
tion is modeled as:

P=e )

which corresponds to Eq. (4) without the silver background
(i.e., F = 1). The sample fraction of the ZF M15 data was
determined globally (that is, determined by the entire ZF M 15
data set) to be 0.63. This value was then used for the LF
data set. 8, determined as a global parameter of the M15
zero-field temperature-dependent spectra, was determined to
be 0.567(4). A similar treatment of the isothermal longitudinal
field sweep conducted at 280 mK results in 8 = 0.516(5).
These values are fairly close to %, which is expected in sys-
tems with dilute moments and fast fluctuations [38]. In this
case, the fluctuation rate, v, is inversely proportional to A. As
such, 8 was held fixed at % for the M15 ZF data set. The ZF
M20 data was fitted with a temperature-dependent 8, which
increased monotonically from 0.509(5) at 2 K to 0.874(6) at
200 K [see Fig. 6(c)]. This accompanies a monotonically de-
creasing A, which reaches ~ 0.3 us~! at 200 K [see Fig. 6(c)].
At high temperatures, thermal energy overcomes the influ-
ence of the crystal electric fields, and the electronic spin
fluctuations are fast. As the temperature decreases, the crystal
electric fields alter the density of excitations, and the loss of
thermal energy slows the electronic spin fluctuations, leading
to a substantial increase in the observed relaxation rate. The
polarization decays to zero in our zero-field measurements
performed on M20/M15, implying that the relaxation reflects
dynamical (fluctuating) fields. Furthermore, measurements
performed with a longitudinal field reveal that relaxation is
largely independent of the field up to and including 0.3 T
[see Fig. 6(e)]. In the case where relaxation is due to static
moments, the width of a static random field distribution is
estimated simply as yiﬂ, where y, is the gyromagnetic ra-

tio of a muon. A relaxation rate of ~4 us~! would give an

approximate field width of ~3 mT. This further implies a
dynamical nature to the relaxation; hence, this field width
would be almost fully decoupled by 0.3 T. Interestingly, the
relaxation rate actually increases above 0.3 T; this is atypical

(dynamical fluctuations eventually decouple, and hence the
relaxation rate is expected to decrease with sufficient field)
and indicates some combination of a field-induced change in
moment size, a slowing down of fluctuations, and/or a change
in the density of excitations, as observed in Tb,Sn,O7 [39].
Lastly, the zero-field uSR measurements host a plateau in the
temperature dependence of the relaxation. The onset of the
plateau feature corresponds to roughly the same temperature
as the broad anomaly seen in the heat capacity and remains
largely temperature independent below 200 mK. A plateau in
the relaxation rate indicates persistent spin dynamics, which
are expected in a QSL, while the temperature independence
implies the fluctuations are quantum in nature. Such plateaus
have been observed in numerous other candidate QSL materi-
als (e.g., Refs. [40-42]).

IV. CONCLUSION

We find that Yb,Be,GeO7, a new SSL material with rare-
earth ions on the SSL sites, exhibits no sign of long-range
magnetic order or spin freezing in specific heat capacity,
magnetometry, PND, nor uSR. PCCEEF calculations reveal an
effective § = % ground state, which is reflected in magnetic
susceptibility and entropy. Diffuse scattering is observed in
the PND pattern, indicating the presence of short-range mag-
netic correlations. Dynamical spins are observed via uSR,
which persist to the lowest measured temperature of 17 mK.
The combination of an absence of magnetic ordering and per-
sistent dynamical spin fluctuations suggests the ground state
of Yb,Be,GeO5 could be a quantum spin liquid.

FIG. 7. Planar Yb** lattice, with nearest-neighbor oxygen lig-
ands, showing the PCCEF local z axis (green arrows).
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TABLE III. G tensor determined via the PCCEF model. The
dominant G,, element implies Ising anisotropy along the local z
direction.

Gij x y z

X 0 —1.3152 0
—0.5983 0 —1.1830

Z —0.1593 0 6.6594

Further exploration of Yb,Be,GeO; would be of interest to
the field of frustrated magnetism. In particular, inelastic neu-
tron scattering studies are required to elicit (experimentally)
the crystal electric fields that are present, to study the zero-
field gap of ~0.8 K observed in the specific heat capacity,
and to test for possible spinion excitations that are associated
with QSLs. Tuning of the J’/J ratio via application of pressure
may reveal additional phases, as seen in SrCu,(BO3),. Elec-
tron spin resonance can determine the potential role of dilute
defects if they are present.
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APPENDIX A: POINT CHARGE CRYSTAL
ELECTRIC FIELD MODEL

Point charge crystal electric field calculations were per-
formed using the PYTHON package PYCRYSTALFIELD [43].
The PCCEF model predicts a Kramer’s doublet ground-state,
mostly occupied by the J = £7/2 manifold, which is sepa-
rated from the first-excited state by 32 meV (see Table II);
this is consistent with an effective spin % system. Effective
spin = % systems are commonly realized in materials, across
numerous space groups, containing Yb’* ions [6,44,45]
due to the combination of CEFs and spin-orbit coupling [46],
which conspire to form a J = % Kramers’s doublet ground
state.

The model also predicts Ising anisotropy (see Fig. 7 and
Table III for details), with a powder magnetization that
reaches a moment of 1.61 up/Yb®" in a field of 7 T at
0.4 K. The susceptibility, fit with the two-level model for
comparative purposes, is characterized by the parameters
no=3.6 ug, pn; =54pup (see Fig. 3), giving high-
temperature and low-temperature effective moments of 4.6
up and 3.6 wp, respectively. The structural details (e.g., lat-
tice parameters) used in these calculations were derived via
XRD Rietveld refinement (see Table IV of Appendix B). The
eight nearest-neighbor oxygen ligands were considered in the
calculation.

APPENDIX B: RIETVELD REFINEMENT

A summary of the Rietveld refinement performed on
Yb,Be,GeOs for both x-ray diffraction (at 300 K) and powder
neutron diffraction (at 290 mK). The Rietveld parameters are
tabulated in Table IV. Graphical representation of the data
set is presented in the main body, under Fig. 2 of the results
section. The refinement was performed using FULLPROF. The
space group P42;m (113) was used for both refinements.

TABLEIV. Summary of the Rietveld refinement parameters of the x-ray diffraction (Cu K,; A = 1.541 A, T =300 K) and powder neutron
diffraction [Ge (113) A = 1.486 A, T = 290 mK]. The parameters {x, y, z} and {a, b, ¢} are the fractional coordinates and lattice parameters,

respectively. Errorless values were not refined.

o °

PND Atom X y z Occ. Phase a, A b, A c, A
Yb 0.1583(3) 0.3417(3) 0.5035(7) 0.5 Yb,Be,GeO; 7.3005(9) 7.3005(9) 4.7351(6)
Be 0.1354(4) 0.6354(4) 0.0479(8)  0.50
Ge 0.0 0.0 0.0 0.250 R, R, A A
0, 0.0832(5) 0.83315(6)  0.218(1) 1 8.60 12.9 1.486
0, 0.1409(5) 0.6409(5) 0.716(1) 0.50
0, 0 0.5 0.187(2) 0.25

XRD Yb 0.15831(8)  0.34169(8)  0.507(7) 0.5 Phase a, A b, A c, A
Be 0.134(2) 0.634(2) 0.021(7) 0.50 Yb,Be,GeO; 7.33557(2) 7.33557(2) 4.75520(2)
Ge 0.0 0.0 0.0 0.250 GeO, 4.34980(1) 4.34980(1) 2.79704(9)
0, 0.084(1) 0.833(1) 0.200(1) 1 Yb,0; 10.2600(1) 10.2600(1) 10.2600(1)
0, 0.144(1) 0.644(1) 0.731(2) 0.50 R, R, XA
0, 0 0.5 0.178(3) 0.25 13.8 21.7 1.541
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