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The rare-earth (RE) based Shastry-Sutherland lattice (SSL) materials have attracted recent attention for
exploring the exotic magnetic phases of 4f electrons. Here, we present a comparative study on low-temperature
magnetization and specific-heat results of two tetragonal structure compounds RE,Be,GeO; (RE = Pr, Nd),
where the non-Kramers Pr** (J = 4) ions and Kramers Nd** (J = 9/2) ions are located on the SSL geometry
with “AA”-type stacking fashion along the [001] axis. Temperature-dependent magnetic susceptibility and
isothermal field-dependent magnetization M(B) measurements reveal that these two compounds share a similar
Ising-like magnetic anisotropy with easy magnetization along the [001] axis and additional fourfold symmetry
within the ab plane. For their magnetic ground states, Nd,Be,GeO; exhibits the coexistence of short-range spin
correlation and long-range magnetic order with 7y = 0.26 K in zero magnetic field, while Pr,Be,GeO; does not
show any signature of long-range magnetic ordering at temperatures as low as 0.08 K. The ac susceptibility and
specific-heat analysis of Pr,Be,GeO; reveal a dynamic spin-freezing behavior below ~0.22 K similar to that

observed in Pr-based pyrochlore spin-ice systems.

DOLI: 10.1103/PhysRevB.109.184413

I. INTRODUCTION

Geometrically frustrated magnets provide a fertile play-
ground for exploring novel quantum states of matter and
emergent magnetic phenomena due to the large quantum spin
fluctuation and competing interaction on the magnetic ground
state. The two-dimensional (2D) magnets with different kinds
of frustrated spin-lattice motifs are of particular interest since
quantum spin fluctuations can be enhanced by the low dimen-
sionality [1-4]. Among them, the Shastry-Sutherland lattice
(SSL) magnets initially realized in SrCu,(BOj3), represent
one type of 2D frustrated spin systems and have gained spe-
cial attention for exploring the exotic magnetic states and
unconventional quantum criticalities [5-9]. For such a sys-
tem, its physical behaviors can be understood based on the
Shastry-Sutherland (SS) model consisting of an orthogonal
arrangement of spin dimers on the 2D plane as illustrated in
Fig. 1(b). The competition between nearest-neighbor (NN) in-
tradimer (J') and next-nearest-neighbor interdimer exchange
interactions (J) can lead to magnetic frustration, and by chang-
ing the ratio of two exchange interactions § = J/J', diverse
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magnetic ground states appear in the phase diagram, such
as the spin-dimer singlet, plaquette order, and long-range
magnetic order segregated by a critical ratio § of 0.675 and
0.765 [6-11], respectively. The magnetic ground state of
SrCu,(BO3), is a gapped dimer singlet state [6,8], and it
can be tuned by nonthermal control parameters owing to the
nearness of § ~ 0.63 to the quantum critical point between the
dimer singlet and plaquette state. Indeed, the crystallization of
different spin superlattices in SrCu,(BO3), have been identi-
fied under extreme physical conditions such as high pressure
and high magnetic field [8-13].

The rare-earth (RE) based SSL materials have also at-
tracted much research interest in recent years. Compared to
the 3d transition-metal (TM) compounds, the strong spin-
orbit coupling and crystalline electric field (CEF) effect for
RE ions can bring highly anisotropic magnetic exchange
interactions, which render the RE-based SSL compounds
promising to realize the novel magnetic phases beyond the
3d TM-based counterparts. Moreover, the much smaller ex-
change interactions between the RE** local moments allow an
easy tunability of spin states through the external field acces-
sible in the laboratorys; this is distinct from the SrCu,(BO3),
where a full polarization of the Cu** moments requires an
ultrahigh magnetic field beyond 140 T [14,15]. So far, most
studies on RE-based SSL materials are limited to the inter-
metallic compounds including the tetraborides REB,4 [16—18],
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FIG. 1. (a) The crystal structure of RE,Be,GeO; (RE = Pr, Nd). The violet, green, and blue balls denote the RE, Be, and Ge atoms,
respectively. The SS lattice layers of RE** ions are separated by the nonmagnetic polyhedrons along the c axis. (b) The SS lattice networks
of RE** ions within the ab plane; the solid pink and dotted purple lines represent triangle and square bonds of the SS lattice. (c), (d) The
experimental (black cycles) and refined (red line) powder XRD patterns of crashed Pr,Be,GeO; and Nd,Be,GeO; single crystals; the blue
lines show the difference between the observed and the calculated patterns. The insets of (c) and (d) respectively show the images of as-grown

Pr,Be,GeO; and Nd,Be,GeO; single crystals.

RE,Pt,Pb [19,20], RE,T7In (T = transition metal) [21,22],
etc. In such systems, due to the coexistence of localized and
itinerant spins, the Ruderman-Kittel-Kasuya-Yosida interac-
tions and Kondo effect have to be considered, complicating
the underlying physics of exotic magnetic behaviors. By con-
trast, the insulating oxides with SSL geometry provide a
simple case to unveil the intrinsic SSL physics of localized
4f electrons without the influence of conductive electrons.
However, only a few compounds have been investigated so
far. Among the limited materials, the family of RE,BaT Chs
(T = transition metal, Ch = O, S) compounds and its deriva-
tives are one system relatively well characterized [23-25]. The
family members Nd,BaZnOs; and Nd,BaPtOs are revealed
to order antiferromagnetically with Néel temperature Ty =
1.65 K and Ty = 1.9 K [25,26], respectively. In Nd,BaZnSs,
the exotic spin-dimer liquid state is observed by applying a
moderate magnetic field within the SSL plane [27,28]. To
further explore the novel magnetic states of RE-based SSL
systems, the materials with different stacking sequences of
neighboring SSL layers will possibly provide a new route
since the way of stacking magnetic layers in frustrated mag-
nets also plays an important role in tuning magnetic frustration
and producing different exotic magnetic states [29,30]. Thus,
the experimental studies on RE-based SSL magnets with dif-
ferent stacking sequences of SSL layers are essential to enrich
the novel magnetic phenomena.

Compared to the AB-type stacking SSL layers in the
RE;BaZnChs (Ch =S, O) family, the melilite structure

RE;Be;GeO7(RE = Pr — Yb) compounds have recently been
recognized as the SSL magnets with “AA”-type stacking se-
quences along the ¢ axis [31], as illustrated in Figs. 1(a)
and 1(b), providing another candidate to study the insulating
SSL physics. Considering that the Pr3* (42, J = 4) ion is a
non-Kramers ion with integer spin and the Nd** ion (43,7 =
9/2) is a Kramers ion with half-integer spin, these two family
members Pr,Be, GeO; and Nd, Be, GeO7 allow a comparative
study on integer (Pr3*) and half-integer (Nd*) spins located
on the SSL planes. Herein, through the systematic measure-
ments of low-temperature magnetic susceptibility and specific
heat down to 50 mK, we investigate the magnetic ground
states and anisotropic magnetic behaviors of RE;Be,GeO;
(RE = Pr, Nd) single crystals. Both compounds exhibit Ising-
like anisotropy with a magnetic easy axis perpendicular to
the SSL plane, distinct from the Nd;BaZnChs compounds
with magnetic moments lying within the SSL plane. The
Nd;Be,GeO; shows the coexistence of short-range and long-
range magnetic order behaviors with Ty ~ 0.26 K, while
Pr,Be,GeO; shows no signature of long-range magnetic or-
dering down to 0.08 K but exhibits a dynamical spin-freezing
behavior below ~0.22 K.

II. EXPERIMENTAL DETAILS

Single crystals of RE;Be,GeO; (RE = Pr, Nd) were
grown via the high-temperature flux method, similar to the
previous report [32]. High-quality RE,O3 (RE = Pr and Nd;
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TABLE I. Crystal data and structure refinement information for Pr,Be,GeO; and Nd,Be,GeO; single crystals.

Formula Pr,Be,GeO, Nd,Be,GeO,
Formula weight 484.43 491.09
Crystal system Tetragonal Tetragonal
Space group; Z P-42,m; 2 P-42,m; 2
a, b(A) 7.5933(2) 7.5726(11)
c(A) 4.9111(2) 4.8894(7)
a, B(°) 90 90
y (deg) 90 90
V(A% 283.165(19) 280.38(9)
Density (cal) (g/cm?) 5.682 5.817
A (A) 1.34139 0.71073
0 (deg) 7.176-56.954 4.168-32.003
w (mm™) 83.026 23.550
T (K) 100 296
F (000) 428 432
Crystal size (mm?) 0.06 x 0.03 x 0.02 0.08 x 0.06 x 0.04
Final R indices R, =0.0426 R, =0.0221
wR, = 0.0950 wR, = 0.0537
R indices (all data) R, = 0.0470 R, =0.0228
wR, = 0.0967 wR, = 0.0544
Largest diff. peak and hole (¢ A~3) 2.541 and —1.477 1.472 and —1.008
Goodness of fit on F? 0.977 1.100

99.99%), BeO (99.9%), and GeO, (99.99%) were employed
as starting materials and PbO (99.9%) was used as the flux.
The rare materials of RE,;O3, BeO, GeO,, and PbO with molar
ratios of 1:2:1:10 were thoroughly ground and placed in a
40 ml platinum crucible, and then the crucibles were heated
at 1423 K for 24 h in a box furnace to ensure the homoge-
neous melting reaction. After that, the temperature was cooled
slowly to 1073 K at a rate of 2 K/h. After furnace cooled
to the ambient temperature, the crystals with millimeter level
can be recovered from the flux by boiling in water and filter-
ing. Two photos of as-grown Pr,Be,GeO; and Nd,Be,GeO;
single crystals are shown in the inset of Figs. 1(d) and
1(e), respectively. The crystal structure of single crystals was
checked by a Bruker x-ray diffraction (XRD) equipped with
graphite-monochromated Mo Ko radiation (A = 0.71073 A).
The refinements were performed using the SHELXL least-
squares refinement package with the OLEX2 program [33].
The obtained crystal data from the structure refinements are
provided in Table I and Table S1 in the Supplemental Material
[34]. Also, the crystal structure and phase purity were exam-
ined by the powder x-ray diffraction (PXRD; Smartlab) for the
crushed single crystals using Cu Ko radiation (A = 1.5418 A)
in the range of 260 = 10° — 80°. Rietveld refinements on the
powder XRD patterns were performed using the FULLPROF
program [35]. The CEF calculations based on the point-charge
model were performed using the MCPHASE software [36].
Magnetic properties were measured using a Quantum De-
sign magnetic property measurement system and a physical
property measurement system (PPMS) equipped with a vi-
brating sample magnetometer option. Temperature-dependent
magnetic susceptibilities and isothermal magnetization mea-
surements were carried out between 2 and 300 K along
different typical crystallographic axes. The ac magnetic

susceptibility with temperature down to 50 mK were recorded
under a driven field of 1-3 Oe in amplitude over a frequency
range of ~15 < f <~ 10000 Hz in a PPMSequipped with
a dilution refrigerator. The specific-heat measurements were
carried out at different applied fields and temperatures down
to 80 mK in a PPMS using the heat-capacity option equipped
with a dilution refrigeration system. The zero-field specific
heat of a La,Be,GeO; single crystal was also measured down
to 2 K and it is extrapolated to lower temperatures from an em-
pirical fit to a T3 power law, which is used as the nonmagnetic
reference of specific heat. The X-band (9.4 GHz) electron
spin resonance (ESR) measurements were carried out using
a Bruker spectrometer at the High Magnetic Field Laboratory
of the Chinese Academy of Science. The pulsed field magne-
tizations up to 50 T were measured by the induction method at
Wuhan National High Magnetic Field Centre (WHMFC) with
a calibration by the dc magnetization data.

III. RESULTS AND DISCUSSIONS

A. Crystal structure and crystalline electric field

The experimental and refined PXRD patterns on the
crushed Pr,Be,GeO; and Nd;Be,GeO; single crystals are
shown in Figs. 1(d) and 1(e), respectively. The structure
analysis reveals that both compounds are crystallized into
the tetragonal structure with noncentrosymmetric space group
P42ym (No. 113), and the obtained lattice parameters and
atomic coordinates are in accordance with the reported ones
of polycrystals [30]. The detailed crystal data and selected
bond distances are summarized in Table I and Table S1. From
that, the refined lattice constants are a = b = 7.5933(2) A
and ¢ = 4.9111 A for Pr,Be,GeO; and a = b = 7.5726 A and
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FIG. 2. (a) Local coordination of RE** in the REOg environments. (b), (c) The isothermal magnetization M(B) curves of Pr,Be,GeO;
and Nd,Be,GeO; single crystals along different axes. The inset of (a) shows the definitions of three axes with respect to the SS lattice. (d)
Field-dependent magnetization of Nd,Be,GeO; single crystals up to 42 T. (e), (f) Angle-dependent magnetization under field of 6 T rotated

within the ab plane of Pr,Be,GeO; and Nd,Be,GeO;, respectively.

c = 4.8894(7) A for Nd,;Be,GeO7, respectively. The unit cell
consists of the distorted REOg dodecahedra, BeOy tetrahedra,
and GeOy tetrahedra. As depicted in Figs. 1(a) and 1(b),
magnetic RE ions are arranged on the SSL motif within the
ab plane and stacked in the AA-type fashion along the ¢ axis,
and the magnetic SSL layers are well separated by the non-
magnetic [GeBe,07]°~ polyhedrons with interlayer’s spac-
ing "’ = ¢, yielding a quasi-two-dimensional (quasi-2D)
structure.

Taking Nd,Be,GeO7 as a representative, within the SSL
plane, the adjacent NdOg polyhedron is connected by the
face-sharing and edge-sharing fashions for neighboring Nd-
Nd ions with the nearest-neighbor (intradimer) bond distance
ri‘b =3.4302(7) A and next-nearest-neighbor (interdimer)
bond separation r¢” = 4.0235(7) A, respectively. For the for-
mer, the nearest-neighboring Nd3* ions are bridged through
three Nd-O-Nd pathways, while for the latter they are con-
nected by two Nd-O-Nd pathways. As illustrated in Figs. 1(b)
and 1(c), the direction of the orthogonal spin-dimer chain of
the SS lattice is along the [110] axis within the ab plane.
In terms of the local environments of Nd>* ions, the site
symmetry of Nd ions in the distorted NdOg polyhedron is
a local point group Cy, and the Nd atoms are interchanged
by one mirror plane normal to the [—1 —1 0] axis. Com-
pared to the intraplane Nd-O-Nd exchange pathway, the
interplane magnetic exchange interactions are via the Nd-
0-Ge/B-O-Nd connections with large interlayer’s distance
rFinter — 4.8894(7) A, leading to the weaker interplane mag-
netic exchange interactions. Moreover, no antisite occupations
between magnetic Nd*>* and nonmagnetic Be?*/Ge** ions
are detected from the structure refinement of single crystals,
which is crucial for investigating the intrinsic magnetic behav-
iors of the SSL of Nd** moments.

The CEF states are important to understand the magnetic
properties of RE-based compounds, thus we performed the
CEF calculations based on the point-charge model [37-39].
For the REOg polyhedron environment with local symmetry
C;, the ninefold degenerate J =4 (L = 3, S = 1) multiplet
of Pr3*(®F4) ions split into nine singlet states, and the
tenfold degenerate J =9/2 (L =3, S =3/2) multiplet of
Nd**(*Iy/») ions split into five doublet states. In this local
site symmetry, only one mirror plane is preserved without
additional rotational symmetry [see Figs. 1(c) and 2(a)]. This
constrains the direction of magnetic moments of Pr3*/Nd3+
ions within the local (110) mirror plane, and the axis of
moments has a canting angle (¢) tilted away from the ¢ axis.
The canting angle can be determined with the CEF calculation
by changing the ground-state wave function with different
values of ¢, which results in ¢ = 55.2(55.3) for RE = Pr
(Nd). The calculated ground-state wave functions are given
by |EO+) ~ 1//2(|—4) £ |+4))+... for the Pr’** ion
and |EO+) = 0.9917| £9/2) £0.0137| £7/2) — 0.1145| £
5/2) 4 ... for the Nd** ion, respectively. In Pr,Be,GeO5,
even the Pr’* is a non-Kramers ion; the CEF calculations
reveal a quasidoublet ground state with a small energy gap
(~0.039 meV) and a good separation from the next excited
CEF level, thus its ground state can be described by a
pseudospin-1/2 state. The above calculated wave functions
indicate the Ising-like ground state for both compounds with
the most contribution from the | £ 4) for Pr,Be,GeO; and
| £9/2) for Nd;Be,GeO;. The local environment and spin
configuration viewed from the ¢ axis of the Pr**/Nd** ions
are presented in Fig. 2(a), where the Ising axis lies within
the (110) plane, denoted by the pink arrow. The orientation
of magnetic moments and the related canting angle can be
further verified by the magnetization data.
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TABLE II. The effective moments (u.) and Weiss temperatures (6cw) of Pr,Be,GeO; and Nd,Be,GeO; single crystals from the Curie-
Weiss fitting to the magnetic susceptibility x(7) at different temperature regions. The effective moment (u5) of free ions is calculated by

g+ D1

High-T fit (150-300 K)

Low-T fit (4-8 K)

Direction Ocw (K) Mett (UB) Ocw (K) Mett (1B) s (Ug)
Pr,Be,GeO; BJ|[001] 4.04 3.36 —0.33 3.38 3.58
B||[100] —66.7 3.79 —4.89 1.75
BJ|[110] —71.4 3.85 —5.13 1.76
Nd,Be,GeO, B||[001] —73.8 3.79 —0.62 2.89 3.62
B||[100] —-32.5 3.93 —3.98 2.23
BJ|[110] —31.40 3.92 —4.50 2.13

B. Anisotropic magnetic properties

The isothermal field-dependent magnetization M(B) mea-
surements were carried out on RE,Be>GeO; (RE = Pr, Nd)
single crystals at 2 K with B oriented along the [100], [110],
and [001] axes. The definition of axes is schematically shown
in the inset of Fig. 2(b). As depicted in Figs. 2(b) and 2(c),
the M(B) curves of both compounds exhibit a similar Ising-
like magnetic anisotropy with easy magnetization along the
[001] axis and maximized magnetizations M, . ~ 1.85 up/Pr
and M, . ~ 1.75 ug/Nd, respectively. The obtained magneti-
zations are M; 119 ~ 0.68 ug/Pr and M; 110 ~ 1.02 ug/Nd at
14 T for B||[110]. Taking that the axis of moments is confined
within the (110) plane, the saturated moments (M) can be
estimated to My ~ 2.3 ug/Pr and M ~ 2.7 ug/Nd at low tem-
peratures. Moreover, the ratios of saturated magnetizations
(Mg, /Mg 110)~2.68 (RE = Pr) and ~1.71 (RE = Nd) yield
¢ =37° and ¢ = 49°, respectively. Here, the canting angle
¢ =49° in Nd,Be,GeO; is close to the estimated one by
CEF calculations. Along the [100] and [110] axes, the low-
field magnetizations exhibit weak magnetic anisotropy for
both compounds. In high fields (B > 3 T), a more obvious
magnetic anisotropy is identified. The ratio of magnetizations
(M;,100/M;110) reaches ~1.19 for RE = Pr and ~1.30 (1.44)
at 14 T (40 T) for RE = Nd [see Figs. 2(c) and 2(d)]. More-
over, angle-dependent magnetizations at 6 T show fourfold
symmetry behaviors with maximum value for B || [100] and
minimum value for B || [110] [see Figs. 2(d) and 2(e)]. This
observed magnetic anisotropy and the ratio of magnetizations
M; 100/M; 110 are nearly in accordance with the Ising axis
lying on the (110) plane for Nd,Be,GeO7, which yield the
ratio value of M; 100/M;s110 ~ /2 with the expected spin
configurations in high fields as presented in Fig. S2. The slight
deviation for Pr,Be,GeO; can be related to the formation of a
pair of low-lying CEF singlet states as discussed later. Also, it
is to be noted that Nd, Be, GeO; shows the easy magnetization
perpendicular to the SSL plane in contrast to the other two
SSL compounds BaNd,ZnSs and BaNd,PtOs [26-28], where
the magnetic moments are nearly lying on the SSL plane.

To further evaluate the magnetic anisotropy, temperature-
dependent dc magnetic susceptibility x(7) under field B =
0.5 T were measured along different axes. In Figs. 3(a)
and 3(c), we present the x(7) curves with B | [001] and
[110] for Pr,Be,GeO; and Nd;Be,GeO, respectively. No
magnetic transition or spin freezing are identified down to
1.8 K. In high temperatures, a magnetic crossover occurs at

Teross ~ 240 K for PrBe,GeO; and T ~ 55 K for
Nd,;Be,GeO7, below which the direction of easy magneti-
zation changes from the ab plane to the ¢ axis, similar to
the observation in kagome magnets RE;GasSiO4 (RE = Pr,
Nd) [40]. At low temperatures, magnetic susceptibility x (T)
curves show easy magnetization along the [001] axis, and the
anisotropy ratio (xjoo13/Xi107) at 2 K is calculated to ~10.1
(RE = Pr) and ~3.4 (RE = Nd), respectively. The magnetic
susceptibilities are fitted by the Curie-Weiss (CW) law, x =
C/(T — 6cw), where x is the susceptibility, C is the Curie
constant, and Ocw is the Curie-Weiss temperature. The resul-
tant magnetic parameters are summarized in Table II. For the
high-temperature (7 > 150 K) CW fits, the effective magnetic
moments are close to the values of 3.58 ug and 3.62 up of
free Pr3t (4£3,J = 4) and Nd3* (413, J = 9/2) ions, but the
yielded 6cw cannot reflect the magnetic interactions between
the local moments of RE3* ions due to the thermal population
of electrons on different excited CEF levels [41,42]. Thus,
the CW fits are also performed at low temperatures (4—8 K),
that give Ocw.c = —0.33 K, Meff,c = 3.38 ug/Pr and QCW,a =
—5.13 K, pesr, o = 1.76 up/Pr for Pr,Be,GeO; with B ||
[001] and B || [110] axes. For Nd,Be,GeOy, the fitted values
are Ocw . = —0.62 K, pefr.c = 2.89 up/Nd, Ocw o = —4.5K,
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FIG. 3. (a) The dc magnetic susceptibility x(7) and (b) inverse
magnetic susceptibility 1/x(7) under a field of 0.5 T of Pr,Be,GeO;
single crystal for B along the [001] and [100] axes. The (¢) x(7) and
(d) 1/x(T) for Nd,Be,GeO; single crystal. The solid black lines in
(b) and (d) show the Curie-Weiss fits to experimental data.
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TABLE III. The estimated dipolar interactions (D¢’: nearest-neighbor dipolar interaction; DS’: next-nearest-neighbor dipolar interac-
tion; DI™': interplane dipolar interaction) and the average magnetic superexchange interaction (J,: intraplane superexchange interaction;
J.: interplane superexchange interaction) of RE,Be,GeO; (RE = Pr, Nd).

Superexchange

Dipolar interaction (K) interaction (K)

Direction Ocw (K) Mett (14B) D Dgb Dinter b J.
Pr,Be,GeO; BI|[001] —0.33 3.38 0.173 0.110 0.060 —0.132
BJ|[110] —5.13 1.76 0.0467 0.0298 0.0164 —2.05
Nd,Be,GeO- BJ|[001] —0.62 2.89 0.348 0.216 0.120 —0.248
BJ|[110] —4.5 2.13 0.189 0.117 0.065 —1.80

and g, ¢ = 2.13 up/Nd, respectively. The reduced per can
be related to the CEF effect where more populations of elec-
trons occupy the low-lying CEF levels at lower temperatures
[42]. As summarized in Table II, the fitted Ocw and pess for
B || [110] are close to those of B || [100], and the negative
value of Ocw indicates the primarily antiferromagnetic inter-
actions between the local moments of Pr**/Nd3* ions within
the ab plane.

Below, we evaluate the exchange interactions between the
RE** ions in RE;Be,GeO; (RE = Pr, Nd). The strength
of dipolar interaction (D) can be estimated by D =
,uo,ugff /l4m (RNN)3] [43], where Rnn is the space separa-
tion between nearest-neighboring RE3* ions and pes is the
fitted effective moments at low temperatures. The average
superexchange interaction (Jyn) in the SSL systems can be
approximated by the mean-field approximation [1,44], /Ny =
(3kgOcw )/zSesr (Sefr + 1), where Seir represents the effective
spin quantum number and z is the number of nearest-neighbor
spins (here z = 5). By taking the low-temperature fitted mag-
netic parameters Ocw, Mefr, and Ser = 1/2, the estimated
D and Jyn are summarized in Table III. For both com-
pounds, the intraplane nearest-neighbor dipolar interactions
(D‘fb) are around three times larger than the interplane dipolar
interactions (DI™"); moreover, the intraplane superexchange
interactions are significantly larger than the interplane ones
with Jp/J. ~ 15.5 (RE = Pr) and J,,/J. ~ 7.3 (RE = Nd).
Alongside the large interplane space separations, the much
larger intraplane magnetic parameters support the quasi-2D
nature of these SSL compounds.

C. Specific heat

The specific-heat C,(T) measurements of RE,;Be>GeO;
(RE = Pr, Nd) single crystals were performed with temper-
atures down to ~0.08 K. As shown in Fig. 4(a), a broad
peak maximized at Ty ~ 1.6 K shows up in the zero-field
C,(T) curves characterizing a short-range spin correlation in
Pr,Be,GeO7, but no A-like anomaly is detected down to the
lowest temperature 7 = 0.1 K, ruling out the formation of
long-range magnetic order. By contrast, for Nd,Be,GeO7, a
A-shaped peak centered at Ty = 0.26 K is observed indicating
a long-range magnetic order [see Fig. 4(b)], and it is accom-
panied by a broad shoulder with maximum at Ty ~ 0.5 K.
To estimate the magnetic specific heat Cy(7), the specific
heat of nonmagnetic La,Be,GeO; is subtracted and used as
the lattice contribution (Cp,y). For Pr,Be,GeO7, a nuclear
specific-heat component (Cyy.) from the hyperfine interaction

is also removed as denoted by the dashed lines in a first
approximation Cyyc & 1/T. The resultant zero-field Cy(T)
curves are presented in Figs. 4(c) and 4(d). Despite the low-T
anomaly, an additional high-T7 broad Schottky-like broad peak
emerges with maximum at ~62 K and ~40 K for Pr,Be,GeO,
and Nd;Be,GeO7, which is related to the thermal excited
occupation of electrons on the excited CEF levels.

The integrated magnetic entropy Sm(7) curves from the
zero-field Cy(T)/T data are also presented in Figs. 4(c) and
4(d). For Pr,Be,GeO5, the Sy(7T) curve flattens out around
15 K, and the release of Sm(7) ~ 0.89 R In2 supports the
formation of quasidoublet CEF ground states with the mag-
netic entropy close to R In2. As T is warmed to 150 K,
Sm(T) approaches a saturated value of ~0.93R In3. This value
indicates the next excited CEF level above the quasidoublet is
a singlet state. Considering that this peak comes from the CEF
levels of Pr’* (J = 4) ions, the experimental data is analyzed
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FIG. 4. The zero-field specific-heat C,(T) results of (a)

Pr,Be,GeO; and (b) Nd,Be,GeO; single crystals. The green lines
show the specific-heat results of isostructural analog La,Be,GeO5;
the dashed gray line shows the estimated contribution from the
nuclear Schottky effect. (c), (d) The magnetic specific heat Cy(7T)
and calculated magnetic entropy Sv(7) data of Pr,Be,GeO; and
Nd,;Be,GeO; crystals; the gray lines show the fitted curves by
the two-level Schottky model. The inset shows the low-lying CEF
splitting levels.
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by the two-level Schottky anomaly model [45,46]

g/ A 2 A /ksT
csch(T>=nR—<—> — W
g1 \ksT [1 + Z_OeA/kBT]

where n is the concentration of Schottky centers, R is the
universal gas constant, A is the energy gap of the first excited
CEF level separated from the quasidoublet ground state in
zero field, and go/g; equals to 2 for the case of the doublet
ground state and the first excited CEF singlet state. Then, the
CEF splitting energy gap between the ground-state doublet
and the first excited singlet is found to be A ~ 130 K, as
illustrated in the inset of Fig. 4(c). For Nd;Be,GeO7, the
Smag(T) curves exhibit a well-defined plateau with the value
of R In2 in temperature intervals of 4-20 K in accordance
with the Kramers doublet ground state. At ~100 K, Spae(T)
~ R In4 reveals the first excited doublet states, and the corre-
sponding energy gap fitted by the two-level Schottky formula
yields A = 85 K; the low-lying CEF levels are a schematic
in the inset of Fig. 4(d). Further checking the Sy(7) curves
of Nd,Be,GeO7, we can find only ~14%R In2 of entropy is
reached at Ty = 0.26 K; far from the full release of entropy
of R In2 at ~4 K, this implies that the short-range spin cor-
relations develop far above Ty possibly driven by magnetic
frustration similar to the observation in the kagome-lattice
Nd3;BWOg systems [47]. Considering the large gap separation
between the Kramers doublet ground state and the excited
CEF level, Nd;Be,GeO; can be described by an effective
Jett = 1/22 moment at low temperatures, and it exhibits the
coexistence of a short-range spin correlation and a long-range
magnetic ordered state.

The specific-heat measurements at different fields were
also carried out for the B|[001] axis. After subtracting the
lattice and nuclear specific-heat contributions (see Fig. S3 for
the details), the resultant Cy;(7T) curves of Pr,Be,GeO5 at low-
field (B < 2T) and high-field (B > 2 T) regimes are plotted in
Figs. 5(a) and 5(b), respectively. No sharp peak is found in
the Cy(T) curves under applied field, revealing the absence
of a field-induced magnetic ordered phase. As B is increased,
the broad peak shifts to high temperatures and the height of
specific heat is initially enhanced and then nearly stays at a
constant value of ~3.6 J/(mol-Pr K) for B > 4 T. This suggests
that the Gy(7T) curves are dominated by the Schottky-like
anomaly in high fields (B > 4 T) due to the Zeeman splitting
of the quasidoublet ground state of Pr’* ions. Using the two-
level Schottky model, the obtained energy gap A/kg and n
as a function of B are shown in the inset of Fig. 5(c). More-
over, the A/kg in the Schottky anomaly can be expressed as
A/kp = gupoHert/ks, where Her = NHZ + H* (Hetr = Hy
is the crystal field at zero external field and ug is the Bohr
magneton [48-50]). A linear fit yields the zero-field CEF
energy gap A/kg ~ 2.1 K, which points out the presence of
an intrinsic field in Pr,Be,GeO5. This finite zero-field finite
gap can arise from the intrinsic splitting between the pair of
low-lying CEF ground-state singlets as well as the cooperative
magnetism. Moreover, from the value of A /kg = 22.8 K at 10
T, the Landé g factor (g.) for the B || [001] axis is estimated
to be 3.34. This value is close to g. ~ 3.1 evaluated from the
ESR spectra [see Fig. S4(a)].

Cyy (JI(K mol-Pr))

A
A=A
—-

Cy (J /(K mol-Pr))

FIG. 5. (a), (b) Magnetic specific-heat Cy(7T) curves under dif-
ferent magnetic fields of Pr,Be,GeO; for the B||[001] axis; the black
lines show the fits by the two-level Schottky model. (c) The variation
of A/kg and the number of free spins versus B. The solid line
represents the linear fit of A /kg. (d) Magnetic entropy ASy(7) under
different fields of Pr,Be,GeO5.

Figure 6(a) shows the Cy(7) curves of Nd,Be,GeO; at
low-temperature regions (0.08 K < 7 < 4 K). Under applied
field, Ty shifts to low temperatures and seems to be suppressed
for B > 1.5T when the system enters into the full polarized
state. Meanwhile, the position of a broad peak also moves
to higher temperatures, and as increased to B > 4 T, the
broad hump in the Gy (7) curves evolves into the Schottky-like
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FIG. 6. (a) The magnetic specific heat Cy(7) in different mag-
netic fields of Nd,Be,GeO; at low temperatures. All data is offset by
2 J/(mol-Nd). The inset shows the variation of 7y versus magnetic
field. (b) The Cy(7) curves in different magnetic fields. The black
lines show the fits by the two-level Schottky model. The inset shows
the variation of A/kg and n versus B. The solid line represents the
linear fit of A /kg. (c) Magnetic entropy ASy(7) in different magnetic
fields of Nd,Be,GeO.
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FIG. 7. (a) Temperature dependence of ac susceptibility (x’,.)
measured at various frequencies of Pr,Be,GeO; for the B|[001]
axis. The inset shows the dependence of freezing transition (7y)
on frequency. The solid line denotes the fit to the Arrhenius law.
(b) Temperature dependence of ac susceptibility (x',.) at different
frequencies of Nd,Be,GeO; for the B||[001] axis. (c),(d) Illustra-
tion of the spin configurations at ground state for Pr,Be,GeO; and
Nd2B€2G607.

anomaly behavior, where the Cy(7) data can be well fitted by
the two-level model as shown in Fig. 6(b). The obtained A /kg
and n versus B are presented in the inset of Fig. 6(b). From
the linear fits to the A/kg, zero-field energy gap A/kg ~ 0
K, and g, ~ 2.75 is obtained close to the value of g. ~ 2.9
estimated from the ESR spectra [see Fig. S4(b)]. Also, we
can find that the low-field (B < 1.5 T) broad peaks located at
0.5-0.8 K are significantly suppressed for B < 1 T compared
to the zero-field ones, and the magnitude of broad peaks at
low fields (B < 1.5 T) is much smaller than ~3.6 J/mol K of
the value of the Schottky-like anomaly. As shown in Fig. 6(c),
the low-field (B < 1 T) Sm(7) approaches R In2 at T ~ 4 K
as expected for the Kramers doublet state of Nd**. As B >
2T, full release of the magnetic entropy of R In2 moves to the
higher temperatures in accordance with the two-level system.

IV. DISCUSSION AND CONCLUSIONS

From the above experimental results, we can find that the
isostructural Pr,Be,GeO; and Nd,Be,GeO; compounds ex-
hibit quite different magnetic ground states. The absence of
long-range magnetic order in ProBe,GeOs raises the question
of whether the magnetic ground state belongs to spin liquid,
spin glass, or other magnetic phases with spin freezing. To
access the possible spin-freezing behavior in Pr,Be, GeO7, the
temperature-dependent ac susceptibility was measured down
to 50 mK in a dilution refrigerator. Figure 7(a) presents the
ac susceptibility data at various frequencies from ~67 to
9984 Hz in zero dc magnetic field. As seen, the real part of

[51], where T = 1/(27 f) is the characteristic relaxation time
and E}, is the energy barrier. As shown in the inset of Fig. 7(a),
the experimental data can be well fitted by the Arrhenius
law in frequencies f > 354 Hz, which yields the energy
barrier E;, = 0.61 K and much longer relaxation time 7y ~
1.1 x 107 s. This relaxation time is much longer than that of
classical spin glass (79 = 1078107 s) [52-54] but close to
the spin-ice systems such as Pr,Zr,O7 (tp ~ 0.5 x 107%) and
ProHf,07 (19 ~ 4 x 107%) [55,56]. Additionally, the Mydosh
parameter ¢ = ATy /[Ty Alog(f)] ~ 0.32, which describes
the frequency sensitivity of freezing temperature [51,52,57],
is two orders larger than that of canonical spin-glass sys-
tems such as AuMn (¢ ~ 0.0045) [58] and YbZnGaOy (¢ ~
0.053) [59] ruling out the spin-glass phase in Pr,Be,GeO;.
While, this large shift of ¢ has a comparable magnitude with
the weak interacting magnetic systems including the quantum
spin-ice system such as Pr,Zr,O; (@ ~ 0.27) [55] and the
superparamagnetic system [60]. Thus, the ac dynamic spin
freezing of Pr,Be,GeO; shares some similar features of the
Pr-based pyrochlore spin-ice systems, such as the comparable
relaxation time, energy barrier, and Mydosh parameter.

For Nd;Be,GeO;, the specific-heat results indicate the
coexistence of short-range spin correlation and long-range
magnetic order, which is different from the single sharp peak
observed in the other two SSL BaNd,ZnChs (Ch = O,S) com-
pounds [25,27]. Also, the transition temperature 7y = 0.26 K
is much lower than the above two compounds with Ty =
2.9 K and Ty = 1.65 K despite their comparable nearest-
neighbor (intradimer) and next-nearest-neighbor (interdimer)
distances between Nd** ions within the SSL plane with r{® ~
3.46 A and r§* ~ 3.51 A for BaNd,ZnOs and r% ~ 3.596 A
and r§? ~ 4.154 A for BaNd,ZnSs. The lower Ty and much
less entropy release than R In2 below Ty [see Fig. 4(d)]
support a stronger spin frustration effect in Nd,Be,GeO7,
and this is in accordance with the large frustration param-
eter f = |6cw/Tn| ~ 15 evaluated by the fitted Ocw for the
B|| ab plane. Thus, large quantum spin fluctuations should
be presented in the ground state of Nd,Be,GeO;. An addi-
tional difference is that the magnetic structure in the AB-type
stacked SSL magnets BaNd,ZnChs is more complex, which
consists of two independent Nd sublattices with different
propagation vectors [25,28]. Moreover, these two magnetic
sublattices respond differently to the applied magnetic field.
While, in Nd;Be,GeO7, there is a single Nd3* sublattice and
the equivalent AA-type stacking structure allows for a simpler
system to study the SSL. magnetism. In the future, the inelastic

184413-8



DISTINCT MAGNETIC GROUND STATES IN ...

PHYSICAL REVIEW B 109, 184413 (2024)

neutron-scattering experiments are required to gain insight
into the related exotic spin excitations and emergent mag-
netic states. As another typical feature of Nd,Be,GeO7, the
Ising-like Nd** magnetic moments lie within the (110) plane
with a canted angle ~49 © away from the ¢ axis. This is quite
different from BaNd,ZnChs (Ch = O,S) where the magnetic
moments lie on the SSL plane and point perpendicular to the
direction of the intradimer Nd-Nd bond confined by the local
CEF effect [27,28]. Even for the projected magnetic moments
within the SSL plane, the direction of magnetic moments in
Nd,;Be,GeOy is different and is parallel to the direction of the
intradimer Nd-Nd bond. As illustrated in Fig. 7(d), the an-
tiferromagnetic (AFM) magnetic structure should be formed
considering the dominant AFM interactions deduced from the
low-T susceptibility results of Nd,Be,GeO;.

The crystal field splittings in Pr,Be,GeO; and
Nd;Be,GeO; are quite different in terms of Pr3t as a
non-Kramers ion and Nd3* as a Kramers ion, which can help
to explain the distinct ground states in these two systems.
Even Pr,Be,GeO; shares a similar Ising-like magnetic
anisotropy with Nd;Be,GeO; and its low-7 magnetic
behaviors can be described by a pseudospin-1/2 moment;
but actually there exists small splitting between the two
states of the non-Kramers quasidoublet, which can be treated
as a transverse field acting on the transverse multipolar
components of pseudospin-1/2 moments, as proposed for the
rare-earth frustrated magnets containing non-Kramers ions
[61-63]. Thus, the magnetic behaviors of Pr,Be,GeO; can
be descried by a transverse field Ising model. The intrinsic
transverse field can affect the magnetic anisotropy as shown
in Fig. 2(b). Moreover, it further competes with the Ising-type
interaction and spin-spin interaction. All these competing
terms can generate different exotic magnetic phases compared
to Nd;Be,GeO; with Kramers doublet ground states. Here,
the distinct ground states of Pr,Be,GeO; and Nd,Be,GeO;
resemble the observation in the pyrochlore-lattice Pr,Zr,O
and Nd,Zr,O; [55,64,65]; the former exhibits a dynamic
spin-freezing behavior and the latter undergoes a long-range
magnetic transition. As shown in Fig. 5(d), we can note
that the zero-field entropy change Sm(7) ~ 0.89R In2 at
20 K is less than the expected R In2 for effective spin
1/2, and the full R In2 entropy is nearly recovered by
applying a small field of 1 T, which results in an entropy
difference ASm ~ 0.09R In2. This kind of entropy difference
is analogous to the three-dimensional (3D) spin-ice materials
with the residual entropy ~0.29R In2 and the 2D kagome
ice with residual entropy ~0.11R In2 [55,66], which is
ascribed to the formation of 3D and 2D “spin-ice” states,
more generally called “emergent charge ordered states”
[63,67]. Accordingly, as illustrated in Fig. 7(a), in the

case of AFM dimers for the in-plane magnetic moments
of Pr3* spins, the “two-in—two-out” spin configurations
can be considered to be formed in the rhombus sublattice,
where the SSL geometry is actually constructed by the edge
co-sharing linkage of a square sublattice and a rhombus
sublattice. Namely, in Pr,Be,GeO, the Pr3t spins have an
Ising anisotropy axis directed into or out of the rhombus
sublattice within the SSL plane and an additional component
perpendicular to the SSL plane. In this case, Pr,Be,GeO;
offers the platform to realize the possible two-in—two-out spin
configuration in the SSL plane as a 2D version of spin ice, and
contrastively Nd,Be,GeO; will form the 2D “all-in—all-out”
spin configuration. Future neutron-scattering experiments on
determining the magnetic structure and magnetic interactions
can provide insight into the magnetic ground states and their
dynamic properties.

In summary, we have reported the comparative magnetic
behaviors on the isostructural Pr,Be,GeO; and Nd,Be,GeO,
single crystals with non-Kramers ion Pr’* (J =4) and
Kramers ion Nd** (J = 9/2) on the quasi-2D SSL geometry,
where the CEF ground states can be respectively described
by a non-Kramers quasidoublet with pseudospin-1/2 and a
Kramers doublet state with spin-1/2 moments. The x (7), M(B)
data, and CEF calculations show that both compounds share
similar Ising-like magnetic anisotropy with easy magnetiza-
tion out of the SSL plane and fourfold magnetic symmetry
within the SSL plane. For their magnetic ground states,
Pr,Be,GeO; shows the absence of long-range magnetic order
but a dynamic spin freezing similar to the Pr-based spin-
ice system below freezing temperature Ty ~ 0.22 K, while
Nd,Be,GeO; exhibits the long-range antiferromagnetic phase
transition with 7y ~ 0.26 K and large spin fluctuations persis-
tent down to low temperatures (T < Ty).
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