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CeCdsAss is a rare-earth triangular-lattice antiferromagnet with large inter-layer separation. Our
field-dependent heat capacity measurements at dilution fridge temperatures allow us to trace the
field-evolution of the spin-excitation gaps throughout the antiferromagnetic and paramagnetic re-
gions. The distinct gap evolution places strong constraints on the microscopic pseudo-spin model,
which, in return, yields a close quantitative description of the gap behavior. This analysis provides
crucial insights into the nature of the magnetic state of CeCdsAss, with a certainty regarding its
stripe order and low-energy model parameters that sets a compelling paradigm for exploring and
understanding the rapidly growing family of the rare-earth-based triangular-lattice systems.

Rare-earth-based quantum magnets are of great cur-
rent interest, as they naturally combine the effects
of strong spin-orbit coupling (SOC), which entangles
magnetic degrees of freedom and orbital orientations
1, 2], with that of the geometric frustration of the
lattices bearing a triangular motif, long anticipated as
leading to exotic ground states and excitations [3 [4].
A remarkable recent surge in the studies of quantum
anisotropic-exchange magnets in general and rare-earth
based triangular-lattice (TL) materials in particular is
propelled by an avalanche of the newly synthesized com-
pounds [BH22] and theoretical insights into their models
[4, 23H28]. Rare-earth materials provide an ideal plat-
form for the search of novel phases as they host short-
range and highly anisotropic exchange interactions of
their effective spin degrees of freedom due to strong SOC
and highly-localized nature of the f-orbitals.

In this Letter, we present low-temperature heat capac-
ity measurements of a Ce-based representative member
of this family of materials, CeCdzAss, in a regime that
has not been accessed in the earlier studies [29]. These
measurements enable us to construct the magnetic field—
temperature (H-T') phase diagram of CeCd3As; and de-
termine the field-evolution of the spin-excitation gaps in
its spectrum throughout the transition from a frustrated
antiferromagnetic (AF) to a paramagnetic (PM) state.
We augment these results by a theoretical analysis that
yields a close agreement with a distinct field-dependence
of the gaps and allows us to unequivocally identify the
ground state of CeCdgAss as being in a stripe phase. The
phenomenological constraints on the key parameters of
the microscopic model result in robust certainty regard-
ing the ground state and parameter region of the general
phase diagram of the anisotropic-exchange TL systems
to which CeCdsAsjz likely belongs. Our approach is ex-
pected to enable a better understanding of the rapidly
growing family of rare-earth-based TL materials.

Material and Methods.—CeCdsAss crystallizes as thin
(~1x1x0.2 mm), plate-like crystals in the hexagonal

P63 /mmc space group in which Ce*? ions form 2D tri-
angular lattices that are widely spaced along the c-axis,
as shown in Supplemental Material (SM) [30]. Its low-
temperature magnetization is characteristic of an easy-
plane anisotropy with a ratio of Lande g-factors gqp/g.~
5 [29H31]. Additional experimental details and crystal-
field analysis of magnetic susceptibility /magnetization
are provided in SM [30]. Here we focus on our study
of the specific heat and its theoretical modeling.

H-T phase diagram.—In zero field, CeCdzAsz orders
at Tny=410(20) mK in agreement with a recent report
[29] of AF ordering at Ty ~420 mK. At Ty, only about
one quarter of the entropy of the ground state doublet
RIn2 is recovered [30]. The substantial difference be-
tween Ty and the ab-plane Curie-Weiss (CW) tempera-
ture Ocw = —4.5 K also suggests a large degree of frus-
tration in CeCdsAsg [32], although with the caveat that
the CW temperature can only serve as a crude estimate
of the spins’ exchange strength in rare-earth materials.

For magnetic fields applied in the ab-plane, Ty in-
creases, reaches its maximum of 500(30) mK near 2 T,
and is suppressed at higher fields, see Fig. and Fig. (a).
Above 3.5 T, at temperatures above the sharp feature
that is identified with the magnetic ordering, specific heat
also exhibits a shoulder-like anomaly denoted as Ty in
Fig. b). In Fig. |1} we highlight the crossover (XO) re-
gion between these two features as a shaded area. Both
anomalies are suppressed to zero temperature by a mag-
netic field near 4.7-4.8 T, suggesting a quantum critical
point (QCP) within that field range. As is shown in Fig.
this region of the phase diagram demonstrates a sig-
nificant enhancement of the specific heat at a reference
low temperature of 100 mK.

Specific heat, Tyn and Ty.—Specific heat data for
CeCdsAsg is presented in Fig. [2] for several field and
temperature regimes. The data up to 3 T is shown in
Fig. Pfa). It demonstrates the non-monotonic Ty field-
dependence, characterized by an initial increase followed
by a suppression. Such an increase indicates an enhance-
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FIG. 1. Open symbols are Ty and Ty vs in-plane field H from
the heat capacity data in Figs.[2[a) and (b); closed circles are
C/T values at 100 mK, lines are guides to the eye. A crossover
(XO) region between T and Ty is highlighted. Insert: sketch
of the stripe-x AF phase in zero and finite field, see text.

ment of the AF order with field and is known to occur
in several quantum magnets and their models [33H35],
wherein this effect is associated with the field-induced
suppression of quantum or thermal spin fluctuations or a
reduction of frustration. Given our subsequent analysis
of the nature of its magnetic ordered state, we ascribe
the increase of Ty in the case of CeCd3zAss to a field-
induced suppression of critical fluctuations related to the
phase transition, see SM [30].

As is shown in Fig. [2b) for the fields 4 T and above,
specific heat acquires an additional shoulder-like feature
at Ty > Ty, giving rise to an XO region between the two
temperatures, see also Fig. It appears that the line
of Ty transitions continues through 3.5 T with no inflec-
tion. Both Ty and Ty decrease towards zero temperature
at higher fields, in agreement with the expected suppres-
sion of the AF order parameter to zero at a QCP. For
the XO region of the phase diagram, we note that while
some frustrated TL models consistently have a two-peak
structure in their specific heat [36], the second, higher-
temperature anomaly at Ty in Fig. b) could also be
related to a field-induced high density of states in the
magnon spectrum, see Ref. [30].

Specific heat, low-T —Fig. c) focuses on the low-T
heat capacity. As is already indicated in Fig. |1} the be-
havior of C/T in this temperature range near a presump-
tive QCP is drastically different from that in other fields
regions. It should also be noted that the QCP region
is where universal scalings are expected to dictate the
T-dependence of all thermodynamic quantities [37].

Fig. c) also displays the specific heat as a function
of T for several representative fields away from the QCP
region (solid symbols). At T=100 mK, C/T is small up
to 4.25 T and is suppressed again in fields greater than
5 T. Moreover, the temperature dependence of C/T in
Fig. (c) in fields outside of the critical region clearly in-
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FIG. 2. Specific heat C'/T vs T shows: (a) the non-monotonic
field-dependence of T for H < 3.5 T, (b) the emergence of
Ty and the XO region for H > 3.5 T, lines are guides to the
eye, (c) the low-T dependence of C/T away and at the QCP
together with the fits from Egs. and (lines).

dicates activated behavior characteristic of gapped sys-
tems, as we elaborate below.

The enhancement in low-7T entropy, manifested as a
build up of area under the C/T vs T curves, occurs for
fields between 4.25 T and 5 T. This results in the large
C/T values at 100 mK shown in Fig. The value of
C/T at 100 mK is substantially enhanced, reaching a
maximum of about 1 J/mol-K? at 4.6 T. It is also ac-
companied by a distinct change in the temperature de-
pendence, shown in Fig. c) for 4.6 T and 4.75 T (open
symbols), that is indicative of a power-law in T'. The rise
in C/T below 80 mK for H=4.6 T is likely due to our
calorimeter setup not accurately accounting for longer
internal thermal relaxation times in this H-T range.

Low-T' asymptotes.—The leading contribution to the
heat capacity from a 2D gapped excitation can be ob-
tained by approximating its energy as e ~A + Jk? near
the minimum gap A and J parametrizing the bandwidth

C(T)/T=A(@*+2z+2)e " +b+0(e>), (1)

where t=A/T, A~1/J, and a small constant offset b of
0.029 J/mol-K? is introduced to account for a a calorime-
ter background heat capacity in all our fits [30]. The 2D
activated behavior of Eq. fits very well all C/T data
up to 200 mK for fields away from the QCP region, as is



demonstrated in Fig. 2c), see also Ref. [30]. Since the fit
in Eq. (1)) is controlled by a single parameter A, this anal-
ysis allows us to accurately trace the field- dependence of
the lowest excitation gap in CeCdzAsg.

For systems with continuous spin symmetries, field-
induced PM to AF transition is of the Bose-Einstein con-
densation type [37, B8]. In our case, because SOC leaves
no continuous symmetries intact, this transition is of a
different universality class, characterized by the closing
of the excitation spectrum gap in a relativistic manner,
ex~v A2+ J2k? [37]. This implies an acoustic mode at
the QCP, ex x |k| (dynamical exponent z=1), leading to
a universal 2D scaling, C'(T) xT?, at the transition field.
The gap closure also explains the peak in C'/T vs field in
Figs. [1| and C) near the QCP.

At 4.75 T, CeCdsAss appears to be close to the QCP,
as is indicated by the linear fit of C'/T (dashed line) in
Fig. 2|(c), which is indicative of gapless excitations. For
small gaps, we obtain a modified scaling

C(T)/T ~AT (1—2%/a) +b, (2)

with a =12((3), valid down to T ~ A/2 [30]. Eq. (2)
provides an excellent fit to the 4.6 T and 4. 75 T data
sets in Fig. [2|(c) (solid lines), putting an upper bound on
A at 4.75 T of <90 mK and of ~200 mK at 4.6 T.

Gaps and other phenomenologies.—The spectrum gap
A, extracted from the specific heat data using Egs. (1)
and , is shown in Fig. |3| vs H. The semi-log scale is
to accommodate A~6 K at 9 T deep in the PM phase.
Most of the results in Fig. [3|use C'(T') data from the tem-
perature window 0—200 mK and are checked for stability
by varying this fitting range. Error bars combine internal
quality of the fits with such variations, see SM [30].

The zero-field gap of 0.91(9) K is compatible with the
CW temperature [29] [30] and shows no sign of closing be-
low the QCP, implying that the AF phase of CeCdzAss
evolves continuously with H. Magnetization data corrob-
orate this assertion [30] showing no traces of the plateau-
like phase transitions emblematic of TL magnets [39, 40].

The field-dependence of A demonstrates an essential
feature. It shows a gradual increase to about 1.1 K at
3.5 T followed by an abrupt closing upon approaching
the critical field. This non-monotonic behavior is an im-
portant distinguishing hallmark that allows us to unam-
biguously identify the ordered state of CeCdzAsg.

Model.—For Kramers ions in layered compounds, crys-
tal field effects (CEF) lead to an energy splitting of the lo-
cal Hilbert space of the rare-earth ion magnetic moment
into a series of doublets [41]. At temperatures much lower
than the crystal field splitting, the lowest Kramers dou-
blets, naturally parametrized as effective pseudo-spins
S = %, are responsible for the dominant magnetic prop-
erties of insulating materials. Because of the entangle-
ment with the orbital orientations that are tied to the
lattice due to CEF, the pairwise interactions of these
pseudo-spins a priori retain no spin-rotational symme-
tries [4], 23]. Instead, it is the discrete symmetries of the
lattice that restrict possible forms of the bond-dependent
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FIG. 3. A vs H obtained using Egs. (1) and ( . (symbols).
The excitation spectrum gaps at the orderlng vector Y (Ay)
and complimentary M point (Ay) for the parameters of the

model discussed in text. Inset: Brillouin zone with the Y
and M points for the stripe phase in Fig. [T}

interactions. Together with the localized nature of f-
orbitals that limits the ranges of interactions, these sym-
metries lead to generic Hamiltonians that are expected to
adequately describe all rare-earth-based Kramers com-
pounds on a given lattice [24].

For a layered TL structure, the relevant point-group
symmetry operations allow four terms in the Hamiltonian
that can be separated into bond-independent, HXX?%,
and bond-dependent, H? parts, see Ref. [27],

N — Z( XXZ+Hbd ) Z H()Z(sz’

(i)

HYXZ = g (5255 + SYSY + ASij) (3)
Yy =21 | (5757 = SVSY ) e — (S7SY + SYS7) 50
+ Tow | (8VS7 + 878V ) — (787 + S757)5a,

where é(§), = cos(sin)Ps, Qo are angles of the primi-
tive vectors with the x axis, ¢, ={0,27/3, —27/3}, and
{z,y, 2} are the crystallographic axes, see Fig. The
bond-independent exchange constants J,,, are J; and Jo
for the first- and second-neighbor couplings, respectively.
Following prior works [26] [42], we use a minimal exten-
sion of the model by the J; term with the same X XZ
anisotropy A. In an external field, Zeeman coupling

Hz = —pB Z [gab (stf + Hy53> +chzSiZ] (4)

contains anisotropic g-factors of the pseudo-spins that
reflect the build-up of the ground-state doublets from
the states of the J-multiplet of the rare-earth ions by a
combined effect of SOC and CEF. The in-plane g-factor
is uniform because of the TL three-fold symmetry [43].
Phase identification.—As the model has no spin-
rotational symmetries [23] [26], one expects gapped ex-
citations throughout its phase diagram, but acciden-
tal degeneracies render most of the phases, such as



well-known 120° phase and the nearby incommensurate
phases, nearly gapless [27, [44]. Of the remaining phases,
the CeCdzAss phenomenology of a single-phase field-
evolution and a sizable spin-excitation gap strongly sug-
gests so-called stripe phases as prime contenders for its
ground state. In a stripe phase, ferromagnetic rows of
spins arrange themselves in an AF fashion, see inset of
Fig. |1} In particular, as we argue in this work, the non-
monotonic field-dependence of the gap is a hallmark of
the stripe phases. An alternative scenario of the strongly
Ising limit leads to phases and transitions [40], 45] that
are incompatible with the phenomenology of CeCdsAss,
see SM [30] for more detail.

Most importantly, the field-evolution of the spin-
excitation spectrum in the stripe phase, at the QCP, and
in the spin-polarized PM phase are all in accord with our
results for CeCdzAss. Specifically, the spectrum minima
in zero field are not associated with the ordering vector
(identified as a Y-point in Fig. , but are complemen-
tary to it (M-points in the Brillouin zone). This feature
is characteristic of the systems with significant frustrat-
ing bond-dependent interactions [27, 28]. In an applied
field, it is the gap at the ordering vector that must close,
leading to a rather abrupt switch of the minimal gap be-
tween the M and Y-points, as is demonstrated in Fig. [3]
for a choice of parameters in model discussed next.

Model parameters.—Assuming a stripe ground state,
we obtain the field-evolution of spin excitations for model
in the AF and PM phases. There are two empirical
quantities that provide strong constraints on the model
parameters: the value of the critical field, Hy, which we
take as 4.8 T, allowing for an ambiguity in the QCP for
CeCdsAss, and the zero-field gap, Ag, taken as 0.87 K
to account for an uncertainty of the fit. Qualitatively,
with gq.p~2 known from the in-plane magnetization data
[30, B1], the empirical value of H, strongly binds the
cumulative exchange term, J; + Jo, while Ag restricts the
Ji 4 anisotropic-exchange term, see SM [30] for details.

We find the second anisotropic-exchange term, J,4, to
have a minor effect on the spectrum [27] and neglect it
in our consideration. This mild simplifying assumption
leaves two types of stripe states, stripe-x and stripe-y,
which correspond to spins along and perpendicular to
the bonds of the lattice, respectively, indistinguishable
up to a change of the sign of the Ji-term and a switch
of the field direction from H || b to H || a. Because ex-
periments in CeCdszAsz have not discriminated between
the in-plane field directions, we take a minimal-model
approach [30], by assuming J14 <0, which corresponds
to stripe-x with H along the b-direction shown in Fig.

We have found that the excitation gaps are virtually
insensitive to the value of the X X Z anisotropy A, which
is loosely bound in the range 0.5-1.5 by the out-of-plane
saturation field, extrapolated from M (H) data [30]. The
situation is similar with the ratio J/.J;, which does not
affect observables at the fixed total J; +J2. Thus, by
taking X XZ anisotropy A = 1 and making an ad hoc
choice of Jo/J; =0.1 for the highly localized f-orbitals,

for the empirical Hy; and Ay we obtain J; ~1.19 K and
Jyy =~ —0.31 K [30]. With these model parameters, we
derive the field-evolution of the gaps shown in Fig. [3]

Our results show a gradual increase of the magnon gap
energy Ay vs field at the complementary M-point and
concurrent decrease of the spin-excitation energy Ay at
the ordering vector [30] which inevitably takes the role of
the global minimum of the spectrum upon approaching
the QCP, all in close accord with the data in Fig. 3| At
the QCP, the asymptotic form of the spectrum adheres to
the expected relativistic form. Above the QCP, the gap
at the Y point reopens, with the spectrum experiencing
a roughly uniform, Zeeman-like shift vs H. Remarkably,
the high-field value of the gap at 9 T deep in the PM
phase is also closely matched by the same model with no
additional free parameters.

Summary.—In summary, we have demonstrated that a
combination of insights from the low-temperature specific
heat data and theoretical modeling provide a comprehen-
sive description of the ground state and excitations in a
TL rare-earth anisotropic-exchange magnet, paving the
way to a deeper understanding of a broad class of materi-
als. The phenomenological constraints on the general mi-
croscopic model have resulted in a precise identification
of CeCdsAss magnetic ground state as a stripe phase and
with a remarkable level of certainty regarding the part of
the phase diagram where it belongs.

This study is of immediate relevance to KCeSy [46],
KErSes [47], and isostructural CeCdsP3 [48], where some
of the same phenomenology has been observed. Future
studies by thermodynamic and spectroscopic methods,
such as low-T magnetization, nuclear and electronic mag-
netic resonance, neutron and x-ray magnetic dichroism
scattering, are expected to provide further insights into
the nature of the crossover region in the H-T phase dia-
gram and into the role of structural disorder in the static
and dynamic properties of these materials. With more
theoretical input, they should yield more systematic con-
straints on the model and elucidate the role of differ-
ent terms in unusual magnetic states and excitations of
anisotropic-exchange magnets.
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