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Quantum spin liquids (QSLs) are theoretical states of matter with long-range entanglement and exotic quasi-
particles. However, they generally elude quantitative theory, rendering their underlying phases mysterious and
hampering efforts to identify experimental QSL states. Here we study triangular-lattice resonating-valence-bond
QSL candidate materials KYbSe, and NaYbSe,. We measure the magnon modes in their 1/3 plateau phase,
where quantitative theory is tractable, using inelastic neutron scattering and fit them using nonlinear spin wave
theory. We also fit the KYbSe, heat capacity using high-temperature series expansion. Both KYbSe; fits yield the
same magnetic Hamiltonian to within uncertainty, confirming previous estimates and showing the Heisenberg
ratio J,/J; to be an accurate model for these materials. Most importantly, comparing KYbSe, and NaYbSe,
shows that the smaller A-site Na™ ion has a larger J,/J; ratio. However, hydrostatic pressure applied to KYbSe,
increases the ordering temperature (a result consistent with density functional theory calculations), indicating
that pressure decreases J»/J;. These results show how the periodic table and hydrostatic pressure can tune the

AYbSe, materials in a controlled way.

DOLI: 10.1103/PhysRevB.109.014425

I. INTRODUCTION

Triangular-lattice quantum magnets have been of intense
interest since Anderson’s 1973 prediction of a resonating-
valence-bond (RVB) quantum spin liquid (QSL) [1], but
despite years of searching, no unambiguous triangular QSL
materials exist [2,3]. In this state, antiferromagnetic interact-
ing spins on a two-dimensional triangular lattice produce a
long-range entangled quantum spin liquid rather than con-
ventional long-range order [4]. This state has intriguing
theoretical properties [5], and quantum spin liquids hold great
potential for quantum electronic technology [6,7]. Although
Anderson’s original QSL proposal was for the nearest-
neighbor Heisenberg antiferromagnet, subsequent studies
showed that this model actually orders into a 120° phase at
the lowest temperatures [8,9]. Instead, the QSL state requires
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a small second-nearest-neighbor J, exchange between ~6 and
~16% of the nearest-neighbor exchange to stabilize [10-16].
(A similar role is played by nearest-neighbor anisotropic ex-
change [17].) Although it is unclear whether this J,-stabilized
phase is Anderson’s RVB or a different type of QSL [16,18],
it is clear that the QSL state should exist—if the Hamiltonian
parameters can be tuned appropriately.

Many materials have been proposed as two-dimensional
(2D)  triangular-lattice  antiferromagnets, including
Ba3;CoSb,O9 [19-21], YbMgGaO, [22-26], and organic
salts [27-29]. However, none of these have been shown
to have an RVB ground state. A promising new class of
materials is the Yb?T delafossites, which have magnetic Yb3t
in a crystallographically perfect 2D triangular lattice [30-35].
However, the crucial test in evaluating candidate RVB
materials is whether their magnetic exchange Hamiltonians
are indeed within a theoretical QSL phase.

Part of the difficulty in experimentally studying an
RVB liquid is that its lacks sharp spectral features: Its

©2024 American Physical Society
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FIG. 1. AYDbSe, crystal structure and phase diagram. (a) The triangular-lattice plane with the J; and J, exchanges between magnetic Yb
sites. (b) The 0.42-K in-plane KYbSe, magnetization from Ref. [34], showing a 1/3 magnetization plateau phase at 4 T. UUD, up-up-down
phase. (c) The J,/J; phase diagram, showing the refined AYbSe, J,/J; for A = Cs, K, and Na. As the A site moves up the periodic table, the

J»/Ji increases and the Hamiltonian moves closer to the spin liquid state.

elementary quasiparticles are S = 1/2 spinons, which are cre-
ated in pairs and thus produce a diffuse continuum [36,37].
Unfortunately, diffuse continua are also produced by dis-
ordered or glassy states and are thus ambiguous [26,38].
However, an important feature of the quantum S =1/2
triangular-lattice antiferromagnet is that an applied magnetic
field produces a 1/3-magnetization plateau phase correspond-
ing to up-up-down long-range magnetic order [39,40]. This is
an inherently quantum mechanical effect, whereby quantum
fluctuations select a collinear spin ordering [41]. Crucially,
this produces well-defined magnon modes within the plateau
phase, whose gapped dispersion can be calculated via non-
linear spin wave theory [41,42]. This observation allows us
to extract the Hamiltonian parameters without the need for
reaching the fully polarized magnetic state (the saturation
field is prohibitively large for most triangular QSL candidate
materials [42,43]). The problem thus becomes tractable by
studying the magnons in the plateau phase.

KYDbSe; [34] and NaYbSe, [44] are recently discovered
2D triangular QSL candidate materials. Like the ideal 2D
triangular Heisenberg model [39,40], KYbSe, and NaYbSe,
have 1/3 saturation magnetization plateaus at in-plane mag-
netic fields of 4 T [Fig. 1(b)] and 4.7 T [45], respectively,
which also accompany a reentrant magnetic ordered phase
[34]. Presumably, this ordered phase is the up-up-down phase
of the quantum S = 1/2 triangular-lattice antiferromagnet.
This finite-field ordered phase is itself evidence of a highly
quantum ground state and also provides an opportunity to
observe coherent spin wave modes at modest magnetic field
and fit them to a nonlinear spin wave theory (NLSWT).

KYbSe, was recently studied using neutron scattering, and
fits to paramagnetic diffuse scattering show it to be a prox-
imate QSL: It orders magnetically at 290 mK, but its fitted
J»/Jj ratio is close enough to the QSL phase to exhibit some
of its exotic behaviors (see Fig. 1), including diffuse zero-
field neutron spectra from bound spinons [46]. In NaYbSe,,
meanwhile, no magnetic order has been reported [33,45,47],
and its neutron spectra are also diffuse [35]. However, the
previous KYbSe, fit relied upon classical models compared
with paramagnetic scattering, and the NaYbSe, study did not
refine the J,/J; value. A robust Hamiltonian fit is required for
both materials. Here we provide such analysis using inelastic
magnetic scattering and heat capacity, showing KYbSe, and
NaYbSe, to be remarkably good realizations of the J,/J;

triangular-lattice Heisenberg antiferromagnet. Furthermore,
the comparison between K and Na on the A site in AYbSe;
shows that replacing K with the smaller Na ion gives a larger
J>/J1 ratio. We hypothesized that hydrostatic pressure would
similarly push KYbSe, towards a QSL, but measurements
indicate that it increases the ordering temperature rather than
decreasing it. Nonetheless, these results show how one can
rationally tune triangular-lattice materials to realize a QSL
phase.

II. EXPERIMENTS AND RESULTS

A. Neutron scattering

We measured the KYbSe, and NaYbSe, scattering in the
hhl scattering plane using the Cold Neutron Chopper Spec-
trometer (CNCS) [48] at Oak Ridge National Laboratory’s
Spallation Neutron Source [49] (the data for KYbSe, are
shown in Figs. 2 and 3, and the plateau field data for NaYbSe,
are shown in Fig. 5; the low-field NaYbSe, scattering will be
published in a separate paper).

The zero-field KYbSe; neutron scattering in Fig. 2 shows a
diffuse continuum with a sharp lower bound becoming gapless
at (1/3,1/3,0) as reported previously [46]. When the mag-
netic field is set to within the plateau field (4 T), well-defined
spin wave modes appear, similar to what was reported in
CsYbSe, [50]. When the magnetic field is increased further
beyond the plateau field, the well-defined modes disappear,
replaced again by broad, diffuse features—although there are
sharply defined features at hh = (0,0) and (1/3,1/3) at 8 T
as shown in Figs. 2(1)—(1).

At all fields, there is no detectable dispersion in the ¢
direction (right columns of Fig. 2), signaling highly two-
dimensional magnetism and very weak interplane exchange.
However, at 4 T there is noticeable intensity modulation in
the modes, as shown in Figs. 2(g) and 3. At 4 T, a streak
of elastic scattering appears at (1/3, 1/3, £), in accord with
in-plane magnetic order of the plateau phase. If we isolate
the magnetic scattering by subtracting the O-T data (where
the magnetic order is extremely weak and barely any elastic
magnetic signal is visible) from the 4-T data as in Fig. 3(d),
we see that the 4-T magnetic signal has a sinusoidal intensity
modulation with ¢, as shown in Fig. 3(e). The intensity peaks
at £ =0 and ¢ = £3, the same periodicity as the triangu-
lar planes, signaling short-ranged ferromagnetic correlations
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FIG. 2. KYbSe, field-dependent scattering. (a)—(d) The zero-field neutron spectrum, showing a diffuse continuum with a lower bound
coming to zero energy at hh = (1/3, 1/3) [in reciprocal lattice units (r.1.u.)]. (e)—(h) The same slices for B = 4 T, and (i)—(1) the same slices for
B = 8 T. The left two columns show cuts along /A (the far left column integrated over —1.5 < £ < 1.5 r.l.u., the center-left column integrated
over 1.5 < £ < 4.5), and the right two columns show cuts along ¢. For B=0 T and B = 8 T, there is no appreciable ¢ dependence to the
scattering, but at B = 4 T there is a modulated intensity to some of the features as shown most clearly in (g).
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FIG. 3. KYbSe, elastic scattering along £. (a)-(c) The elastic
scattering (iw < 0.3 meV) at 0, 4, and 8 T. Any elastic scattering
is extremely weak at O and 8 T, but at 4 T a vertical streak appears at
(1/3,1/3, ¢), indicating static magnetism. (d) and (e) The 4-T data
with O-T data subtracted as a background (d), revealing a sinusoidal
modulation in elastic intensity, which is plotted in (e) with the blue
curve as a guide to the eye. This evidences static magnetism in the
plateau phase which is only weakly correlated between planes.

between the triangular-lattice planes with a propagation vector
0 =(1/3,1/3,0). This is markedly different from the elas-
tic magnetic scattering at 4 T measured in CsYbSe,, which
had maximal intensity at £ = =1 and a propagation vector
0 = (1/3,1/3, 1) [50]. Furthermore, in CsYbSe, the corre-
lations extend to at least three triangular-lattice planes, but in
KYDbSe, the magnetic correlations appear to extend only to the
neighboring planes. Thus KYbSe, is more two dimensional
than CsYbSe,.

Turning to the inelastic scattering, the well-defined modes
at 4 T provide an opportunity to fit the magnetic exchange
Hamiltonian using nonlinear spin wave theory (NLSWT)
[41,42]. This provides an independent test of whether the
J1—J, Hamiltonian is appropriate for KYbSe, and NaYbSe,,
and what the J,/J; ratio is.

We assume a J;—J, Hamiltonian in a magnetic field

H=n) 8 -8;+h> 8 8-n) & O
(i,) (@) i

where h = g.,upB, B is the magnitude of the applied mag-

netic field along the x direction, and gqg is the g tensor.

By following the procedure described in Ref. [42], we fit
the NLSWT magnon dispersion to the mode energies as a
function of wave vector extracted from Gaussian profiles at
constant Q slices [see Figs. 4(a) and 5(b)]. For KYbSe,, we
treated the three Hamiltonian parameters J;, J», and & as fitted
constants (magnetic field 4 is a fitted parameter because g,
has large uncertainty for KYbSe, [46,51]) and fit the NLSWT
mode energies to the experimentally measured dispersions
as shown in Fig. 4(c). This gives a very good reproduction
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FIG. 4. Nonlinear spin wave (NLSW) fit to KYbSe, scattering at 4 T. (a) The experimental scattering integrated along (hh3), with the gray
data points indicating the mode centers determined using constant Q cuts fitted to a Gaussian profile in energy. (b) The best calculated neutron
spectrum from nonlinear spin wave theory (NLSWT). Note that the highest-energy mode is not captured by the single-magnon scattering
calculation. (c) The fitted points from (a) with the NLSWT dispersion curves used to fit the data. (d) The one- and two-standard-deviation x>

contours of J,/J; and magnetic field A.

of the lower-energy modes, as shown in Fig. 4(b). To de-
fine uncertainty, we calculated a contour Ax2; = 1 above
the reduced x2 minimum [52]. One-standard-deviation and
two-standard-deviation contours are plotted in Fig. 4(d). Us-
ing a one-standard-deviation uncertainty, the best-fit values
are J; = (0.456 £ 0.013) meV, J,/J; = 0.043 £0.010, and
h/Jy = 1.73 £0.05. This J,/J; ratio agrees to within un-
certainty with the J,/J; = 0.047 £ 0.007 from the Onsager
reaction field fits in Ref. [46]. We note that the exact saturation
field for the proposed model is hg/J; = 9/2, implying that
h/hg = 0.38 £0.01.

For NaYbSe,, because of the larger background from the
copper sample mount, only one magnon mode is clearly vis-
ible in the data. Nevertheless, this mode is clearly at higher
energy than the same mode in KYbSe, and thus contains
meaningful information. To constrain this fit, we used the
measured saturation field to constrain A (see Appendix A).
This allows for J; (determined by the height of the mode
at hh = 0) and J,/J; (determined by the bandwidth of the
mode). Using the same method of x2 contours to define uncer-
tainty, we find a fitted J; = (0.551 £ 0.010) meV and J,/J; =
0.071 £ 0.015. Although the error bars are large, both J; and
J»/Jy are larger in NaYbSe, than in KYbSe;.
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Single-magnon NLSWT calculations did not capture the
KYbSe, dispersive feature above 1 meV in Fig. 4(a).
However, two-magnon continuum calculations (shown in
Appendix B) do capture this feature. The sharpness of this
mode in an otherwise diffuse continuum arises from the two-
dimensional nature of the system, such that the density of
two-magnon states has Van Hove singularities at energies
that depend on their total momentum. These singularities are
broadened by the finite experimental resolution, leading to a
dispersive peak in the continuum scattering arising from the
longitudinal spin structure factor, as was seen in YbCl3 [53].

B. Heat capacity

As another independent test of our J,/J; model, we
also compared the KYbSe, heat capacity with theoretical
calculations. Using the zero-field heat capacity reported in
Refs. [34,46], from which the KLuSe, heat capacity is sub-
tracted to isolate the magnetic heat capacity (see Appendix A
for details), we compared the data with the high-temperature
series expansion interpolation calculations [54-57], which
give accurate quantum calculations of the high-temperature
heat capacity of the 2D triangular lattice as a function of J,/J;.
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FIG. 5. Nonlinear spin wave fit to NaYbSe, scattering at 4.7 T. (a) The experimental scattering along (hh3), and (b) the same data with the
background subtracted (bg sub). (c) The best calculated neutron spectrum from nonlinear spin wave theory (NLSWT). (d) The mode centers
determined using constant Q cuts fitted to a Gaussian profile in energy, compared with the NLSWT dispersion curves used to fit the data.
Despite the low statistics, the bandwidth of the upper mode constrains J,/J; to within +0.015.
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FIG. 6. KYbSe, zero-field heat capacity (black) compared with
theoretical calculations of the heat capacity from Ref. [57]. For the
theory, the only adjustable parameter is the 7 axis scaling (corre-
sponding to J;). The inset shows reduced yx? as a function of J,/J;,
showing a minimum at J,/J; = 0.040(12).

The series were calculated out to the 14th order (one order
more than in Ref. [57]). These data are shown in Fig. 6.

For temperatures greater than 2 K, the theory and exper-
iment match very closely, with subtle differences depending
on the precise J,/J; value. To quantitatively compare theory
and experiment, we define a szed for 2K < T < 8K. (At
8 K the lattice heat capacity becomes much larger than the
magnetic contribution, and the subtracted values are more
questionable.) For each theoretical J,/J; value, we fit J; to
minimize x2 and thus obtain szed as a function of J,/Jj,
shown as an inset in Fig. 6. This fit yields best-fit values of
Ji = (0.439 £ 0.010) meV and J,/J; = 0.037 £ 0.013. Both
values agree to within uncertainty with the results from NL-
SWT fits.

It should be noted that the high-temperature expansion
does not capture either the maximum in heat capacity at 1 K
or the ordering transition at 290 mK. The lack of ordering
transition is not surprising as the theory is based off a perfectly
isotropic 2D lattice, which only orders at T = 0 [58]. The
1-K “bump,” also seen in NaYbO, [32] and NaYbSe, [45],
is more challenging to explain. Finite-system tensor network
calculations [59] showed a two-hump heat capacity for the
2D triangular-lattice antiferromagnet; however, it is not clear
whether this hump evolves to become the sharp feature at
290 mK or the 1-K hump in KYbSe,. Be that as it may,
the failure of the high-temperature expansion in capturing
this peak suggests that it is induced either by an increase
of the magnetic in-plane correlation length beyond several
lattice spaces, & 2 10a, or by the onset of three-dimensional
correlations in KYbSe;, which ultimately leads to long-range
magnetic order. In any case, the series expansion theory gives
an excellent description of the > 2-K heat capacity and allows
us to extract both J; and J, from the data.

To test whether hydrostatic pressure can tune KYbSe, fur-
ther towards a QSL phase, we measured ac calorimetry under
applied hydrostatic pressure, plotted in Fig. 7 (see Appendix A
for experimental details). We found that the ordering transi-
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FIG. 7. Pressure-dependent KYbSe, specific heat (in arbitrary
units), with increasing pressures offset —C/T for clarity. The inset
shows the temperature of the ordering transition peak center. As
pressure increases, the transition noticeably increases, signaling a
move away from the QSL phase.

tion was clearly visible, but applied pressure shifted 7y to
higher temperatures. This signals that the system is getting
further from a QSL, as the 120° order becomes more stable.
This could be from a decrease in J,/J; or perhaps an increase
in the interlayer exchange strength which stabilizes the long-
range magnetic order; however, in either case, hydrostatic
pressure tunes KYbSe, away from a QSL.

C. Density functional theory

To better understand these experimental results, we use
density functional theory (DFT), Wannier functions, and
strong-coupling perturbation theory to derive the exchange
constants at various pressures for KYbSe,. The results are
presented in Table I, and calculation details are given in
Appendix C. The nearest-neighbor exchange J; is in reason-
able agreement with the experimental weighted mean fit, and
increasing pressure tends to increase J;. Although the the-
oretical second-nearest-neighbor exchange constants are an
order of magnitude smaller compared with the experimental

TABLE 1. First-principles calculations of the KYbSe, exchange
constants as a function of pressure.

KYbSe, 0 GPa 2 GPa 5 GPa

Ji (meV) 0.428 0.480 0.494
Jo (ueV) 2.183 1.967 0.583
J3 (ueV) 5.036 4.412 1.237
JP (meV) 0.016 0.016 0.016
/i 0.005 0.004 0.001
J /0 0.038 0.033 0.033
K1 (ueV) 14.457 15.692 18.330
Iy (ueV) —11.213 —10.851 —13.730
I} (ueV) —1.831 —1.577 —4.526
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TABLE II. Best-fit exchange Hamiltonian value for KYbSe,
from three different experiments and three different theoretical tech-
niques. Note that the Onsager reaction field theory from Ref. [46]
cannot estimate J; as it is classical. The last row gives the weighted
mean.

Theoretical technique Ji (meV) VYA

Onsager reaction field 0.047 £ 0.007
Nonlinear spin waves 0.456 +£0.013 0.043 +£0.010
Heat capacity 0.429 £ 0.010 0.037 £ 0.013
Weighted mean 0.438 £ 0.008 0.044 £ 0.005

observations, they do display the correct trend decreasing as a
function of pressure. Likewise, the ratio |J,/J; | decreases with
increasing pressure. In addition, Table I shows the pressure
dependence of the third-nearest-in-plane-neighbor exchange
(J3), the nearest-out-of-plane-neighbor exchange (J{™), the
nearest-neighbor Kitaev interaction (K;), and the nearest-
neighbor bond-dependent anisotropic exchange parameters
(T'1, T'}). We refer the reader to Ref. [60] for further details.
This suggests that the experimental observation that hydro-
static pressure tunes KYbSe, away from the QSL phase is
really because hydrostatic pressure decreases |J»/J;|.

II1. DISCUSSION

At this point, we have three independent fits of the KYbSe,
magnetic exchange Hamiltonian, which are summarized in
Table II. Each fit used a different experiment and a different
theoretical technique; so it is remarkable that all three agree
to within uncertainty. The two theoretical fits performed in
this study (NLSWT and high-temperature heat capacity series
expansion) include quantum effects and are appropriate for
the highly quantum KYbSe,. Even so, the Onsager reaction
field theory fit agrees to within uncertainty with these two
other methods even though it neglects quantum effects. This
is evidence that fitting paramagnetic scattering with classical
methods [61] works even for highly quantum systems. Also,
this is a strong confirmation of the results and methodology
in Ref. [46]. All this means that KYDbSe, is an excellent
example of a spin-1/2 J,/J; Heisenberg magnet on a trian-
gular lattice. The use of nonlinear spin wave theory at an
intermediate—rather than fully saturated—field provides an
alternative method to that in Ref. [43] for triangular materials
where the saturation field cannot be reached.

Perhaps most important is the comparison between dif-
ferent AYbSe, compounds, as is visually shown in Fig. 1.
CsYbSe, has a fitted J,/J; = 0.029 £ 0.015 [50], and we
show here a fitted NaYbSe, of J,/J; = 0.071 £ 0.015. This
means that as the A-site ionic radius decreases (i.e., moving
A up the periodic table), J,/J; increases (Fig. 1). This cor-
relation gives the ability to control the material Hamiltonian
by simply changing elements. The ac calorimetry and DFT
results show that that hydrostatic pressure also controls J,/J;,
but at least in KYbSe, the shift is to smaller J, and thus further
from the QSL phase.

Does this mean that NaYbSe, is a QSL? Unfortunately, a
fitted J,/J; mostly within a theoretical QSL phase is insuffi-
cient evidence for such a claim. Firstly, the precise boundary

between 120° and QSL order is only approximately known
theoretically, and the true phase boundary is somewhere close
to J»/J; =~ 0.06. Secondly, the phase diagram in Fig. 1(c)
neglects three-dimensional and anisotropic effects which may
induce long-range order in what would otherwise be a 2D
QSL, or else modify the fitted J,/J; value. (Importantly,
the comparison between CsYbSe, and KYbSe, ¢-dependent
scattering shows that the interplane exchange varies with the
A-site element. Furthermore, the absence of a NaYbSe, mag-
netization plateau with an out-of-plate field could indicate
planar anisotropy in the Na compound [45].) Thirdly, the
published heat capacity of NaYbSe, shows a Yb** nuclear
Schottky anomaly at the lowest temperatures [45,62] (though
not in Ref. [35], whose samples had 3% Yb mixing disorder).
A Schottky anomaly may indicate static Yb>* magnetism [46]
and thus weak 120° order rather than a QSL phase in the
cleanest NaYbSe, samples. Despite such caveats, this study’s
confirmation that KYbSe, and NaYbSe, are very close to a
quantum spin liquid state provides strong impetus to further
study this class of compounds as a rational route to quantum
spin liquids. NaYbSe, may be the long-sought QSL, but even
if it is not, further substitution of A-site and Se-site elements
may allow even larger J,/J; values to be achieved, potentially
creating a genuine QSL ground state. Furthermore, if one
could “overshoot” the QSL phase using chemical substitution,
our results show that hydrostatic pressure could be used to
tune J,/J; to a desirable value.

IV. CONCLUSION

We have used quantum simulation techniques to fit the
KYbSe; and NaYbSe, magnetic exchange Hamiltonians to
experimental data: nonlinear spin waves to finite-field scat-
tering in a plateau phase, and high-temperature expansions to
zero-field heat capacity (for KYbSe,). Both give extremely
good agreement with experiment (down to an energy scale
of 2 K), showing that the Heisenberg J,/J; model is an ex-
cellent minimal model for KYbSe, and NaYbSe,. With three
independent experimental measurements all giving the same
result for KYbSe,, this definitively verifies the model pro-
posed in Ref. [46]. Furthermore, both materials have a J,/J;
ratio extremely close to the 2D triangular-lattice spin liquid
state at J,/J; Z 0.06. What is more, the replacement of K*
by the smaller ion Na™ increases J,/J; and pushes the system
closer to a QSL phase. Comparison with CsYbSe, shows that
this trend holds across the left column of the periodic table.
Application of hydrostatic pressure also tunes the J,/J; ratio,
but towards smaller J,. If a compound were found in the QSL
phase, pressure could be used to tune it across the quantum
phase transition to magnetic order. This gives not only very
strong evidence of the appropriateness of the Heisenberg J, /J;
model and proximate QSL behavior for AYbSe, materials, but
also a route for engineering the magnetic Hamiltonian directly
toward a QSL phase.
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APPENDIX A: EXPERIMENTS

1. Cold Neutron Chopper Spectrometer

For the KYbSe, Cold Neutron Chopper Spectrometer
(CNCS) experiment, we used a sample made of 19 coaligned
crystals (total mass ~200 mg) oriented in the (hh{) scattering
plane glued to aluminum plates as shown in Fig. 8. The sample
was mounted in a helium dilution refrigerator with an 8-T
magnet and measured with double-disk chopper frequency
300.0 Hz (high-flux mode, 9° opening on the double disk) for
an incident energy E; = 3.32 meV. At each field the sample
was rotated 180° to map the neutron spectrum. The scattering
was measured at applied fields of 0, 4, and 8 T at a 100 mK
base temperature, with a 12-K zero-field data set collected and
subtracted as background. The same experimental configura-
tion was used for NaYbSe,, but with a sample of 61 coaligned
crystals totaling ~300 mg, glued to copper plates, shown in
Fig. 9.

The processed CNCS data were corrected for the isotropic
Yb** form factor [63]. The KYbSe; data (prior to background
subtraction) are shown in Fig. 10. The left two columns are
integrated over £ &£ 1.5 reciprocal lattice units (r.1.u.), the right

two columns are integrated over hh = 0.02 r.l.u., and the in-
tegration ranges for the data in the main text are the same.
To clearly resolve the low-energy magnetic scattering, it was
necessary to subtract the background (sample environment
scattering and phonon scattering) from the data. Because a
perfect background is not available for these data, we created
a phenomenological background using 12-K scattering data
where magnetic correlations are negligible [34,46], shown for
KYbSe; in Figs. 11(a)-11(d). Because the higher tempera-
ture intensifies phonon scattering, we removed certain intense
inelastic features in the slices and filled in via ASTROPY’s
interpolation routine [64]. Then, following the method in
Ref. [46], we subtracted the median intensity for each en-
ergy from the scattering data for inelastic (>0.38 meV)
data. Finally, we convolved the inelastic (>0.38 meV) data
with a two-dimensional Gaussian profile to reduce the noise.
This final KYbSe, phenomenological background is shown
in Figs. 11(e) and 11(f). An identical procedure was carried
out for the NaYbSe, background. By comparing Fig. 10 with
Fig. 1, it is clear that this approach approximately isolates the
magnetic scattering quite nicely.

2. Saturation field for NaYbSe,

We measured the saturation field for NaYbSe, via low-
temperature ac susceptibility up to 18 T, as shown in Fig. 12.
The saturation transition is visible as a drop in susceptibility.
We quantified the saturation field in two ways: First, we used
the minimum in the field derivative of susceptibility, fitted
with a Gaussian to be at 12.49 T. Second, we used the kink
in the field integral of susceptibility, identified as the intersec-
tion of two fitted straight lines (one fitted to data above the
saturation field, the other fitted to data below it) to be 12.55 T.
The mean of these values is 12.52(3) T, which is taken to be
the saturation field and uncertainty for the Hamiltonian fits.

3. Heat capacity uncertainty

The heat capacity data presented in the main text consist
of two different measurements: one measured in a dilution
refrigerator [46] and the other on a Quantum Design Physi-
cal Property Measurment System (PPMS) with a *He insert
[34]. The KYbSe, sample mass was measured more precisely

FIG. 9. NaYbSe, sample used to measure the field-dependent
spin excitations on CNCS. Sixty-one platelike crystals were
coaligned and glued to two copper plates with the [110] direction
vertical and the [001] direction orthogonal to the copper surface. The
gray metal around the bottom is cadmium shielding.
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FIG. 10. KYbSe, field-dependent scattering without background subtraction. (a)—(d) The zero-field neutron spectrum, (e)—(h) the same
slices for B = 4 T, and (i)—(l) the same slices for B = 8 T. These data should be compared with Fig. 1. At high-energy transfers the features
are clear, but background subtraction (Fig. 11) is necessary to resolve low-energy features.

for the dilution refrigerator experiment, and thus we scaled
the higher-temperature PPMS data to match the dilution re-
frigerator measurement for the temperature window 0.4 K <
T < 2.0K, giving a renormalizing scale factor of 0.99 to
the high-temperature data. The heat capacity of nonmagnetic
KLuSe, was subtracted from all data to isolate the magnetic
heat capacity.

The uncertainties for the heat capacity values came from
three sources: (i) The first source is uncertainty in mass nor-
malization, which we estimate from the difference between
the absolute heat capacities of the two different dilution re-
frigerator measurements on two different KYbSe, samples
reported in Ref. [46]. (ii) The second source is variance in heat
capacity measured at the same temperature: In the *He heat
capacity measurement, data points were repeated three times
at each temperature. (iii) The third source is the difference in
heat capacity between two separate >He refrigerator measure-

raw 12 K
KYbSe;

ments. The uncertainties from these three sources were added
in quadrature to yield the uncertainties plotted in Fig. 6.

4. The ac calorimetry under pressure

Heat capacity measurements under hydrostatic pressure
in Fig. 7 were performed using a piston-cylinder-type pres-
sure cell with Daphne 7373 oil as the pressure-transmitting
medium. The pressure inside the sample space was deter-
mined at low temperatures by the shift in the superconducting
transition temperature of a piece of Pb. Heat capacity was
measured via the ac calorimetry technique [65] using a Con-
stantan wire heater and chromel-AuFe0.07% thermocouple,
both attached to the sample using GE varnish. The signal from
the thermocouple was amplified using an SR554 low-noise
preamplifier transformer and recorded using an SR860 lock-
in amplifier. Measurements were performed at temperatures

- intense features
removed
- median subtracted

o
)]
(syun ‘qJe) (mb)s

- smoothed 0.4

0.2

% 13 12 0 13 12 0 5 -5 0 5 0.0
(hhO) (hh3) () (002)

FIG. 11. KYbSe; scattering background. (a)—(d) The raw T = 12 K data. To process these data and use them as a background for the data
in Fig. 10, we removed the intense features [e.g., at 0.7 meV in (b)], subtracted the energy-dependent median inelastic scattering intensity from
every energy, and convolved with a Gaussian function to smooth the data. This resulted in the background in (e)—(h), which was subtracted

from the scattering data in Fig. 10 to generate the data in Fig. 1.
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FIG. 12. Measured NaYbSe, susceptibility at 20 mK. (a) The
raw susceptibility; (b) the first derivative, from which the saturation
field is identified as the minimum at 12.49 T, quantified with a fitted
Gaussian (blue line). (c) The field integral of susceptibility, giving
the magnetization (up to a linear in H offset). Here the saturation

field is identified as the kink, quantified as the intersection of two
fitted straight lines to be 12.55 T.

down to 85 mK using an adiabatic demagnetization refrigera-
tor (Cambridge Magnetic Refrigeration).

APPENDIX B: NONLINEAR SPIN WAVES

1. Fitting the nonlinear spin waves

The fitted spin wave equation [Eq. (1)] contains three un-
knowns: the magnetic field 4, the nearest-neighbor exchange
Ji, and the second-nearest-neighbor exchange J,. Although
we know the applied magnetic field in units of teslas, one

S(g, w) (arb. units)

0.2

aT ‘
]

(a) KYbSe,,

0.4
(hh3)

0.8

0.4

(hh3)

has to know the precise g-tensor value to convert to the di-
mensionless (meV) units. Because the fitted g tensors of Yb>*
compounds fitted from crystal field excitations have notori-
ously large uncertainty [51], we avoid using a fitted g tensor to
constrain the fit. For KYbSe,, there were enough data points
to treat & as a fitted variable, and thus the fit was independent
of other measurements.

For NaYbSe,, with only a single visible mode, we con-
strained & using the saturation field at low temperatures. In
the pure Heisenberg triangular-lattice antiferromagnet, the
saturation field is hg, = 3J;. By bulk susceptibility and mag-
netization, the measured saturation field is Hy,, = 12.52(3) T.
Thus we can convert the applied 4.7 T to dimensionless units:
h= f, = 12532%” x 4.7 T = 1.126(3) J;. Fortunately, as
shown in Fig. 5, the J,/J; ratio is well constrained once the
applied field 4 is defined.

2. Two-magnon continuum

In the experimental KYbSe, scattering, an additional
broadened mode is visible above 1 meV which is not captured
by the single-magnon NLSWT calculation (Fig. 4). However,
when we calculate the two-magnon continuum scattering (fol-
lowing the method in Ref. [42]), we see a similar mode appear
in the simulation, as shown in Fig. 13(b).

Although the overall character and bandwidth of the calcu-
lated two-magnon continuum matches experiment, Fig. 13(c)
shows that the calculated intensity is slightly weaker than
what is experimentally observed. There could be several
explanations for this: (i) The experimental background sub-
traction was imperfect and left some nonlinear anomalous
intensity above 1 meV. (ii) The g tensor is different from the
best-fit crystal field values (g, has a very large error bar [46]),
which leads to different weight being given to S, vs Sy, and
S.. and more intensity in the continuum. (iii) The NLSWT ap-
proximation neglects higher-order effects, and thus it may be
slightly underestimating the weight of the continuum scatter-
ing (this idea receives support from bond operator technique
calculations, which show more weight in the continuum [66],
and is interpreted in Ref. [50] as a two-magnon bound state).
Despite this discrepancy, because of the close resemblance

1.0

—— theory
t expt. |

0.6

FIG. 13. Two-magnon continuum of KYbSe,. (a) The experimental data at B = 4 T, and (b) the nonlinear-spin-wave-calculated intensity
with the two-magnon contribution included. (c) Comparison of the experiment with the theory at (1/3, 1/3, 3). If we assume some small
remnant background, the overall shape and intensity of the two-magnon contribution are close to what we observe in experiment, though the
calculated two-magnon intensity is slightly lower than that found in experiment.
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FIG. 14. Nonlinear spin wave calculations (blue) compared with
linear spin wave (LSW) calculations (red) for the triangular lattice
using best-fit parameters in the main text. Note that at this field, non-
linear corrections to the spin wave modes are significant, especially
at low energies.

to the experimental dispersion, we are confident that the ob-
served mode above 1 meV is in fact a two-magnon scattering
effect.

3. Nonlinear effects

For a highly quantum system such as an S = 1/2 triangu-
lar lattice in the 1/3 magnetization plateau phase, nonlinear
corrections to magnon dispersions become significant. To
illustrate this, Figure 14 shows the linear spin wave disper-
sions compared with the nonlinear dispersions for the best-fit
KYDbSe, parameters from the main text. Particularly at low

energies, the nonlinear corrections are very significant. Note
that the existence of a gap (signaling a finite-field plateau
phase) requires nonlinear effects to capture; this is because
the plateau phase is an inherently quantum-mechanical phe-
nomenon [42]. Thus accurately extracting the Hamiltonian
parameters from the neutron scattering measurements on
KYDbSe; requires a nonlinear spin wave model.

APPENDIX C: DENSITY FUNCTIONAL
THEORY CALCULATIONS

We performed the DFT calculations reported in Table I as
implemented in Vienna ab initio simulation package (VASP)
[67,68]. The calculations are performed within the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [69] for the exchange-correlation functional with spin-
orbit coupling. We use projector augmented wave (PAW)
pseudopotentials [70,71] with an energy cutoff of 300 eV
and a 9 x 9 x 9 Monkhorst-Pack k-point mesh. The pseu-
dopotential for each alkali metal and Yb treated the s and p
semicore states as valence states. For calculations with applied
hydrostatic pressure of 0-5 GPa, the structure was optimized
by allowing atomic positions, cell shape, and cell volume to
relax until component forces were less than 1 meV/A. We
use WANNIERIQ [72-74] to create a tight-binding Hamilto-
nian by projecting the band structure onto real (axial) Yb-f
orbitals. The maximal-localization step is not performed in
order to maintain the symmetry character of the Wannier
functions. The frozen window includes only the seven f bands
at the Fermi level which comprise a disconnected manifold of
bands; disentanglement is unnecessary. For further details on
these calculations, we refer the reader to Ref. [60].
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