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We present a comprehensive experimental and ab initio study of the S = 1/2 Mo>" system, KMoOP,0-, and
show that it realizes the § = % Heisenberg chain antiferromagnet model. Powder neutron diffraction reveals that
KMoOP,0; forms a magnetic network comprised of pairs of Mo’>" chains within its monoclinic P2, /n structure.
Antiferromagnetic interactions within the Mo chains are identified through magnetometry measurements and
confirmed by analysis of the magnetic specific heat. The latter reveals a broad feature centered on 7y = 0.54 K,
which we ascribe to the onset of long-range antiferromagnetic order. No magnetic Bragg scattering is observed
in powder neutron-diftraction data collected at 0.05 K, however, which is consistent with a strongly suppressed
ordered moment with an upper limit poq < 0.15 wg. The one-dimensional character of the magnetic correlations
in KMoOP,0; is verified through analysis of inelastic neutron-scattering data, resulting in a model with
J, = 34 K and J; & —2 K for the intrachain and interchain exchange interactions, respectively. The origin of
these experimental findings are addressed through density-functional theory calculations.

DOI: 10.1103/PhysRevB.107.014415

I. INTRODUCTION

The relevance of the dynamical properties of fractionalized
states of matter to fault-tolerant quantum computing [1-3]
demands the realization of such quantum states in strongly
correlated electron systems [4]. This interest is complemented
by the need to develop a fundamental understanding of frac-
tionalized states in condensed-matter systems, such as certain
quantum spin liquid models, that host fractionalized quasi-
particle excitations [4—6]. The broad interest in the field is
highlighted by recent theoretical and experimental investiga-
tions of the emergent fractional quasiparticles of spin models
hosting, to name a few, monopoles [7], Majorana fermions [8],
and the fractional quantum Hall effect[9].

In this vein, owing to the exact solvability of its spin
Hamiltonian [10,11], the S = % Heisenberg chain antiferro-
magnet model (HAF) offers a canonical platform for the
direct observation of fractional excitations. Known as spinons,
the elementary excitations of the HAF manifest as continua
as observed in the landmark neutron-scattering studies of
KCuF; [12] and CuSOy4 - 5SH,O [13]. More recently, focus
has shifted towards investigating the ground states arising
from the perturbative effects of spin-orbit coupling, applied
magnetic fields, and frustration to the HAF model [14—16]1.

A less explored model in this context is the frustrated § = 5
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Heisenberg chain model (FCM), which provides a rich mag-
netic phase diagram dependent on the degree of frustration,
o = J1/J», between the linear intrachain, J>, and interchain,
Ji, exchange interactions. Although a spontaneous dimer-fluid
ground state has been predicted for o > 0.241 [17-19], only
a few experimental realizations have been identified for the
FCM model [20-23], and the presence of the spin gap associ-
ated with the dimerization has yet to be conclusively observed.

Motivated by the richness of the exotic phases predicted for
this model, we have explored the Mo>* pyrophosphate family
of materials, AMoOP,0; (A = Na-Cs) [24-27], whose struc-
tures form pairs of chains of 4d' Mo’* ions (Fig. 1) that could
be amenable to frustration. To this end, we here investigate
the structural and magnetic properties of KMoOP,0; (Fig. 1)
and show that it falls on the Heisenberg one-dimensional
limit of the S = % HAF model. We begin by reporting our
experimental and ab initio methodology in Sec. II. Using neu-
tron powder diffraction, we verify the previously published
monoclinic structure [24] at room temperature and present
its temperature dependence down to 50 mK (Sec. IIT A). The
one-dimensional magnetic behavior of the system is then ex-
plored through thermodynamic-property measurements and
neutron powder diffraction (NPD) (Secs. III B-III D). Fol-
lowing this, the one-dimensional character of the magnetic
correlations in KMoOP,0; is discussed through the lens
of its electronic structure in Sec. IIIE. We finally es-
timate the parameters of the Hamiltonian using inelastic
neutron scattering (INS) in Sec. IIIF before concluding in
Sec. IV.

©2023 American Physical Society
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FIG. 1. (a) P2,/n crystal structure of KMoOP,0; as viewed along the [111] direction. (b) The Mo’* ions are situated within a distorted
octahedral environment and are bridged by [PO4]>~ tetrahedra along the crystallographic a axis to form (c) a quasi-one-dimensional network
of pairs of Mo(V) chains with possible intrachain, J, and interchain, J; and J{, superexchange Mo-O-P-O-Mo interaction pathways. (d) This
forms a tunnel structure along the crystallographic a axis where the K ions lie. The figure was generated using the VESTA visualization

software [28].

II. METHODS

Polycrystalline samples of KMoOP,0O; were prepared
following a modified version of a previously published
method [24]. MoOs (Alfa Aesar, 99.998%), Mo (powder,
<150 pum, 99.9%) (NH4),HPO, (Alfa Aesar, 98%+), and
K,COs (Sigma Aldrich, 99.995%) were combined in the
molar ratio 1.72 : 0.28 : 4 : 1 and intimately ground in a plan-
etary ball mill for 30 minutes in an isopropanol medium and
then pressed into a pellet. Samples were sintered in an alumina
crucible at 773 K for 24 hours before being reground and pel-
letized for a second heating stage at 973 K for 24 hours, which
resulted in a green-colored product. A 5 g sample of this
product was used in all of the following experiments. The syn-
thesis of the isostructural diamagnetic analog, KNbOP,07, is
described in the Supplemental Material [29].

Powder neutron-diffraction experiments were carried out
in 10 K steps between 300 and 200 K on the high-resolution
powder diffractometer (HRPD) at the ISIS Neutron and Muon
Source. To probe the possible presence of magnetic scattering,
powder neutron-diffraction experiments were also performed
on the D20 diffractometer [30] at the Institut Laue-Langevin
(ILL) and on the WISH diffractometer at the ISIS Neutron
and Muon Source. Two data sets were collected on each
instrument at 1.8 and 0.05 K and 20 and 1.8 K, respectively.
The structural model was refined using the Rietveld method
applied in the GSAS software package [31]. Magnetic structure

analysis was conducted using the MAG2POL software package
[32]. Similar to the approach taken for other Mo+ -containing
materials [33], we use an averaged Cr** and W>* magnetic
form factor to approximate that of Mo>*.

Temperature-dependent DC magnetic susceptibility data
were measured on a Quantum Design MPMS3 SQUID mag-
netometer between 1.8 and 300 K using a 22.25 mg sample.
Measurements were performed using both zero-field- and
field-cooled protocols in an applied magnetic field of 1000 Oe.
As no splitting between the zero-field- and field-cooled curves
was observed, only the zero-field-cooled measurement is
shown here. Calculations for the exact diagonalization of the
Heisenberg frustrated chain model were performed using the
ALPS software package on a chain of L = 18 spins. The re-
sulting model was fit to the experimental data using nonlinear
least squares regression, where the only fitting parameter was
the intrachain exchange interaction J,. The interchain cou-
pling J; was varied in 0.01J;, steps between —0.3J, and 0.3/5.

Specific-heat measurements were performed on a 5.58 mg
sample on a Quantum Design PPMS measurement system
between 1.8 and 300 K. A lower-temperature measurement,
between 0.1 and 4 K, was performed using a dilution refriger-
ation insert.

The dynamical structure factor, S(Q, E = fiw), was mea-
sured on the direct geometry time-of-flight spectrometer IN5
at the ILL [34]. An incident energy of E; = 14.2 meV (2.4 10\)
was used to collect data at 1.8 K for both KMoOP,O7 and its
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isostructural diamagnetic analog, KNbOP,O;. The exact ex-
pression for the two- and four-spinon continuum, S(Q, E );‘ﬁ,
was obtained from the exact expression of Caux and Hage-
mans [35]. To determine the powder-averaged S(Q, E )3"_‘&3, a
uniform cross section of the constant-Q sphere was obtained
by normalizing random coordinates generated by a Gaussian
distribution to the sphere radius. The effect of the interchain
exchange interaction J;, on the other hand, was calculated
using the random-phase approximation (RPA) style approach
developed by Kohno er al. [36]. Fitting the experimental dy-
namical structure factor using this model was done using a
particle swarm optimization algorithm. Here, the fitting pa-
rameters were constant across all four cuts used and were
the intra- and interchain exchange parameters J, and Ji, an
amplitude, and a background term.

Interaction parameters of the spin Hamiltonian

H=">"JySiS;, (1)
(ij)

where the summation is over lattice bonds (ij), were obtained
from density-functional theory (DFT) band-structure calcula-
tions performed in the FPLO [37] code using the generalized
gradient approximation (GGA) for the exchange-correlation
potential [38]. A dense k mesh with up to 152 points in
the symmetry-irreducible part of the Brillouin zone for the
crystallographic unit cell and 64 points in the doubled su-
percell were used. All calculations were performed in the
full-relativistic mode for the experimental crystal structure of
KMoOP,05 determined in this work.

The exchange parameters J;; were extracted using two com-
plementary approaches. In the first, we calculated hopping
integrals between the Mo 4d states using Wannier functions
constructed for the uncorrelated (GGA) band structure, and in-
troduced these hoppings into the Kugel-Khomskii model that
leads to the magnetic exchange couplings as follows [39,40]:
47 4[ S

Jij = - ,
! Ueff " (Ueff + Am)(Ueff - Jeff + Am)

(@)

where the first and second terms represent antiferromagnetic
and ferromagnetic contributions, respectively. Here, Uy =
4 eV is the effective on-site Coulomb repulsion and Jegr =
0.5 eV is the effective Hund’s coupling in the Mo 4d shell.
The hoppings tig"“) are between the half filled states of Mo,
whereas tignm) involve the higher-lying empty states m, and
Ay, = €y — €, is the crystal-field splitting. In the second ap-
proach, we obtained the exchange couplings by a mapping
procedure [41,42] using total energies of collinear spin config-
urations evaluated within DFT + U, where correlation effects
in the Mo 4d shell are treated on a mean-field level with
the on-site Coulomb repulsion Uy = 4 eV, Hund’s coupling,
Ja = 0.5 eV, and atomic-limit flavor of the double-counting
correction. This set of parameters gave the best agreement
with the experimental results for the leading exchange cou-
pling, although the corresponding U = Uy — Jy = 3.5 eV is
somewhat higher than the 2.0-2.5 eV used in previous studies
[43-45]. The DFT + U calculations were performed for the
supercell doubled along the a axis due to strong antiferromag-
netic interactions along this direction.

- " HRPD (300'K)

0 Calculated (/2 = 2.91, R, = 3.09%) |
‘C  [—— Difference
= I KMoOP,0,(96.7(1)%)
0 0,
5 Mo (3.3(1)%)
b _ ;
‘%
<
8
£
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FIG. 2. Rietveld refinement of the P2;/n model to neutron pow-
der diffraction data collected at 300 K on the HRPD instrument at
the ISIS Neutron and Muon Source with goodness-of-fit parameters
x% =291 and R, = 3.09% and the structural model a = 5.0842(1)
A, b=11.72432) A, ¢ = 11.5077(2) A, B = 90.975(1)°.

III. RESULTS

A. Crystal structure

Through a Rietveld analysis of NPD data, the P2,/n
model [24] was confirmed to describe the crystal structure of
KMoOP,0; at all measured temperatures down to 50 mK. A
representative Rietveld refinement (x? = 2.91, R, =3.09%)
of data collected at 300 K, which results in the model de-
scribed in Table S.1 of the Supplemental Material [29], is
shown in Fig. 2. Analysis of data collected at different tem-
peratures is shown in Fig. S2 of the Supplemental Material
[29]. The resulting crystal structure [Fig. 1(a)] can be de-
scribed as a network of octahedrally coordinated Mo>* ions
[Fig. 1(b)] that propagate along the crystallographic a axis
through [PO4]>~ tetrahedral bridges to form Mo’ *-containing
chains. Each Mo-octahedron is coordinated by five P,O;
groups which leave a short apical bond, connected to a K
cation, that distorts the octahedral geometry [Fig. 1(c)]. This
forms a tunnel like cavity, occupied by K cations, that lie
along the crystallographic a axis [Fig. 1(d)]. The relevant
nearest-neighbor superexchange interactions are most likely
to be mediated by the Mo-O-P-O-Mo pathways within and
between the pairs of chains. Following the nomenclature
of the Heisenberg frustrated chain model, those interactions
can be described by the intrachain, J,, and interchain, J,
and J|, superexchange parameters with Mo-Mo distances
of 5.09(1), 5.36(1), and 5.40(1) A, respectively [Fig. 1(c)].
These pairs of chains are separated from others within the
bc plane by pyrophosphate molecules with distances ranging
6.18(1)-6.94(1) A. Similar to other Mo’ and V4*+ containing
materials [25,46,47], the formation of a short apical bond
distorts the octahedral geometry with apical bond distances
of dyo—o7 = 1.67(1) A and dyo—o1 = 2.14(1) A.

B. Magnetometry

The temperature dependence of the zero-field-cooled mo-
lar magnetic susceptibility is shown in Fig. 3(a). Between
160 and 300 K, yxp, is well described by the modified Curie-
Weiss (CW) law, xn(T) = C/(T — Ocw) + xo0, wWhere C =
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FIG. 3. (a), (left) Temperature-dependent magnetic susceptibility
measured in an applied field of H = 1000 Oe alongside the (a),
(right) calculated effective moment . A Curie-Weiss fit to the
data yields an antiferromagnetic Weiss constant Ocw = —16.9(1) K
and an effective moment, p.g = 1.65(1)up, reflecting a nearly full
spin-only § = % moment. (b) Fitting the magnetic susceptibility to an
exact diagonalization (ED) calculation of the Heisenberg frustrated
chain model with an interchain exchange parameter, J;, and an intra-
chain exchange, J,, yields an effective one-dimensional model with
J, =35.2(1)Kand J,/J, = —0.01.

NAugff /3kg and Ocw are the Curie and Weiss constants, re-
spectively, and xo is a temperature-independent background
term. Here, the choice for the minimum fitting temperature of
170 K was made based on the stabilization of the extracted
parameters beyond this temperature (Fig. S3 of the Supple-
mental Material [29]). The fit yields the parameters Ocw =
—16.9(1) K, C = 0.341(1) emu K mol ™! (g = 1.91), ftegy =
1.65(1)uup, and xo =2.51 x 107> emu mol~!, suggesting
dominant antiferromagnetic interactions and a moment size
close to the full spin-only § = % moment of 1.73ug. This is
unlike other Mo>"-containing materials such as Ba; YMoOg
[48] and Lu,Mo,05N,; [49] where a significant orbital contri-
bution is evident by a large deviation of pef from its spin-only
value. On cooling, the development of short-range correla-
tions is evinced by a broad symmetrical feature, characteristic
of quasi-one-dimensional materials centered about 21 K. No
features indicative of long-range magnetic order are observed
down to 1.8 K.

To approximate the leading magnetic exchanges in
KMoOP,07, an exact diagonalization calculation has been
performed for the S = % Heisenberg frustrated chain model
using the ALPS software package. Given the similarity be-
tween the bonding geometries represented by J; and Jy,
and thus the similarity between the likely superexchange

mechanisms, only one interchain exchange is used to ap-
proximate both parameters. When fitting y,, above 15 K,
the resulting parameters [J, = 35.2(1) K, J;/J, = —0.01, g =
1.96] are consistent with a leading antiferromagnetic interac-
tion and highlight the one dimensionality of the magnetism
in KMoOP;0;. The minimum fitting temperature here was
picked within a region where minimal variation in x? and J,
is observed. In comparison to the CW model, J; could then be
estimated using Ocw = —}T(zJ 1 + 7'J»), where z is the number
of couplings per site, resulting in J;/J, & —0.04. While the
small J; /J, = —0.01 reflects that fitting the magnetic suscep-
tibility cannot produce a reliable estimate of J;, the resulting
model, where interchain exchange plays a minimal role, is
confirmed by our electronic structural calculations (Sec. III E)
which places KMoOP,0; within the one-dimensional limit
of the frustrated HAF phase diagram. As a one-dimensional
spin chain, this reflects an expected saturation field, Hg, =
2J1D/g,bLB, of =53 T.

C. Specific heat

The temperature dependence of the zero-field molar spe-
cific heat, Cp o, i shown in Fig. 4. Considering the
insulating behavior expected, the total specific heat, C, otal
can be approximated by the individual contributions of its
lattice, Cp phonon, and magnetic, Cp, mag, cOmponents such that
Cp.total = Cp,phonon + Cp.mag- To estimate Cp phonon, the phe-
nomenological Debye-Einstein model,

3
Cp.phonon(T) = foCp (O, T) + Y fi,Ce (0s,, T),  (3)

i=1

T\> P xte*
Cp(6p,T) = 9nR<—) / (—dx, “4)
0

Op e — 1)
T\2 ee/T
CeOp, T)=3nR| — | ——, 5
20, T) =3n (913) @ 1) )

is used. Here, Egs. (4) and (5) represent the Debye and Ein-
stein terms and their characteristic temperatures, 6p and 6,
respectively, whereas fp and fg are weighting factors, R is
the universal gas constant, and n defines the number of atoms
per formula unit. When fitting down to 40 K [Fig. 4(a)],
Cp.1otal 18 Well described by the parameters 6p >~ 550 K, fp =~
0.58,60g, ~ 90K, fg, =0.11, 05, ~ 115K, f5, = 0.13, 05, =
460 K, and fg, = 0.18. Here, four Einstein terms were ini-
tially used to reflect the three optical phonons observed in
the measured dynamical structure factor [Fig. S6 of the Sup-
plemental Material [29]] plus any additional higher-energy
phonon branches. Fitting the lowest-energy phonon, however,
proved the fit unstable, and so only three terms were used.
By subtracting an extrapolation of the estimated Cp, phonon
from Cp tora1 down to 0.7 K, a broad feature, consistent with
an anomaly seen in the Fisher specific heat (Fig. S3 of the
Supplemental Material [29]), d x T /dT, is observed in C, ae
[Fig. 4(b)]. When using the extracted J; >~ 35 K from the ex-
act diagonalization model describing xn,(7T), we find that the
temperature at which this maximum is observed, Ti,ax =~ 18 K,
is consistent with the expected 0.48 Jip >~ 18 K for the S = %
one-dimensional HAF model [50]. The maximum magnetic
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FIG. 4. (a) Temperature dependence of the zero-field total heat-
capacity fit to a Debye-Einstein model to approximate the phonon
contribution to the specific heat, Cj phonon, yielding 6p 2~ 550 K,
fp >~ 058,08 290K, fg, =0.11, 65, ~ 115K, fg, =0.13, 6, ~
460 K, and fg, = 0.18. By subtracting C;, pnhonon from the total heat
capacity (b), (left), the resulting magnetic specific heat, C; nag, re-
veals a broad feature centered about 18 K and that can be described
by the § = % Heisenberg frustrated chain model with an intrachain
exchange parameter, J, = 35.8(1) K, and an interchain exchange
parameter, J, /J, = —0.06. This feature is also associated with (b),
(right) magnetic entropy release. (c) A broad feature, centered about
In = 0.54 K, is observed in C, (a1

specific heat for this feature, Crr,f‘f‘nxa =312 T mol 'K, is
also in agreement with the expected C'\%, = 0.3497 x R =~
2.9 J mol~' K~! for a uniform § = % Heisenberg chain anti-
ferromagnet [51].

To confirm the validity of this model, we then fit C; a(T')
to the theoretical curves obtained from the exact diago-
nalization calculation of the S = % Heisenberg frustrated
chain model and obtain J, = 35.8(1) K and J;/J, = —0.06
[Fig. 4(b)]. While the resulting model describes the peak po-
sition in Cp mag(T') and is consistent with minimal frustration,
an overestimation of the phonon contribution is evident when
compared with the theoretical curve. Indeed, this discrepancy
is also observed when estimating the spin entropy release as-

sociated with this feature which was calculated as Sy (T) =

11(1)(0 KCp,mg/T. The resulting Spae = 4.15 1 mol ' K-! re-

flects that only ~70% of the maximum allowed R In 2 entropy
is released across this feature, which is lower than the theoreti-
cal entropy release for the § = % HAF model [50]. Additional
to the phenomenological nature of the fitting approach, the
overestimation of the phonon contribution could also reflect

the large thermal motion of the K™ ions that lie within the
relatively large cavities along the a axis.

Below 1 K, the temperature dependence of the total zero-
field specific heat reveals a feature centered about Ty =
0.54 K. Assuming that it represents the onset of long-range
magnetic order, the absence of any significant interchain ex-
change interactions, J; < 0.19 K, is suggested by applying
the analytical expression |/, | >~ Tn/1.284/In(5.8J;/Ty) [52]
with 7y < 0.6 K. An upper limit on the ordered magnetic
moment, [Ly4, can then be approximated as poq < 0.08 up

by using the expression poq >~ 1.017/]J1|/J; [52].

D. Long-range magnetic order

To investigate the nature of the long-range magnetic order,
NPD data were collected at 0.05, 1.8, and 20 K on the D20
and WISH diffractometers. While at first glance features con-
sistent with a propagation vector of ¥ = 0 can be gleaned from
the subtracted data sets, the simulated models for this propa-
gation vector confirm that these features are instead artifacts
arising from the subtraction [Fig. S4(a) of the Supplemental
Material [29]]. Thus, no features consistent with magnetic
Bragg scattering are observed in the subtracted data sets.
Instead, if we assume antiferromagnetic ordering along the
chain direction, k = (%00), as justified by the crystal structure
(Sec. I A) and the electronic structure (Sec. IITE), an upper
limit of weg < 0.15 up can be estimated for all moment
directions at 0.05 K [Fig. S4(b)]. This strong suppression of
the ordered moment is consistent with KMoOP,0; residing
close to the pure one-dimensional-chain limit. Indeed, such
a reduction is characteristic of the § = % antiferromagnetic
Heisenberg chain spin model and is generally observed across
its various material realizations [53,54].

E. Microscopic magnetic model

To better understand the Heisenberg one-dimensional char-
acter of the magnetic correlations observed thus far, we now
turn to the electronic structure. In the absence of correlations,
the GGA band structure of KMoOP,05 is metallic. The bands
between —0.5 and 4 eV have predominantly Mo 4d origin
[Fig. S5 [29]]. The apparent Heisenberg nature of the spins
can be understood as the structure of KMoOP,0O; features
strongly distorted MoOg octahedra. Here, the short apical
Mo-O bond splits the 1,4 states into the lower-lying d., orbital
and higher-lying, nearly degenerate dy, and d, orbitals. This
raises the orbital degeneracy of 4d' Mo>" and leads to purely
Heisenberg spins. This is similar to the crystal-field splitting
of V4 that also forms short apical bonds within the VOg octa-
hedra as in «-KVOPOQy [46]. Orbital energies for KMoOP, 07
determined from the tight-binding fit of the band structure
are €,y = 0.02 eV, €y, =0.98 eV, &, =1.03 eV, €o_pp =
3.09 eV, and €3,2_2» = 4.50 eV. The crystal-field splittings
are about twice as large as in the case of V4* in an oxide
crystal field [40,55], reflecting the larger spatial extent of 4d
orbitals compared with 3d. The exchange couplings obtained
from Eq. (2) and from DFT + U calculations are listed in
Table I. The leading interaction J, runs along the a direction
and connects the Mo+ ions into linear spin chains. The mech-
anism of this interaction is the Mo-O-P-O-Mo superexchange
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TABLE 1. Exchange couplings in KMoOP,0,. The values of
Ji™ and J{M are derived from the Kugel-Khomskii model (2) and
show the relative contributions of different superexchange mecha-
nisms. Total exchange couplings J;; are obtained by the DFT + U
mapping analysis and may be different from J3™ and J{M.

dyiomo (A) T (K) JM (K) i (K)
J> 5.085(1) 71 -8 34
Ji 5.360(5) 0 —-1.6 —14
J| 5.401(5) 0 —14 —1.8
Jo 6.180(1) 0 —-0.3 —-0.4

via two equivalent bridges formed by the PO, tetrahedra. A
similar interaction mechanism is known for (VO),P,07 [56],
VOPO, - 0.5H,0 [57], and other V*+ phosphates, where the
double POy bridges cause magnetic interactions on the order
of 100 K. The interaction in KMoOP,07 is much weaker,
probably due to the lateral displacement of the octahedra,
which is known to be unfavorable for superexchange [58] and
indeed restricts the overlap of oxygen p orbitals along the edge
of the tetrahedron (Fig. 5). The main interchain interactions
Ji and J| are weakly ferromagnetic and zigzag in nature.
Residual and nonfrustrated coupling J, connects the chains
along the b direction and is similarly ferromagnetic.

F. Inelastic neutron scattering

Having determined the source of the observed one-
dimensional magnetic correlations, we now return to the
magnetic Hamiltonian of the system. The experimental dy-
namical structure factor, S(Q, E = hw), measured at 1.8 K,
is shown in Fig. S6(a) [29]. At first glance, spurious scatter-
ing arising from the sample environment is observed below
2.5 meV at low angles. To correct for this background, we
subtract the dynamical structure factor of the diamagnetic
analog [Fig. S6(c) [29]], KNbOP,0O5, from the experimental
data of KMoOP,0;. This is justified by the similar phonon
spectra of the materials. Here, a scaling factor of 1.1 was used
to provide the cleanest subtraction. As seen in the resulting
spectrum [Fig. 6(a)], however, remnants of this spurious scat-

9 O

%) o00
‘b@;;b@

O

FIG. 5. Mo d,,-based Wannier functions showing the orbital
overlap for the J; superexchange pathway.

0.5 1 1.5 2 25 3
o 1)

FIG. 6. (a) Phonon-subtracted experimental dynamical structure
factor S(Q, E') measured at 1.8 K using an incident energy of E; =
14.2 meV on the INS spectrometer. The spurious intensity below
2.5 meV is associated with scattering from the sample environment.
(b) Powder-averaged and E-resolution convoluted S(Q, E );ﬁ‘ﬁ calcu-

lated for J; = 344K J, = —1.8 K.

tering, alongside a phonon branch centered about 5.5 meV
and peaked around 3 A~', cannot be fully corrected for. As
such, our analysis is confined within the £ > 2.5 meV and
0 < 3 A" regions of the spectrum which are least contami-
nated by these features.

When considering the background-subtracted S(Q, E)
[Fig. 6(a)], an accumulation of inelastic spectral weight in a
broad feature, peaked about 4.5 meV [Fig. 7(a)], is clearly
observed. Alongside the one-dimensional dynamics inferred
from the analysis thus far, the sharp onset of magnetic scat-
tering above 0.5 Al [Figs. 7(b) and 7(c)] could be associated
with powder averaged one-dimensional excitations. Indeed, to
a first approximation, the leading exchange parameter, J, =
3.02(1) meV, extracted from the exact diagonalization fits to
xm(T") and G, 1mae (T'), coincides with the expected upper limit
of the lower bound of the two-spinon continuum, 7.J;p/2 =~
4.7 meV.

To quantify the leading magnetic exchanges in
KMoOP,07, a random-phase approximation (RPA)-style
approach [36] using the dynamical structure factor of the two-
and four-spinon continuum, S(Q, £ )geﬂi [35], was applied for
the Hamiltonian

N N
H=1D Y Su-Sari+J1 Y Sa-Sapa. (6)
n,n+1 n,n+2
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model yields J, = 34.4 Kand J; = —1.8 K.

To optimize the model, four AE cuts, integrated over
60 =0.1 A-! and centered around 0.9, 1.1, 1.4, and 1.6
A~!, were used. The calculated model, powder-averaged and
convoluted to the E-dependent resolution, was then fit to
the experimental data using a particle swarm optimization
algorithm. While the resulting model parameters were con-
sistently within the range of 2.93 to 2.96 meV and 0.12
to 0.16 meV for J, and |(J;)|, respectively, the sign of the
latter was undetermined by the fitting. By considering the
effect of the sign of J; on multiple AQ cuts, integrated over
8E = 0.2 meV, however, the best-fit model was found for J, =
344K (295 meV)and J; = —1.8 K[—0.16 meV, Figs. 7(a)—
7(f)]. Indeed, although the redistribution of spectral weight
resulting from J; is expected to be most pronounced within
contaminated regions of S(Q, E), a characteristic narrowing
of the peaks in AQ was consistent among solutions with
ferromagnetic J; (Fig. S7). Furthermore, the resulting model
is consistent with both models obtained through the DFT 4 U
calculations (Table I) and the exact diagonalization fits to
xm(T") and Cp o (T ). Extracting a more conclusive estimate
of J; will require analysis of a dynamical structure factor
measured for a single-crystalline sample. Regardless of the
sign of Ji, however, the resulting model is widely consistent
with KMoOP,05 falling within the one-dimensional limit of
the HAF phase diagram with |J;|/J> < 0.05. Finally, it should
be noted that uniform Dzyaloshinskii-Moriya (DM) interac-

QA"

FIG. 7. (a)—-(c) AE- and (d)—(f) Q-integrated cuts (closed circles) fit to the S(Q, E);‘_‘h

2 3

calculated as described in the text. The resulting

tions are allowed along the chain direction. While it cannot be
conclusively disregarded, no signs of incommensurate mag-
netic order, which is expected even for a small DM interaction
[59,60], could be observed in any data set.

IV. CONCLUSION

In summary, we have presented a comprehensive inves-
tigation of the structural and magnetic properties of the
one-dimensional § :% Mo’ * system, KMoOP,0;. Using
powder neutron diffraction, the previously published structure
of KMoOP,07 has been verified down to 50 mK. Analy-
sis of magnetic susceptibility data revealed one-dimensional
magnetic correlations that are consistent with the observed
magnetic specific heat. While a broad feature is observed
at Ty = 0.54 K in the temperature dependence of the spe-
cific heat, no magnetic Bragg scattering is observed down
to 0.05 K, which we ascribe to the strong one-dimensional
character of the correlations in KMoOP,07. This result is
confirmed by our ab initio calculations which reveal an active
d.y, magnetic orbital, resulting from distortions to the Mo *-
containing octahedra, favoring superexchange along the chain
direction. We finally determine the spin magnetic Hamiltonian
through analysis of powder inelastic neutron-scattering data
resulting in a model that is broadly consistent with all experi-
mental results. We thus propose KMoOP,0; as a near ideal
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realization of the S = % Heisenberg one-dimensional chain
antiferromagnet model.

When considering other S = % Heisenberg quasi-one-
dimensional antiferromagnet materials that are amenable to
frustration, the magnetic ground state of KMoOP,0; is
reminiscent to that seen in other materials falling on the
one-dimensional limit such as in CuSe,O5 [61] and Sr,CuO3
[62,63]. The one-dimensional character of the magnetic cor-
relations in KMoOP,07 also highlights the significance of the
crystalline electric field in determining the effective magnetic
ground state. It could then be interesting to examine the role
of the monovalent ion site, A, in AMoOP,07, in tuning the
energy scales in the system, especially given the slight struc-
tural variations for A = Na [26], Cs [27]. Investigating the
effect of the superexchange mediating ion on the magnetic
properties of the system could also prove fruitful by studying
KMoV,0g as the analogous compounds, AMP,0g (A =TI,

K, Rb, Cs, M = Nb, Ta), exist [64]. Finally, the roles of the
spin and orbital degrees of freedom could be explored in the
5d S = % W3+ analog, KWOP,0; [65].
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