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Innovative synthetic approaches can yield new phases containing novel structural and magnetic
motifs. In this work, we show the synthesis and magnetic characterization of three new and one
previously reported layered phase in the K-Cu-Te-O(H) phase space using a tunable hydroflux
technique. The hydroflux, with a roughly equal molar ratio of water and alkali hydroxide, is a
highly oxidizing, low melting solvent which can be used to isolate metastable phases unattainable
through traditional solid state or flux techniques. The newly synthesized phases, K2CuzTeOg,
K2oCu2TeOg - H20, and KgCugTesO24 - 2 HyO, contain Cu?t within CuOy4 square planar plaquettes
and TeOg octahedra ordering to form structural honeycomb layers isolated by interlayer K ions
and H20 molecules. We find the synthesized structures display varying tilt sequences of the CuO4
plaquettes, leading to distinct Cu?T magnetic motifs on the structural honeycomb lattice and a
range of effective magnetic dimensionalities. We find that KoCusTeOg - HoO does not order and
displays alternating chain Heisenberg antiferromagnetic (AFM) behavior, while KoCu2TeOg and
KeCugTesO24 - 2 HoO order antiferromagnetically (Tx = 100 K and Ty = 6.5 K respectively). The
previously known phase, KoCuTeO4(OH)s - HoO, we find contains structurally and magnetically
one-dimensional CuQO4 plaquettes leading to uniform chain Heisenberg AFM behavior and shows
no magnetic order down to T = 0.4 K. We discuss and highlight the usefulness of the hydroflux
technique in novel syntheses and the interesting magnetic motifs that arise in these particular phases.

I. INTRODUCTION

Structure-property relationships are the foundation of
solid state chemistry and physics. However, synthesis-
structure relationships often remain mysterious due to
new combinations of elements present, extreme environ-
ments required, and the scientists’ inability to observe the
reactions in real time. In the case of flux-based growths,
the structure of the synthesized crystal is tied to the
identity and stability of the ionic fragments present in
solution. 1} 2] Thus, to rationally synthesize new materi-
als via flux-based reactions, conditions must be tuned to
adjust the stability of different ionic building blocks in
solution in order to stabilize the desired phases.

To this end, we explore the use of hydroflux reactions
as a method to access underexplored regions of phase
space via the unique chemical conditions of these fluxes.
In general, hydroflux reactions use concentrated, wet hy-
droxides as a basic reaction medium heated to moderate
temperatures in a sealed autoclave in a cross between
hydrothermal and hydroxide flux methods.[3] However,
relative to hydrothermal and flux reactions, the unique
chemistry which occurs in hydroflux reactions due to
their nearly equal amounts of water molecules and hy-
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droxide ions is underexplored. In particular, ionic ef-
fects suppress water vaporization and pressure buildup
in the reaction chamber, and highly reactive peroxides,
superoxides, and oxygen ions are formed in solution. 3] [4]
These factors create unique growth conditions that can
yield novel oxidized phases at low temperatures and pres-
sures. Like hydrothermal and hydroxide flux synthe-
ses, hydroflux syntheses are highly tunable and differ-
ent products may be obtained by adjusting solution or
reagent concentrations, identity of hydroxide, and syn-
thesis time.[I], Bl 5] Product dimensionality has also been
shown to be targetable in mixed hydroxide/halide fluxes
by tuning the solubility of the reagents and thus the
ratios and identities of constituent building blocks in
solution.[5] Here, we seek to explore these aspects of
hydroflux syntheses by targeting products with desir-
able building blocks and dimensionality for hosting exotic
magnetic phases.

In this work, we used the hydroflux method to target
novel phases in the Cu-Te-O(H) phase space containing
fully oxidized Cu?*, a model spin—% ion. Fully oxidized
Tebt, which strongly prefers octahedral coordination,
can form a stable, non-magnetic scaffold around Cu?* [6]
to create model magnetic systems such as 1-dimensional
(ID) chains, dimers, and honeycomb motifs.[7, 8 Ad-
ditionally, incorporating an alkali hydroxide like KOH
could further stabilize new structures as large alkali
cations can partition Cu-Te-O(H) layered building blocks
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FIG. 1. Schematic of all isolated products formed from hydroflux reactions in the K-Cu-Te-O(H) phase space depending on
the q(K) = (mol H20/ mol KOH) and q(Cu) = (mol Cu/ mol Te) used. All reactions were washed with water to isolate the

products.

and tune the dimensionality of the systems.[9] Generally,
layered phases containing magnetic ions can exhibit ex-
otic physical phenomena due to the competing effects of
electronic confinement to specific low dimensional geome-
tries and magnetic interactions within them.[I0] Multi-
ple competing orders on a single lattice can drive slight
structural changes, yield unusual orbital overlap, and en-
courage collective electronic states. [T, [12]

This work shows the directed synthesis of new phases
based on guiding principles for hydroflux growth tech-
niques. We synthesized four new phases in the K-Cu-Te-
O(H) phase space and found that KOH hydrofluxes result
in K incorporation and the formation of 2D layered Cu-
Te-O(H) frameworks, isolated by intercalated Kt ions
and H2O molecules. All synthesized products are shown
in Fig. These new phases have interesting Cu?* mo-
tifs, including honeycomb-like layers and isolated chains.
We have characterized the magnetic properties of these
various Cu?t motifs, revealing magnetic order as well as
uniform and alternating spin chain behaviors. Overall
this work has broad implications for the synthetic de-
sign of new phases using hydroflux growth as well as the
study of fundamental magnetic properties of Spin-% Sys-
tems with different magnetic motifs.

II. EXPERIMENTAL METHODS

hydroflux reac-
(Thermo

Samples were synthesized via
tions as follows: powder reagents CuO
Scientific, 99.995%) and TeOs (Acros Organ-
ics, 99+%) were combined with a total quan-
tity of 1-3 mmol to achieve molar ratios defined

as q(Cu) = (moles Cu)/(moles Te) = 0.25, 1, 4.
KOH (Fisher Chemical 86.6%), deionized (DI)
H,0, and H30, (Fisher Chemical 30%) were

combined to achieve molar ratios defined as
q(K) = (moles H,0)/(moles KOH) = 1, 2, 5, with
fixed liquid reagent amounts of 2 mL DI HoO and 1 mL
H205. q(K) was calculated assuming anhydrous KOH
for simplicity, and 1 g HyOs = 0.7 g H>O. Reagents
were loaded into a 22 mL capacity teflon-lined autoclave
with HyO5 added last and dropwise to minimize sudden
Oy gas formation. The autoclaves were placed in
stainless steel containers, closed, and heated at 200
°C for between 2 and 4 days in a low temperature
oven before being quenched to room temperature.
Samples were rinsed with DI H,O and filtered using a
vacuum funnel. Ky;CuyTeOg formed large, flat, emerald
green, hexagonal crystals. KsCusTeOg - HoO formed
point-centered clusters of flat, clover-shaped kelly green
crystals.  KgCugTesOgy - 2 HoO formed small forest
green crystals interspersed with teal polycrystalline
material (both grown on top of large black crystals).
KoCuTeO4(OH)s - HoO formed dark green-black crys-
tals with several growth faces. Images of the crystals
are shown in the SI. Single crystal X-ray diffraction
(SCXRD) measurements were performed using a Super-
Nova diffractometer (equipped with Atlas detector) with
Mo Ka radiation (A = 0.71073 A) under the program
CrysAlisPro (Version 1.171.42.49, Rigaku OD, 2020 -
2022). The same program was used to refine the cell
dimensions and for data reduction. All reflection inten-
sities were measured at T = 213(2) K. The structure
was solved with the program SHELXS-2018/3 and was
refined on F? with SHELXL-2018/3.[13] Analytical
numeric absorption corrections using a multifaceted



crystal model were performed using CrysAlisPro. The
temperature of the data collection was controlled using
the Cryojet system (Oxford Instruments). Phase purity
was determined using powder X-ray diffraction (pXRD)
on a Bruker D8 Focus diffractometer equipped with a
LynxEye detector using Cu K« radiation (A = 1.5406
A). Data was collected in the range 20 = 5-120° with a
step size of 0.01715° and a step time of 2 seconds. pXRD
Rietveld refinements were performed using Topasb using
the refined single crystal structure as the starting point
refinement for each compound.[I4] Subsequently, only
lattice parameters, peak shape, and instrumental zero
error were refined and changed from the single crystal
solution. Temperature-dependent magnetic susceptibil-
ity data was collected on a Quantum Design Magnetic
Property Measurement System (MPMS3) from T = 2 -
300 K under an applied field of H = 100 Oe and ugH
= 1 T using zero-field-cooled (ZFC) and field-cooled
(FC) protocols. To measure down to T = 0.4 K, the
3He option of the MPMS system was used and the DC
magnetic susceptibility was measured in a field H = 100
Oe in the T = 0.4 - 2 K temperature range. Isothermal
magnetization measurements were collected at various
temperatures with a field range of £7 T. All magnetic
data were collected on powderized single crystal sam-
ples. Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) were performed using a
JEOL JSM-IT100 by mounting single crystals on carbon
tape. All crystal structure visualizations were done
using VESTA.[I5]

IIT. HYDROFLUX SYNTHESIS

Hydroflux synthesis is a relatively new and under-
explored type of reaction which sits between the well-
studied regimes of hydrothermal and hydroxide flux re-
actions. Specifically, hydroflux reactions occur in molten,
wet hydroxides with a roughly equal molar ratio of hy-
droxide to water. Chemically, this means that each wa-
ter molecule is loosely bound to a hydroxide molecule
which limits its activity,[I6] in contrast to the water and
hydroxide environments of hydrothermal and hydroxide
flux syntheses. In order to explain the usefulness and
novelty of hydroflux reactions, we will briefly compare
them to hydrothermal and hydroxide flux reactions.

In hydrothermal reactions, when water is the pri-
mary solvent, HoO autodissocates to form OH~ and HY
ions. This dissociation is typically controlled by tun-
ing the pH of the solution. Additionally, based on the
strength and polarization of cation-anion bonds in the
reagents, the OH™ or H* can effectively break the bonds
in the reagents and dissolve the species.[I7] Heating wa-
ter above its boiling point in a closed system, even be-
low its supercritical temperature, enhances the activ-
ity of both the OH™ and H™ ions and enables dissolu-
tion of a wide range of reagents into ionic fragments.[I§]
In conjunction, the dielectric constant of water under

pressure is decreased with increasing temperature, re-
sulting in some species precipitating out of solution at
high temperatures.[I] Additional species may be added
to modify the pH, as a mineralizer to encourage pre-
cipitation or dissolution, or change redox potentials.[I§]
Depending on these factors, metals may prefer to exist
in a range of coordination environments, bound to sev-
eral ligands, and with the particular coordination geom-
etry determined by the electron count of the ligand(s)
and polarization of the bonds. Temperature gradients
and/or the activity of mineralizers in solution can cause
fragments to pair and precipitate out of solution; the ge-
ometries of metal ions that can be stabilized in solution
can remain when the fragments form an extended solid. [2]
One key additional benefit of hydrothermal reactions is
their low temperatures relative to traditional solid-state
synthesis methods, which can be exploited to limit the
effects of thermodynamics and drive the stabilization of
metastable phases. [18§]

Hydroxide flux reactions are often performed in open
crucibles above the melting point of the dry hydroxide.
Hydroxides are highly ionic species which tend to sep-
arate into cations and hydroxide anions and are oxidiz-
ing at elevated temperatures.[2] The strength of the au-
todissociation depends on the identity of the cation, and
the hydroxide anions can further dissociate into HoO and
02~ .[16] Beyond these autodissociation reactions, molten
alkali hydroxides have been found to produce oxidizing
peroxides and superoxides in the presence of oxygen;
heavier cations tend to produce more of these species. [4]
Thus, the ability of hydroxide flux reactions to dissolve
and precipitate species from solution depends strongly
on the identity of the hydroxl counterion. In contrast
to hydrothermal reactions, hydroxide flux reactions are
performed at high temperatures and tend to produce the
most oxidized phase.[2] In general, hydroxide flux reac-
tions can be particularly useful when considering reac-
tions where the solubility of reagents are low in aqueous
or molten salt environments and when strongly oxidiz-
ing conditions are needed to stabilize desired oxidation
states.

The hydroflux technique differs from its peer synthetic
methods in several key ways. Unlike hydrothermal and
solid-state techniques, the hydroflux scheme is strongly
oxidizing and enables the controlled formation of phases
with high oxidation states. For example, similarly ox-
idizing hydroxide fluxes have been used to reduce ex-
treme oxygen pressure requirements in the synthesis of
high valent nickelates.[I9] 20] As in hydroxide flux reac-
tions, the identity of the hydroxide in hydroflux affects
the basicity of the melt and the equilibria which dictate
formation of peroxides and superoxides. In hydroflux re-
actions, the presence of water likely changes these equi-
libria, resulting in different products. Water affects the
local coordination of metal ions in solution, as the pres-
ence of comparable amounts of stronger field water and
weaker field hydroxide ligands can influence preferred
geometries.[21] In this work, water-rich hydrofluxes al-



TABLE I. Single crystal X-ray diffraction data of all compounds synthesized in this work: KoCusTeOg, KoCusTeOg - H20,

K6CU9T€4OQ4 -2 HQO, KQCHTGO4(OH)2 . HQO

Compound KQCUQTGOG KQCUQTGOG . HQO KchQTe4OQ4 -2 HQO KgCuTeO4(OH)2 . HQO
T (K) 213(2) 213(2) 213(2) 213(2)
Space group P21 /c (14) Cmem (63) Pmn2, (31) Cc (9)
Crystal system monoclinic orthorhombic orthorhombic monoclinic
a (A) 6.4009(2) 8.7289(4) 12.6180(4) 9.5773(3)
b (A) 9.2339(2) 5.8069(3) 10.5960(3) 6.22756(18)
c (A) 5.28005(17) 12.7410(6) 9.2348(2) 11.9847(4)
B8 (°) 104.647(3) 90 90 90.493(3)
Volume (AS) 301.937(16) 645.81(5) 1234.70(6) 714.78(4)
7 2 2 2 2
Peate (g/cm?) 4.717 4.596 4.672 3.581
A, Mo Ka (A) 0.71073 0.71073 0.71073 0.71073
No. reflections collected 11030 9294 27504 10524
No. independent reflections 1132 662 4784 2686
20 range (°) 6.58 to 65.984  6.396 to 65.958 3.844 to 65.996 6.8 to 65.996
Index ranges —-9<h<9 —-13<h<13 —-19<h <19 —-14<h<14
-14<k<14 —8< k<8 -16<k<16 —-9<k<9
—-8<1<L8 —-19<1<19 -14<I<14 —18<1< 18
Data/Restraints/Parameters 1132/0/53 662/1/37 4784/1/218 2686/7/113
F(000) 392.0 824.0 1590 716
Goodness-of-fit on F? 1.193 1.194 1.058 1.153

R1,’LUR2 [I 2 20’(1)}
Ri,wR> [all data]

0.0108, 0.0241
0.0112, 0.0242

0.0199, 0.0524
0.0219, 0.0533

0.0250, 0.0451
0.0313, 0.0477

0.0143, 0.0375
0.0148, 0.0377

Largest diff. peak/hole (/eA~3)  0.50/-0.58

1.47/-0.74

1.47/-0.90 0.47/-0.87

lowed hydroxl groups and water to be incorporated into
the structures, while strict hydroxide flux (and, in this
work, hydroxide-rich hydroflux) syntheses tend to form
oxides.[16] Furthermore, while flux reactions, compared
to solid-state syntheses, are often championed as low-
temperature methods capable of stabilizing metastable
products, hydrofluxes can have melt (and thus reaction)
temperatures several hundred degrees below their respec-
tive hydroxides. Hydroflux reactions may be performed
at temperatures closer to those in hydrothermal reac-
tions, allowing the exploration of metastable phases in
an oxidizing environment. Finally, the strongly oxidizing
hydroflux and hydroxide flux reactions have also been
used to solubilize reagents insoluble in both aqueous me-
dia and other fluxes.[22] Overall, the use of hydrofluxes
as opposed to traditional hydrothermal or flux reactions
enables novel regions of phase space to be explored due to
the pairing of highly oxidizing and low-temperature con-
ditions with the unique dissolution properties of a mixed
water /hydroxide flux.

Here, we give a synopsis of the structures reported in
this work in the context of the changes in the hydroflux
reaction scheme and the resulting changes in structure
to help elucidate the chemical considerations in product
selection from hydroflux reactions. The structure and
SCXRD data for the four phases stabilized in this work
are shown in Table [ and the SI.

We have found three new phases (K2CuyTeOg,
KoCuyTeOg - HoO, and KgCugTesOgy - 2 HQO) in the
q(Cu) = 1 regime with q(K) = 1, 2, and 5 respectively.
For all q(Cu) = 1 products, the ratio of Cu:Te in the

product remains fixed at &~ 2, implying that, within the
explored regime of q(K), the ratio of solubility of CuO
to TeOz does not change. We do find that as q(K) is in-
creased with q(Cu) = 1, the amount of hydrate in the
product increased demonstrating that for higher q(K)
more HoO remains active in solution. Structurally, the
layered arrangements of CuQO4 square planar plaquettes
and TeOg octahedra form a honeycomb motif with dif-
ferent interlayer spacer species. In all of these phases,
the Cu-O coordination environment can be effectively
treated as square planar as CuQOg octahedra show dis-
tortion via large apical elongation. Although all of these
phases appear structurally similar, slight differences in
the directionality of the octahedral distortions result in
vastly different magnetic interactions on the structural
honeycomb motif.

After the successful synthesis of three new phases
in the q(Cu) = 1 regime, the ratio of Cu:Te in the
starting material was systematically modified. When
q(Cu) is increased to 4 for all q(K) tested, CuO is re-
covered as the majority phase and no extended Cu-
Te-O(H) motifs are formed. Additionally, when q(Cu)
is decreased to 0.25, the only phase stabilized is the
previously reported KoCuTeO4(OH)s - HoO phase.[23]
K5CuTeO4(OH)s - HyO is found in reactions with q(Cu)
= 0.25 and q(K) = 2 or 5 but not for q(K) = 1. Syn-
thesis of this hydrated phase in high q(K) reinforces the
idea exemplified in the q(Cu) = 1 reactions that varying
q(K) can greatly change the amount of HoO available in
the flux to be incorporated into the product. Overall, we
find that as q(K) increases, the amount of (OH)~ and



H5O in the isolated product also increases. Accordingly,
the only anhydrous oxide found formed with q(K) = 1.
It is also important to note that increasing the amount
of TeOs in solution by a factor of 4, to q(Cu) = 0.25,
only altered the Cu:Te ratio in the resulting phase by a
factor of 2. This, in combination with the study of the
q(Cu) = 4 regime, implies that CuO is both easier to
incorporate in the lattice and less soluble than TeOs in
the hydroflux regime with q(K) = 1, 2, 5. This principle
could direct the design of additional extended solids to
target incorporation of particular Cu:Te ratios.

IV. RESULTS AND DISCUSSION
A. KQCUQTEOG . H2O

Of the four K-Cu-Te-O(H) phases found in the hy-
droflux regime studied, Ko;CuyTeOg - HoO is the most
simple structurally and will be the basis for our dis-
cussion of the magnetism found in these compounds.
KoCusTeOg - HoO is stabilized in a hydroflux reaction
with q(K) = 2 and q(Cu) = 1 and can be synthesized
phase pure as shown from pXRD in the SI. The struc-
ture of KoCusTeOg - HoO was solved by SCXRD and
the structure and single crystal data is shown in Fig.
and Table [[| respectively. In general, the structure is
built from stacked layers of a CuO4 honeycomb lattice
with interpenetrating TeOg octahedra, with intercalated
KT ions and HyO molecules between the layers. One
interesting structural feature in pXRD that is not cap-
tured in our single crystal data is the splitting of the
(00L) family of peaks. This indicates multiple species
of K3CusTeOg - HyO exist with a variation of interlayer
spacing, likely due to different hydration levels.

K2CuzTeOs - H20
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FIG. 2. (a) Crystal structure of KoCuzsTeOg - H2O showing
the layered nature of the structure. (b) Crystal structure of
KoCusTeOg - HoO showing the 2D layers of square planar
CuO4 and octahedral TeOg in a honeycomb motif. The im-
portant magnetic interaction pathways between Cu sites on
this motif are denoted as Ji, J2, and J3 following the conven-
tion of NagCuzTeOg.[9)

The magnetic properties of KoCusTeOg - HoO are gov-
erned by its layered structure of distorted Cu?™ spin—%
plaquettes and TeOg octahedra. In total, each Cu can
be thought of as occupying a severely elongated octahe-
dron as the apical Cu-O bond distances (omitted in Fig.

2) are 2.606 A as is common in other Cu®* oxides.[9)]
However, realistically, each Cu is bonded to four oxygen
in a distorted square planar coordination with two short
(1.990 A) and two longer (1.996 A) Cu-O bonds. There-
fore, we discuss each CuQOg octahedra as a CuO4 square
planar plaquette where each plaquette in the honeycomb
has three distinct Cu nearest-neighbors shown in Fig. [2]
by the labeled magnetic interactions. The closest neigh-
bor is the discernible paired edge-sharing plaquette with
a Cu-Cu distance of 2.89 A (.J5), then the apical-oxygen-
sharing plaquette with a Cu-Cu distance of 3.25 A (J3),
and lastly a plaquette in an adjacent Cu-Cu edge-sharing
pair with a Cu-Cu distance of 5.83 A (J;). Additionally,
there is a minimum distance of 4.028 A between planes
along the c-axis with no magnetic interaction between
layers.

Interestingly, KoCusTeOg - HoO is isostructural to a
well-studied system NasCusTeOg, except for the inclu-
sion of interlayer HoO units which are not present in
the Na analogue.[9] The Na analogue can be synthesized
through a high-temperature solid state method but a sim-
ilar method has never been reported for the K compound.
Thorough study of the magnetism in NayCusTeOg has
enabled the characterization of the dominant J;-J5-J3 in-
teractions in this system.[9], 24H28] In NayCusTeOg, the
strongest interaction is J; which is an AFM interaction
arising from super-superexchange along the Cu-O-O-Cu
pathway. The remaining two interactions are both ferro-
magnetic (FM) with the strength of J, much larger than
J3 due to the geometry of the CuO4 plaquettes and the
Cu d,2_ 2 orbitals, resulting in very little orbital overlap
along the interchain direction. As such, the magnetism
of NayCusTeOg is treated as an effective 1D system and
we have taken a similar approach to understand the mag-
netism in KoCusTeOg - HoO.

The magnetic susceptibility of KsCusTeOg - HoO
shown in Fig. [ displays clear 1D behavior and no dis-
tinct phase transitions down to T = 2 K. The large,
broad hump which peaks at T ~ 100 K is likely due
to the onset of short-range correlations. A strong up-
turn at low temperatures is observed and is likely due
to a small paramagnetic impurity phase or disorder in
the system. Measurements on oriented single crystals of
KoCuyTeOg - HoO would help resolve if this upturn is
intrinsic to defects of the systems or due to an impurity
phase from the hydroflux synthesis, but this measure-
ment is currently difficult due to the small crystal size
and agglomerated crystal habit. Isothermal magnetiza-
tion measurements shown in Fig. show AFM behavior
at all measured temperatures and the behavior at the T
= 2 K isotherm dominated by the paramagnetic impuri-
ties in the system. In order to quantify and compare the
magnetic behavior in this system, we have fit the mag-
netic susceptibility with a high-temperature series expan-
sion (HTSE) for the alternating chain AFM Heisbenberg
model.[29] In this system, assuming a much weaker J3
term as is found in the Na analogue,[30] the alternating
chain Heisenberg model should accurately describe the
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FIG. 3. (a) Molar magnetic susceptibility of
K2CusTeOg - HoO powder measured using ZFC and

FC protocols with an external field of H = 100 Oe showing
low-dimensional behavior and no transitions indicative of
long-range ordering. The high temperature data has been fit
(red line) to a S = % alternating exchange Heisenberg chain
(discussed in main text). The upturn at low temperature is
likely due to impurity paramagnetic phases or disorder. (b)
Isothermal magnetization of KoCusTeOg - HoO measured at
T = 2, 50, 150, and 300 K in the range of uoH = + 7 T
applied external field.

magnetism as the J; and J interactions together drive
the magnetic interactions along the a-axis in this system.
Using the HTSE derived in a previous work: [29]

Xmol = X0 T KX*(av ) (1)

Jmaac

the magnetic susceptibility from T = 90 - 300 K has

been fit and using this model. For this model, x¢ de-
scribes any temperature-independent behavior, K is a

scaling term such that K = ]Eiﬁf, o= %, Imaz = J1,
and x* is the modelled magnetic susceptibility. The a pa-
rameter is of particular importance because it delineates
the two limits of the model: for o = 0 a simple spin
dimer is recovered whereas for & = 1 a uniform AFM
Heisenberg chain is recovered.

When using the HTSE, a minimum temperature must
be chosen for the fit range and, as such, all choices of
minimum temperature and the corresponding extracted
fit parameters are shown in the SI. For all fit ranges
in which the errors in fit parameters remained reason-
able, the average of each parameter and average of the
error of each parameter have been reported; o = 0.75(2),
Jmaz = 153(1), and K = 0.0139(1) are the results from
this fitting procedure. Using this value of K the Lande
g-factor can be calculated as 2.38, close to the expected
value of 2.2 for Cu?t. The extracted value for J,,qz is
consistent with the overall shape of the magnetic suscep-
tibility. Finally, an extracted value of @ = 0.75 denotes
the system as behaving between the dimer and uniform
chain limits.

It is important to note that the application of the al-
ternating chain model assumes both J; and Jy are AFM
in nature, so that « is strictly positive. This is not true
for the Na analogue, where J; is AFM and Js is FM,
but was initially a topic of controversy before neutron
spectroscopy measurements were performed as the mag-
netic susceptibility could be modeled equally well with
both alternating AFM-FM chain and alternating AFM-
AFM chain models.[9] [BI] Additionally, DFT results for
the Na analogue had been reported supporting both the
AFM and FM nature of the Jy interaction.[24] 28] As
such, our approach of applying the HTSE for the alter-
nating AFM-AFM chain only serves to distinguish the
behavior in KoCuyTeOg - HoO from the two limits of
the model, i.e. uniform chain and dimer behavior, as
well as determine the magnitude of strongest magnetic
interaction (Jpq.). With that said, application of the
Goodenough-Kanamori rules indicates, qualitatively, a
FM J, in KoCusTeOg - HoO, similar to what has been
determined in NayCusTeOg and NazCusSbOg by neu-

tron spectroscopy.[26], B0, [32]

B. KQCUQTEOG

K5CuyTeOg was synthesized from the highest strength
hydroflux tested, q(K) = 1, and was the only product
to crystallize without incorporation of hydroxls or water
into the structure. This suggests a fundamental shift in
the chemistry of the hydroflux melt that prohibits hy-
drogen incorporation as water content in the flux is de-
creased to q(K) = 1 and the hydroflux becomes more ox-
idizing. Additional experimentation performed in a flux
of hydrated hydroxide with no additional water did not
yield novel phases. This phase can be made phase pure



and does not readily hydrate with exposure to water and
air to form KoCuyTeOg - H2O as seen in pXRD (SI) after
washing the crystals with water to remove excess KOH
from the samples. The structure of KoCusTeOg is shown
in Fig. [ and Table[l|and is very similar to the previously
discussed Ky;CuysTeOg - HyO structure.

As with KsCusTeOg - HoO, the structure of
K5CuyTeOg is centered around the CuQOy4 honey-
comb lattice with interpenetrating TeOg octahedra. In
this structure, Cu is bonded in a square planar coordi-
nation, with one short (1.970 A), two medium (1.983
A), and one long (2.058 A) planar Cu-O bonds. Apical
Cu-O bonds of 2.496 A and 2.469 A justify treating
the coordination as square planar rather than distorted
octahedral. There are two long (3.108 A) and one
short (3.058 A) Cu-Cu distances around the honeycomb
lattice, Jo and .J3, respectively, and interlayer K* ions
segregate the Cu-Te-O layers.

K2Cu2TeOs

FIG. 4. (a) Crystal structure of KoCu2TeOs showing the
layered nature of the structure. (b) Crystal structure of
K2CuzTeOg showing the 2D layers of square planar CuOgy
and octahedral TeOg in a honeycomb motif. The important
magnetic interaction pathways on this motif are denoted as
J1, J2, and Js following the convention used in this Work.ﬂﬂ]

The strength of each magnetic interaction in this
phase can be understood using the basis derived from
K5CusTeOg - HoO; however in KoCusTeOg, 1/3 of the
CuOQy4 plaquettes in each honeycomb are twisted ~ 90°
relative to the others and this seemingly minor structural
difference drives stark changes in the magnetic behavior
of the system.

In KoCusTeOg - HyO, because the CuOy4 plaquettes all
lie roughly in the same plane, the magnetic behavior is
best described as an alternating chain along the a direc-
tion, and plaquettes effectively do not couple via inter-
actions along the b and c¢ directions. In K3;CuyTeOg, the
tilting of 1/3 of these CuOy4 plaquettes by =~ 90° changes
the Cu-Cu interactions to become more two-dimensional
as both J; and J> are no longer fixed to one direction
(shown in Fig. [4)) within the honeycomb plane.

Specifically, this two-dimensional behavior arises due
to each CuQy4 plaquette no longer sharing an edge with
another plaquette in a pair, but instead sharing corners
with two plaquettes along different directions. This leads
to altered strengths and directions of magnetic interac-

tions J; and Jo. Although J; gains dimensionality in
KoCusTeOg, the strength of the interaction likely re-
mains the same, as it remains a super-superexchange
Cu-0-O-Cu AFM interaction. The FM J; interaction,
which we suppose is significantly weaker than J; in
KoCusTeOg - HoO based on neutron spectroscopy stud-
ies of isostructural NagsCusTeOg,[20, B0] is likely even
weaker in KoCuyTeOg. The edge-sharing plaquettes of
KoCusTeOg - HoO provide two oxygen avenues for Cu-
O-Cu superexchange within a pair of plaquettes, but the
corner sharing plaquettes of KoCuyTeOg have only one
pathway for Cu-O-Cu superexchange for a given Cu-Cu
pair. This J; interaction now describes the ability of the
CuO,4 plaquette to singly couple equally to two neigh-
boring plaquettes within the be-plane, rather than dou-
bly couple to a single neighboring plaquette along one
axis. Finally, J3 remains effectively unchanged but now
describes one interaction along the b-axis between adja-
cent CuOy4 plaquettes which do not share a face or an
edge. This interaction occurs once per CuQOy4 plaquette
and twice within a given hexagon because each dimer pair
in KoCuyTeOg interacts with an adjacent pair through
a Jy interaction rather than exclusively a J3 interaction.
These considerations indicate that the magnetic behavior
in KoCuyTeOg is likely to be more two-dimensional.

Despite the small structural differences between
KoCusTeOg and its hydrated analogue, a clear differ-
ence in the magnetic behavior is observed. As shown in
Fig. KoCuyTeOg shows the onset of AFM order at
Ty = 100 K, while KoCusTeOg - HoO shows no order
down to T = 2 K. The onset of long-range magnetic or-
der is likely due to the previously discussed effects of the
structural changes on the geometry of the exchange inter-
actions. Additionally, the magnetic susceptibility shows
a sharp upturn at low temperatures due to either small
amounts of paramagnetic impurity or intrinsic disorder
in the system. Isothermal magnetization measurements
shown in Fig. [f] demonstrate the change in behavior be-
low Ty = 100 K and the low effective moment in this
system. In order to quantify deviation from alternating
chain AFM behavior, we fit the high temperature mag-
netic susceptibility to two models. One model is the al-
ternating AFM chain,[29] which in this compound propa-
gates in two directions in the be-plane as J; and J are no
longer constrained to one dimension, and the other model
is the nearest-neighbor honeycomb model,[33] which as-
sumes the Jy interaction is both consistent around the
honeycomb and is larger in magnitude than the super-
superexchange J; interaction. We consider these two
models as two ends of a spectrum of possible behavior in
this system and extract J values corresponding to each
model to determine general agreement. The model used
for the alternating AFM chain is Equation [I] and the
Rushbrook-Woods model[33] was used to fit the nearest-
neighbor honeycomb model:
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FIG. 5. (a) Molar magnetic susceptibility of K2CuzTeOg pow-
der measured using ZFC and FC protocols with an external
field of H = 100 Oe showing low-dimensional behavior and
long-range magnetic ordering at Ty = 100 K indicative of
antiferromagnetic behavior. The high temperature data has
been fit to a nearest-neighbor honeycomb model (red) and
toa S = % alternating exchange Heisenberg chain (purple).
The upturn at low temperature is likely due to impurity para-
magnetic phases or disorder in KoCuzTeOg. (b) Isothermal
magnetization of KoCusTeOg measured at T = 2, 50, 150,
and 300 K in the range of uoH = £ 7 T applied external
field.

S(S+1)

the constants A — I’ are derived in the aforementioned
work.[33] Using the HTSE for the alternating AFM chain
Heisenberg model, we fit the magnetic susceptibility data
from T = 100 - 300 K with all minimum temperatures
for which the model and extracted parameters remained
stable, as shown in the SI. From the averages of these
fittings, we extracted Jy,q; = 187 K and o = 0. This ex-
tracted Jnqe 1S in agreement with the J; value obtained
via our HTSE fit of KoCuyTeOg - HoO in this work and
what was determined for the Na analogue.[9, [30] This
is comnsistent with our structural analysis of J; having
the same geometry and likely same sign in each com-
pound. As discussed previously, a = 0 suggests the
dimer limit of the alternating chain model. This dimer-
like behavior likely develops in KoCusTeOg as compared
to KoCusTeOg - HoO due the weakening of Js in overall
magnitude and directional magnitude caused by its prop-
agation in multiple directions of the bc-plane through in-
teractions between corner-sharing plaquettes.

On the other end of the spectrum, we fit the magnetic
susceptibility data from T = 100 - 300 K to a HTSE of the
nearest-neighbor honeycomb model, which considers Jo
as the sole interaction. Note that this model assumes Jy
is a consistent interaction throughout the ring, while we
have determined based on the structure of KoCusTeOg
that a different weak interaction, J3, likely occurs be-
tween non-corner-sharing CuQO,4 plaquettes. The value of
Jo = 88.5 K extracted from this model is on the same
order as the Jo = 8.7 meV (= 100 K) determined from
neutron measurements on NayCuyTeOg.[26, [30] As both
the honeycomb and alternating AFM chain models fit
the high temperature data well, the magnetic behavior
is likely described by some combination of these two at
the microscopic level. As previously discussed, the two-
dimensional magnetic interactions in this phase are likely
the key factor that allow for long range AFM ordering.
A naive tiling of the Cu?T moments with three adjacent
spins up and three adjacent spins down within a hexagon
can satisfy the expected AFM J; and FM J; interactions;
this tiling results in a k = (0,0, 0) magnetic propagation
vector (shown in SI). Neutron diffraction measurements
to definitively characterize the magnetic ordering in this
system are underway and will be fundamental to under-
standing how these small changes in the honeycomb lat-
tice structure lead to distinct magnetic behaviors.

C. KGCU9TE4024 -2 HQO

KeCugTe 04 - 2 HoO was synthesized from a dilute
hydroflux of q(K) = 5 and contains water molecules
within its unit cell, following the trend of high water
content within the hydroflux resulting in hydroxl and
water incorporation into crystallized structures. The

Xmol = Xo+ (T) 1+ Az + Ba? + C23 + Dzx* + Ex® + FaSstructure is shown in Fig.

(2)
where S = % for a Cu?t system, K is an overall scaling
factor including fundamental constants, x = J/kpT, and

[(] and Table [] and can
be synthesized phase pure, as shown by pXRD in the
SI. Like the other phases synthesized with q(Cu) = 1,
KeCugTe 024 - 2 HoO exhibits a layered structure of



CuOy4 and TeOg tiling a structural honeycomb motif, as
similarly distorted CuOg octahedra yield effective CuOy
square planar plaquettes. However, unlike the other
phases synthesized in this study, KgCugTesOs4 - 2 HoO
contains a CuQ4 plaquette which bridges the honeycomb
layers, resulting in a distinctly three-dimensional struc-
ture and a higher ratio of Cu:Te. There is a high de-
gree of distortion in this structure, with five distinct
Cu sites. While each Cu remains in an effective square
planar coordination to oxygen, the apical Cu-O bond
distances vary significantly. For the in-plane Cu ions,
KgCugTe Oz - 2 HoO shows the smallest apical Cu-O
bond of all q(Cu) = 1 phases in this work, with apical
Cu-O bond lengths ranging from 2.302 A to 2.787 A and
significant asymmetry in apical distances within each oc-
tahedron. For the interplanar Cu, only one apical Cu-O
bond is possible, resulting in a distorted square pyrami-
dal geometry. Compared to the other phases, each with
one distinct Cu site and nearly symmetric apical bond
lengths which vary by no more than 0.03 A, this phase
is anomalous and heavily distorted. Furthermore, some
CuOy4 plaquettes are in-plane, like in K;CusTeOg - HoO
and some are twisted 90° relative to neighboring plaque-
ttes, like in KoCuyTeOg increasing the complexity of the
structure.

| oo g

FIG. 6. (a) Crystal structure of K¢CugTesO24 - 2 HoO show-
ing the layered nature of the structure. J, denotes the in-
terlayer coupling present in K¢CugTesO24 - 2 H2O caused by
CuOy4 plaquettes that bridge the Cu-Te honeycomb layers.
(b) Crystal structure of KgCugTesO24 - 2 HoO showing the
2D layers of square planar CuO4 and octahedral TeOs in a
honeycomb motif. The important magnetic interaction path-
ways on this motif are denoted as Ji, J2, Js following the
convention used in this work.[9] The dotted J2 interaction is
used to denote the different but similar J2 interactions possi-
ble (discussed in the text). The bridging plaquettes responsi-
ble for J, occur in the rings without the J3 interactions. Note
that this phase belongs to a polar space group.

Due to the large degree of distortion in
KegCugTe Oo4 - 2 HoO resulting in five distinct Cu
sites, several short apical Cu-O bond distances, and
an added dimensionality due to the interplanar CuOy4
plaquette, the potential magnetic interactions are many
and complex. Two inequivalent honeycomb rings, one
with a CuQOy interplanar linker, and one without, are
required to describe the magnetic interactions and
are shown in Fig. [6] The ring containing the CuOy
interplanar linker can be described with a combination

of Ji, Jo, and J, interactions. The ring that does not
contain the CuQy interplanar linker can be described
with a combination of Ji, Js, and J3 interactions. As in
the other phases synthesized in this work, J; describes
the super-superexchange AFM Cu-O-O-Cu interaction
across the honeycomb, which due to the inequivalent Cu
sites can occur along three inequivalent pathways. If the
pathway lengths and angles were equivalent, the three
J1 interactions across the honeycomb would cancel each
other out; because the pathways are inequivalent, the
overall effect of the J; interactions is likely non-zero but
greatly reduced compared to other phases in this work.
Jo describes the FM coupling between CuQOy4 plaquettes,
which in this phase can occur either doubly between
edge-sharing plaquettes along two slightly inequivalent
pathways (dotted line in Fig. @, or singly between
corner-sharing plaquettes. J3 describes the weak in-
teraction between plaquettes which share neither a
corner nor an edge, requiring the participation of distant
apical oxygens. J, describes the likely weak interaction
between in-layer plaquettes and the bridging plaquette
along the a-axis which introduces the non-negligible
three-dimensionality to the magnetic interactions in this
system. This interaction occurs in four inequivalent ways
and also requires the participation of apical oxygens, so
it is likely to be relatively weak due to the elongated
apical Cu-O bonds.

The magnetic susceptibility of KgCugTe Os4 - 2 HoO
shown in Fig. [7] shows Curie-Weiss behavior before the
onset of long range magnetic AFM order at Ty = 6.5 K
(emphasized by the inset of Fig. [7]). This AFM order at
Ty = 6.5 K is supported by the isothermal magnetiza-
tion measurements in Fig. [7] with the T = 2 K isotherm
showing markedly different behavior. Additionally, the T
= 2 K isotherm appears to begin an upturn above pugH =
6 T indicating the system may exhibit metamagnetic be-
havior but higher field and single crystal measurements
are needed to resolve this anomalous behavior. In or-
der to quantify the magnetic behavior of this phase, we
have fit the magnetic susceptibility in the high temper-
ature regime with two models. First, as our geometric
considerations showed the importance of the Js interac-
tions, we performed a fitting using the nearest-neighbor
honeycomb model using the Rushbrook-Woods model[33]
and Equation 2] Using the nearest-neighbor honeycomb
model, we extracted J = 6.11 K, which is in close agree-
ment with the observed ordering temperature. We also
performed a Curie-Weiss fitting:

C
Xmol = X0 + Ti— o) (3)

where C' is the Curie constant which can be converted
to effective magnetic moment (p.rr = /(8C)) and © is
the Weiss temperature, which gives an indication of pre-
dominant interactions of the system. Unlike the other
compounds synthesized in this work, the high tempera-
ture behavior of KgCugTesOq4 - 2 HyO is Curie-Weiss-
like. Using this model, we extracted perr = 2.12 pp,
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FIG. 7. Molar  magnetic  susceptibility  of

KeCugTesOz4 - 2 HoO powder measured using ZFC and
FC protocols with an external field of H = 100 Oe showing
Curie-Weiss behavior at high temperatures and antiferro-
magnetic ordering at Ty = 6.5 K revealed by analyzing
the derivative of the magnetic susceptibility with respect
to temperature (inset). The high temperature data has
been fit to a nearest-neighbor honeycomb model (red) and
to Curie-Weiss behavior (purple) and the extracted values
from these fits are shown. (b) Isothermal magnetization of
KeCugTesO24 - 2 HoO measured at T = 2, 50, 150, and 300
K in the range of puoH = 4+ 7 T applied external field.

which is larger than the expected value of 1.73 up for an
isolated S = % system due to the presence of spin-orbit
coupling, and © = -15.0 K which indicates antiferromag-
netic behavior and is close to the observed Ty = 6.5 K
AFM ordering. Additionally, applying the mean-field ex-

pression for the Weiss temperature, we can extract the
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3kp
ber of coordinate spins (3 for a honeycomb) and S =
- this yields Jow = 20 K which is very close to our ex-
tracted J from our HTSE honeycomb fitting as well as
the experimentally observed AFM ordering temperature.
The strong agreement with the Curie-Weiss law above
the ordering temperature suggests that the structural
three-dimensionality and overall weak magnetic interac-
tions of this system plays a large role in its magnetic
ordering. With the complex structure and many inequiv-
alent magnetic interactions, K¢gCugTe 024 - 2 H5O is far
from a model system and development of an effective
Hamiltonian to describe the magnetic order will be dif-
ficult. Additional studies are required to elucidate the
nature and cause of the AFM ordering. This system also
belongs to a polar space group, and the interaction of this
polarity with the magnetism in this compound should be
explored further.

effective Jow via: © = where z is the num-

D. KQCuTeO4(OH)2 . H20

As previously discussed, all the compounds in the
q(Cu) = 1 regime formed layered structures containing
a honeycomb motif of Cu and Te octahedra, with an ap-
proximately 2:1 ratio of Cu:Te. In hopes to push the
formation of different magnetic motifs containing Cu?*
species, we limited the ratio of Cu and Te in solution.
K3CuTeO4(OH)s - HoO was the only non-binary phase
formed in the q(Cu) = 0.25 regime regardless of the q(K)
ratio used. The structure has been previously reported
[23] and the structure solved by SCXRD is in agreement
with this previously reported solution (shown in Fig.
and Table [). pXRD (SI) shows that the product can
be synthesized phase pure. Previous reports indicate
KoCuTeO4(OH)s - HoO was synthesized under ”moder-
ate” hydrothermal conditions but the circumstances of
its formation had not been understood as it was previ-
ously the only known phase in the K-Cu-Te-O(H) phase
space. To put this into context, Fig. [§ shows the struc-
ture of KoCuTeO4(OH)y - HoO demonstrating that the
decreased q(Cu) = 0.25 pushes the structure away from
the honeycomb motif present when q(Cu) = 1. Addition-
ally, for q(Cu) = 1 the resultant structures maintains a
ratio of Cw:Te & 2, whereas; in KoCuTeO4(OH), - HoO
the ratio of Cu:Te = 1 even though the q(Cu) value is
decreased by a factor of 4. Thus, we can say that in this
regime, the incorporation of Te into the structure is the
limiting factor in these syntheses. This is especially true
considering the previously discussed observation that for
all reactions with q(Cu) = 4, the primary product was
consistently only CuO.

Beyond the successful synthesis of
K3CuTeO4(OH)s - HoO in a hydroflux regime, the
resulting magnetic motif is of particular interest. The
crystal structure shown in Fig. [§] demonstrates that
due to the reduced ratio of Cu:Te, the 2D honeycomb
motif present in the other systems has broken apart.
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FIG. 8. (a) Crystal structure of KoCuTeO4(OH)2 - HoO
showing the layered nature of the structure. (b) Crystal
structure of KoCuTeO4(OH)2 - H2O showing the 2D layers of
square planar CuQOy4 and octahedral TeOg in a 1D chain motif
(interstitial K and HO have been omitted here for clarity).
The important magnetic interaction pathway in this motif are
denoted as Ji. The closest interlayer and intralayer Cu-Cu
distances between chains are denoted in (a) and (b) respec-
tively.

In K3CuTeO4(OH)s - HoO, planes of chains of alter-
nating CuOy4 square planar plaquettes and TeO4(OH)s
octahedra are stacked along the c-axis and there exist
no magnetic pathways between these chains in the
ab-plane.  Each CuO4 square planar plaquette has
square planar Cu-O bond lengths of 1.96 A and apical
Cu-O bond distances of 3.28 A. This distortion is
much larger than the other compounds discussed in
this work and highlights the structural 1D character
of KyCuTeO4(OH)s - HoO. An additional important
feature of KoCuTeO4(OH)s - HoO is the replacement of
oxygen with (OH)™ ligands in the Te octahedra. This is
likely a result of the low hydroxide concentration used to
synthesize this compound, i.e. KoCuTeO4(OH)s - HoO
was formed for q(K) = 2 and 5 but not for q(K) = 1.

K5CuTeO4(OH)y - H,O is a truly structurally and
magnetically 1D motif whereby the only readily appar-
ent magnetic interaction is a nearest-neighbor intrachain
interaction J;. As in the other reported systems, this
J1 involves a Cu-O-O-Cu super-superexchange pathway.
These 1D chains form layers with the ac-plane but there
is no bonding between these chains within the layers,
and a large intralayer chain distance (5.771 A) is ob-
served. Additionally, these layers of isolated chains are
separated by interlayer K+ ions and H,O molecules along
the b-axis. Importantly, the interlayer chain separation
is only slightly larger (5.993 A) than the intralayer chain
separation. While the large distances in both cases sug-
gest they would host weak interchain interactions, the
presence of more substantial bonding along the inter-
layer direction suggests coupling is more likely to oc-
cur out of plane. Based on this geometric analysis,
K3CuTeO4(OH)s - Ho0 stands out as a potential candi-
date for the study of the nearest-neighbor 1D Heisenberg
chain.

Magnetic susceptibility measurements of
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FIG. 9. Molar  magnetic  susceptibility  of

K2CuTeO4(OH)2 - Hb O powder measured using ZFC
and FC protocols with an external field of H = 100 Oe
showing low-dimensional behavior and no transitions indica-
tive of long-range ordering. The high temperature data has
been fit (red line) to a S = % uniform exchange Heisenberg
chain (discussed in main text). The upturn at low temper-
ature and small deviation between ZFC and FC curves are
likely due to impurity paramagnetic phases or disorder in
K2CuTeO4(OH)2 - HoO.  (b) Isothermal magnetization of
K2CuTeO4(OH)2 - HoO measured at T = 2, 50, 150, and 300
K in the range of uo H = £ 7 T applied external field. Outlier
points at low field are presumably due to instrumental error.

KoCuTeO4(OH)s - HoO are shown in Fig. El and
display a very broad maximum at T =~ 200 K indi-
cating low dimensional behavior with no signatures
of long-range magnetic order. The strong upturn at
low temperatures is likely due to small paramagnetic
impurities in the sample but it cannot be ruled out as



intrinsic behavior due to disorder in the system. This
is supported by isothermal magnetization measurments
in Fig. [0 which show AFM behavior over all temper-
atures measured with the behavior at the T = 2 K
isotherm dominated by the paramagnetic tail observed
in susceptibility measurements at low temperatures.
As previously discussed, the only significant magnetic
interaction in this system should be the J; through
the Cu-O-0O-Cu super-superexchange pathway. In order
to quantify this interaction, we have fit the magnetic
susceptibility to a HTSE for a uniform AFM Heisenberg
chain.[29)

Xmol = X0 + KX*( ) (4)

Jmam
All variables are as defined in Equation [1} The fitting
procedure shown in Fig. Qlused T = 90 K as the minimum
temperature but the reported fitting parameter values
are displayed as the average of those for which the uni-
form AFM chain model was stable yielding J; = 301 K
for the uniform magnetic interaction in this system. The
fittings and extracted J; values for the range of minimum
temperatures mentioned above are shown in the SI. As
expected, the uniform chain model captures the behavior
observed in the magnetic susceptibility very well.

It is well known that in 1D chain compounds inter-
chain interactions (J'), even if very weak, typically cause
transitions into long-range magnetic order. The inter-
chain interaction strength can be estimated if the order-
ing temperature is known. As such, we have measured
the magnetic susceptibility of KoCuTeO4(OH)s - HoO
down to T = 0.4 K (shown in the SI) and no magnetic
transitions are observed. For KoCuTeO4(OH)y - HoO,
kpTy/J < 1.3 x 1072 which is lower than the pro-
totypical S= % 1D magnet SroCuOs value of 2.2 X
1073.[34] K2CuTeO4(OH)y - HO is closely related to
SroCu(POy)o with similar structural and magnetic mo-
tifs of isolated CuO4 plaquettes enabling very uniform
1D behavior. SraCu(POy4)s has been touted as the best
realization to date of a true 1D nearest-neighbor Heisen-
berg system; in this system, long range order develops at
85 mK yielding kgTn/J = 6 x 10~* [35] only slightly
lower than what is known for KoCuTeO4(OH), - HoO so
far. Due to its model behavior, there has been significant
experimental and theoretical interest in SraCu(POy)s
as a candidate to study effects beyond the Heisenberg
Hamiltonian and the corresponding Bethe-ansatz[36].
K3CuTeO4(OH)s - H20 is positioned to be a candidate
for additional study along similar lines.

Additional characterization is needed to determine
the ordering temperature in KoCuTeO4(OH)y - HoO and
thereby estimate the magnitude of J’ intrachain in-
teractions. Neutron diffraction measurements would
also be valuable. With the expectation of a kpTn/J
ratio very close to or smaller than in SroCu(POy)s,
an in-depth theoretical investigation via applying ex-
act diagonalization of the Bethe-ansatz to fit the mag-
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netic susceptibility would allow for an investigation
of effects beyond the Heisenberg Hamiltonian (such
as disorder, vacancies, broken chains, etc). In total,
K5CuTeO4(OH)s - H2O is distinct in the context of the
K-Cu-Te-O(H) phases reported in the explored hydroflux
synthesis regime. The reduced q(Cu) enables the synthe-
sis of a more structurally and magnetically 1D motif than
observed with increased q(Cu). This 1D motif makes
K5CuTeO4(OH), - H,O a candidate for the most ideal
model nearest-neighbor only Heisenberg AFM system to
date.

V. CONCLUSIONS

In conclusion, we have synthesized three new and
one previously reported layered phase in the K-Cu-
Te-O(H) phase space using a hydroflux method. The
three phases formed from a hydroflux melt with
q(Cu) = 1, KsCuyTeOg - HoO, KyCusTeOg, and
KgCugTey 0oy - 2 HyO, all contain Cu?t honeycomb lay-
ers formed from CuQOy4 plaquettes tiled with TeOg octa-
hedra, with interlayer KT ions and increasing incorpora-
tion of interlayer water as q(K) is increased. Each phase
shows varying degrees of CuQOg octahedral distortion; in
all cases, an apical distortion leads to an effective square
planar CuOy4 plaquette. Distinct structural distortions
in each phase lead to distinct tilt sequences within the
honeycomb lattice which limit some magnetic interac-
tions and enhance others. KoCusTeOg - H3O, containing
edge-sharing CuO, plaquettes, does not order down to T
= 2 K and displays alternating chain Heisenberg AFM
behavior. More detailed characterization using neutron
spectroscopy needs to be done to characterize the mag-
netic interactions and understand its magnetic behavior
in the context of other honeycomb and alternating chain
Heisenberg systems. KoCusTeOg, which is structurally
similar to KoCusTeOg - HoO but contains only corner-
sharing CuO4 plaquettes, displays AFM order at Ty =
100 K which likely results from the two-dimensional na-
ture of the magnetic interactions driven by the structural
distortions. The comparison of these two phases provides
a model test case to understand how an additional dimen-
sion of order can be induced (in this case, from 1D to 2D
interactions). Polar phase KgCugTe 024 - 2 HoO, which
contains both edge- and corner-sharing CuQOy4 plaquettes
within the honeycomb layer, as well as a CuO4 plaquette
which bridge the layers, shows AFM order at Ty = 6.5
K and is generally described well by a nearest-neighbor
honeycomb model. The fourth phase investigated in this
work, KoCuTeO4(OH)s - Hy0, formed with q(K)= 2, 5
and q(Cu) = 0.25 and contains structurally and mag-
netically isolated chains of CuQO4 plaquettes leading to
uniform chain Heisenberg AFM behavior with no mag-
netic order down to T = 0.4 K. This phase is a candidate
model nearest-neighbor only Heisenberg system. The
various CuQy, plaquette tilting patterns in these phases
lead to complex magnetic interactions which require fur-



ther study. Since all of the new phases formed a hon-
eycomb motif, which is a 1/3 depletion of the triangular
lattice, further work could examine tuning q(Cu) between
1 and 4, in an attempt to tune the depletion to a smaller
ratio, possibly stabilizing other important magnetic mo-
tifs such as the kagome (1/4 depletion) and maple leaf
(1/7 depletion) lattices. Additional tuning of the hy-
droflux within this phase space and related phase spaces
could lead to the discovery of new structural and mag-
netic motifs, and further investigation would aid in the
specific understanding of the mechanisms of hydroflux
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synthesis.
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