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CuTeO, has been proposed as a crystallographically distinct, yet electronic structure analog, of the su-
perconducting cuprates. Here, we present a detailed characterization of the physical properties of CuTeO,
to address this proposal. Fitting of magnetic susceptibility data indicates unexpected quasi-one-dimensional,
antiferromagnetic correlations at high temperature, with a nearest-neighbor Heisenberg exchange of J; =
164(5) K. Low-temperature heat capacity measurements reveal a sizable 7'-linear contribution of y =
9.58(8) mJ mol~' K~2, qualitatively consistent with expectations for a S = 1/2, uniform, Heisenberg spin
chain. Below T & 40 K, the susceptibility shows an upturn inconsistent with quasi-one-dimensional behavior.
While heat capacity measurements show no signs of magnetic order down to low-temperature, the upturn in
the magnetic susceptibility coincides with the emergence of a diffuse peak (centered at |0] ~ 0.7 A) in the
neutron diffraction data, indicative of persistent, short-range, antiferromagnetic order with a correlation length
of £ = 10.1(9) A at T = 10 K. The onset of nonlinearity and hysteresis in the isothermal magnetization curves
suggests the presence of a small ferromagnetic component. This persistent, short-range order is understood in
the context of structural modeling of the x-ray and neutron diffraction data that show the presence of a significant
density of stacking faults. No evidence for substantive dopability is observed and CuTeO, appears, qualitatively,
to have a larger band gap than predicted by density functional theory. We ascribe this finding to the inductive
withdrawal effect from high-valence Te and suggest that superconductivity in copper tellurates is more likely to

be found in compounds with a decreased reductive withdrawal effect from Te.

DOI: 10.1103/PhysRevB.109.195168

I. INTRODUCTION

High-temperature superconductivity in copper oxides is
one of the most exciting emergent phenomena to result from
strong electron-electron correlation effects [1-3]. Significant
progress has been made in the past 30 years in elucidating
the key ingredients that underlie this behavior, with a layered
crystallograpic structure, two-dimensional electronic struc-
ture, strong Cu-d and O-p orbital hybridization, and proximity
to an insulating, magnetically ordered state, all believed to be
important.

Recent computational work identified CuTeO, as a previ-
ously unrecognized material containing these ingredients [7].
Figure 1(a) shows the reported crystal structure of CuTeOy,
alongside two other well-known cuprates, highlighting the
layered nature. However, CuTeQ, is distinct in that the Cu
layer is built from distorted, highly angled, corner-sharing
CuOy4 octahedra [Fig. 1(b)], with the Cu-O-Cu bond angle
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of 126.1° closer to that of herbertsmithite [8]. Thus CuTeO4
gives a possible new avenue to expand the known cuprate
families and provides an opportunity to test which features
are most important in ultimately producing superconductivity.

Despite being known for some time [9] there is scant exper-
imental data on CuTeQy, particularly in regard to its magnetic
and electronic properties. This is likely due to the difficulty
in preparation, which was reported to require hydrothermal
conditions at 650 °C and 2000 bar for two months in order
to produce a multiphase mixture containing small crystals of
CuTeO4 as a side product. It is clear that development of
a simpler, less onerous, route to preparing this material is
needed to allow for detailed characterization of its properties
and evaluation of its status as a potentially novel cuprate
superconductor.

Here, we report a novel method of synthesizing polycrys-
talline CuTeO, in mild hydrothermal conditions. The yellow
color of the resulting powder suggests, qualitatively, a larger
band gap than predicted by density functional theory (DFT)
[7], which we ascribe to the inductive withdrawal effect of
hypervalent Te®* [10]. Carrier doping efforts with our synthe-
sis method were not successful and the large band gap most

©2024 American Physical Society
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FIG. 1. (a) Comparison of the layered structures of known superconductors YBa,Cu3;0; [4] and La,CuQ, [5] to CuTeQ,. The transparent
grey planes indicate the Cu layers. All atomic visualizations were created with VESTA [6] and only Cu-O bonds are shown. (b) Illustration of
the two varieties of distorted CuOg4 octahedra in CuTeO, (Cul vs. Cu2) with the three unique bond distances labeled for each. The variation in
coordination environment generates alternating twisted CuQO,4 plaquettes in the Cu layers (grey transparent regions, corresponding to the two
shorter Cu-O bonds in each octahedra). This strong buckling of the Cu layers is ultimately driven by shared oxygens with the TeOg octahedra.
(c) Planar view of the Cu layer demonstrating how the corner-sharing connectivity of the alternating CuO, plaquettes creates a quasi-1D
scenario, with the chains of plaquettes defined by the black Cu-O bonds. Note that the Cu-O-Cu pathways between different chains always

involve one Cu-O bond that is not part of a CuO, plaquette.

likely rules out CuTeOy, as a dopable host for high temperature
superconductivity. These results suggest that future efforts at
producing copper tellurate superconductors should look to
minimize the inductive withdrawal effect by seeking materials
with Te in a lower valence state. Nonetheless, enabled by
our improved synthesis method, we present extensive char-
acterization of the low temperature magnetic and electronic
properties of CuTeOy through a combination of magnetic sus-
ceptibility, magnetization, and heat capacity, as well as x-ray
and neutron scattering measurements.

At T > 75 K, our magnetic susceptibility data can be fit
to a one-dimensional (1D) model corresponding to a uni-
form, S = 1/2, Heisenberg chain with an antiferromagnetic
nearest-neighbor exchange. Such a finding is justified by a
detailed examination of the crystal structure, which reveals
how the distorted CuO,4 octahedra form quasi-1D chains.
Elastic neutron scattering reveals the emergence of magnetic
diffuse scattering below 7' = 60 K. Since the AC magnetic
susceptibility measurements are not consistent with a spin
glass ground state we identify this diffuse scattering as due to
the formation of short-range, AFM order. The observation of
hysteresis in the isothermal magnetization curves, alongside
the irreversibility seen in the zero-field cooled (ZFC) and
field cooled (FC) DC magnetic susceptibilities (7;; = 40 K),
suggests the presence of a ferromagnetic (FM) component,
likely due to a canting of the AFM order. Detailed analysis

and modeling of our powder diffraction data indicates ex-
tensive faulting of the Cu layers. This has a clear impact
on the magnetic properties, preventing the establishment of
any long-range order down to 7 = 0.1 K, as shown by our
low-temperature heat capacity data, despite the onset of short-
range correlations at much higher temperatures. A relatively
large T -linear contribution to the heat capacity is observed at
low temperatures (y = 9.58(8) mJ mole~! K~?2), qualitatively
consistent with the expectation for a uniform, S = %, AFM
Heisenberg chain.

II. METHODS

CuTeO4 was initially synthesized by Falck et al. [9],
under high pressure and temperature. Here we produce poly-
crystalline CuTeO, via a modified method conducted at
significantly lower pressure and temperature. A 1:3 molar
ratio of CuO (2 mmol) and Te(OH)g (6 mmol) was used
to make the reaction mixture. This mixture was placed in a
23 mL Teflon lined stainless steel autoclave with 10 mL of
water and 0.03 mL of H,O, [11]. A magnetic stir bar was
added to the Teflon cup and the autoclave was closed and
placed on a magnetic hot plate in a sandbath. A temperature
of 210 °C was maintained for seven days with the help of
a thermocouple placed next to the autoclave in the sand. A
difference of a few degrees from the thermocouple sensing
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and the temperature within the autoclave is expected. Various
attempts were made to adapt the synthesis method for carrier
doping (e.g., substitution of Sb for Te) without success: no
signs of dopant solubility in the parent phase were observed.
We note here the observation that high-purity CuTeO4 powder
produced in this way is a bright yellow color.

The properties of the resulting polycrystalline powder
of CuTeO,4 were characterized using a variety of methods.
Phase purity was confirmed by powder x-ray diffraction data
(PXRD) collected at room temperature using a Bruker D8
Focus diffractometer with a LynxEye detector and Cu K«
radiation (A = 1.54 A~!). Rietveld refinements were carried
out using TOPAS version 4.2 [12]. For magnetic proper-
ties measurements a small amount (210 mg) of phase-pure
CuTeO4 powder was wrapped in a pouch of thin, polyethylene
film and mounted inside a plastic straw. Care was taken to
keep all mounting components clean to avoid contamination
by extrinsic impurities (e.g., Fe in dust from the laboratory
environment) which could affect the magnetic measurements.
DC magnetic susceptibility data (x = M/H) were collected
using the vibrating sample magnetometer (VSM) option of a
Magnetic Properties Measurement System (MPMS, Quantum
Design). AC magnetic susceptibility data were collected on
the same instrument with a range of frequencies using an AC
drive field of 3 Oe and a DC field of 100 Oe. Higher frequency
data (f = 10000 Hz) were collected with the same field pa-
rameters using a Physical Properties Measurement System
(PPMS, Quantum Design). The heat capacity of a pressed
pellet was measured using the semiadiabatic pulse method
in a PPMS equipped with a dilution refrigerator down to
T = 0.1 K. All data were collected on warming. The powder
neutron diffraction (PND) data were obtained with the high-
resolution diffractometer POWGEN at the Spallation Neutron
Source at Oak Ridge National Laboratory. The sample was
measured using frame 2 (center wavelength 1.5 A~1) for a
total of 6 x 107 counts. Stacking faults in the material were
simulated using DIFFAX version 1.813 [13].

III. RESULTS
A. Crystal structure

Falck et al. previously identified the crystal structure of
CuTeOy as belonging to the P21/n space group [9]. Rietveld
refinement of this model to our PXRD data [Fig. 2(a)] shows
clear discrepancies, especially in the predicted intensity of the
(121) Bragg peak. Such discrepancies indicate that this model
is an incomplete description of the structure and suggest the
influence of crystallographic disorder. The (121) is an allowed
reflection specifically due to the Cu atoms on the P21/n
Wyckoff positions 2a and 2¢, which suggests disorder of the
Cu layering as a potential origin. The presence of disordered
layering (i.e., stacking faults) is further supported by (1) the
inconsistent broadening of peaks in our experimental diffrac-
tion data, (2) the higher crystallographic symmetry suggested
by 8 = 90° in the monoclinic P21/n model coupled with
the fact that the structure could not be solved in a higher
symmetry spacegroup, and (3) the statement from Falck et al.
that their P21/n model could also be described as the TeOy
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FIG. 2. (a) Rietveld refinement (red line) of the PXRD data (A =
1.54 A, black open circles), with difference curve below (grey line).
The yellow shaded region highlights the (121) Bragg peak. (Inset)
The image on the left shows a side-on view of the stacking in the
ideal, P21/n, model. All of the Cu layers are the same leading to
“A” stacking. The orange and green arrows show the interlayer con-
nectivity of edge-sharing CuOg and TeOg octahedra, labeled by their
distance along the c-axis. This distance is also represented by the
difference in transparency. The O atoms which are only connected to
Cu atoms have been omitted for clarity. The image on the right shows
a top-down view of a single, unfaulted (“A”-type) Cu layer. (b) The
model (solid green line) including stacking faults, as described in the
text. The difference curve is shown only as a visual demonstration
of the improvement in quality of the structural model. (Inset) Cor-
responding images as in (a) but with the addition of a faulted “B”
layer, as described in the text. The image on the left shows how the
addition of the fault modifies the interlayer connectivity. The image
on the right shows a single, faulted (“B-type”) Cu layer.

layers belonging to spacegroup Pnma, along with the lower-
symmetry Cu atoms possessing only n-glide symmetry [9].
Based on the ideal structural model we considered the
possibility that a layer of Cu atoms might occur on P21/n
Wyckoff positions 2b and 2d instead of 2a and 2c [see insets
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of Figs. 2(a) and 2(b)]. While the two are similar, Cu atoms in
the faulted layer have a slightly greater overlap with the TeOg
octahedra of the underlying layer. As both original and faulted
Cu layers have the same intralayer arrangement the connec-
tivity of the Cu atoms within each layer remains the same.
To test this possibility we used DIFFAX to simulate structural
models with 0%—100% faulted Cu layers. Inspection of these
models indicated that a probability of 70% original and 30%
faulted Cu layers [Fig. 2(b)] significantly improves qualitative
agreement with the experimental data in terms of the pre-
dicted peak intensities and widths. Note that this model was
not arrived at via a least-squares minimization routine so the
reported percentage of faulted layers is not truly quantitative.
Applying this faulted model to our powder neutron scattering
data (not shown) also resulted in a significant improvement
in qualitative agreement relative to a Rietveld refinement with
the ideal structure.

B. Magnetism

Temperature dependent, ZFC, DC magnetic susceptibility
data for CuTeOy are displayed in Fig. 3(a). No clear signature
of three-dimensional, long-range ordering is observed down to
T = 2 K. Furthermore, there is no region in the susceptibility
data that could be accurately fit with the Curie-Weiss model;
such behavior is typical of quasi-1D systems [14—16]. A weak
maximum, another characteristic of quasi-1D systems [17], is
observed at Tp,x = 100 K, and we find that for T > 75 K, the
data can be reasonably well fit by the expression:

. kgT
x(T)=Ax"|a, -5 )t xo ey
1
where A = N/}fig i js an overall scaling factor and o is a

temperature independent contribution. x*(«, Jll) is a fitting
function derived from a high-temperature series expansion for
the susceptibility of the AFM alternating exchange model:

. e AN

X't =ksT/I) = ———Py(e.0). ()
where  A*(a)=1-—1a —2a% +30°
is a modified Padé
Johnston et al. [18].

The AFM alternating exchange model describes a Heisen-
berg chain with two nearest-neighbor, AFM, intrachain
exchange interactions, J; and J,, with J, < J; and @ = J,/J;.
Note that we follow the convention employed by Johnston
et al. in which a positive sign is used for the AFM exchange
constants. At o = 0, the model recovers the isolated spin
dimer model while & = 1 recovers the uniform AFM Heisen-
berg chain model. The results from the best fit are given in
Table 1. Our fitting indicates that, for T > 75 K, CuTeO4
behaves as system of spin chains with uniform [ = 1.000(1)]
nearest-neighbor exchange interactions. This is suprising in
the context of previous work, which considered the Cu layers
as effectively 2D. We return to this point in the discussion.
Based on the value of the scale factor, A, we extract g =
1.4(2), which is significantly lower than the expected value
of 2.2. However, A is more strongly influenced by extrinsic
factors (e.g., the error in the mass of the sample) than other

and P[(J()g)(a,t)
approximant, as described in
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FIG. 3. (a) ZFC magnetic susceptibility. The fit (solid red line)
uses the AFM alternating exchange model described in the text; the
dashed red line represents extrapolation of the fit function to lower
temperature. The black arrow indicates the location of the weak
maximum at Ty, = 100 K. (Inset) Plot of the FC susceptibility xpc
minus the ZFC susceptibity xzrc. The black arrow indicates the onset
of irreversibility, 7i; = 40 K, as determined by the bifurcation of
the FC and ZFC curves. All data were collected using uoH =1 T.
(b) Isothermal magnetiation curves collected at various temperatures
for fields up to uoH = £7 T. (Inset) Closer view of the low-field
region. Solid lines are a guide to the eye.

TABLE 1. Results from the fit to xzgc (T = 75 K) with the
AFM alternating exchange model described in the text and shown
in Fig. 3(a). Errors were obtained primarily by varying the range of
the fit.

Parameter Fit result

A (emu Oe™ 1 mole™ 1) 4722) x 1073
Ji (K) 164(5)

o 1.000(1)

Xo (emu Oe~! mole™") —-3.93) x 10~*
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FIG. 4. AC magnetic susceptibility data collected with a range
of AC drive frequencies (f = 0.1 — 10000 Hz) using constant mag-
netic field values.

fit results, meaning the systematic error is likely larger than
what we have quoted, precluding any definitive interpretation.
We note here that the magnitude of y is somewhat larger than
the value expected for the core diamagnetism based on ideal
ion valences (= —7 x 10~> emu Oe™' mole™' [19]). This
is expected since the temperature-independent, diamagnetic
contribution from the sample holder, which has not been re-
moved, is comparable to the total raw signal from the sample
and therefore has a strong influence on the fitted value of xj.

Below the temperature regime where x (T) can be well fit
by this 1D model, an upturn in the susceptibility is visible
near 40 K. To probe the character of this feature, field-cooled
DC magnetic susceptibility data were taken and the subtrac-
tion (xpc — xzrc) is shown in the inset of Fig. 3(a). These
data show a clear onset of irreversibility at 7, = 40 K,
coincident with the upturn seen in the xzpc. Further mag-
netic characterization was carried out by collecting a series
of isothermal magnetization curves (M versus H), which
are shown in Fig. 3(b). The magnetization curves are linear
across the measured field range at higher temperatures, but
begin to change slope and develop a slight curvature and
small hysteresis below T = 50 K. A remnant magnetization of
1.3 x 10~* g /Cu** is observed at 2 K.

As a complement to the DC data, AC magnetic suscep-
tibility data were collected across six orders of magnitude
in frequency (Fig. 4). The data show a small upturn below
about 35 K, consistent with the significant change in slope
of the magnetization curves observed below that temperature
[see Fig. 3(b)]. Within the noise limitations of our measure-
ments this feature does not appear to shift appreciably with
frequency.

To further elucidate the nature of the low-temperature
magnetism, time-of-flight (TOF) elastic neutron scattering
was carried out at 7 = 10, 40, 60, and 120 K (Fig. 5). All
Bragg peaks could be indexed using the reported crystal-
lograpic structure and no additional magnetic Bragg peaks

1 1 1 1 1 1 1 1
4 Powder neutron diffraction |

(111) (041)“!02’

(121)
(130)

T=120K (;1°) (101)

Intensity (a.u.)

19 §T=10K } ! ,3.
W L—-

I I I I I I I I
05 1.0 15 20 25 30 35 40
(NG

FIG. 5. Elastic neutron scattering data at various temperatures,
offset for clarity. The broad, T-dependent, feature at 10w-|Q| is
indicated by the black arrow at the bottom of the figure. The (nuclear)
peaks corresponding to CuTeO, are labeled by their (hkl) value.

characteristic of long-range order were observed at lower tem-
perature. However, a broad, diffuse peak emerges at low |Q|
(0.7 A1) as the temperature is decreased below 7' = 60 K.
For T > 60 K, the scatttering intensities remain essentially
constant. This is most clearly shown by subtracting the high-
temperature data from the low-temperature data, as is done in
Fig. 6. The width of this diffuse peak is well-described by a
Warren line shape [20], which is characteristic of short-range
order along the corresponding crystallographic direction. The
Warren line shape function is
1+ cos? 20 /7

PQR2O)=C————, 3)
2(sinf): 2e°

where C = Kth%d(%;)l/2 and a = %(Sin(e) —sin(6,)).
Here K is an overall scale factor and Fj,; is the structure factor
for reflection (hkl) centered at the scattering angle of 20,
with multiplicity m and average correlation length &. Figure 6
shows the data from Fig. 5 as a function of scattering angle
(20) with a high-temperature subtraction applied. Fitting to
the Warren line shape, the extracted correlation length is § =
4.55(6) A at 40 K, rising to £ = 10.1(9) A at 10 K (Table II).
The value of 6, for T = 10 K is equivalent to a |Q| value of
0.74 A, in agreement with the experimental data in Fig. 5. For
the T = 40 K fit, 6, was constrained to the T = 10 K value.

C. Heat capacity
Figure 7 shows heat capacity data down to T = 2 K. No
sharp features associated with phase transitions are seen in this
temperature range. Initial attempts to describe the data with a
single Debye or Einstein term did not yield a satisfactory fit.
However the data were well fit for T > 4 K by the sum of two
Debye terms:

CDebye _ D(®D1» T) D(®D27 T)
T T T '

“
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FIG. 6. High-temperature subtracted elastic neutron scattering
data (filled black circles) at various temperatures. The conversion
to scattering angle was performed using the center wavelength
(» = 1.5 A) for the frame 2 wavelength distribution at POWGEN.
The red line is a fit to the data using the Warren line shape, as
described in the text. (a) T = 10-60, (b) 40-60, and (c) 60-120 K.

D(®, T) is the Debye expression for the heat capacity:

T\3 [O0/T b
D(®p, T) =9spR| — —dx, 5
(®p,T)=9sp <®D> /o 1) x, ()

where ®p is the Debye temperature and sp is the number of
oscillators per formula unit (the “oscillator strength’). The fit
function was constrained such that Cpepye < Cp(T') at higher
temperatures in order to prevent overestimation of the phonon
contribution to the experimentally measured value. Fitting
using the combination of a Debye and an Einstein term was
also performed, but this gave worse agreement than the sum
of two Debye terms.

The physical interpretation for the utilized model is as
follows. Given the presence of multiple atoms in the unit cell
with a large variation in atomic mass the optical modes of

TABLE II. Fit parameters from the Warren line shape analysis.

the phonon spectrum will become well-separated from the
acoustic modes in energy. This can effectively create two
seperate subsystems leading to two terms in the heat capacity
with different characteristic temperatures. If the optical modes
are truly localized their contribution to the heat capacity can
be captured by an Einstein term with the rest of the lattice
contribution captured by a Debye term. However, if the optical
modes possess significant dispersion than their contribution to
the heat capacity can take a Debye-like character. Based on
our fitting attempts this appears to be the case for CuTeOy,.
Additional motivation for the two Debye term model is based
on the presence of significant disorder—the stacking faults
clearly inidcated by the diffraction data—which should smear
out the phonon dispersion curves in energy, pushing the opti-
cal modes further from an Einstein-like character.

The results of the two Debye term fit are shown in Ta-
ble III; we note that the oscillator strengths sum to 5.86,
close to the value of six atoms per formula unit for CuTeOy,.
This agreement, which was not obtained with other models,
lends creedence to the use of two Debye terms in fitting
the data. Within this temperature range the expected Dulong-
Petit value of 3R is not recovered. This can be explained by
the high value of ®p, since, within the Debye model, the
plateau to the Dulong-Petit value occurs well above the Debye
temperature.

TABLE III. Fit results from modeling the high temperature heat
capacity data as shown in Fig. 7.

Values in italics were held constant during the fitting process. Parameter Value
° R (C] 257(1) K
T (K C 0, A Dl
) ) £(A) o 1782)
10 0.732(5) 5.07(1) 10.1(9) Opy 794(13) K
40 0.505(3) 5.07 4.509) Sp2 4.08(6)
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FIG. 8. Heat capacity data (open circles) for the range 7 = 0.1-
4 K. The fit (solid red line) was performed in the temperature range
where the data appear linear (7 > 1.2 K). The dashed red line is an
extrapolation of the fit function to 7 = 0 K.

The measured heat capacity in the range 7 = 0.1-4 K
is shown in Fig. 8. Fitting the linear region of these data
to the expression: C7’ = BT? +y, we obtain y = 9.58(8)
mJ mol~' K2 and g = 0.40(1) mJ mol~' K~*. Employing
the low-temperature limit of the Debye model, this value
of B yields ®p = 307(3) K, closer to ®p; than ®p,. This
agrees with our Debye analysis of the higher temperature data
since D(®p1, T) has the larger contribution to the total heat

capacity at lower temperatures (see Fig. 7).

IV. DISCUSSION

This study was motivated by the proposal of CuTeOy4 as
a candidate high-T. copper tellurate based on apparent sim-
ilarities with the parent phases of superconducting cuprates,
including a layered crystal structure and computationally
predicted two-dimensional electronic structure and antifer-
romagnetic, insulating ground state [7]. Our experimental
results challenge this picture in several ways.

The characterization of CuTeOy as a dopable parent phase
for superconductivity is based on the small band gap of
0.13 eV calculated via DFT in Botana et al. [7]. However this
is qualitatively inconsistent with the observed yellow color of
the polycrystalline powder mentioned previously. The color
of CuTeQy is similar to that of CdS—which has a direct band
gap of 2.42 eV [22]—suggesting a band gap on the order of a
few eV. While the GGA functional used for the calculations is
known to underestimate the band gap, closer inspection of the
band structures suggests that the origin of the underestimation
is not solely due to the exchange correlation functional used.
We propose that the large underestimation may be due, in part,
to the failure of DFT to consider the effect of hypervalent
cations such as Te®", which have a strong inductive with-
drawal effect on O*~ [10]. The resulting covalent character of
the Te-O bond likely also explains the inability to synthesize
carrier doped samples, e.g., CuTe;_,Sb,Oy.

A further challenge is that, as demonstrated by our fitting
of the magnetic susceptibility [Fig. 3(a)], the magnetism of

CuTeO4 above T =75 K is well-described by a uniform
quasi-1D, AFM Heisenberg spin chain model. While the
presence of extensive faulting of the Cu layers confirms the
layered nature of the crystallographic structure, a detailed ex-
amination of the connectivity of the CuO4 plaquettes clarifies
how quasi-1D magnetic interactions can arise.

The Cu layers are composed of two types of distorted
CuQg octahedra with distinct Cu-O bond length hierarchies.
Figure 1(b) shows the basic unit of two corner-connected
octahedra, where the relative rotation (i.e., buckling of the
layer) is driven by the edge-sharing connection to neighbor-
ing TeOg octahedra. The CuQy4 plaquettes are defined by the
shortest two Cu-O bonds in each octahedra and, due to the
rotations, are only corner-connected to their neighbors along
the [101] direction. The dominant superexchange interactions
are then along this Cu-O-Cu pathway [Fig. 1(c), black line],
mediated by the dx> — y? orbitals lying within the plane of
individual CuOy plaquettes. This situation is similar to that of
Na,Cu, TeOg, where quasi-1D behavior is observed despite a
layered, 2D, crystallographic structure; however, in that case,
the intrachain exchange interactions were found to alternate
strongly [ = 0.10(1)] indicating chains of weakly interacting
dimers [23]. A contrasting example is that of the monoclinic
polymorph of SeCuO3, where the dimensionality is further re-
duced, such that the magnetic susceptibility is best described
by a model of isolated Cu tetramers [24]. Comparison of these
compounds highlights how the dimensionality of magnetic
phase behaviors in cuprates depends strongly on the details
of the connectivity of the lattice and the resulting exchange
interactions.

Our result of J; = 164(5) K is roughly half of that expected
from the 126.1° Cu-O-Cu bond angle, which theory indicates
should correspond to J; & 400 K [25]. This likely reflects
the greater ionicity of the Cu-O bonds in CuTeO, due to the
large inductive withdrawal effect of neighboring Te®" ions
[10]. The observed uniformity of the intrachain exchange is
expected since, regardless of faulting, each individual Cu-O-
Cu connection within a chain is the same.

The upturn and irreversibility observed in the magnetic
susceptibility [Fig. 3(a)] indicate a deviation from quasi-1D
behavior at T < 75 K. One possibility is that this feature
is associated with a spin glass transition. However, the lack
of a clear, frequency-dependent peak in the AC magnetic
susceptibility (Fig. 4) makes this unlikely. The temperature
dependence of the broad peak observed in our neutron scat-
tering data, which emerges around T, is consistent with
magnetic diffuse scattering. That this additional scattering
occurs only at low 26, with no additional temperature depen-
dent scattering at high 26, further indicates this scattering is
magnetic and not due to a structural transition. As our heat
capacity data (Figs. 7 and 8) show no signatures consistent
with long-range magnetic order we identify these features as
due to the formation of short-range magnetic order which
persists to low-temperature.

Based on the previous results it is clear that the disordered
layering has a strong impact on the low-temperature magnetic
properties of CuTeOy. In an ideal 1D isotropic AFM Heisen-
berg model quantum fluctuations prevent the occurrence of
long-range order at any temperature [26]. However, most
real quasi-1D materials with isotropic Heisenberg exchange
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do eventually order due to the presence of finite interchain
exchange interactions. The temperature scale of this order
is largely determined by the ratio of the inter- to intrachain
interactions (see, for example, Table 4 in Ami et al. [27]).

The absence of long-range order down to temperatures
significantly lower than the energy scale of the intrachain
exchange interaction, despite the presence of short-range
correlations at substantially higher temperatures, can be at-
tributed to the high density of stacking faults. These stacking
faults slightly modify the connectivity between Cu-chains in
different layers (see green and orange arrows in the insets
of Fig. 2). This in turn modifies the oribtal overlap within
the Cu-O-Te-O-Cu pathway perpendicular to the Cu layers,
which, we propose, creates a distribution of superexchange
interactions in this direction. This distribution acts as a source
of frustration preventing the occurence of long-range order
across different Cu layers, and allowing only short-range or-
der within the layers (at least within the temperature range
explored here).

Another possible interpretation is that the distribution of
exchange interactions actually induces short-range magnetic
order into the system, which, in the absence of disorder, would
show none. We are unable to definitively distinguish between
these two interpretations due to the fact that the stacking faults
are extended over an entire layer. This means that, while the
disordered layering may not be the thermodynamically stable
state, post-synthetic measures, such as annealing, are dynami-
cally insufficient to resolve the structure to the P21/n “ideal.”
However, this interpretation seems unlikely in the context
of the many other cuprates spin chains which are observed
to order (e.g., SrCuO, [28], BaCu,Si,0O7 [29], KCuF; [30],
and Cu(C4H4N»)(NO3), [31]). Theoretical work by Yasuda
et al. [32] provides an empirical relation (equation 8 in their
paper) for estimating the expected interchain coupling (J')
for Heisenberg spin chains based on the observed transition
temperature (7Ty) and J;. Taking Ty = 0.1 K (the lowest tem-
perature for which we have data) as an upper bound, this
relation gives J'/J; = 6.1(2) x 10~*. This value would sug-
gest that CuTeO4 possesses some of the most isolated chains
among quasi-1D cuprates [27,31], which appears unrealistic
given the presence of clear Cu-O-Cu interchain exchange
pathways within the Cu layers.

This distinction aside, our physical picture is the formation
of small, AFM, domains of coherently ordered chains within
a Cu layer (onsetting near 7T;;;) but with minimal coherence
between distinct layers of chains. The correlation lengths from
the Warren lineshape analysis at 7 = 10 K and 40 K are
on the order of the interlayer spacing [5.163(4) A], further
reinforcing this picture.

Our neutron data are insufficient to definitively character-
ize the symmetry of this short-range magnetic order. However,
the location of the diffuse magnetic scattering (|Q| ~0.7A7"
is close to the value for the (010) reflection (|Q| =0.61 A1).
This would indicate AFM order along the b axis, perpendic-
ular to the Cu layers, with at least some component of the
moment in the (101) plane. An alternative interpretation that
we cannot definitively rule out is that this scattering reflects
the appearance of magnetic order with a propogation vector
of k = (0.5, 0, 0), with |@| = 0.57 A~! for the first peak.

However, this seems unlikely as the standard crystallographic
cell of CuTeOy4 can accomodate in-plane magnetic order with-
out enlarging the unit cell. While the precise symmetry of the
short-range order remains an open question, the finite hystere-
sis in the magnetization curves below T [Fig. 3(b)] indicates
a weak FM component. This probably stems from a canting of
the overall AFM order due to a finite Dzyaloshinskii-Moriya
interaction, as has been seen in other layered cuprates [33,34].
Another relevant point is that, due to the lack of energy dis-
crimination in our diffraction measurement, we are unable to
determine if there is an inelastic component to the observed
diffuse scattering; future neutron spectroscopy measurements
would be of interest to address this. We note that there is a
slight feature in the magnetic susceptibility near ~20 K. The
origin of this feature cannot be rigorously determined with the
available data. However, we believe it is most likely due to the
presence of a weak paramagnetic signal—from either a small,
unresolved impurity phase or defect spins within the CuTeOy4
matrix—which is overlaid with the saturating signal from the
weak ferromagnet component we have proposed.

The linear term extracted from the low-temperature heat
capacity data is surprising given that CuTeO, appears to be
a large band gap insulator, precluding the possibility of a
high density of electronic states at the Fermi level. How-
ever, the uniform S = 1/2, AFM Heisenberg spin chain is
known to possess a linear heat capacity at low temperature
due to gapless spin excitations [17,18,35] with the value of
y given as y = % [18]. Inputting our J; value yields y =
33(1) mJ mole~! K2, which is significantly higher than we
observe [y = 9.58(8) mJ mole~! K~2]. This can be explained
by the reduction of J; due to the increased ionicity of the
Cu-O bond, as mentioned previously. It is also possible that
the influence of interchain interactions, which perturb the
system towards a higher dimensionality where no T -linear
heat capacity term is expected, may also play a role. While
our low-temperature heat capacity measurements allow us to
qualitatively describe the magnetic contribution to the heat
capacity, a quantitative determination is not currently possi-
ble due to the lack of a nonmagnetic analog for CuTeQy.
However, at low temperatures, the phonon contribution to
the heat capacity often scales as the dimensionality of the
material. The finite 7> contribution (8 term) observed here
therefore reflects the relatively 3D character of the phonon
dispersion.

V. CONCLUSION

While CuTeO4 was predicted to have a 2D AFM ground
state [7], extensive characterization enabled by our improved
synthesis method demonstrates AFM Heisenberg spin chain
behavior for T > 75 K with a uniform nearest-neighbor ex-
change of J; = 164(5) K. Careful conisderation of the Cu
connectivity indicates this behavior is due to the arrays of
corner connected CuQy4 plaquettes highlighted in Figs. 1(b)
and 1(c). Although no long-range order was detected in our
heat capacity measurements, the combination of an upturn in
the magnetic susceptibility and diffuse scattering in the neu-
tron diffraction data indicate persistent short-range magnetic
order below 7 = 60 K. The persistence of these short-range
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correlations down to temperatures well below the energy scale
of the intrachain exchange interaction is attributed to the pres-
ence of a significant fraction of stacking faults. These faults
modify the interlayer connectivity and creates a distribution of
interchain interactions that frustrates any incipient magnetic
order. The low-temperature heat capacity shows an unexpect-
edly large linear term for a wide band gap insulator which is
likely related to the quasi-1D magnetism.

Although the first principles calculations in Botana et al.
[7] showed CuTeO, to have a small bandgap of 0.13 eV, mak-
ing it a suitable candidate for superconductivity upon doping,
this appears inconsistent with the yellow color of the polycrys-
talline powder. The underestimation of the band gap may be
due to the failure of DFT to consider the effect of hypervalent
cations like Te®" which has a strong inductive withdrawal
effect on O>~. Additionally, we find no evidence of dopant
solubility with our synthesis method. These findings sug-
gest that future efforts towards discovering high-temperature
superconductivity in copper tellurates should be focused on

cases where there is a reduced inductive withdrawal effect by
Te, such as those compounds where Te is present in the 4+
state.
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