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A B S T R A C T   

This work uses a combination of neutron diffraction and bulk property measurements to establish the low 
temperature magnetic states in the dense metal-organic frameworks Ho(HCO2)3 and Er(HCO2)3; whose structures 
feature chains of face-sharing LnO9 polyhedra packed into a triangular lattice. Below 0.7 K Ho(HCO2)3 is found to 
adopt a state in which the magnetic moment on its ferromagnetic chains vary from neighbouring chains but the 
sum around each triangle is constant. Er(HCO2)3 is found to be the first lanthanide formate to adopt an ordered 
magnetic state with antiferromagnetic coupling within its chains near 50 mK. The potential to combine the 
ferromagnetic and antiferromagnetic coupling within chains associated with Ho and Er cations, respectively, in 
the same compound has also been explored via the series Ho1-xErx(HCO2)3. Ho0.5Er0.5(HCO2)3 remains para-
magnetic to 0.4 K, suggesting it may be a starting point to search for a random spin chain paramagnet.   

1. Introduction 

Low dimensional magnets have long provided an important play-
ground for the discovery and exploitation of unconventional physics [1]. 
This includes the earliest studies of soliton excitations in CsNiF3 [2–4], 
magnetic frustration in spin-chains with combinations of ferromagnetic 
and antiferromagnetic coupling [5,6], the observation of the spin--
Peierl’s transition in linear chains of Cu2+ in CuGeO3 [7–10], the likely 
presence of random spin chain paramagnetism in Sr3CuPt1-xIrxO6 
[11–13] and contemporary research into quantum information trans-
port in spin-chain compounds [14]. In such materials the strength of the 
magnetic coupling varies greatly along different dimensions of their 
crystal structures. Most well studied low dimensional magnets are, 
however, purely inorganic materials such as metal oxides. These typi-
cally adopt close packed structures in which it is difficult to isolate their 
low dimensional units. In this respect dense metal-organic frameworks 
(MOFs), in which cations are connected to form extended structures via 
organic ligands, are promising candidates for hosting 1D and 2D mag-
netic units [15–17]. It is possible to design MOFs with inorganic chains 
or sheets that host strong magnetic interactions within them, linked by 

organic ligands that only provide much weaker magnetic coupling in 
other dimensions [15–18]. The magnetic response of a range of MOF 
families, including formates [19], oxalates [20] and succinates [21,22] 
can be interpreted in terms of low dimensional behaviour. The majority 
of knowledge of magnetic order in MOFs is, however, based on bulk 
property measurements such as magnetic susceptibility and heat ca-
pacity that do not provide direct understanding on the atomic scale 
equivalent to that accessible using neutron scattering [15]. 

Amongst low dimensional magnetic MOFs the Ln(HCO2)3 phases, 
where Ln can vary between Ce3+ to Er3+ amongst the magnetic lan-
thanides, have attracted significant attention in recent years. In these 
materials, which adopt R3m symmetry, there are face-sharing chains of 
LnO9 polyhedra that are packed into a triangular lattice in which 
neighbouring chains are connected by the carboxylate-based formate 
linkers [23]. Recent interest in these magnets began with studies of Gd 
(HCO2)3 as a magnetocaloric due to its very promising entropically 
driven magnetic cooling properties [23]. Furthermore it has been shown 
that the magnetocaloric properties of Tb(HCO2)3 can be optimised for 
applications above 4 K under the relatively modest field changes of less 
than 2 T that can be produced using permanent magnets [24]. Analysis 
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of the diffuse magnetic scattering obtained from neutron diffraction 
measurements of Tb(HCO2)3 suggested this arises from ferromagnetic 
chains of Ising spins coupled by weaker interchain antiferromagnetic 
interactions. This is in contrast with the antiferromagnetic coupling in 
Gd(HCO2)3 and, thus, it appears that the optimised magnetocaloric 
properties arise from the ease with which ferromagnetic Ising chains can 
be aligned with the applied field once the antiferromagnetic coupling 
between them is suppressed [24,25]. Subsequent neutron scattering 
studies of Tb(HCO2)3 identified the emergence of ferromagnetic order in 
the TbO9 chains at 1.6 K [26]. This order is supported by the antifer-
romagnetic interchain interactions, which due to frustration only lead to 
short range correlations in the other two dimensions. The interchain 
interactions appear to be about two orders of magnitude weaker than 
the intrachain ones [26]. This phase can be interpreted as a realisation of 
the triangular Ising antiferromagnet (TIA) if we treat the spins of each 
chain to be a single emergent moment. On cooling Tb(HCO2)3 to 1.2 K 
there is a transition to a second magnetic state in which the magnetic 
moment of neighbouring chains is modulated by a second propagation 
vector [27]. The sum of the spins around each triangle in the 2D lattice is 
equal and it thus resembles the emergent charge ordered (ECO) state 
reported in Kagome lattices in which the sum of the magnetic spins 
around a triangle can be thought of as an emergent magnetic charge 
[28–30]. 

It has previously been reported that the paramagnetic phase of Ho 
(HCO2)3 has similar, although weaker, correlations to Tb(HCO2)3, with 
ferromagnetic chains and frustrated antiferromagnetic correlations be-
tween the chains [27]. This is consistent with its magnetocaloric prop-
erties also being optimised for modest applied fields, albeit to a 
significantly weaker extent than Tb(HCO2)3 [24]. In Ho(HCO2)3 the 
correlated paramagnetic phase is retained down to 1.5 K and how it 
evolves towards magnetic order at lower temperatures has not previ-
ously been examined. There is no indication of significant magnetic 
diffuse scattering in the other Ln(HCO2)3 phases down to 1.5 K [27]. In 
this study we examine the magnetic ordering of Ho(HCO2)3 finding it 
undergoes a transition directly from the correlated paramagnetic phase 
to a state similar to the reported ECO phase of Tb(HCO2)3. We have also 
investigated the magnetic ordering in Er(HCO2)3, which appears to be 
the only other Ln(HCO2)3 phase to exhibit magnetic order above 50 mK 
[31,32], finding that unlike the Tb and Ho analogues it has antiferro-
magnetic order within its chains. This inspired us to make a solid solu-
tion Ho1-xErx(HCO2)3 to examine the bulk properties of these 
compounds to explore the effect on the magnetic properties of 
combining ferromagnetic and antiferromagnetic intrachain coupling. It 
was found that Ho0.5Er0.5(HCO2)3 exhibits paramagnetic behaviour 
down to 0.4 K, making it a possible starting point for a random spin 
chain paramagnet in which there are a random mixture of ferromagnetic 
and antiferromagnetic intrachain coupling. 

2. Materials and methods 

Following a literature procedure [27], samples of Ho1-xErx(HCO2)3 
(x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9.1.0) were synthesised by 
dissolving 2 g of the metal precursors, Ho(NO3)3⋅5H2O and Er 
(NO3)3⋅5H2O, in the appropriate molar ratios, in 4.75 ml formic acid 
(98+%, Fisher Chemicals) with the addition of 0.25 ml ethanol. After 
several minutes of stirring at ambient temperature, the release of NOy 
gases could be observed alongside the precipitation of pink solids from 
the solutions. The precipitates were collected by vacuum filtration, 
washed several times with ethanol and allowed to air-dry. Deuterated 
samples were synthesised following a similar procedure but employing 
deuterated formic acid (formic acid-d2, 99+ atom % D, 95 % solution in 
D2O, Acros Organics) and deuterated ethanol (ethanol-d6, 99 atom % D, 
Acros Organics) as solvents instead. Phase purity was established using a 
Malvern Panalytical X’pert 3 powder diffractometer equipped with an 
Empyrean Cu LFF X-ray source (operated at 40 kV and 40 mA; λCuKα1 =

1.5046 Å, λCuKα2 = 1.5444 Å) and an X’Celerator line detector, with 

ground samples mounted on zero-background silicon sample holders. Le 
Bail fits to the X-ray diffraction patterns were carried out using the 
programme Rietica [33,34], which were consistent with the formation 
of highly pure samples of the R3m Ln(HCO2)3 phases (see Figs. S1 and S2 
for quality of fits). 

Compositional analysis of the Ho1-xErx(HCO2)3 series was carried out 
by energy dispersive X-Ray Fluorescence (EDXRF) measurements using 
a PANalytical Epsilon 3 spectrometer. The results were obtained by 
using a calibration curve determined from physically ground mixtures of 
Ho(HCO2)3 and Er(HCO2)3 with different Ho:Er molar ratios; namely, 
92:8, 84:16, 75:25, 60:40, 40:60, 16:84 and 8:92. Scanning Electron 
Microscopy (SEM) measurements and further energy-dispersive X-ray 
spectroscopy analysis (EDX) on selected regions of the samples were 
carried out using a Hitachi S3400 N microscope to probe homogenity. 
Powder samples were deposited on carbon tabs placed on aluminium 
sample holders without further preparation. Images of regions of 
approximately 56 × 44 μm2 were acquired using a 10 kV electron beam 
and a secondary electron (SE) detector. 

Neutron diffraction patterns of Ho(DCO2)3 were obtained using the 
WISH diffractometer at the ISIS Neutron and Muon Source [35]. Data 
from Ho(DCO2)3 were obtained with the sample in a copper can cooled 
to low temperature using a 3He Heliox sorption refrigerator insert inside 
a standard Oxford Instruments cryostat. Measurements on Er(DCO2)3 
were performed using the Wombat diffractometer at the Australian 
Centre for Neutron Scattering, Australian Nuclear Science and Tech-
nology Organisation [36]. The Er(DCO2)3 sample was placed in a copper 
can and cooled by a dilution fridge mounted inside a cryocooler with 
data collected using 2.41 Å neutrons. Diffraction patterns were fitted by 
the Rietveld method as implemented in FULLPROF with background 
fitted using a linear interpolation of points [37,38]. Peak shapes were 
fitted using a profile function built from a convolution of back-to-back 
exponentials with a pseudo-Voight time-of-flight function for data 
collected by WISH or a pseudo-Voight peak profile function with an axial 
divergence asymmetry correction for data collected by Wombat. 
Candidate magnetic structures were determined using ISODISTORT, 
which implements a distortion mode analysis approach [39]. Although 
both magnetic structures are in monoclinic space groups the lattice 
parameters were constrained to be orthogonal as the magneto-elastic 
coupling is small and did not cause any observable splitting in the 
diffraction pattern associated with β varying from 90◦. 

Magnetic property measurements were performed using a Quantum 
Design MPMS SQUID magnetometer, with a 3He insert utilised for 
measurements below 1.8 K. Samples were held in either a straw or a film 
with a uniform diamagnetic background. Heat capacity measurements 
were measured on a Quantum Design PPMS using a 3He insert to obtain 
data down to 400 mK; samples were ground into a fine powder and 
mixed with a silver addendum. The magnetic contribution to the heat 
capacity was then determined by subtracting the known silver contri-
bution and lattice entropy, the latter using the Einstein-Debye equation 
[40]. 

3. Results and discussion 

3.1. Physical property measurements of Ho(HCO2)3 and Er(HCO2)3 

Since previous analysis of the diffuse magnetic scattering in Ho 
(DCO2)3 suggested it has similar short range magnetic order as Tb 
(DCO2)3 [27], physical property measurements were carried out to 
determine if TIA or the ECO phase emerged in Ho(DCO2)3 below 1.5 K. 
Zero-field cooled magnetic susceptibility data for Ho(HCO2)3 suggests a 
feature near 0.5 K (see Fig. 1a). While there is also a very small change in 
susceptibility at 1.5 K this coincides with where the MPMS switches 
between high and low temperature modes and is thought to be likely a 
result of this. A significant feature in the magnetic heat capacity of Ho 
(HCO2)3 is observed near 1.2 K, suggesting a significant change in en-
tropy at this point (see Fig. 1b). This peak broadens and moves to higher 
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temperature under application of magnetic field, confirming it is mag-
netic in nature, with the broad nature of this feature suggestive of 
magnetic order with a finite correlation length. The heat capacity begins 
to increase again below 600 mK. Consistent with the limited field 
dependence of this feature this is expected to be caused by the hyperfine 
Schottky anomaly of Ho [41–43]. It does, however, overlap with the 
range in which a change is noted in the magnetic susceptibility sug-
gesting a magnetic transition may also contribute to this. 

Magnetic property measurements performed on Er(DCO2)3 show no 
indication of long-range magnetic order forming down to 0.4 K (see 
Fig. 2a). Heat capacity data also show no significant features in the data, 
only increasing with lowering temperature, which can be ascribed to a 
Schottky anomaly (see Fig. 2b) [44]. 

Isothermal magnetization measurements of Ho(HCO2)3 have been 
performed above and below the phase transitions. The results obtained 
are similar to those previously measured from Ho(HCO2)3 at higher 
temperatures and saturating near gJJ/2, slightly above 2 T (see Fig. S3a). 
This is consistent with the behaviour expected for Ising spins, in 
agreement with the previous reverse Monte Carlo (RMC) fits to its 
magnetic diffuse scattering above 1.5 K [27]. Magnetization measure-
ments of Er(HCO2)3 also indicate an Msat relatively close to gjJ/2 sug-
gesting that the spins also have significant single ion anisotropy (see 
Fig. S3b). 

3.2. Emergent charge order in Ho(HCO2)3 

To facilitate the low temperature neutron diffraction study of Ho 
(DCO2)3 it was cooled rapidly from 20 K to a base temperature of 0.25 K. 
Subsequent data collection reveals the presence of additional broad 
Bragg-like peaks in the neutron diffraction pattern, shown in Fig. 3. 
These did not change significantly in intensity or width when the sample 
was held at 0.25 K suggesting the magnetic phase did not evolve further 
with time at this temperature. These peaks closely resemble those from 
the ECO state of Tb(DCO2)3 and were thus interpreted to be arising from 
a similar state [27]. The full-width half maximum (FWHM) of these 
magnetic peaks decreased with increasing temperature, indicating 
either the magnetic correlations or domains in Ho(DCO2)3 were growing 
on heating, more likely this will be the later given magnetic correlations 
usually decrease with increasing temperature. It should be also pointed 
that local strains could be a contributing factor to the observed peak 
broadening in the rapidly cooled sample. This is unlikely in this case as 
the peaks arising from diffraction from the crystal structure do not show 
a similar broadening as those arising from magnetic reflection, as may 
be expected in cases where local strains in a system with magneto-
striction are significant. These magnetic reflections are lost above 0.7 K, 
indicating the disappearance of this ordered magnetic phase. This is 
broadly consistent with the temperature at which the cusp in the mag-
netic susceptibility data occurs. It, however, varies significantly from the 

Fig. 1. a) Magnetic susceptibility of Ho(HCO2)3 in a 100 Oe field below 30 K. 
The insert shows the low temperature region below 1.6 K. b) Magnetic heat 
capacity, Cmag, of Ho(HCO2)3 in variable fields between 400 mK and 14 K. 

Fig. 2. a) Magnetic susceptibility of Er(HCO2)3 in a 100 Oe field below 30 K. 
The insert shows the low temperature region below 1.6 K. b) Heat capacity 
measurements in zero applied field, of Er(DCO2)3 between 0.5 and 5 K, indi-
cating a lack of phase transitions. 
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feature observed in heat capacity measurements at 1.2 K; this may 
suggest there is some short-range order that significantly reduces the 
magnetic entropy of the system without leading to Bragg peaks in the 
neutron diffraction data. This would be consistent with the broad nature 
of the heat capacity signal and could be associated with the strong 
ferromagnetic correlations within the HoO9 chains previously reported 
near this temperature based on RMC fits to significant magnetic diffuse 
scattering [27]. We cannot, however, exclude the possibility of some 
sample dependance or discrepancy in actual sample temperature be-
tween the heat capacity measurements and results presented here. 

To determine to what extent the broad magnetic peaks in Ho(DCO2)3 
arise from small magnetic domains caused by rapid cooling of the 
sample measurements were taken on cooling from 3 K to below TN = 0.7 
K. Magnetic reflections appear at 0.7 K, indicating the transition tem-
perature is not sensitive to whether it is approached by warming or 
cooling. The FWHM of peaks measured on gradual cooling were much 
sharper than those observed on rapid cooling through the magnetic 
phase transition, although they were still significantly broader than 
instrumental resolution. This indicates that the broadness of the mag-
netic peaks is intrinsic to the magnetic phase having a finite correlation 
length and not purely a result of finite magnetic domains emerging from 
the rapid cooling of the sample. It is likely that the greater peak 
broadening in the rapidly cooled sample compared to the more slowly 
cooled sample is caused by the magnetic domains being smaller in the 
former. 

In Tb(DCO2)3 the intermediate TIA state forms first, which is asso-
ciated with a propagation vector k1 of [0,0,1], before additional 

reflections appear at low temperature at a second propagation vector k2 
of [0,0.5,1], indicating the emergence of the ECO state [27]. In Ho 
(DCO2)3 all observed magnetic reflections appear simultaneously, sug-
gesting its ECO state emerges immediately from the correlated para-
magnetic phase. It was previously noted that, due to the appearance of 
the two k-vectors at different temperatures in Tb(DCO2)3, the possibility 
of magnetic phase separation could not be ruled out [27]. That all 
magnetic reflections appear at the same temperature in Ho(DCO2)3 
suggests it is less likely phase segregation occurs, as is needed for the 
ECO state to be an accurate representation of the average magnetic 
phase of these materials. 

As seen in Tb(DCO2)3, [27] the ordered magnetic phase of Ho 
(DCO2)3 adopts the space group Pm’ with magnetic moments along the 
chains, which run along the c-axis (see Fig. 4 for quality of fit and 
Table S1 for crystallographic parameters of nuclear phase). The bond 
valence method yielded a value of 3.04 for Ho, close to that expected for 
a Ho3+ ion [45]. The magnetic phase transition did not produce any 
significant change in the lattice parameters of Ho(DCO2)3, in either 
cooling or warming measurements. This suggests that such this devia-
tion observed in Tb(DCO2)3 is associated with the emergence of a TIA, 
which is absent in Ho(DCO2)3, and suggests the lack of significant 
magnetostriction in this material [27]. While in principle the reflections 
can be indexed with k2 alone magnetic models using only this k-vector 
did not match the intensities of the observed reflections well, including 

Fig. 3. Contour plots of neutron diffraction patterns of Ho(DCO2)3 collected on 
a) warming and b) cooling. 

Fig. 4. Rietveld fits to neutron diffraction patterns of Ho(DCO2)3 at 0.575 K 
from WISH along with the fitting statistics a) backscattering bank (2θ of 
152.83◦), Rp = 6.96 %, Rwp = 7.08 % and b) bank 2/9 (2θ of 58.33◦), Rp = 8.36 
%, Rwp = 4.87 %. 
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significantly underestimating the most intense reflection associated with 
the magnetic phase. 

As previously discussed for Tb(DCO2)3 the spin ordering derived 
from the propagation vector k1 = [0,0,1], can be described by a spin 
density wave with moment along the c-axis [27]. Since with the reso-
lution of our diffraction experiment the propagation vector seems to be 
locked to the commensurate vector (it is worth noting that (001) is not a 
special point of the Brillouin zone) different choices of the global mag-
netic phase will return equivalent fits to the data with a different 
arrangement of the spins on the triangles. When the phase is set to π/4 
the model resembles a partially disordered antiferromagnet (PDA) in 
which each of the triangles has one chain ordered with spin up, one 
down, and the third remaining disordered. The second phase choice, 
π/6, resembles an up-down-down model, which contains one chain 
moments ordered spin up and two chains with their moments-oriented 
spin down but with half the magnitude of the spin up chain. The k2 
propagation vector adds an extra modulation to the k1 ordering between 
different chains. At a temperature of 0.575 K the sum of the spins on the 
chain around each triangle is ±0.92 μB (see Fig. 5a) when the phase for 
the k1 component is set to π/4 and ± 0.98 μB when the phase is set to 
π/6. In this work we focus our analysis of the diffraction data assuming 
π/4, noting this does not alter the fundamental nature of the state 
observed but merely the value of the spins on each individual chain. 
Fig. 5b depicts the evolution of the Ho magnetic moment with respect to 

temperature. The existence of the ECO phase in Ho(DCO2)3, as well as in 
Tb(DCO2)3, is likely a result of the similar combination of 1D ferro-
magnetic correlations and weaker antiferromagnetic interactions at 
higher temperatures between chains observed in previous Monte Carlo 
studies [24,27]. 

3.3. Antiferromagnetic chains in Er(DCO2)3 

Upon cooling to 50 mK the neutron diffraction measurement per-
formed on Er(DCO2)3 show the appearance of extra weak reflections that 
can be attributed to the development of long-range magnetic ordering. 
These extra reflections can be indexed with the propagation vector k1 =

[0, − 0.5, 0.5], corresponding to the L-point of the Brillouin zone. Given 
the moderate resolution of the Wombat diffractometer used for these 
measurements no conclusions can be drawn regarding the size of the 
magnetic correlations in Er(DCO2)3. The magnetic structure was refined 
against temperature subtracted data to best enable the weak magnetic 
reflections observed to be isolated. This involved subtracting the data 
collected at 6 K from that obtained at 50 mK after first refining the 
crystal structure against data at 50 mK (see Table S2 for crystallographic 
parameters and Fig. S4 for the quality of the fit). The calculation of bond 
valence sums resulted in a value of 2.98 for Er, close to that expected for 
a Er3+ ion [45]. The best fits for the reflections observed is obtained with 
an antiferromagnetic structure in space group Ccc (see Fig. 6 for the 
quality of the fit and Fig. 7 for a depiction of this magnetic phase). In this 
structure there is only one independent Er site with an ordered magnetic 
moment of 0.75(4) μB at base temperature, lying in the ab plane oriented 
along the [0.72,-0.22,0] vector. The low magnetic moment obtained 
suggests the material may only be slightly below its ordering tempera-
ture, which is confirmed by the magnetic reflections being lost on 
heating between 50 and 100 mK. Er(DCO2)3 has antiferromagnetic order 
within its chains, unlike the ferromagnetic coupling in Tb(DCO2)3 and 
Ho(DCO2)3. Indeed such interactions within the chains is directly 
implied by the magnetic k-vector of Er(DCO2)3. 

3.4. Magnetic properties of the Ho1-xErx(HCO2)3 series 

That Er(DCO2)3 has antiferromagnetic coupling within its chains, in 
contrast to the ferromagnetic chains in Tb(DCO2)3 and Ho(DCO2)3 is an 
interesting observation [27]. It offers the potential to create a series of 
materials with a mixture of ferromagnetic and antiferromagnetic intra-
chain coupling. In the ideal case this would lead to a random spin chain 
paramagnet in which there is a random distribution of ferromagnetic 

Fig. 5. a) Ho(DCO2)3 magnetic structure solution at 0.575 K where the global 
phase is set to π/4. Unit cell shown as black box with magnetic moments in Pm’ 
space group with only Ho cation shown. The left-hand and right-hand sides of 
the panel shows projections in the ac plane and the ab plane, respectively. The 
spin charges are shown as minus and plus signs and circles and spins of the 
same colour correspond to Ho cations in chains with the same magnetic 
moment as each other. b) Evolution of the ordered magnetic moments associ-
ated with k1 and k2, in Ho(DCO2)3, with respect to temperature. 

Fig. 6. Temperature subtracted “magnetic only” neutron diffraction pattern fit 
of Er(DCO2)3 at 50 mK, using a 2.41 Å wavelength. The fit to the data yielded 
the fitting statistics, for the magnetic phase, of Rp = 13.5 %, and Rwp = 15.8 %. 

R.J.C. Dixey et al.                                                                                                                                                                                                                              



Journal of Solid State Chemistry 336 (2024) 124770

6

and antiferromagnetic intrachain coupling [11]. Since the lower mag-
netic ordering temperature suggests the magnetic coupling in Er(HCO2)3 
may be relatively weak a solid solution with Ho(HCO2)3 to make the 
Ho1-xErx(HCO2)3 series is likely a suitable way of studying this since it is 
known the magnetic correlations within Ho(DCO2)3 are weaker than Tb 
(DCO2)3 [24,27]. 

XRF measurements indicated that samples of Ho1-xErx(HCO2)3 had 
stoichiometries close to the nominal composition (see Table S3). The 
value of x determined from these measurements is consistently 
0.03–0.04 mol less than expected, this may indicate that Ho is prefer-
entially being incorporated or that there is a small systematic error with 
in calibrated values determined from XRF measurements. Additional 
composition analysis carried out via EDX on selected regions of samples 
(see Figs. S5–S13 and Tables S4–S12) showed good agreement with 
values determined from bulk XRF experiments with no obvious indica-
tion of sample inhomogeneity. Consistent with this lattice parameters 
obtained from Le Bail refinements gradually decreased with increasing x 
(see Fig. S14 and Table S13), although this trend is not linear. This is 
likely due to the very small change in the ionic radii of Ho3+ and Er3+ (c.f 
1.072 and 1.062 Å for 9-coordinate Ho3+ and Er3+, respectively) [46] 
amplifying small inaccuracies in the determination of the lattice 
parameters. 

Bulk magnetic measurements were carried out for Ho1-xErx(HCO2)3, 
with x = 0.20, 0.40, 0.60 and 0.80 (see Fig. S15) between 1.8 and 300 K 
with more extensive measurements of the x = 0.50 measured down to 
400 mK (see Fig. 8). All the sample measured show paramagnetic 

behaviour down to 1.8 K, similar to that of the parent compounds. Linear 
behaviour of the inverse susceptibility χ− 1(T), consistent with the Curie- 
Weiss law, can be observed across the Ho1-xErx(HCO2)3 series down to 
~30 K, with deviation from linearity below this temperature that are 
likely due to crystal field effects. Fits to the inverse susceptibility χ− 1(T) 
using the Curie-Weiss law were therefore carried out from 30 to 300 K 
and 2 to ~15 or ~20 K, for lower temperatures, with the exception of 
Ho0.5Er0.5(HCO2)3, for which low-temperature fits were carried out from 
0.4 to 1.5 K (see Figs. S15–19 with statistical measures of the qualities of 
these fits presented in Table S14), with results reported in Table 1. The 
Weiss constants extracted from the low temperature fits should be less 
affected by crystal field effects and, thus, give the best insight into the 
low temperature interactions in these mixed phases. The values obtained 
are consistent with weak antiferromagnetic interactions across the se-
ries, although this value increases with Er concentration as would be 
expected from the switch from ferromagnetic intrachain coupling in Ho 
(HCO2)3 to antiferromagnetic coupling in Er(HCO2)3. Examining the 
effective magnetic moment extracted from the fit to the high tempera-
ture region, since crystal field effects partially quench the orbital 
angular moment at lower temperatures, it can be seen that the moment 

Fig. 7. Antiferromagnetic structure of Er(DCO2)3 at 50 mK. Erbium, oxygen, 
hydrogen and carbon atoms are shown as green, red, grey and black sphere; the 
view of the bc plane shows only the erbium atoms for clarity. Unit cell shown 
in black. 

Fig. 8. Bulk magnetic properties of Ho0.5Er0.5(HCO2)3 measured between 0.4 
and 1.8 K (hollow symbols) and from 1.8 to 300 K (full symbols) using a 1000 
Oe applied field. The inset shows the Curie-Weiss fit to the inverse magnetic 
susceptibility χ− 1 across the lower temperature range. 

Table 1 
Curie-Weiss temperature θCW and effective magnetic moments μeff from the 
Curie-Weiss fit of the inverse susceptibility χ− 1(T) of Ho1-xErx(HCO2)3 series.  

x Range 
(K) 

θCW (K) μeff (μB) Range 
(K) 

θCW (K) μeff (μB) 

0 30–300 − 10.95 
(15) 

10.545(4) 2–15 − 0.54 
(4) 

9.127 
(12) 

0.20 30–300 − 11.60 
(5) 

10.850(2) 2–15 − 0.62 
(4) 

7.61(4) 

0.40 30–300 − 12.21 
(4) 

10.9145 
(14) 

2–15 − 0.96 
(6) 

8.59(2) 

0.50 30–300 − 11.00 
(2) 

10.4154 
(8) 

0.4–1.5 − 0.72 
(2) 

8.47(5) 

0.60 30–300 − 13.38 
(4) 

10.6284 
(10) 

2–20 − 0.99 
(6) 

9.18(2) 

0.80 30–300 − 15.98 
(13) 

9.74(4) 2–20 − 1.22 
(10) 

9.243 
(15) 

1.00 30–300 − 16.13 
(8) 

9.68(2) 2–20 − 2.20 
(2) 

7.64(5)  
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generally decreases with Er doping, consistent with Er3+ being expected 
to have a smaller moment than Ho3+ according to the Russell-Saunders 
coupling scheme. The change in effective moment with x is, however, 
not smooth with a particularly notable increase between the x = 0 and 
0.20 samples and a significant decrease between the x = 0.60 and 0.80 
samples. While some of these deviations from the expected trend may 
arise from experimental error it is likely that subtle distortions to the 
local coordination environment with x leads to a change in the crystal 
field that affects the contribution from the orbital angular momentum 
for a particular cation. In particular for values of x ~ 0.2 the contribu-
tion from the orbital angular momentum increases more than expected 
and then between 0.60 and 0.80 there is a significant decrease in the 
contribution from the orbital angular momentum [47]. 

Notably, Ho1-xErx(HCO2)3 maintains a linear trend in its inverse 
susceptibility across the low temperature regime down to 0.4 K. This is 
promising with respect to the potential of this compound to host a 
random spin chain paramagnet containing an equal mixture of antifer-
romagnetic and ferromagnetic coupling randomly distributed 
throughout its chains [11]. More detailed analysis of Ho0.5Er0.5(HCO2)3 
is required to establish if such a state is present in this material, likely 
using elastic and inelastic neutron scattering to study it on the atomic 
level. We would note that this material, is however, the first potential 
candidate to host such a state that is accessible using neutron scattering 
since studies of the local magnetic correlations of the only other 
candidate phases, Sr3CuPt1-xIrxO6, are restricted by the presence of 
highly neutron absorbing Ir in light of the s = ½ magnetic moments in 
the compound [11]. 

4. Conclusions 

In this work we have probed the magnetic ordering of Ho(HCO2)3 
and Er(HCO2)3. Ho(HCO2)3 has been found to adopt a similar magnetic 
ECO phase to the low temperature phase in Tb(HCO2)3 below 1.2 K. In 
this phase, which has magnetic moments along the chain direction, the 
magnetic moment of the cations in neighbouring chains vary but the 
total around a triangle remains the same, which can be interpreted as an 
emergent magnetic change. Ho(HCO2)3, however, lacks the intermedi-
ate TIA phase found in Tb(HCO2)3 with the emergence of all magnetic 
reflections at the same temperature, which makes magnetic phase 
segregation in Ho(HCO2)3 unlikely. There also appears to be a clear 
cooling rate dependence on the size of the magnetic domains in Ho 
(HCO2)3. In contrast to the ferromagnetic correlations within the chains 
of Tb(HCO2)3 and Ho(HCO2)3 Er adopts an ordered state with antifer-
romagnetic coupling within its chains, with the spins lying in the ab 
plane. A series of Ho1-xErx(HCO2)3 was made to explore the possibility of 
making compounds with a mixture of ferromagnetic and antiferromag-
netic coupling within the chains. It was found that the 
Ho0.5Er0.5(HCO2)3 member of this series remained paramagnetic down 
to 0.4 K, making it a potential starting point to search for a random spin 
chain paramagnet. 
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