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This work reports the competitive magnetocaloric effect of some simple lanthanide fluoride materials with cations with high magnetic anistropy. Of these HoF3 

is particularly promising due to exhibiting a high magnetocaloric entropy change under modest applied fields at higher temperatures, which only decreases 

modestly with temperature such that it has potential for cooling for hydrogen liquifaction. Spin polarised neutron spectroscopy indicates its promising 

conventional magnetocaloric effect is likely due to the presence of ferromagnetic fluctuations of highly anisotropic magnetic moments while its singlet electronic 

ground state and low temperature magnetic ordering leads to a decrease in its magnetocaloric performance below 4 K. 

I. Introduction 

The magnetocaloric effect (MCE) is an energy-efficient and 

environmentally friendly alternative to vapour compression 

refrigeration technology, with superior theoretical energy 

efficiencies of >50 % compared to ~35% for vapour 

compression.1,2 Whilst magnetocalorics have historically been 

optimised for ultra-low temperature (< 2 K),  they have recently 

been considered suitable as a replacement for liquid helium 

refrigeration or liquefaction of hydrogen gas (< 20 K) as 

promising MCE at higher temperatures is achieved.3,4 The MCE 

arises from the change in entropy when a magnetic field is 

applied and then removed from a paramagnetic material. Initial 

application of a magnetic field causes the spins to align with the 

external magnetic field, to produce a more ordered state thereby 

reducing the magnetic entropy of the system. This results in a 

positive adiabatic temperature change (ΔTad) as the total 

magnetic entropy of the system approaches 0. If this heat 

subsequently removed from the system whilst the field is still 

applied, when the field is removed the entropy of the system 

increases and a negative -ΔTad results. This cooling process can 

be iterated to lower the temperature of the material, but for this 

effect to work optimally the material must remain paramagnetic 

over the working temperature range 

The need for dense magnetocalorics with high magnetic 

moments has driven an interest in MCE materials based on the 

later lanthanides because of the high magnetic entropy change 

(ΔSm), they support. A new wave of non-oxide magnetocalorics 

have been recently reported to have particularly high 

magnetocaloric effects, including Gd(HCO2)3(C2O4), GdPO4, 

Gd(HCO2)3, GdOHCO3 and GdF3, which have superior 

performance to the benchmark Gd3Ga5O12 (GGG) phase.5–10 

Recent work has shown the substitution of Gd for other 

lanthanide ions with Ising-like spins leading to larger -ΔSm above 

2 K in low applied fields,11–14 at the expense of some decrease of 

performance for larger field changes. Achieving magnetocaloric 

materials optimised for higher temperatures and, ideally, the 

more modest applied fields that can be generated using a 

permanent magnet (less than 2 T) offers the potential high 

efficiency cryogen-free cooling technology for a wider range of 

applications. This has inspired the study of analogues of 

promising Gd magnetocalorics containing other, magnetically 

anisotropic, lanthanides.  

The benefits of exploring magnetocalorics with magnetically 

anisotropic cations has already been highlighted by studies of the 

Ln(HCO2)3 (Ln = Gd3+, Tb3+, Dy3+, Ho3+ and Er3+) which have 

shown that Tb(HCO2)3 has higher -ΔSm than Gd(HCO2)3 above 

4 K and field changes below 2 T.11 Similarly amongst the 

LnOHCO3 phases TbOHCO3 and DyOHCO3 have higher -ΔSm 

than GdOHCO3 above 4 K for similarly modest field changes.12 

Previous studies of these two families have shown that the reason 

these materials are able to stay paramagnetic in their 

magnetocaloric operating temperatures due to significant 

frustration between neighbouring chains of spins which are 

arranged in triangular motifs, stacked into layers forming chains 

of magnetic ions. 11,15–18 These Ising-like spin chains also possess 

strong intrachain ferromagnetic correlations which allow for 

easy alignment of the spins with the magnetic fields once the 

antiferromagnetic correlations are overcome. 

The LnF3 family of materials crystallise in the orthorhombic 

Pnma space group (a = 6.40, b = 6.87 and c = 4.38 Å for HoF3 

at room temperature).19 The structure can be viewed as having 

chains of LnF9 face-sharing polyhedra, with corner-sharing 

interchain connectivity. Intrachain nearest neighbour Ho3+ are 

separated by 3.6 Å, with the next nearest neighbour interchain 

distance of 4.1 Å. The LnF3 phases have similar structural 

characteristics to the Ln(HCO2)3 and LnOHCO3 phases with their 

chains packed into distorted triangular lattices (see FIG. 1) GdF3 

is reported to have the highest -ΔSm
max and we have, therefore 

chosen to investigate the magnetocaloric effect in the LnF3 

family of materials.8 We find that HoF3 has significantly higher 

-ΔSm than GdF3 at low fields above 4 K, with a slow decrease in 

performance being particularly impressive enabling it to retain 

high -ΔSm well above 10 K. This makes it useful for cooling over 
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a significantly broader range of temperatures, and therefore 

applications, than is typical for a magnetocaloric, including 

cooling to near 20 K for hydrogen liquefaction. Below 4 K the -

ΔSm of HoF3 decreases significant, leading to apparent inverse 

MCE at 2 K. This is attributed to a combination of its, previously 

reported, singlet electronic ground state and low temperature 

canted antiferromagnetic order.20,21 

   

FIG. 1: Two diagrams of the isostructural LnF3 materials, oriented along the b and c axes. 

Ln3+ are shown in purple, and F are shown in green. Nearest neighbour interactions are 

shown as blue rods. The top diagram oriented along the b-axis shows the triangular motifs 

in the insert, between buckled spin chains, and the bottom diagram shows the nearest 

neighbour interactions forming chains of Ln3+
 atoms. Crystal structure data taken from M. 

Piotrowski et al.19
 

II. Experimental Methods 

Polycrystalline samples of LnF3 (Ln = Gd3+, Tb3+, Dy3+, Ho3+ and 

Er3+) were purchased from Fisher Scientific without any further 

purification. Sample phase purity was examined by powder X-

ray diffraction measurements performed on ground 

polycrystalline samples on a Rigaku MiniFlex with CuKα 

radiation with the use of a zero-background silicon sample 

holder. X-ray patterns were refined using the FULLPROF suite 

using the Pawley fitting method, and a linear background of 

interpolated points (see FIG. S1-5 for the resulting fits), which 

indicated that only DyF3 contained a small unknown impurity.22 

The magnetic measurements of the polycrystalline samples 

(15-20 mg) were performed using a Quantum Design MPMS 

SQUID magnetometer. Samples were placed in gelatine capsules 

enclosed inside a pierced straw with a uniform diamagnetic 

background. Zero field cooled (ZFC) and field cooled (FC) 

measurements were recorded in a DC field 2-300 K for LnF3 

(where Ln = Gd-Er) in 1000 Oe field. Field sweeps used to 

calculate ∆Sm using Maxwell relations were measured in a DC 

field and fields 0-5 T, with varying intervals. 

Powder neutron scattering measurements were carried out on 

the D7 diffuse scattering spectrometer in both diffraction and 

inelastic modes, at the Institut Laue-Langevin neutron reactor 

source in Grenoble, France.23 7.977g of polycrystalline HoF3 

was ground in a pestle and mortar and loaded into a an 

aluminium can. The can had a 20 mm inner diameter with a 19 

mm insert to give the sample an annular cross-section. The 

experiment used polarised neutrons with a wavelength of 3.1327 

Å incident energy = 8.34 meV) from the pyrolytic graphite (002) 

monochromator. The neutrons were polarised and analysed using 

supermirror benders, with a precession-coil spin flipper in the 

incident beam and current-carrying coils around the sample to 

control the polarisation direction.  The XYZ polarisation analysis 

method, involving the linear combinations of the measured non-

spin-flip and spin-flip intensities for the polarisation along three 

orthogonal directions,23 was used to separate out the nuclear 

coherent, nuclear spin-incoherent, and  magnetic scattering 

signals from the total scattering. Diffraction measurements were 

carried out between 1.5 K to 150 K. A Fermi chopper was then 

placed between the monochromator and sample for spectroscopy 

measurements at 1.5 K, permitting the final neutron energy to be 

determined from the time-of-flight between the sample and the 

detectors.  

III. Results and Discussion 

A. Magnetic Properties 

Field cooled (FC) and zero-field cooled (ZFC) magnetic 

susceptibility data of the LnF3 frameworks (Ln = Gd3+, Tb3+, 

Dy3+, Ho3+ and Er3+) were measured in a 1000 Oe field from 2 K 

to 300 K. The magnetic susceptibility data for all LnF3 were 

found to obey Curie-Weiss law between 100 - 300 K (FIG S6-

10). Effective magnetic moments were found to be broadly 

consistent with the values expected for these trivalent 

lanthanides according to the Russell–Saunders coupling 

scheme24 (see Table I). The Curie-Weiss temperatures of Ln = 

Tb-Er indicates predominantly antiferromagnetic interactions 

within these materials, although this must be interpreted 

carefully due to likely contributions from crystal field effects of 

the Ln cations at low temperatures.  

Extrapolation of the Curie-Weiss fits above 100 K to lower 

temperatures for GdF3, DyF3, HoF3 and ErF3 did not show any 

indication of deviation from purely paramagnetic behaviour 

down to 2 K (see FIG S6, S8-S10). In contrast TbF3 was found 

to deviate from Curie-Weiss law below 2.9 K with χMT also 

increasingly rapidly at low temperature, with a maximum 

observed at ~3 K (see FIG S7 and S11). A weak divergence of 

ZFC and FC magnetic susceptibility is also observed at this 

temperature and reflects the onset of this long range magnetic 



 

 3 

order.  This is in broad agreement with the onset of magnetic 

order reported in TbF3
 at ~3.97 K, consisting of canted Ising-spin 

magnetic order 25,26  

Table I: Curie-Weiss temperatures and effective magnetic moments for lanthanides in 

LnF3. 

Ln θCW (K) Curie Constant 

(emu mol−1 Oe−1) 

Magnetic 

Moment (μB) 

Gd 0.42 7.32 7.65 

Tb -4.74 10.81 9.30 

Dy -4.69 12.79 10.11 

Ho -11.56 15.71 11.21 

Er -11.59 11.44 9.56 

 

Isothermal magnetisation measurements on the LnF3 frameworks 

measured at 2 K (FIG. 2) reveal that only GdF3 has 

magnetisation consistent with a Heisenberg spin, approaching 7 

µB under high applied magnetic fields. In contrast TbF3, DyF3 

and ErF3 all show saturations values close to that of gJJ/2 

expected for purely Ising anisotropy,27–30 and materials with 

large spin-orbit coupling. Finally, HoF3 shows a steep 

magnetisation in low applied fields and saturates at values close, 

but noticeable exceeding, the limit expected for the magnetic 

cations in an Ising case, which may suggest it exhibits high 

magnetic anisotropy deviating from purely Ising behaviour. This 

is analogous to the effect we have reported in DyOHCO3,17 

which showed the most promising ∆Sm at elevated temperatures 

amongst the  LnOHCO3 phases.12,15,17 The magnetisation of 

GdF3, TbF3 and HoF3 show a steep rise in magnetisation with all 

nearing plateau below 2 T. At 2 K none of this series show 

hysteresis in the magnetisation. 

  
FIG. 2: Isothermal magnetisation measurements of the LnF3, measured at 2 K 

B. Magnetocaloric Effects 

-∆Sm were calculated using the Maxwell relation (see Equation 

1) between 2 and 10 K, and for field changes between 0 and 1-5 

T (see FIG. 3 for 0-1 and 0-2 magnetocaloric effect plots, FIG 

S12-14 for 0-3, 0-4 and 0-5 T field changes and FIG S15-20 for 

magnetisation plots from which these values are obtained). 

∆𝑆𝑚 = ∫ [
𝛿𝑀𝑇,𝜇0𝐻

𝛿𝑇
]
𝜇0𝐻

𝑑𝜇0𝐻 

Equation 1: The Maxwell relation used for calculating the magnetic entropy changes 

(∆Sm) at a given temperature. Where T is absolute temperature, M is magnetisation  at a 

given temperature and applied magnetic field, and μ0H is the applied magnetic field. 

   
FIG. 3: The magnetocaloric effects of the LnF3 materials in Δμ0H = 0-1 T (top) and 0-2 T 

(bottom). The filled and hollow symbols mark mass and volumetric units. 

As expected from other lanthanide magnetocaloric materials, the 

previously reported GdF3 is observed to have the greatest 

−∆Sm
max at 2 K, particularly in multiple tesla magnetic fields. For 

moderate field changes of less than 2 T TbF3 and HoF3 are found 

to perform well with −∆Sm
max at 4 K and 6 K, with HoF3 

outperforming GdF3 above 5 K with a very gradual decrease that 

suggests this differential will increase significantly at higher 

temperatures. The slow, almost linear, decline of −∆Sm with 

respect to temperature in these initial studies inspired further 
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investigation into the magnetocaloric effect of HoF3 to higher 

temperatures. 

As shown in FIG. 4 these enable the magnetocaloric entropy 

change for HoF3 to be calculated up to 27 K, where we observe 

excellent magnetocaloric behaviour, in applied fields changes of 

between 2 and 5 T. An anomalous reduction in the 

magnetocaloric effect is observed in HoF3, in higher fields 

changes at 14 and 15 K. A summary of the peak MCE 

temperatures of all the LnF3 is given in Table II, showing the 

temperatures at which the MCE peaks in both mass and 

volumetric units, with regards to the performance above 4 K. 

Due to the high density of the LnF3 materials HoF3 outperforms 

other similar materials, when comparing volumetric units, above 

8 K. 12,16,31–33  

  

FIG. 4: The magnetocaloric effect of HoF3 in magnetic field changes between 1 and 5 T, 

plotted in mass and volumetric units. 

Notably the −∆Sm of HoF3 decreases significantly below 4 K 

with an apparent inverse magnetocaloric effect at 2 K. From the 

Maxwell relation this can be interpreted as indicating a decrease 

in magnetisation with decreasing temperature (δM/δT), as is 

observed in the magnetisation data. This observation should be 

interpreted carefully as it relies heavily on the 2 K magnetisation 

measurement and requires further studies to confirm this is not 

an experimental artefact. If confirmed this is consistent with the 

material being close to a magnetic anomaly. A secondary 

interesting feature of HoF3, is the field dependence of the peak 

temperature of the magnetocaloric effect. It appears that with 

larger changes in magnetic field the temperature at which the 

magnetocaloric effect peaks increases significantly, which has 

been observed in other highly anisotropic holmium containing 

polycrystals.34 HoF3 has interesting properties compared to 

benchmark GGG and DGG. For ∆B = 0-2 T GGG has a -∆Sm
max 

= 17.7 J kg−1 K−1 or 145 mJ cm−3 K−1 at 1.2 K,33 and DGG has a 

-∆Sm
max = 11.64 J kg−1 K−1 or 95 mJ cm−3 K−1 at 1.2 K, 13,27,35 

HoF3 provides a entropy change of 17.80 J kg−1 K−1 or 136.12 

mJ cm−3 K−1 at 5 K for the same field change and even at 12 and 

16 K has an entropy change of greater than 10 J kg−1 K−1 or 50 

mJ cm−3 K−1, respectively.  

HoF3 has a -∆Sm
max of 21.22 J kg-1 K-1 for a field change of 

0-5 T and retains value of larger than 14.02 J kg-1 K-1 up to 20 K, 

the boiling point of hydrogen, for a 0-5 T field change. This 

compares favourably to the mineral Gaudefroyite, which has 

been previously touted for use as a magnetocaloric for hydrogen 

liquefaction based on a -∆Sm
max of less than 15 J kg-1 K-1 and 

retaining a value of above 10 J kg-1 K-1 up to 20 K for a similar 

field change4,36. This gives commercially available HoF3 the 

potential to find uses for magnetic refrigeration over a wide 

temperature. The large magnetocaloric effect in these materials 

is partly due to the high density of the LnF3 (7.6441(20) g cm−3 

for HoF3 at 300 K), and the large magnetic entropy of the 

lanthanide ions coupled with its magnetisation rapidly increasing 

at low applied magnetic fields. HoF3 is an extremely competitive 

magnetocaloric in a range of applied fields for cooling below 20 

K, with potential applications including hydrogen liquefaction. 

The decrease of -∆Sm at low temperatures and the apparent 

inverse MCE may mean some care in its application is required 

but if used for cooling in the 10-20 K range this complication 

should be avoided. Therefore it was desirable to further explore 

the magnetic behaviour on a microscopic level using neutron 

scattering. 

 

C. Dynamic Magneto-structural Relationships of 

HoF3 

Ho3+ is a non-Kramers ion, which, in combination with the low 

site symmetry (C1h), leads to the ground electronic state being a 

Table II:  Summary of the peak MCE (-ΔSm
max ) at peak temperatures (Tmax (K)) of the studied LnF3 at different field changes. Mass refers to changes in entropy per mass in units of J 

kg−1 K−1 and volume refers to change in entropy per volume in units of mJ cm−3 K−1. 

 Δμ0H = 0 – 1 T Δμ0H = 0 – 2 T Δμ0H = 0 – 5 T 

Ln Tmax ΔS 

(Mass) 

ΔS 

(Volume) 

Tmax ΔS 

(Mass) 

ΔS 

(Volume) 

Tmax ΔS 

(Mass) 

ΔS 

(Volume) 

Gd 2 26.72 191.69 2 50.94 365.45 2 69.13 495.95 

Tb 4 13.59 98.27 4 21.96 158.75 4 25.65 185.40 

Dy 2 12.73 96.30 2 20.75 156.94 3 23.75 179.64 

Ho 5 10.15 77.62 6 17.80 136.12 8 21.22 162.25 

Er 2 10.29 79.55 2 19.78 152.89 2 25.51 197.19 
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non-magnetic singlet state.21,37,38 It has previously been reported 

that a Schottky-type feature associated with transition to this 

ground electronic state is centred at 3.5 K but this is a broad 

transition and, as a result, HoF3 remains paramagnetic well 

below 1 K.21,39 HoF3 magnetically order at TN = 0.53 K into a 

canted antiferromagnetic state, with ferromagnetic nearest 

neighbour correlations and strong anisotropy along the a-axis.39 

The moments have been reported to align along chain direction 

and canted 66° from the towards the nearest neighbour.20  

Polarised inelastic neutron scattering spectra were collected 

on HoF3 at 1.5 K as a function of Q and energy, and the magnetic 

contribution to the total spectra is shown in FIG. 5. The total 

spectra and nuclear contributions are shown in FIG. S21-22. 

This spectra did not show any indication of long range magnetic 

order at 1.5 K at the elastic line, consistent with the previous 

study. No structured magnetic diffuse scattering has been 

observed as has been shown in other promising Ising-spin 

magnetocalorics such as LnODCO3 and Ln(HCO2)3 

phases,11,12,15–17 suggesting a lack of any short range magnetic 

order. 

  
FIG. 5: The normalised magnetic contribution of the inelastic scattering function of HoF3, 

separated from the total scattering on D7 by using the XYZ polarisation analysis method. 

There are two clear low lying excitations centred around 0.59 meV and 4.7 meV. 

Two magnetic excitations are observed in the spectra centred 

around ~0.59 and ~4.7 meV. These excitations relate to low lying 

excitations that have been previously reported to be the energy 

gap separating a pair of Ising-like electronic states; the ground 

state singlet and the excited singlet state by 5.90 cm-1 (0.73 

meV), and another low lying excitation at 37.99 cm-1 (4.71 meV) 

to another excited singlet state.39,40 Integration over all Q 

produces the inelastic scattering function S(ω) shown in Fig. 

S23. Gaussian functions have been fit to FIG. S23 and this finds 

the centre of the first excited state to be at 0.589(3) meV, lower 

in energy than previously reported.21,39,40 The second excited 

state was found to be centred at 4.690(4) meV, in very good 

agreement with previous reports.21,40 Integration along Q of these 

two excitations are shown in FIG. 6, which shows an increase in 

the inelastic scattering intensity at low Q, indicating these are not 

purely point-like transitions, as previously suggested, but are, 

instead, non-localised magnetic excitations. The scattering 

function S(Q) of these excitations are also structured with local 

maxima in the scattering of both the low and high energy 

excitations, indicating some order to these dynamical magnetic 

excitations. The increase in the scattering intensity of the 

inelastic features with decreasing Q, are consistent with the 

presence of ferromagnetic fluctuations in the paramagnetic 

phase.41–43  

 

FIG. 6: The magnetic inelastic scattering intensity as a function of momentum transfer 

S(Q) of the high energy mode (top) and the low energy mode (bottom). The limits of the 

energy integration windows are listed in the figures. 

Bleaney et al.21,39 has previously shown a low lying state with 

a gap of 8.14 cm-1 (1.009 meV) which has been attributed to a 

magnon in the magnetically ordered phase. The fit to the low 

energy excitation in FIG. S23 results in a δE/E of ~23%, far 

greater than the expected energy resolution of D7 at this energy, 

suggesting the presence of two excitations very close in energy 

consistent with the previous studies suggesting two excitations 

at around 0.8-1.0 meV.  
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FIG. 7: Comparison of the energy-dependence of the magnetic inelastic scattering from 

the low lying excitation, at various Q. The peaks have been fitted with a Gaussian model, 

shown in red, to extract the peak center indicated by the vertical red line. The peak in 

energy changes as a function of Q indicating this mode is weakly dispersive. 

To investigate the origin of the low energy magnetic feature 

further, the energy of the low energy excitations has been studied 

as a function of Q. FIG. 7 shows the change in intensity and 

energy of the low energy excitation, as a function of Q. At the 

lowest Q bin (0.3 Å-1 < Q < 0.6 Å-1), the excitation is centred at 

0.429(8) meV, shifting to higher energies at higher Q bins, up to 

0.636(6) meV where 1.5 Å-1 < Q < 1.8 Å-1, and shifting to lower 

energies at the highest Q bins. The changes in energy maxima as 

a function of Q is a clear indication of a dispersive excitation, 

providing further evidence that this excitation has a magnetic 

origin and is an indication of correlations in the dynamic 

moments in the paramagnetic phase 

Therefore we would expect that at temperatures below TN, 

where the temperature is no longer disrupting correlations, these 

features may sharpen into a well-defined spin wave. Whilst 

qualitatively the higher energy excitation appears to also be 

weakly dispersive, the statistics are quite poor and so fits are 

subject to a high degree of error (see FIG. S24). 

Measurements as a function of temperature were performed 

in the diffraction mode of D7, without the Fermi chopper and 

therefore no energy analysis. The instrument integrates the 

scattering over all final neutron energies in this mode, and the 

attribution of Q is determined based on the scattering angle, 2, 

and the assumption that the scattering is quasielastic. The 

assumption is known as the static approximation. FIG. 5 

indicates that all of the magnetic scattering intensity in HoF3 is 

inelastic, with significant spectral weight in the higher energy 

mode, and therefore, absolute Q values using this approximation 

should be considered tentatively.  FIG. 8 shows the scattering 

intensity of HoF3 in diffraction mode integrated over all final 

neutron energies. The data appear to show some structure 

between 1.6 < Q < 3.1 Å–1, but this is due to the integration over 

the inelastic scattering observed in FIG. 5 rather than any 

structural order. It is unlikely this structure has any significant 

contribution from leakage from the nuclear scattering as there is 

only one peak as there is limited Bragg scattering over this Q-

range (c.f. FIG.5 to FIG. S22). Differences can be observed 

between lower and higher temperature polarised neutron 

patterns. This suggests the magnetic excitations are changing 

gradually with temperature. Specifically, the increase in 

scattering intensity at low Q indicated by inelastic spectroscopy 

to arise from ferromagnetic fluctuations at 1.5 K is lost above 10 

K. While the dynamical spin fluctuations in HoF3 are not well 

described by a purely paramagnetic magnetic form factor 

comparison to this in FIG. 8 does highlight this decrease in 

intensity on heating. It also suggests that above 10 K the 

magnetic scattering decreases slightly, when approaching Q=0, 

suggesting the presence of limited antiferromagnetic 

fluctuations. We interpret these observations as evidence for the 

existence of ferromagnetic spin fluctuations through the 

temperatures at which the  MCE peaks in HoF3.43 

On the basis of previous studies combined with our 

measurements we can suggest an origin of the interesting 

magnetocaloric behaviour of HoF3. The decrease of the 

magnetocaloric effect below 4 K and apparent significant inverse 

magnetocaloric effect at 2 K is likely associated with the 

transition to the singlet ground state, which will decrease the 

magnetic moment on the Ho3+ cation as temperature decreases. 

Thus the magnetisation will increase with increasing temperature 

as the excited states are thermally populated and the Ho3+ have 

progressively larger magnetic moment. This suggestion is 

supported by the temperature at which −∆Sm first decreases being 

approximately that of the heat capacity anomaly reported 

previously at 3.5 K.21  That the remaining magnetic moments 

order antiferromagnetically at lower temperatures will increase 
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the rate at which magnetisation decreases with temperature as 

this approaches. Inverse MCE is not common but has been 

previously attributed to crystal field effects, such as in PrNi5,44 

and magnetic ordering, including in Ba3Tb(BO3)3 and 

Dy(HCO2)(C2O4);5,45 it may be both of these are relevant factors 

in HoF3. With respect to the behaviour of HoF3 at higher 

temperature our diffuse magnetic scattering patterns of HoF3 

suggest significant ferromagnetic fluctuations at 5 K, based on 

the known magnetic structure these are likely intrachain 

correlations. The close proximity of the Ho cations in HoF3 and 

single fluoride ion separating them, leads to the interactions 

between spins being quite strong with spins having strong 

anisotropy along the chain directions.20 As for other materials 

with ferromagnetic chains of magnetically anisotropic spins this 

will enable the ready alignment of the spins under applied fields, 

leading to higher −∆Sm
 at low fields.11,12,15,16,18 Persistence of the 

significant ferromagnetic intrachain interactions is likely the 

cause of the gradual decrease in −∆Sm compared to other systems 

in which the cations are packed less densely. 

 

FIG. 8: Comparison of the magnetic scattering measured in diffraction mode, integrating 

over all final neutron energies, as a function of temperature between 2 and 150 K. As 

described in the text the scattering between ~1.6 > Q > ~3.1 Å-1 is caused by the low lying 

excitations and not Bragg peaks from magnetic structural order.  

Conclusions 
This work has explored the magnetocaloric effects of the 

magnetically anisotropic LnF3 phases, which have highly 

competitive −∆Sm
max with respect to volume due to their dense 

structures. Amongst these promising materials HoF3 is the most 

interesting, exhibiting considerable conventional MCE above 5 

K in low applied fields, which only gradually decreases with 

temperature such that significant magnetocaloric effects are 

observed up to 20 K, useful for hydrogen liquefaction. The −∆Sm 

of HoF3 decreases below 4 K with a possibility of significant 

inverse MCE at 2 K. Based in part on an examination of HoF3 

with inelastic neutron scattering the decrease in −∆Sm below 4 K 

is attributed to the singlet ground state of HoF3 combined with 

the previously reported antiferromagnetic ordering below 1 K. 

The promising conventional MCE at temperatures well above 10 

K is attributed to the existence of significant 1D ferromagnetic 

correlations. 

Supplementary Materials 

See supplementary material for diffraction patterns, additional 

magnetic properties data and further neutron spectroscopy data. 
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