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Abstract 

Polycrystalline samples of the perovskites Ca2PrCr2BO9 (B=Nb, Ta) have been synthesised 

using the standard ceramic method and characterized by x-ray diffraction, neutron diffraction 

and magnetometry. Both crystallise in the orthorhombic space group Pnma and exhibit 

magnetisation reversal when field-cooled in an applied field of 100 Oe. The absolute value of 

the negative magnetisation at 2 K in an applied field of 100 Oe is an order of magnitude 

greater in Ca2PrCr2TaO9 than it is for Ca2PrCr2NbO9. Magnetometry and powder neutron 

diffraction showed that the Cr
3+

 cations in Ca2PrCr2NbO9 and Ca2PrCr2TaO9 order in a GyFz 

magnetic structure below 110 and 130 K, respectively. The Pr
3+

 cations remain paramagnetic 

down to ~10 K and show no-long range order at 2 K. Both compounds show a large degree of 

hysteresis in M(H), with coercive fields of 3.79 kOe and 3.03 kOe at 2 K. 
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Graphical abstract: 

The FC molar dc susceptibility as a function of temperature measured on warming after 

cooling in applied fields of 0.1 (red), 1 (orange) 3 (green) and 10 kOe (purple) for a) 

Ca2PrCr2NbO9 and b) Ca2PrCr2TaO9. 

 

 

 

 

Introduction 

Insulating materials that contain cations possessing a non-zero spin quantum number 

generally show a positive magnetisation with respect to the direction of an externally applied 

magnetic field and can exhibit a wide range of magnetic properties such as paramagnetism or 

long-range ferromagnetic or antiferromagnetic order. A negative magnetisation is normally 

only observed in diamagnetic or superconducting materials. However in some magnetically-

ordered systems there is a cross-over from positive to negative magnetisation. This 

phenomenon, known as magnetisation reversal, was first observed in spinel ferrites in the 

1950s
1
. The sign reversal in the inverse spinels Co2VO4 and Co2TiO4

2, 3
, in which there are 

two antiferromagnetically coupled ferromagnetic sublattices, was shown to be a consequence 

of the different temperature dependencies and magnitudes of the Co
2+

 moments on the 

tetrahedral and octahedral sites, as previously hypothesised by Néel
4
. In an in-depth review

5
 

Kumar and Yusuf identified negative exchange coupling between canted antiferromagnetic 
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sublattices or between ferromagnetic/canted antiferromagnetic sublattices and paramagnetic 

sublattices as possible causes of the phenomenon. They also pointed out that it can occur in 

materials where there is an imbalance of spin and orbital moments and at the interface 

between ferromagnetic and antiferromagnetic phases.  It has been suggested that compounds 

possessing this property might have technological applications in the area of magnetic storage 

devices; particularly those based on volatile magnetic memory or thermally-assisted magnetic 

random-access memory
5
.  

Magnetisation reversal has been observed in the perovskite structure, particularly in rare-

earth orthochromates
6-8

 and orthoferrites
9-11

 but also in the double perovskite Sr2YbRuO6
12

. In 

the rare-earth orthochromates, which can be described by the general formula ACrO3, where 

A is a rare-earth cation, it has been suggested that the negative magnetisation arises from 

negative exchange coupling between the canted antiferromagnetic Cr sublattice and the 

paramagnetic rare-earth sublattice
7, 13

. In an applied magnetic field the weak ferromagnetic 

moment arising from the Cr sublattice induces a negative internal field at the paramagnetic 

rare-earth site. The temperature at which the paramagnetic moment arising from the rare-

earth sublattice is equal and opposite to the ferromagnetic moment arising from the Cr 

sublattice is known as the compensation temperature, or Tcomp; the net magnetisation is 

negative below this temperature. Partial substitution of the rare-earth cations at the A site and 

the chromium ions at the B site has been attempted in order to increase the temperature of the 

compensation temperature and the difference in magnitude between the extremes of the 

positive and negative magnetisation. For example, replacing small amounts of Cr with Fe in 

NdCrO3 to form NdCr1-xFexO3 increases the compensation temperature from 102 K when x = 

0.05 to 169 K when x = 0.15; the value of the negative magnetisation increases concomitantly 

by an order of magnitude
14

. While PrCrO3 does not exhibit magnetisation reversal down to 

4.2 K
15

, the compositions La1-xPrxCrO3 exhibit negative magnetisation for 0.2 ≤ x ≤ 0.8
13

. Li 

et al have recently considered the consequences of replacing Cr
3+

 cations in SmCrO3 by 

diamagnetic Ga
3+ 16

. Here we investigate the effect on the magnetic properties of partially 

substituting both the A and B sites of PrCrO3 with diamagnetic cations to form 

Ca2PrCr2NbO9 and Ca2PrCr2TaO9.   

Experimental 

Polycrystalline samples of Ca2PrCr2BO9 (B=Nb, Ta) were synthesised using the traditional 

ceramic method. Stoichiometric quantities of CaCO3, Pr6O11, Cr2O3 and Nb2O5 or Ta2O5 
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were intimately ground together for 30 minutes in an agate pestle and mortar. The mixture 

was fired at 900 ˚C for 16 hours as a loose powder, before being reground, pelletised and 

fired at 1300 ˚C for 6 hours. It was then fired twice at 1350 ˚C, for 48 hours at a time, until 

the reaction had gone to completion. After each firing the sample was quench-cooled to room 

temperature and re-ground and re-pelleted. The progress of the reaction was monitored by 

powder x-ray diffraction and the reaction was deemed complete when there was no further 

change in the x-ray powder diffraction pattern. 

X-ray powder diffraction data were collected in our laboratory on a PAN’alytical Empyrean 

diffractometer operating with Cu Kα1 radiation over an angular range of 5 ≤ 2θ/˚ ≤ 125 at 

room temperature. Further powder diffraction data were collected with a wavelength λ = 

0.8259 Å on the instrument I11 at the RAL Diamond Light Source. In the latter case, the 

samples were loaded into a 0.3 mm diameter borosilicate glass capillary and data were 

collected at room temperature by conducting a 30 minute constant-velocity scan over an 

angular range of 0 ≤ 2θ/˚ ≤ 150 using a Multi-Analyser-Crystal (MAC) detector. A silicon 

standard was used to determine the wavelength. The data were analysed using the Rietveld 

method
17

, as implemented in the GSAS program suite
18

, in order to determine the unit cell 

parameters. A cylindrical absorption correction for each sample was estimated using the 

Argonne X-ray Absorption calculator
19

. A pseudo-Voigt function
20

 was employed to model 

the peak shapes and the background was modelled using a 20-term shifted Chebyshev 

function. 

Neutron powder diffraction (NPD) data were collected on the high-resolution powder 

diffractometer ECHIDNA
21

 at the Bragg institute, ANSTO, Australia. Data were collected on 

Ca2PrCr2BO9 (B=Nb, Ta) at room temperature and at 5 K with an angular range of 10 ≤ 2θ/° 

≤ 147.5 using a neutron wavelength of 1.622 Å. Further data were collected at 5 K over an 

angular range of 10 ≤ 2θ/° ≤ 147.5 using a neutron wavelength of 2.4395 Å in sequential 

fields of 0, 0.1, 1, 3 and 10 kOe with the sample mounted in a vertical-field cryomagnet. The 

samples used in these measurements were pelletised to prevent movement in the applied 

field. They were cooled from room temperature to 5 K in zero applied field. All data were 

fully analysed using the Rietveld method
17

. A pseudo-Voigt
20

 function was employed to 

model the peak shapes and the background was modelled using a 12-term shifted Chebyshev 

function. Regions of the diffraction profile that were contaminated by Bragg peaks from 

aluminium in the cryomagnet were excluded from the subsequent analysis. Additional NPD 

data on Ca2PrCr2NbO9 were collected on instrument D1b at the ILL, Grenoble, at 1.5 K, 15 
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K, 25 K, 60 K and 150 K over the angular range 0 ≤ 2θ/° ≤ 130 using a neutron wavelength 

of 2.52 Å
22

. The sample was loaded into a 6 mm diameter vanadium canister and data were 

collected for 4 hours at each temperature. All data were fully analysed using the Rietveld 

method, using a pseudo-Voigt function to model the peak shape and a 12-term shifted 

Chebyshev function to model the background.  

Dc magnetometry data were collected on a Quantum Design SQUID magnetometer. The 

sample was compressed between two gelatin capsules and loaded into a plastic straw 

surrounded by eight further capsules (four each side). The two end capsules were surrounded 

by diamagnetic tape to prevent any movement. The measurements were taken on warming 

the sample through the temperature range 2 ≤ T/K ≤ 300 in a field of 0.1 kOe, firstly after 

cooling from room temperature to 2 K in a nominal field of 0 kOe (ZFC) and subsequently 

after cooling in the measuring field (FC). The direction of any residual field in the magnet 

was determined after the initial cooling and the 0.1 kOe applied field was set to be parallel to 

the residual field. Further FC data were collected after cooling the sample in measuring fields 

of 1 kOe, 3 kOe and 10 kOe. The magnetisation per formula unit (f. u.) of the sample was 

also measured as a function of applied field at 2 K over a field range of -50 ≤ H/kOe ≤ 50 

after cooling in an applied field of 50 kOe.  

Results 

Brown polycrystalline samples of Ca2PrCr2NbO9 and Ca2PrCr2TaO9 were successfully 

synthesised. Rietveld refinement of the powder x-ray diffraction data collected on I11 

revealed that both compounds crystallised in the orthorhombic space group Pnma (see Figure 

1) yielding fits with χ
2 

= 2.150; Rwp = 0.0924 and χ
2 

= 2.591; Rwp = 0.1104 respectively. No 

evidence of B site cation ordering of the Cr and Nb/Ta cations was found when test 

refinements were carried out in the space group P21/n. Ca2PrCr2NbO9 was found to be 

contaminated with 0.7 wt% CaPrNb2O7 and Ca2PrCr2TaO9 with 1.4 wt% CaPrTa2O7 and <1 

wt% of an unknown impurity. 

The temperature dependence of the zero field-cooled (ZFC) and field-cooled (FC) magnetic 

susceptibilities of Ca2PrCr2NbO9 and Ca2PrCr2TaO9 are shown in Figure 2. The data 

collected on warming in an applied field of 0.1 kOe after cooling in zero field (ZFC) show a 

positive susceptibility across the measured temperature range. However, after cooling in an 

applied field (FC) of 0.1 kOe negative values of -0.152 and -1.716 cm
3
 mol

-1 
were observed 

at 2 K for Ca2PrCr2NbO9 and Ca2PrCr2TaO9, respectively. The susceptibility of the former 
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becomes positive on warming above the compensation temperature of 50 K and reaches a 

maximum at 85 K before the ZFC and FC curves converge at 110 K. Similar behaviour is 

observed for Ca2PrCr2TaO9 with the susceptibility becoming positive on warming above the 

compensation temperature of 80 K, reaching a maximum at 100 K and the ZFC and FC 

curves converging at 130 K. Curie-Weiss fits to the data in the temperature range 225 ≤ T/K 

≤ 300 yielded Weiss temperatures for Ca2PrCr2NbO9 and Ca2PrCr2TaO9, θW, of -198(3) K 

and -171(3) K and Curie constants, C, of 5.12(4) and 5.00(5) cm
3
 mol

-1
 K

-1
, respectively. 

Assuming that the Pr(III) paramagnetic moment takes the theoretical value of 3.58 μB, this 

gives the Cr(III) cations in the two compounds effective magnetic moments of 3.75(5) and 

3.69(8) μB per ion. These are close to the value of 3.873 μB calculated for Cr(III) using the 

spin-only formula. 

In Figure 3 the FC magnetisation collected in an applied field of 0.1kOe (M  = 100χ) is fitted 

using equation (1) in the region 10 ≤ T/K ≤ 46 for Ca2PrCr2NbO9 and 12 ≤ T/K ≤ 70 for 

Ca2PrCr2TaO9. 

                                                                        (1) 

 

In equation (1) CPr is the Curie constant, HI is the internal field induced by the canted Cr 

moments, Ha is the applied field and θW is the Weiss constant. This equation was first used by 

Cooke et al. to model the negative magnetisation of GdCrO3
7
. The goodness of fit of the 

equation to the data suggests that the negative magnetisation observed is due to the 

polarisation of the paramagnetic moment of Pr
3+

 by a negative internal field. The values 

obtained from this equation, however, are only an approximation as it assumes that MCr and 

HI are independent of temperature. Nevertheless, the fit yielded values of MCr = 18(1) cm
3
Oe 

mol
-1

, HI = -1109(80) Oe and θW = -40(3) K for Ca2PrCr2NbO9 and MCr = 88(4) cm
3 

Oe mol
-1

, 

HI = -5590(263) Oe and θW = -26(1) K for Ca2PrCr2TaO9 (CPr = 1.602; Ha = 100 Oe in both 

cases). These values are comparable to those obtained for related systems; for example for 

La0.5Pr0.5CrO3 MCr = 40 cm
3
Oe mol

-1
, HI = -8.5 kOe and θW = -3 K

13
 and for GdCrO3 MCr = 

100 cm
3 

Oe mol
-1

, HI = -1.9 kOe and θW = -13 K
23

. The negative value of HI shows that this 

induced moment is in the opposite direction to the applied magnetic field and to the small 

ferromagnetic moment arising from the canted antiferromagnetic Cr sublattice. 
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Further magnetometry data collected on warming after the samples were cooled in applied 

fields of 1, 3 and 10 kOe, see Figure 4, showed that at 2 K the FC susceptibility switches to 

become positive in an applied field of just 1 kOe for Ca2PrCr2NbO9, while a larger field of 3 

kOe is required for the switching to occur in Ca2PrCr2TaO9. Data collected as a function of 

field at 2 K (see Figure 5) in the range -50 ≤ H/kOe ≤ 50 shows that Ca2PrCr2NbO9 exhibits a 

large magnetic hysteresis with a coercive field of 3.79 kOe and a remanent magnetisation of 

0.047 μB per formula unit. Ca2PrCr2TaO9 also displays magnetic hysteresis at 2 K with a 

coercive field of 3.03 kOe and a remanent magnetisation of 0.057 μB per formula unit. 

High resolution neutron diffraction data collected on ECHIDNA at room temperature 

confirmed that Ca2PrCr2NbO9 and Ca2PrCr2TaO9 crystallise in the space group Pnma, see 

Figure 6. The structural parameters derived from the analysis of these data are presented in 

Tables 1-4. In these refinements the level of contaminants was found to be 0.44 wt% 

CaPrNb2O7 for Ca2PrCr2NbO9 and 2.5 wt% CaPrTa2O7 for Ca2PrCr2TaO9. A combined 

refinement using the data collected at both wavelengths (λ = 1.622 Å and λ = 2.4395 Å) at 5 

K, see Figure 7, found the space group still to be Pnma. However, the appearance of a low 

angle peak corresponding to the 110 and 011 reflections and the presence of additional 

intensity in the 031, 130, 112 and 211 reflections suggested that long-range magnetic order 

was present in both samples. This magnetic Bragg scattering could be accounted for by 

adding a Gy-type magnetic phase, in keeping with the Gy magnetic structure determined for 

PrCrO3 from single crystal magnetisation measurements
15

. This gave Cr(III) ordered 

moments of 1.80(2) and 2.00(2) µB for Ca2PrCr2NbO9 and Ca2PrCr2TaO9, respectively. No 

statistically-significant ordered moment could be detected on the Pr(III) ions at the A site.  

Given the field dependence of the ZFC-FC magnetometry data, further high-resolution 

diffraction patterns were collected in applied fields of 0.1, 1, 3 and 10 kOe. However, as 

shown in Figure S1, the neutron diffraction pattern in the low-angle region remained 

unchanged as a function of field and no changes in the magnetic structure of either compound 

were detected. Powder neutron diffraction data were collected on a different sample of 

Ca2PrCr2NbO9 on D1b down to a lower temperature of 1.5 K, but again, no magnetic 

ordering of the Pr(III) ions could be detected. The refined Cr(III) moment remained 

unchanged between 1.5 K and 25 K, was slightly reduced at 60 K and had disappeared by 

150 K. Full details of the D1b measurements are given in the electronic supporting 

information. 
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Discussion 

Unlike LaSr2Cr2SbO9, where a high degree of cation ordering over the two B sites results in 

long-range ferrimagnetic order
24

, Ca2PrCr2NbO9 and Ca2PrCr2TaO9 possess no cation 

ordering at either the A or B site. Given that there is only one B site in the unit cell it would 

be more accurate to express their formulae in single perovskite form as Ca⅔Pr⅓Cr⅔Nb⅓O3 

and Ca⅔Pr⅓Cr⅔Ta⅓O3, but we have multiplied the formulae by three for notational simplicity. 

Cr
3+

 and Sb
5+

 are closer in size than Cr
3+

 and Ta
5+

 or Nb
5+

 so the absence of B site cation 

order must be due to the a difference in the nature of d
0
 and d

10
 cations rather than to 

differences in size or charge alone. A similar effect is observed for Sr2FeBO6 (B=Sb, Nb, Ta); 

Sr2FeSbO6 adopts the space group P21/n with the Fe
3+

 and Sb
5+

 cations partially ordered over 

the two crystallographically-distinct six-coordinate sites
25

 whereas there is no B site cation 

ordering in Sr2FeNbO6 and Sr2FeTaO6 and both compounds adopt the space group Pnma (or 

Pbnm)
26

. The loss of cation order causes a change in the magnetic properties of the 

compounds with Sr2FeSbO6 exhibiting long-range antiferromagnetic order below 35.5 K 

whereas Sr2FeNbO6 and Sr2FeTaO6 are spin glasses. In Ca2PrCr2NbO9 and Ca2PrCr2TaO9 

there is still long-range magnetic order despite the loss of cation order. The antiferromagnetic 

order is also G-type, as observed in LaSr2Cr2SbO9, but there is no occupancy imbalance of 

the magnetic cations to produce ferrimagnetic behaviour. Instead a weak ferromagnetic 

moment is produced from a slight canting of CrO6 octahedra, which causes an initial increase 

in the susceptibility below the ordering temperature of the Cr sublattice. The origin of this 

ferromagnetic component is discussed below.  

Key bond lengths and angles for Ca2PrCr2NbO9 and Ca2PrCr2TaO9 at room temperature and 

5 K are listed in Tables 3 and 4. They are close to those published for PrCrO3
27

 and are nearly 

identical to each other, which is not surprising as Nb
5+

 and Ta
5+

 have the same Shannon ionic 

radius of 0.64 Å
28

. Compared to LaSr2Cr2SbO9 the average B-O bond lengths are similar 

(1.973 Å c.f. ~1.978) but the replacement of Sr with Ca (and La with Pr) shortens the average 

A-O bond length. The <B-O-B> bond angle at room temperature is 155.32˚ for 

Ca2PrCr2NbO9 and 155.30˚ for Ca2PrCr2TaO9, showing that the octahedra are more tilted in 

these compounds than in LaSr2Cr2SbO9 where < B-O-B > = 167.12˚ at room temperature.  

From the values extracted from the fit to the magnetisation data, the net ferromagnetic 

moment arising from the Cr sublattice in Ca2PrCr2TaO9 is ~3.5 times greater than it is for 

Ca2PrCr2NbO9 and this leads to a larger induced negative internal field at the A site and 



9 
 

consequently a greater negative magnetisation. However the absolute value of HI extracted 

from the fit appears to be an overestimation as an applied field of 1 kOe is enough to flip the 

direction of the Pr moment in Ca2PrCr2NbO9 and an applied field of 3 kOe flips the Pr 

moment in Ca2PrCr2TaO9 despite the respective internal fields being –1.1 kOe and –5.6 kOe. 

It is likely that the value of HI varies as a function of applied field – for La0.5Pr0.5CrO3 the 

value of HI varies between 4 and 13 kOe  in the range  20 ≤ Ha ≤ 1000 Oe
13

.  

The Dzyaloshinskii-Moriya (DM), or antisymmetric exchange interaction, is believed to 

cause the spin canting that gives rise to the small net ferromagnetic moment in the Cr 

sublattice. It is given by the following equation where Dij is a constant vector and Si and Sj 

are neighbouring magnetic spins.  

                                                                          (2) 

When the magnetic interaction between the two neighbouring ions is facilitated by a single 

third ion via magnetic superexchange, as it is for Ca2PrCr2NbO9 and Ca2PrCr2TaO9, the 

orientation of Dij is perpendicular to the triangle spanned by B-O-B or Dij ∝ ri × rj
29

 where ri 

and rj are polar vectors between the bridging anion and the magnetic ions Si and Sj, see 

Figure 8. In the space group Pnma the Dzyaloshinskii vector, Dij, lies parallel to the a axis 

and Si and Sj are antiparallel along b so the ferromagnetic component arising from the canting 

of the Cr
3+

 moments would thus be expected to lie parallel to the c axis
30

. In the case of 

PrCrO3, single crystal magnetisation measurements showed that the canting angle of the Cr 

sublattice was only 18 mrad
15

 and this ferromagnetic component was too weak to be detected 

in our NPD data. However, as a consequence of its presence the magnetic structure is more 

fully described as GyFz. 

Looking at Table 4 the B-O-B bond angles in Ca2PrCr2NbO9 and Ca2PrCr2TaO9 are 

essentially identical, as are the B-O bond lengths in Table 3, so the reason for the increased 

DM interaction and spin canting in Ca2PrCr2TaO9 compared to Ca2PrCr2NbO9 is unclear. No 

magnetic ordering of the Pr ions was detected in the powder neutron diffraction data down to 

1.5 K for Ca2PrCr2NbO9 and 5 K for Ca2PrCr2TaO9. In the susceptibility data for both 

compounds the Pr moments deviate away from Curie-Weiss behaviour below about 10 K to 

form a plateau but it is unclear whether the Pr spins freeze or saturate at this temperature. It 

would be beneficial to study single crystal samples of Ca2PrCr2NbO9 and Ca2PrCr2TaO9 to 

elucidate further the magnetic structure. 
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The absolute value of the negative magnetisation increases with increasing Pr content in the 

series La1-xPrxCrO3 0.2 ≤  x≤ 0.8 from 20 to 400 cm
3 

Oe mol
-1

 at 2K when Ha = 100 Oe
31

. Our 

largest value for the absolute negative magnetisation at 2 K with Ha = 100 Oe is for 

Ca2PrCr2TaO9 at 171.6 cm
3
Oe mol

-1
. This compares favourably with La1.6Pr0.4CrO3, which 

has a higher Pr content but a lower absolute value of the negative magnetisation of ~100 cm
3 

Oe mol
-1

 
13

. The absolute value of the negative magnetisation at 2 K for Ca2PrCr2NbO9 is 

comparable to that of La1.8Pr0.2CrO3. Diluting the B site with a diamagnetic cation causes a 

substantial decrease in TN from 237 K for PrCrO3
15

 to 110-130 K for Ca2PrCr2NbO9 and 

Ca2PrCr2TaO9. The cation disorder on the B site also means that the ordered Cr(III) moment 

refined from the powder neutron diffraction data is smaller than expected at 1.80(2) µB for 

Ca2PrCr2NbO9 and 2.00(2) µB for Ca2PrCr2TaO9 as some of the antiferromagnetically ordered 

domains are too small to be detected within the length scale of powder neutron diffraction. 

Similarly reduced moments have been observed for other A3B2B’O9 type systems, for 

example Sr3Fe2MoO9
32

 and SrLa2FeCoSbO9
33

, even when there is cation disorder on only 

one of two distinct B sites. LaSr2Cr2SbO9, in which the B sites are partially ordered, also has 

a low refined ordered Cr(III) moment of 2.17(1) µB
24

. Given that the magnetic ordering of the 

Cr sublattice induces the negative internal field at the A site, the reduction in TN on 

magnetically diluting the B site also causes a reduction in Tcomp compared to related systems
6, 

7, 13
. Therefore co-doping the orthochromates with diamagnetic elements enhances the 

absolute value of the negative magnetisation, but also lowers TN and Tcomp. 

Conclusion 

Novel compositions Ca2PrCr2NbO9 and Ca2PrCr2TaO9 were successfully synthesised and 

found to crystallise in the space group Pnma. Both compounds show magnetisation reversal 

with compensation temperatures of 50 K and 80 K, respectively. The origin of the negative 

magnetisation appears to lie in negative exchange between the small ferromagnetic moment 

arising from the Cr sublattice and the paramagnetic Pr moments, which obey a modified 

Curie-Weiss law above 10 K. The absolute value of the negative magnetisation is an order of 

magnitude greater for Ca2PrCr2TaO9 than it is for Ca2PrCr2NbO9. We believe that this is the 

first time negative magnetisation has been observed in an orthochromate where both the A 

and B sites have been partially substituted with a diamagnetic cation, providing a new 

method of tuning the negative magnetisation of other orthochromates. 
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Table 1 – Structural parameters of Ca2PrCr2NbO9 at 300 K and 5 K in zero field (Space 

Group Pnma) 
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  300 K 5 K 

a/ Å  5.4895(1) 5.48888(8) 

b/ Å  7.7187(2) 7.7044 (1) 

c/ Å  5.4363(1) 5.42328(9) 

V/ Å
3
  230.342(8) 229.344(6) 

Rwp  0.0461 0.0521 

Ca/Pr x 0.0380(3) 0.0383 (3) 

4e y ¼  ¼  

 z -0.0080(5) 0.9933(4) 

 Uiso/ Å
2
 0.0157(4) 0.0133(4) 

 Ca Occupancy ⅔ ⅔ 

 Pr Occupancy ⅓ ⅓ 

Cr/Nb1 Uiso/ Å
2
 0.0020(2) 0.0047(3) 

4d (0 0 ½) Cr Occupancy ⅔ ⅔ 

 Nb Occupancy ⅓ ⅓ 

O1 x 0.4822(2) 0.4817(2) 

4e y ¼  ¼ 

 z 0.0731(3) 0.0753(3) 

 Uiso/ Å
2
 0.0056(3) 0.0066(3) 

O2 x 0.2098(2) 0.2090(2) 

8e y 0.5392(1) 0.5398(1) 

 z 0.2089(2) 0.2083(2) 

 Uiso/ Å
2
 0.0069 (2) 0.0082(3) 

 

 

 

Table 2 – Structural parameters of Ca2PrCr2TaO9 at 300 K and 5 K in zero field (Space 

Group Pnma) 

  300 K 5 K 

a/ Å  5.4916(1) 5.49132(8) 

b/ Å  7.7224(1) 7.7091(1) 

c/ Å  5.4386(1) 5.42625(9) 

V/ Å
3
  230.642(7) 229.711(7) 

Rwp  0.0465 0.0577 

Ca/Pr x 0.0373(3) 0.0373 (3) 
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4e y ¼  ¼  

 z -0.0080(5) 0.9914(5) 

 Uiso/ Å
2
 0.015(2) 0.0122(4) 

 Ca Occupancy ⅔ ⅔ 

 Pr Occupancy ⅓ ⅓ 

Cr/Ta1 Uiso/ Å
2
 0.0015(2) 0.0016(3) 

4d (0 0 ½) Cr Occupancy ⅔ ⅔ 

 Nb Occupancy ⅓ ⅓ 

O1 x 0.4814(2) 0.4819(2) 

4e y ¼  ¼ 

 z 0.0726(3) 0.0752(3) 

 Uiso/ Å
2
 0.0052(2) 0.0041 (3) 

O2 x 0.2095(2) 0.2087(2) 

8e y 0.5394(1) 0.5400(1) 

 z 0.2090(2) 0.2073 (2) 

 Uiso/ Å
2
 0.0065(2) 0.0065(3) 

 

 

Table 3 – Bond lengths (Å) in Ca2PrCr2NbO9 and Ca2PrCr2TaO9 at 300 K and 5 K in zero field. 

 Ca2PrCr2NbO9 Ca2PrCr2TaO9 

 300 K 5 K 300 K 5 K 

Ca/Pr – O1 2.384(3) 2.360(3) 2.388(3) 2.372(3) 

Ca/Pr – O1 2.478(2) 2.474(2) 2.478(2) 2.483(2) 

Ca/Pr – O1 3.083(2) 3.088(2) 3.084(2) 3.084(2) 

Ca/Pr – O1 3.087(3) 3.099(3) 3.086(3) 3.089(3) 

Ca/Pr – O2 2.386(2) 2.380(2) 2.382(2) 2.369(2) 

Ca/Pr – O2 2.386(2) 2.380(2) 2.382(2) 2.369(2) 

Ca/Pr – O2 2.633(2) 2.634(2) 2.636(2) 2.635(2) 

Ca/Pr – O2 2.633(2) 2.634(2) 2.636(2) 2.635(2) 

Ca/Pr – O2 2.695(2) 2.687(2) 2.699(2) 2.694(2) 

Ca/Pr – O2 2.695(2) 2.687(2) 2.699(2) 2.694(2) 

< Ca/Pr – O> 2.646 2.642 2.647 2.642 

     

Cr/(Nb/Ta) – O1 1.9725(3) 1.9715(3) 1.9732(3) 1.9725(3) 

Cr/(Nb/Ta)  – O2 1.9794(9) 1.9780(8) 1.9800(9) 1.9797(8) 
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Cr/(Nb/Ta)  – O2 1.9806(9) 1.9802(8) 1.9825(9) 1.9826(9) 

<Cr/(Nb/Ta) -O> 1.9775 1.9766 1.9786 1.9783 

 

Table 4 – Bond angles (˚) in Ca2PrCr2NbO9  and Ca2PrCr2TaO9 at 300 K and 5 K in zero field. 

 Ca2PrCr2NbO9 Ca2PrCr2TaO9 

 300 K 5 K 300 K 5 K 

O1 – Cr/(Nb/Ta) – O2 90.35(6) 90.47(5) 90.35(6) 90.35(5) 

O1 – Cr/(Nb/Ta) – O2 90.99(7) 90.88(6) 91.18(7) 90.88(6) 

O2 – Cr/(Nb/Ta) – O2 90.79(1) 90.71(1) 90.82(1) 90.71(1) 

˂ O – Cr/(Nb/Ta) – O˃  90.71 90.69 90.78 90.65 

     

Cr/(Nb/Ta)–O1–Cr/(Nb/Ta) 156.07(9) 155.36(8) 156.15(9) 155.42(8) 

Cr/(Nb/Ta)–O2–Cr/(Nb/Ta) 154.57(6) 154.17(5) 154.45(5) 153.92(5) 

˂ Cr/(Nb/Ta)–O– 

Cr/(Nb/Ta)˃  
155.32 154.77 155.30 154.67 

 

 

 

Figure Captions 

Figure 1 - Observed (red crosses) and calculated (green line) synchrotron x-ray diffraction 

profiles of a) Ca2PrCr2NbO9 and b) Ca2PrCr2TaO9 collected at room temperature on I11 and 

fitted using the space group Pnma. Reflection markers are shown top to bottom for CaPrB2O7 

(red) and Ca2PrCr2BO9 (black) where for a) B=Nb and for b) B=Ta. 

Figure 2 - The ZFC and FC molar dc susceptibility and of a) Ca2PrCr2NbO9 and b) 

Ca2PrCr2TaO9 measured in an applied field of 100 Oe as a function of temperature. 

Figure 3 – The FC magnetisation fitted to equation (1) of a) Ca2PrCr2NbO9 and b) 

Ca2PrCr2TaO9 measured in an applied field of 100 Oe as a function of temperature 

Figure 4 - The FC molar dc susceptibility as a function of temperature measured on warming 

after cooling in applied fields of 0.1 (red), 1 (orange) 3 (green) and 10 kOe (purple) for a) 

Ca2PrCr2NbO9 and b) Ca2PrCr2TaO9. 



16 
 

Figure 5 - The magnetisation per formula unit of for a) Ca2PrCr2NbO9 and b) Ca2PrCr2TaO9 

as a function of magnetic field at 2 K.  

Figure 6 - Observed (red crosses) and calculated (green line) neutron powder diffraction 

profiles of a) Ca2PrCr2NbO9 and b) Ca2PrCr2TaO9 at room temperature. Data were collected 

on ECHIDNA using a wavelength of 1.622 Å and fitted using the space group Pnma.  

Reflection markers are shown for CaPrB2O7 (red) and Ca2PrCr2BO9 (black) where for a) 

B=Nb and for b) B=Ta. 

Figure 7 - Observed (red crosses) and calculated (green line) neutron powder diffraction 

profiles of Ca2PrCr2NbO9 and Ca2PrCr2TaO9 at 5 K. Data were collected on ECHIDNA using 

wavelengths of 1.622 Å (for a) and c)) and 2.439 Å (for b) and d)) and refined simultaneously 

for each compound in the space group Pnma.  Reflection markers are shown for CaPrB2O7 

(blue), magnetic Ca2PrCr2BO9 (red) and structural Ca2PrCr2BO9 (black) where for a) and b) 

B=Nb and for c) and d) B=Ta. 

Figure 8 – Direction of the Dzyaloshinskii-Moriya vector, Dij, the weak ferromagnetic 

component, MCr, and the internal field, HI in relation to the Pnma unit cell, which polarises 

the Pr moment, MPr, in a low applied field, Ha. Si and Sj are nearest neighbour Cr ions and ri 

and rj are polar vectors between Si and Sj and the connecting oxygen anion. 
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Figure 8 

 

 

 

 

 

Highlights: 

 Highlights of Hunter, Mousdale, Avdeev and Battle 

 Field dependent magnetisation reversal  

 Canted antiferromagnetic GyFz magnetic structure 

 Polarisation of paramagnetic Pr3+ moment by negative internal field 

 




