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Abstract. Neutron diffraction measurements were performed on the iron borate DyFe3(BO3)4 

to investigate details of the crystallographic structure, the low temperature magnetic structure 

and its magnetic properties. DyFe3(BO3)4 adopts at room temperature the P3121 symmetry and 

becomes antiferromagnetic below TN = 39 K. Both, the rare earth and the iron sublattice, 

follow the same magnetic propagation vector  = [0, 0, ½] which leads to a doubling of the 

crystallographic unit cell in the c-direction. The easy axis anisotropy of the rare earth 

determines the moment orientation to be mainly along c. No spin reorientation is found 

between TN and 1.5 K, however, a small anomaly in the thermal dependence of the unit cell a-

parameter is found at about 27 K which could be connected to repopulation of low lying 

Kramers doublets of Dy
3+

. The magnetic moment value of the Fe-moment is at 1.5 K with Fe 

= 4.5 B only slightly smaller than expected for an S = 5/2 ion while the Dy moment is strongly 

reduced and amounts only to Dy = 6.4 B. 

1.  Introduction 

 

The family of rare earth ferroborates of general formula RFe3(BO3)4 where R is a rare earth or Y has 

recently attracted considerable attention due to their interesting magnetic, magnetoelectric and 

multiferroic properties [1-5]. The presence of two magnetic sublattices, a structure which sees 

helicoidal Fe-Fe-chains with a strong one-dimensional character and the absence of direct R-O-R-

interactions [6] opens the way for a variety of magnetic ordering phenomena where the temperature 

dependent competition between the anisotropy of the rare earth sublattice and that of the iron 

sublattice leads to different magnetic structures and may induce spin reorientations and metamagnetic 

behavior. Previous neutron diffraction studies have established an easy-axis orientation of the 

magnetic moments for R = Tb, Pr [7, 8] over the whole temperature range below TN and for R = Ho 

[9] below the spin reorientation temperature while for R = Nd, Er, Ho (above 5 K) and Y an easy-

plane orientation has been found [10, 8, 9]. Magnetic resonance data indicate for R = Gd a spin 

reorientation from easy-plane to easy-axis on lowering the temperature [11]. Depending on the ionic 

size of the rare earth a structural transition from a high temperature R32 phase to a low temperature 

P3121 phase can take place in the RFe3(BO3)4 compounds where the presence of two different iron 

sites can lead in the low symmetry P3121 phase to slightly different Fe-Fe distances along the 
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helicoidal chains and even to slightly different orientations of the two magnetic Fe sublattices [12, 13, 

9]. The presence of short-range magnetic order within the helicoidal Fe-spin chains was determined to 

persist in YFe3(BO3)4 up to temperatures several times TN adding a further piece to the highly 

interesting puzzle of the magnetic behavior of this family of compounds [14]. The second order 

antiferromagnetic transition leading to the long range ordered magnetic state seems to be driven by Fe-

O-B-O-Fe superexchange interactions while the superexchange Fe-O-R-O-Fe pathway leads in all up 

to now known RFe3(BO3)4 compounds with magnetic R to TNR = TNFe. 

Magnetization and specific heat data by Popova et al. [15] determined TN = 38 K for DyFe3(BO3)4 and 

qualified it as an easy-axis antiferromagnet. The authors of [15] described the magnetic behavior of 

the iron and the rare-earth sublattices as qualitatively different with the Dy-sublattice apparently 

staying paramagnetic down to lowest temperatures. Gudim et al [16] came from their magnetization 

data to the same conclusions as [15] concerning TN and the easy-axis antiferromagnetic state of 

DyFe3(BO3)4. Several groups [15-17] found a maximum in the magnetic susceptibility at about 25 K; 

this was explained [15, 17] to be caused by a repopulation of the two lowest Dy
3+

 energy levels. As 

part of a systematic study on the influence of the different rare earths on the magnetic behavior of 

RFe3(BO3)4 compounds we performed temperature dependent high resolution and high intensity 

neutron diffraction studies on DyFe3(BO3)4. 

2.  Experimental details 

2.1.  Sample preparation 

 

Single crystals of DyFe3(
11

BO3)4 were prepared at the Institute of Physics at Krasnoyarsk following 

the preparation procedure described in detail in [16]. Because of the strong neutron absorption by 

natural boron 99% with 
11

B enriched B2O3 was used. Powder samples were then made from the grown 

crystals. 

 

2.2. Neutron diffraction measurements 

 

Neutron diffraction data were taken at the Institut Laue-Langevin in Grenoble, France, using the high 

resolution powder diffractometer D2B ( 1.594 Å) and the high flux powder diffractometer D20 (  =  

2.418 Å). The sample was placed inside a thin vanadium container of 3 mm diameter in order to reduce 

the absorption from dysprosium. The temperature dependence was measured on D20 between 1.5 K 

and 50 K with a temperature resolution of about 0.6 K taking a spectrum every 10 min. High 

resolution data were taken on D2B at 1.5 K, 50 K and at room temperature. All data were refined by 

the Rietveld method using the FULLPROF [18] program. 

 

 
Figure 1. Thermal dependence of the magnetic scattering in DyFe3(BO3)4. 
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3. Results and discussion 

 

 

The high resolution neutron diffraction data taken at 300 K and 50 K (figure 2a) on D2B were used to 

refine the room temperature crystal structure and to verify the purity of the sample. No impurity 

phases are present and the fit proceeded smoothly in the spacegroup P3121. Results of this refinement 

are shown in table 1 together with some selected interatomic distances. Error bars are slightly higher 

than usual due to the closeness of the structure to the higher symmetric phase R32 which should be 

adopted by DyFe3(BO3)4 at about 340 K [12]. A fit of the 300 K data against the R32 model resulted in 

significantly higher R-factors. 

 

 
Table 1. Structural data at 1.5 K, 50 K and 300 K of DyFe3(BO3)4 refined in P3121 together with the most 

important interatomic distances. 

 

P3121 1.5 K 50 K 300 K 

a (Å) 9.5365(1) 9.5379(1) 9.5439(1) 

c  (Å) 7.5621(1) 7.5609(1) 7.5676(1) 

Dy (3a) x 0.3358(5) 0.3344(4) 0.3329(8) 

Fel (3a) x 0.8825(7) 0.8829(6) 0.8850(10) 

Fe2 (6c) x 0.7841(6) 0.7837(6) 0.7857(7) 

              y 0.4543(5) 0.4539(5) 0.4522(8) 

              z 0.3414(5) 0.3412(5) 0.3294(11) 

O1 (3b) x 0.9238(10) 0.9239(10) 0.9289(19) 

O2 (6c) x 0.4180(8) 0.4174(7) 0.4146(11) 

             y 0.7244(7) 0.7246(7) 0.7375(11) 

             z 0.1273(6) 0.1281(6) 0.1507(7) 

O3 (6c) x 0.8779(10) 0.8786(10) 0.8832(14) 

             y 0.6951(10) 0.6941(10) 0.6947(14) 

             z 0.8153(11) 0.8139(10) 0.8197(14) 

O4 (6c) x 0.8495(10) 0.8494(10) 0.8562(15) 

             y 0.6357(10) 0.6355(9) 0.6469(14) 

             z 0.1804(10) 0.1810(10) 0.1771(11) 

O5 (6c) x 0.4760(9) 0.4753(11) 0.4832(12) 

             y 0.1464(8) 0.1470(8) 0.1423(12) 

             z 0.8453(10) 0.8444(10) 0.8299(18) 

O6 (3b) x 0.1863(13) 0.1856(12) 0.1882(22) 

O7 (6c) x 0.4717(7) 0.4726(7) 0.4842(13) 

             y 0.4652(9) 0.4654(8) 0.4572(13) 

             z 0.8181(10) 0.8134(10) 0.8123(11) 

Bl (3b) x 0.3352(16) 0.3373(15) 0.3256(12) 

B2 (6c) x 0.5536(11) 0.5559(10) 0.5517(9) 

             y 0.8806(10) 0.8818(9) 0.8824(13) 

             z 0.1498(8) 0.1525(9) 0.1685(15) 

B3 (3b) x 0.7828(16) 0.7847(15) 0.7801(17) 

Fel-Fel (Å) 3.181(5) 3.177(4) 3.159(7) 

Fe2-Fe2 (Å) 3.199(6) 3.195(6) 3.198(11) 

2 x Dy-O3 (Å) 2.360(10 2.372(10) 2.375(15) 

2 x Dy-O4 (Å) 2.350(11) 2.352(10) 2.332(16) 

2 x Dy-O7 (Å) 2.356(7) 2.347(6) 2.362(10) 

RBragg 3.4 3.5 3.3 

RMag - - 3.5 

 

5th European Conference on Neutron Scattering IOP Publishing
Journal of Physics: Conference Series 340 (2012) 012065 doi:10.1088/1742-6596/340/1/012065

3



 

 

 

 

 

 

The high intensity temperature dependent data taken on D20 revealed the onset of additional 

magnetic scattering in the neutron diffraction patterns below about 40 K. Figure 1 shows for 2  < 70° 

the thermal changes in the spectra in form of a difference thermodiffractogam where the data taken at 

50 K were subtracted from all spectra. This eliminates the nuclear scattering and leaves only the 

purely magnetic scattering. All magnetic peaks appear at positions not corresponding to nuclear Bragg 

peaks and can be indexed using the magnetic propagation vector  = [0, 0, ½]. The same propagation 

vector has been already found in all other RFe3(BO3)4 compounds studied with neutrons [7-10]. It 

leads to a doubling of the magnetic unit cell in c-direction and is determined by the antiferromagnetic 

coupling between neighboring Fe spins along the helicoidal chain. The thermal dependence of the 

intensity of the different magnetic peaks seen in figure 1 is not identical (e.g. the (0 2 ½) reflection 

decreases on lowering the temperature) and indicates the presence of more than one magnetic 

sublattices having different temperature dependences. Magnetic symmetry analysis as implemented in 

the program BASIREPS which is part of the FULLPROF suite of programs [18, 19] was used to 

determine for  = [0, 0, ½] the allowed irreducible representations and their basis vectors for the two 

possible magnetic sites (Fe and Dy) in P3121. There are three allowed irreducible representations 

which were tested by refinement against the high resolution data taken at D2B at 3 K (figure 2b). It 

was found that only the basis vectors of one irreducible representation (IR) are describing the 

magnetic structure correctly. Table 2 lists the basis vectors of this IR and the refined values of their 

coefficients, the crystallographic details of the refinement are included in table 1. 
 

 

Table 2. Basis vectors (BV) of the irreducible representation 3 for = [0, 0, ½] in P3121. Refined values of their 

coefficients determined from the refinement of the magnetic structure of DyFe3(BO3)4 at 3 K. The coefficients 

describing the magnetic moment of Fel (BV2) and Fe2 (BV3) in z-direction were coupled. 

 

 BV1 BV2 BV3 

Fel (3b)    
x, y, z  1 -1  0  0  0  1  
-y, x-y, z+1/3 -1 -2  0  0  0 -1  
-x+y, -x, z+2/3 -2 -1  0  0  0  1  
Coefficient 0.09(14) 4.45(5)  

    Fe2 (6c)    
x, y, z  1  0  0  0  1  0  0  0  1 
-y, x-y, z+1/3  0 -1  0  1  1  0  0  0 -1 

-x+y, -x, z+2/3  1  1  0 -1  0  0  0  0 -1 

y, x, -z  0  1  0  1  0  0  0  0 -1 
x-y, -y, -z+2/3 -1  0  0  1  1  0  0  0  1 

-x, -x+y, -z+1/3  1  1  0  0 -1  0  0  0  1 

Coefficient 0.00(1) 0.27(12) -4.45(5) 

    
Dy (3b)    

x, y, z  1 -1  0  0  0  1  
-y, x-y, z+1/3 -1 -2  0  0  0 -1  
-x+y, -x, z+2/3 -2 -1  0  0  0  1  
Coefficient 1.28(8) -6.27(7)  
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Figure 2. Observed (dots, red), calculated (line, black) and difference pattern of DyFe3(BO3)4 at a) 50 K in the 

paramagnetic state refined in P3121 and b) at 3 K in the magnetic state. The tick marks indicate the calculated 

position of the nuclear (upper row) and (for b)) magnetic (lower row) Bragg peaks. 

 

 

The magnetic structure found (figure 3) resembles strongly those found for TbFe3(BO3)4 [7] and 

PrFe3(BO3)4 [8] with a dominant easy axis orientation of the magnetic moments. The coefficients of 

the basis vectors describing an easy plane orientation of the two iron sites are zero or very close to 
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zero (Table 2). Only the rare earth site sees a non negligible component within the hexagonal basis 

plane. As in the case of the easy axis compounds with R = Tb [7] and Ho (below 5 K) [9] the spins of 

the iron and the rare earth sublattice are aligned antiparallel within the hexagonal layers while the 

alignment had been shown to be parallel in the case of R = Pr. The different relative orientations of the 

two sublattices have been discussed in [8] and connected to the spin-orbit coupling of the rare earth. 

The magnetic moment value of iron amounts to about Fe = 4.5 B and corresponds to the values found 

in the other RFe3(BO3)4 compounds adopting the easy axis orientation approaching the value expected 

for a S = 5/2 ion. The total magnetic moment of the Dy
3+

 ion is with Dy = 6.4 B largely inferior to the 

expected free ion value of 10 B. The same situation had been found before in compounds with R = 

Ho ( Ho = 5.1 B) [9] and Er ( Er = 5.1 B) [8]  but not in TbFe3(BO3)4 [7] where the ordered magnetic 

moment corresponds with Tb = 8.6 B nearly to the expected free ion value. The ordering of the rare 

earth sublattice is known to be induced first by the polarizing influence of the ordered Fe-sublattice 

before at lower temperatures indirect R-O-Fe-O-R or R-BO3-R interactions start to play a role. One 

has to recall here that in the corresponding RA13(BO3)4 compounds no long rang ordered magnetism 

exists [20]. Popova et al. [15] suggested from the interpretation of their magnetization data that the 

dysprosium subsystem in DyFe3(BO3)4 would stay essentially paramagnetic down to lowest 

temperatures. This has to be put into the context of the above discussed strong polarizing influence of 

the iron sublattice and our own neutron results: The ordering of the Dy-sublattice is not resulting from 

direct R-O-R exchange interactions but depending on the ordering of the Fe-sublattice, the value of the 

ordered magnetic moment Dy = 5.1 uB is strongly reduced compared to the free ion value of Dy
3+

, 

however, the neutron data clearly evidence the long range antiferromagnetically ordered nature of the 

Dy-sublattice. We would like to mention here the highly interesting results of Chaudhury et al. [21] 

who found in TmAl3(BO3)4 the existence of a large magnetoelectric effect generated in absence of any 

d-electron spins solely by the rare earth moment.  

 

 
 
Figure 3. Magnetic structure of DyFe3(BO3)4. Fe spins in red (black), Dy moments in yellow (light grey), the 

direct Fe-Fe exchange along the helicoidal chains is indicated by light blue (grey) lines. 
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In order to check for the presence of a possible spin reorientation (as found in HoFe3(BO3)4) and in 

order to verify whether both sublattices possess the same Néel temperature the temperature dependent 

high flux data of D20 were sequentially refined. For this refinement the atom coordinates were kept 

fixed at values determined from a fit of the high resolution data taken just above TN at 50 K on D2B 

which presents purely nuclear scattering. Results of this refinement at 50 K are included in table 1 and 

show that the crystallographic structure does not undergo any significant changes between 50 K and 3 

K validating the approach of fixing the atom coordinates for the sequential refinement. The refinement 

proceeded smoothly over the whole temperature range using the magnetic structure model found at 3 

K. Figure 4 displays the temperature dependence of the total Dy moment, of the Fe moment and of the 

Dy basal plane component. It becomes clear that both sublattices start to get long range ordered at the 

same temperature, TNDy = TNFe = 38 K. No sign of a clear spin reorientation is found, one sees, 

however, that the basal plane component of the Dy sublattice is only present between 20 K and lowest 

temperatures. This coupling leads to a 120° arrangement of the Dy spins occupying the threefold 

Wykoff site 3b within a nuclear unit and has been already found as minority spin structure in 

ErFe3(BO3)4 [8]. It does not correspond to the simple collinear easy plane configuration as found in 

HoFe3(BO3)4 above 5 K [9] or in ErFe3(BO3)4 above 10 K [8]. Analyzing in more detail the 

temperature dependence of the total Dy moment increase (figure 5) one can notice that on lowering the 

temperature the moment increase is following the increase of the polarizing Fe sublattice 

magnetization. At about 25 K, however, one sees a reinforced increase and in parallel at about 20 K 

the arising of the basal plane component of the Dy moment. The basal plane component cannot be 

induced by the anisotropy of the Fe-sublattice as it does not - as explained before - correspond to the 

collinear easy plane arrangement, but has to be related to the symmetry of indirect R-R exchange 

interactions. This indicates, together with the accelerated total Dy-moment increase below 25 K, that 

the influence of the indirect R-R interactions becomes important at this relatively high temperature. 

 

 

 
 

Figure 4. Temperature dependence of the magnetic moment values of the Fe-sublattice (diamonds), of the Dy-

sublattice (squares) and of the basal plane component of the Dy-moment. 

 

 

5th European Conference on Neutron Scattering IOP Publishing
Journal of Physics: Conference Series 340 (2012) 012065 doi:10.1088/1742-6596/340/1/012065

7



 

 

 

 

 

 

 
 
Figure 5. Temperature dependence of the Dy-moment increase. 

 

Figure 6 displays the temperature dependence of the unit cell a-parameter where a small anomaly 

can be detected at about 27 K. This is the first evidence of such an thermal expansion anomaly in the 

family of RFe3(BO3)4 compounds. Its interpretation as a magnetostriction effect is not supported by 

our analysis of the temperature dependence of the sublattice magnetizations (figure 5). It can, 

however, be connected to the Schottky type anomalies seen in the susceptibility and specific heat data 

at about 23 K presented by Popova et al. [15] which were related to a repopulation of two low lying 

Kramers doublets. Changes in the anisotropy of the Dy-sublattice induced by this repopulation could 

eventually be as well responsible for the appearance at about 20 K of the basal plane magnetic 

moment component. 

 

 
 

Figure 6. Temperature dependence of the unit cell a-parameter of DyFe3(BO3)4. 

4. Summary 

Temperature dependent neutron diffraction studies on DyFe3(BO3)4 show that this compounds 

magnetically orders at about TN = 38 K into a magnetic structure of predominantly easy axis type with 
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a magnetic propagation vector  = [0 0 ½]. Both magnetic sublattices order at the same temperature, 

magnetic moment values amount to Fe = 4.5 B and Dy = 6.4 B. A small magnetic component 

forming a 120° type arrangement of the Dy-spins appears below about 20 K. The appearance of this 

component and a small anomaly visible in the thermal expansion of the unit cell a-parameter at about 

27 K might be connected to a repopulation of the lowest Dy
3+

 energy levels. 
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