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Abstract

Temperature dependent neutron diffraction studies were performed on SmFe3(BO3)4. The
crystallographic structure was determined to stay as R32 over the whole studied temperature
range of 2 K < 7' < 300 K. A magnetic phase transition characterized by the magnetic
propagation vector k = [0 0 3/2] takes place at Ty = 34 K. The magnetic structure sees an
easy-plane arrangement within the trigonal basal a—b-plane of ferromagnetic layers of iron
and samarium having a canting angle of about 70° relative to each other. Neighbouring layers
in the c-direction are antiferromagnetically coupled; at 2 K the magnetic moment values
amount to upe = 4.2(1) up and pusm = 0.8(2) up. The non-Brillouin type increase of the iron
magnetic moment below 7 points to a strong Fe—Sm exchange and to the simultaneous

appearance of long range magnetic order on both sublattices.

(Some figures may appear in colour only in the online journal)

1. Introduction

Rare-earth iron borates, RFe3(BOs3)4, have recently been
at the centre of interest due to their highly interesting
structural and magnetic behaviour [1, 2]. Primarily the
discovery of multiferroic properties in GdFe3(BO3)4 [3] and
NdFe(BO3)4 [4] triggered this interest. Spin reorientations
were found in R = Gd [5, 6] and Ho [7] compounds and
connected to the competition between the anisotropies of
the iron and the rare-earth magnetic sublattice. A colossal
magnetodielectric effect was found in SmFe3(BO3)4 [8] and
in reduced form in HoFe3(BO3)4 [9] where it was linked
to details of the magnetic structure. Meta-magnetism found
in TbFe3(BO3)4 [10] indicated the existence of a spin flop
transition.

Crystallizing in the noncentrosymmetric trigonal space-
group R32 a structural transition to P3;21 can take place on
cooling at a temperature depending linearly on the rare-earth
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ionic radius [11, 12]. While in ErFe3(BO3)4 (rg:34+ = 0.89 A)
this transition is found above 520 K [13], EuFe3(BO3)4
(rea3+ = 0.947 A) sees it at about 80 K [11]. SmFe3(BO3)4
(rsm3+ = 0.96 A) seems to be at the borderline of keeping
the R32 structure even at the lowest temperatures like all
the other RFe3(BO3)4 compounds containing an even lighter
rare-earth. In R32 the structure consists of edge sharing FeOg
octahedra running along the crystallographic c-axis forming
helicoidal chains of iron ions which are well separated from
each other within the basal a—b-plane [14]. Triangular BO3
groups assure the interconnection between these helicoidal
chains; however, the in-plane Fe-Fe distances are at about
4.4 A significantly longer than the intrachain Fe-Fe distance
of about 3.2 A. The rare-earth is found in the same a—b-layer
as the iron atoms and sees a trigonal prismatic surrounding
formed by six oxygen ions belonging to six different BO3
groups positioned in the a—b-layers above and below. There
are no direct R—-O-R interactions and the corresponding

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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RAI3(BO3)4 compounds do not develop any long range
magnetic order [15]. The structural transition to P3;21 leads
to minor modifications of the structure; only the equivalence
between the three helicoidal chains of Fe atoms contained
in the unit cell gets lost with one of these chains being
slightly displaced in c-direction [12]. Detailed descriptions
and pictures of the structures can be found in [12, 14].

Magnetic long range order develops in these RFe3 (BO3)4
compounds at temperatures between about 40 K (R =
Er) and 23 K (R = La) depending again on the ionic
radius of the R3t involved [11]. Up to now, all studies
have shown that both the iron and the rare-earth sublattice
become magnetic at the same temperature. In the absence
of direct magnetic R—R interactions it is assumed that the
magnetic moment on the rare-earth site is induced through
the polarization of the iron sublattice [6]. This can be
deduced, e.g., from the non-Brillouin type behaviour of the
iron sublattice magnetization as determined from neutron
diffraction data [10, 13] or even more directly from the
temperature dependence of the ground doublet splitting of
R3* as seen in spectroscopic data which reflects the strength
of the R—Fe exchange coupling [16, 17]. The magnetic order
is of the antiferromagnetic type with a magnetic propagation
vector of k = [003/2] in R32 (corresponding tox = [001/2]
in P3;21) [18, 10].

While susceptibility measurements or optical spec-
troscopy data are able to predict an overall easy-axis (along
the crystallographic c-direction) or easy-plane orientation of
the magnetic spins only neutron diffraction data allow the
relative orientation and magnetic moment values of the two
magnetic sublattices to be determined in detail. Neutron data
exist for R = Nd, Tb, Ho, Y, Pr, Er and Dy [18, 10, 7, 13, 19]
and lead to a general picture where the easy-plane anisotropy
of the iron sublattice as found in YFe3(BOj3)4 is overruled
by the easy-axis anisotropy of the rare-earth for R = Tb, Dy
and Pr right at Tn. For R = Ho an easy-plane orientation
is found between TN and about 5 K, the temperature where
the easy-axis anisotropy of the Ho-sublattice overcomes the
easy-plane anisotropy of the iron sublattice leading to a spin
reorientation. For R = Nd and Er the easy-plane anisotropy
dominates in the whole temperature range below Tn. With
respect to the single ion anisotropy of the rare-earths similar
behaviour of the R = Pr, Tb, Dy and Ho (7" < 5 K) is expected
as they all have the same oblate real space shape of the
4f electrons. Expected as well is the different behaviour of
ErFe;(BO3)4 as the 4f electrons of Er>T adopt a prolate shape.
Unexpected is, however, the easy-plane orientation found for
NdFe3(BO3)4 which in first approximation should adopt as
well an easy-axis orientation due to the oblate shape of the Nd
4f electrons. In this context it would be interesting to extend
the highly interesting detailed optical spectroscopy studies as
performed by Chukalina ez al on the R = Nd (easy-plane) [16]
and Popova et al on the R = Pr, Tb (easy-axis) [20, 17]
compounds to another RFe3(BO3)4 compound adopting an
easy-plane orientation of the magnetic moments in order to
determine experimentally the crystal field splitting induced
by the trigonal prismatic coordination of the R3* ions by
oxygen.

First density functional theory (DFT) calculations on
the spin exchange interactions were performed by Lee
et al [21] for TbFe3(BO3)4: the most interesting result of
their calculations resides in the information that contrary to
what could have been intuitively guessed it is not the short
intrachain super-exchange Fe—O-Fe interaction (Fe-Fe ~
3.2 A) which is the strongest antiferromagnetic interaction but
one of the longer interchain super-super-exchange interactions
Fe-O-O-Fe (Fe-Fe ~ 4.4 A) through a BO3 group. This
explains readily why there are, despite the presence of well
separated helicoidal Fe-chains, no signs of low dimensional
magnetic behaviour. These results of Lee er al have to be
compared with the nice work of Volkov et al [22-25] who
described the magnetic properties of several RFe3(BO3)4
compounds using a crystal field model for the R ion and
a molecular field approximation. Their calculations showed
that the intrachain Fe-Fe interactions should be about
twice as strong as the interchain interactions. This apparent
contradiction to the results of Lee et al [21] could reside in the
fact that contrary to Lee et al the model of Volkov et al did not
differentiate between the three geometrically (Fe—O-O-Fe
angles) very different interchain interactions.

Neutron diffraction studies allowed determination of the
relative orientation of the iron and the rare-earth sublattices
as being parallel within the a—b-layer for R = Pr [13] and
antiparallel for R = Tb, Dy, Ho and Er [10, 19, 7, 13].
For NdFe3(BO3)4 a first neutron study [18] proposed a
canted arrangement of Nd and Fe spins while a more recent
study [26] concluded on their parallel arrangement. The
parallel alignment would be in line with an interpretation
where a ferromagnetic exchange interaction between the iron
3d and the spin part of the total moment J = S + L of the
rare-earth would lead through the spin—orbit coupling to an
antiparallel alignment of the 4f electrons relative to the iron
spins for light rare-earths and a parallel alignment for heavy
rare-earths [20]. One has to realize that the here discussed
indirect Fe—O-R exchange interactions are coupling iron and
rare-earth moments of neighbouring a—b-planes.

Further details of the magnetic structures as determined
by neutron diffraction include the existence of a slight
incommensurability in NdFe3(BO3)4 below T = 25 K [18,
26] and the formation of a small 120° type basal plane
component of the Dy magnetic moment below 7 = 20 K
in DyFe3(BO3)4 [19]. As a slight incommensurability had
as well been found from resonant x-ray scattering studies
above the spin reorientation transition in GdFe3(BO3)4 [27]
it is tempting to guess that diffraction studies using very
high resolution could as well discover a similar incom-
mensurability in other RFe3(BO3)4 compounds adopting an
easy-plane orientation of the magnetic moments (e.g. R = Er
or Ho for T > 5 K). In this context one has to mention
the discussion about a possible symmetry reduction in
RFe3(BO3)4 compounds below the R32 — P3;21 transition:
hard x-ray scattering experiments [28] have in fact found in
RFe3(BO3)4 compounds with R = Tb, Gd and Y below the
structural transition temperature the presence of very weak
(0 0 1) and (0 0 2) reflections which are forbidden in the
assumed P3;21 symmetry spacegroup. Optical spectroscopy
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data [17] did on the other hand not show any signs of
a structural distortion below the P3;21 symmetry; powder
neutron diffraction is not sensitive enough to see superlattice
reflections of such low intensity. The 120° type arrangement
of the Dy spins within the basal plane had been already found
in HoFe3(BO3)4 (T < 5 K) [7] and in about 10% of the
sample volume in ErFe3 (BO3)4 [13] and points to the growing
importance at lower temperatures of R-R interactions
probably of R-O-Fe—O-R type.

Due to the very high absorption cross section of natural
Sm the compound SmFe3(BO3)4 has not been yet the subject
of a neutron diffraction study. While optical absorption
spectra [29] have already established a probable easy-plane
type magnetic structure it is important to determine through
a direct magnetic diffraction study the exact orientation of
the two magnetic sublattices relative to each other and to
the crystallographic unit cell as well as to determine the
magnetic moment values on the iron and the samarium sites.
The recent classification of SmFe3(BO3)4 as multiferroic [30]
showing, e.g., a colossal magnetodielectric effect [8] supports
further the need for a neutron study of the magnetic structure.
We will present in this work our results on a powder
neutron diffraction experiment on SmFe3(BO3)4, discussing
and relating them to previous results on RFe3(BO3)4
compounds.

2. Experimental details
2.1. Sample preparation

Single crystals of SmFe3(BO3)4 were prepared at the Institute
of Physics at Krasnoyarsk following the preparation proce-
dure described in detail in [31]. Due to the strong neutron
absorption of natural boron 99% with ''B enriched B,0;
was used. Powder samples for the neutron measurements were
prepared from the grown crystals by grinding.

2.2. Neutron diffraction measurements

There exist at least five different possibilities to circumvent
or overcome the extremely high neutron absorption of natural
samarium. (1) Using hot neutrons with a very short neutron
wavelength it is possible to reduce the absorption cross
section; however, at the expense of a strongly reduced
resolution [32]. (2) Preparing the compound using a less
absorbing isotope like >*Sm [33], a solution no longer
conceivable due to the prohibitively high price of these
isotopes. (3) Using a specially designed large-area single
crystal flat-plate sample holder reducing the thickness of the
sample to a minimum while increasing its surface area [34].
(4) Using a cylindrical double wall container to reduce the
thickness of the sample in the beam to an acceptable value.
This last option calls for a distance between the walls of the
container of less than a 0.3 mm while keeping a diameter of
about 1 cm. It would be technically very difficult to fabricate
such a double wall container and it would be nearly impossible
to fill it homogeneously with the powder. (5) Mixing the
absorbing powder sample with Al powder [35]. The additional
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Figure 1. Observed (dots, red), calculated (line, black) and
difference patterns of SmFe3;(BO3)4 at room temperature in the
paramagnetic state refined in R32. The tick marks indicate the
calculated positions of the Bragg peaks of the main phase (upper
row) and the secondary Al phase (lower row).

powder Bragg peaks caused by the Al powder are few in
number and can be adequately taken into account when
making Rietveld refinements.

In the case of our study on SmFe3(BO3)s we chose to
use a double wall container having a diameter of 1 cm and
1 mm distance between the walls into which we filled the
finely powdered sample which had been additionally mixed
with about 10 parts of Al powder for one part of SmFe3(BO3)4
powder.

Neutron diffraction data were taken at the Institut
Laue-Langevin in Grenoble, France, using the high resolution
powder diffractometer D2B (A = 1.594 A) and the high
flux powder diffractometers D20 (A = 2.422 A, 1.81 A) and
DIB ( = 2.52 A). The high resolution data were taken at
room temperature measuring for about 5 h. High intensity
data on DIB were measured at 50 and 1.5 K for 1 h each.
The temperature dependence of the neutron diffractogram
(thermodiffractogram) was recorded on D20 between 1.7 and
50 K taking spectra of about 30 min every 1.4 K in order
to study in detail the magnetic phase transition. For this
measurement the sample had not yet been diluted with Al
powder. Additional data sets were taken at 50 and 1.7 K on
D20 using the high resolution setup in order to search for any
symmetry reduction at low temperatures.

All data were refined by the Rietveld method using
the FULLPROF [36] program. The added Al powder was
included in the refinements as the secondary phase.

3. Results and discussion

The high resolution data taken at room temperature were
refined using the spacegroup R32. Apart from the added
Al powder and two lines from the vanadium sample
container no impurities were present. Figure 1 shows a plot
of the refinement and table 1 shows the resulting atom
coordinates and some interatomic distances. According to
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Table 1. Lattice constants, atomic coordinates in R32 and
interatomic distances of SmFe3(BO3)4 at room temperature.

aA) 9.5663(1)
c(A) 7.5896(2)
Sm (3a)
Fe (9d) x 0.5503(3)
01 (%e) X 0.8564(8)
02 (9e) x 0.5922(6)
03 (18f) X 0.0273(4)
y 0.2144(4)
z 0.1837(5)
B1 (3b)
B2 (%) X 0.4462(6)
6 x Sm-03 (A) 2.384(4)
2 x Fe-01 (A) 2.0281(8)
2 x Fe-02 (A) 2.035(5)
2 x Fe-03 (A) 1.952(5)
Fe-Fe (A) 3.181(2)
Rbrage 7.6

Hinatsu et al [11] a structural transition from R32 to P3;21
could take place in SmFe3(BO3)4 at very low temperatures.
This structural transition would be characterized through
the appearance of additional Bragg peaks of very small
intensity. D20 is the perfect diffractometer to search for these
new Bragg peaks due to its very high neutron flux. Data
taken at 50 K in the paramagnetic phase and at 1.7 K in
the magnetically ordered phase did not show any sign of
additional structural Bragg peaks and allow us to exclude
any structural transition down to the base temperature. This
is in accordance with the spectroscopic data of Chukalina
et al [29].

Figure 2 displays the thermodiffractogram of
SmFe3(BO3)4 taken on D20 between 1.7 and 50 K. The
appearance of additional, relatively strong reflections of
magnetic origin at low angles at about 35 K can clearly
be seen. Fitting the intensity of the most intense magnetic
peaks the magnetic transition temperature was determined to
be Tn = 34 K and no signs of a spin reorientation or of a
non-steady behaviour were found.

All magnetic peaks can be indexed using the magnetic
propagation vector k = [0 0 3/2] which had been already
found in other RFe3(B0O3)s compounds (R = Pr, Nd) [13,
18] which keep the R32 structure at low temperatures. This
propagation vector leads to a doubling of the magnetic
unit cell in the c-direction as compared to the original
crystallographic cell. The indices shown in figure 2 are
based, therefore, on a cell doubled in the c-direction;
they can be directly compared as well to magnetic peaks
in the other RFe3(BO3)s compounds adopting at low
temperatures the P3;21 structure which see the same
doubling in the c-direction through the magnetic propagation
vector k = [0 O 1/2]. The position and the intensity of
these new peaks resemble strongly those found in the
compound YFe3(BO3)4 [7] where the refinement concluded
on a magnetic structure with the Fe spins aligned within
the trigonal basal plane. In order to profit from the
highest possible sensitivity for the magnetic scattering the
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Figure 2. Thermal dependence of the neutron diffraction pattern of
SmFe3(BOs3)4 between 1.5 and 50 K showing the appearance of
magnetic Bragg peaks at about 35 K. The magnetic peaks are
indexed in a unit cell doubled in the c-direction.

determination of the magnetic structure of SmFe3(BO3)4 was
made by refining the difference spectrum 2-50 K recorded
on the high intensity diffractometer D1B which represents
the purely magnetic scattering of the compound. The only
refinable parameters are the background parameters and the
magnetic moment values of the magnetic sites. The scale
factor has to be kept fixed to the value found from a refinement
of the non-magnetic spectrum taken at 50 K. While the
magnetic form factor of Fe3* is well known and tabulated
the same is not true for the case of the rare-earths where
the magnetic form factor f(Q) depends strongly on the ratio
between the spin and the orbital moment. In the dipolar
approximation the magnetic form factor can be expressed as
f(Q) = (jo) + c2(j2), with (j,) representing the integrals of
the product of the 4f radial electron wave function and the
spherical Bessel function of order n and ¢, = J(J+ 1)+ L(L+
D-=SSE+D/GJIJ+1D)+SES+1)—LIL+1)).

Assuming a strong spin—orbit splitting one has to consider
only the ground state multiplet which in the case of the 4f> ion
Sm3t is represented by the term 6H5/2 with § =5/2,L =35
and J = 5/2 giving ¢ = 6. As (j») grows with increasing
scattering angle this leads to the special situation where
the resulting magnetic form factor has a maximum at about
sin® /A = 0.37 Afl, e.g. magnetic scattering intensity of
Sm3* could be present at high scattering angles. As, however,
€2 = UL/HUTotal = AL/ (UL + 1s), where py, is the orbital, ug
the spin and oty the total magnetic moment, one can see
that the expected total magnetic moment which is the quantity
measurable in the powder neutron diffraction experiment
should be small for large c;. Using values tabulated in [37] (jo)
and (j») were determined as functions of sin ® /A and f(Q)
calculated for ¢; = 6.

Using the same magnetic structure model as already
found for YFe3(BO3)4 [7] and ErFe3(BO3)4 [13] below Ty
and for HoFe3(BO3)4 for Ty > T > 5 K [7] the refinement
of the difference spectrum (figure 3) converged rapidly. This
magnetic structure sees the magnetic moments of all iron sites
within the same trigonal a—b-layer ferromagnetically aligned
with an antiferromagnetic alignment between neighbouring
layers. The same is true for the Sm sites which are in this
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Figure 3. Refinement of the difference spectrum 2-50 K of
SmFe3;(BO3)4. Observed (dots, red), calculated (line, black) and
difference patterns.

model furthermore oriented parallel to the iron moments. The
magnetic moment values amount to pup. = 4.2(1) up and
usm = 0.24(4) up at 1.7 K. Forcing the magnetic moment
value on the Sm-site (1) to assume an antiparallel alignment
to the iron sublattice or (2) to be zero, we verified the
sensitivity of the refinement to these possibilities: while a
refinement with the parallel alignment results in a magnetic
R-factor of Ryag = 9.7%, assuming no magnetic moment
on the Sm-site gives Ryvag = 10.5%, while the antiparallel
alignment gives Ryag = 12.8%. A parallel orientation of the
iron and the samarium sublattices could be expected as it
corresponds to the situation already found in PrFe3(BO3)4
and NdFe3(BO3)s [13, 26], the only other RFe3(BO3)4
compounds with light rare-earths for which neutron data are
available. We then, however, verified whether any canting
between the iron and the rare-earth sublattices as originally
proposed for NdFe3(BO3)4 [18] existed and found that a

" x=1[0,0, 1.5] 700
m us HE
o iy
I-‘Fe 4 o
}
/

T
LT

°m°#/ﬁa;fé

refinement allowing the canting converged slowly to magnetic
moments of up. = 4.2(1) up and usy = 0.8(2) up, giving
a final Ryag = 9.1% and a canting angle of about 70°.
Analysing the refinement more deeply it was found that
all refinements with a total samarium moment in the range
0.5 uB < UTotal < 1.4 up are able to refine the data nicely,
but that in all cases a canting between 90° and 60° between
the iron and the samarium sublattices is favoured against a
collinear parallel arrangement. Due to the trigonal symmetry
it is not possible to determine the absolute spin direction
within the basal plane from powder diffraction data as
the magnetic reflections containing the needed information
appear at identical 20 values. Figure 4 displays the magnetic
structure of SmFe3(BO3)4; the magnetic moment of the
Sm-site has been up-scaled by a factor 2 to aid its visibility.

In distinction from HoFe3(BO3)4 (for Ty > T > 5 K) [7]
and ErFe3(BO3)4 [13] there is no inclination from the
pure basal plane orientation into the c-direction. This
makes SmFe3(BO3)4, apart from NdFe3;(BO3)s where the
collinearity of the iron and the rare-earth sublattices is
as well still a matter of discussion, the only RFe3(BO3)4
compound possessing a purely basal plane type magnetic
structure. As already mentioned above it is not possible to
deduce from these powder data the presence or absence of
a slight incommensurability as found in the R = Nd and Gd
compounds.

Knowing the magnetic structure we determined the
thermal evolution of the iron magnetic moment by refining
sequentially the high intensity data taken between 1.7 and
50 K (figure 5). As the data of the thermal scan did not have
the same quality as the difference spectrum from which the
details of the samarium sublattice were refined we fixed the
samarium magnetic moment value to zero for this sequential
refinement in order to avoid any correlation effects.

As already found for some other RFe3(BO3)s com-
pounds [10, 13, 19] with magnetic R, the thermal dependence
of the magnetic moment of Fe’* does not follow the

S N

4 70°
) )  HSm N\ HFe

Figure 4. The magnetic structure of SmFe;(BO3)4. Sm-moments are shown in green, Fe-spins in red, the direct Fe—Fe-exchange along the
helicoidal chains is indicated by light blue lines. Left: view along the c-direction showing the doubling of the crystallographic unit cell.
Right: view of the a—b-plane showing the canting between the Sm- and Fe-sublattices.
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Table 2. Details of the magnetic structures adopted in RFe3(BO3)4 compounds. Sg. = spacegroup, x = magnetic propagation vector,

Anis = anisotropy, EP = easy-plane, EA = easy-axis.

R Sg. K Anis.  Alignment, canting Reference
(Y) P3;21 [001/2] EP - [7]
Pr  R32 [003/2] EA M [13]
Nd R® [003/2] (Ix > T > 13.5K) EP M 20° or 70° [18, 26]
[003/2+ ] (T < 13.5K) EP M
Sm  R32 [003/2] EP (1) &~ 70° in plane This work
Gd P3,21 [001/24¢€] (In > T > 10K) EP 7 ~ 45° Gd, Fe variable with T [27]
[001/2] (10K < T < 9K) EP ? ~ 45° Fe, Gd in c-dir.
9K >T) EA 2
Tb P3,21 [001/2] EA ™ [10]
Dy P3;21 [001/2] EA +1 12°, (Dy: 120°) [18]
Ho P3;21 [001/2](Tx>T > 5K) EP 11 28° (Fey, T = 6 K) in c-dir. [7]
(T <5K) EA 11 22° (Ho: 120°)
Er  P3;21 [001/2] EP 11 14° (Fe) in c-dir. [13]
10%: Er, 120°
5 further specify first the alignment between the iron and
the rare-earth sublattice according to a parallel (11) and
4 - $e0BEAd 5 « or an antiparallel (1)) orientation and secondly according
ib.% b to a possible canting from the main anisotropy direction.
"'-EI"@O SmFe3(BO3)4 resembles strongly NdFe3(BO3)s4 in as far
- 3 Tei- as both compounds see an easy-plane anisotropy and no
. AN . . o
= L) canting of a sublattice towards the c-direction. The two
i.E ) P RFe3(BO3)4 compounds which undergo in zero magnetic
", field a spin reorientation as a function of temperature, namely
$ GdFe3(BO3)4 and HoFe3(BOs3)4, see already a significant
1 L) canting of the iron (R = Ho) or of both sublattices (R =
é’ Gd) towards the c-direction above the spin reorientation
'1 temperature within the easy-plane state. In SmFe3(BO3)4, as
0 & . Lo .
0 5 10 15 20 25 30 35 in NdFe3(BO3)4 [30], a strong spontaneous polarization is

Temperature (K)

Figure 5. The temperature dependence of the magnetic moment
value of Fe in SmFe3;(BO3)4. The dashed line represents a fit of the
data with a Brillouin function with J = 5/2.

Brillouin-type behaviour of an S = 5/2 ion. This had been
interpreted as indicating the influence of the Fe-R-exchange
interactions polarizing the rare-earth sublattice and should
here as well point to the occurrence of a significant magnetic
moment on the samarium site immediately below T induced
by the Fe-sublattice. We would like to recall that a total
magnetic moment of about o = Msm = 0.8 up as
determined from the neutron refinement reflects—assuming
¢y = 6, as used for the refinement—an orbital moment of
about up, = ¢2 x0.8 up = 4.8 up and a spin moment of ©g =
UL — UTotal = 4.8 up — 0.8 up = 4 up. A nice Brillouin-type
behaviour had been found in YFe3(BO3)4 [10] where the
rare-earth site is occupied by non-magnetic yttrium.

Table 2 lists the information available up to now on
the detailed magnetic structures adopted in RFe3(BO3)4
compounds. It becomes apparent that once a simple
classification of the anisotropy into easy-axis (EA) and
easy-plane (EP) arrangements has been made one has to

seen in the basal plane below Tn while in HoFe3 (BO3)4 [9]
it is strong as well along the c-axis; this conforms to the
details of the magnetic structures. A canting between the
iron and the rare-earth sublattice within the basal plane,
likely to exist in SmFe3(BO3)4, has not been found in the
other studied easy-plane RFe3(BO3)4 compounds. It might,
however, be present in NdFe3 (BO3)4 where powder [18] and
single crystal [26] data gave contradicting results. We would
like to mention in this context that the value found in the single
crystal study for the magnetic moment of Nd is surprisingly
small with ung = 1.1 up.

Further studies will certainly concentrate on RFe3(BO3)4
compounds adopting the easy-plane magnetic structures as
the multiferroic properties of the easy-axis ferroborates are
far less interesting [2]. First attempts to control the magneto-
electric properties of these compounds by mixing easy-plane
and easy-axis type rare-earths resulted in interesting but partly
surprising results. While in Tbj_,Er,Fe3(BO3)s [38] the
easy-axis state is kept down to lowest temperatures even for
x = 0.75, in Nd;_,Dy,Fe3(BO3)4 [39] the substitution of
25% of Nd by Dy can successfully introduce a temperature
dependent spin reorientation from easy-plane to easy-axis
at the relatively high temperature of 25 K. Knowing that
NdFe3(BO3)4 adopts the easy-plane type magnetic structure
the substitution of 50% Ho by Nd in Hop sNdg sFe3(BO3)4
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should in theory push the spin reorientation from easy-plane
to easy-axis as found in pure HoFe3(BO3)s at 5 K to
even lower temperatures. Surprisingly it was found that in
Hog 5Ndg sFe3(BO3)4 this spin reorientation shifts up in
temperature to 9 K [9]. This shows that the simple picture
of a competition between the axial and the planar anisotropy
of the rare-earths is not sufficient to explain the details of the
magnetic structures adopted. Due to the strong resemblance
of the magnetic structures adopted by NdFe3(BO3)4 and
the here studied SmFe3(BO3)4, mixed Rj_,Sm,Fe3(BO3)4
compounds seem to be promising candidates when trying to
elucidate these details.

4. Summary

High resolution and temperature dependent high intensity
powder neutron diffraction studies on SmFe3(BO3),4 revealed
the persistence of the trigonal structure R32 down to very low
temperatures (2 K) and the formation of an easy-plane type
magnetic structure with « = [0 0 3/2] below T = 34 K. From
the non-Brillouin type increase of the iron magnetic moment
below Tn a strong interaction between the iron and the
samarium sublattices leading to the simultaneous appearance
of long range magnetic order is deduced. At 2 K the magnetic
moment values amount to pupe = 4.1(1) up and usy =
0.8(2) up. Within the basal plane of the trigonal structure the
sublattices of iron and samarium are each ferromagnetically
ordered while the coupling to the neighbouring layers in the
c-direction is antiferromagnetic. The two sublattices are not
collinear but adopt a canting angle of about 70° to each other.
As there is no magnetic moment component pointing in the
c-direction SmFe3(BO3)4 is only the second RFe3(BO3)4
compound after NdFe3(BO3)4 to show a purely easy-plane
type magnetic structure.
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