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a b s t r a c t

The magnetic structure of the ternary intermetallic compound Ho6FeTe2 (hexagonal Zr6CoAs2 structure
type, a ternary ordered variant of the Fe2P-type; space group P6̄2m, No 189) has been investigated by
neutron diffraction and magnetization measurements.

The neutron diffraction study shows that in between the temperatures TN ∼ 24 K and TC ∼ 8 K the mag-
netic moments of the Ho atoms adopt a flat helix ordering with elliptical envelope having a wave vector
K = [0, 0, ∼1/9], the helix axis being coincident with the c-axis (with maximal magnetic moments of
MHo1 = 6.5(7) �B and MHo2 = 8.0(7) �B, at 10 K). Below the TC ∼ 8 K the magnetic structure of Ho6FeTe2

changes to a ferromagnetic cone: superposed on the helix ordering within the basal plane a ferromag-
eutron diffraction netic ordering with K = [0, 0, 0] and moments pointing in the c-direction appears. At 2 K the total maximal
magnetic moments amount to MHo1 = 9.1(7) �B and MHo2 = 9.6(7) �B with a ferromagnetic component
on the Ho1 site of McHo1 = 2.2(5) �B and on the HO2 site of McHo2 = 5.2 (5) �B. No local moment was
detected on the iron atomic site in this compound.

Magnetization measurements confirm the first magnetic transition at ∼26 K and the second at ∼10 K.
The magnetization vs. field data obtained at 2.5 K show soft ferromagnetic behavior, with a saturation
magnetization of 7.9 �B/Ho3+.
. Introduction

It is known that the series of rare earth intermetallic compounds
6TA2 (with R = Gd-Tm; T = Mn, Fe, Co, Ni, Ru and A = Sb, Bi, Te)
dopts the hexagonal Zr6CoAs2-type structure (space group P6̄2m,
o 189) [1–4]. This structural prototype is a ternary ordered vari-
nt of the Fe2P structure type [5]. In this crystal lattice the R atoms
ccupy the 3g and 3f sites, (XR1, 0, 1/2) and (XR2, 0, 0) respec-
ively, the transition metal atoms occupy the special position 1b
0, 0, 1/2) and antimony (bismuth, tellurium) atoms occupy the
pecial position 2c (1/3, 2/3, 0). From a structural point of view,
he Zr6CoAs2-type cell of these phases can be regarded as result-

ng from a double insertion of a p-block element and transition

etal atoms into holes of the initial Mg-type rare earth lattice,
ith corresponding distortion of the starting lattice (Fig. 1). The

ype of p-element and transition metal ‘inserted’, and so the level

∗ Corresponding author. Tel.: +7 095 9393472; fax: +7 095 9328846.
E-mail address: morozkin@general.chem.msu.ru (A.V. Morozkin).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.120
© 2010 Elsevier B.V. All rights reserved.

and symmetry of the distortion caused to the Mg-type rare earth
sublattice determine the physical properties of the resulting R6TA2
compound.

As a rule, the rare earth Zr6CoAs2-type compounds demon-
strate a commensurate ferromagnetic ordering of the R magnetic
moments: either as high-temperature collinear ferromagnets
(Tb6FeBi2, Ho6FeSb2, Ho6FeBi2 and Ho6MnBi2 Er6(Mn,Fe)Sb2 and
Er6MnBi2) or/and as low-temperature non-collinear ferromagnets
(Tb6FeBi2, Ho6FeSb2, Ho6FeBi2 and Ho6MnBi2) [6–8]. The com-
pound Ho6CoBi2 shows high-temperature collinear ferromagnetic
ordering, too, but at low-temperature it changes to a ferromag-
netic cone with wave vector K = [0, 0, ±1/5] [8]. No local moment
was detected on the transition metal site. Generally, both the type
of transition metal and the distortion of the unit cell strongly affect
the ferromagnetic ordering temperature and hence the magnetic

structure in these compounds.

To understand the role of transition metal and p-element atoms
in the Fe2P-type R6TA2 rare earth systems, the Ho6FeTe2 compound
was investigated by a neutron diffraction experiment; the results
of this work are here reported.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:morozkin@general.chem.msu.ru
dx.doi.org/10.1016/j.jallcom.2010.03.120


14 A.V. Morozkin et al. / Journal of Alloys and Compounds 498 (2010) 13–18

Fig. 1. Hexagonal unit cell of Zr6CoAs2-type (Fe2P-type) Ho6FeTe2: (a) distorted
M
r
o

2

t
h
9
d
a
n
m
3
o
[
p

[
a
p
i
i
l
f

Fig. 2. 3D plot of the thermal variation between 58 K and 2 K of the neutron diffrac-
tion patterns of the Ho6FeTe2 compound. The lowest 2� region has been excluded

whereas the Ho2–Fe and Ho2–Ho2 interatomic distances are less

T
I

g-type Ho sublattice in the Fe2P-type unit cell with set of shifting vectors of the
are-earth atoms from initial site of Mg-type lattice {shifting distances �Hoij}, (b)
nly the final positions of holmium atoms are represented.

. Experimental details

The alloy was prepared in an electric arc furnace using a non-consumable
ungsten electrode, under an argon atmosphere and on a water-cooled copper
earth. Tellurium (purity 99.99 wt.%), holmium (purity 99.9 wt.%) and iron (purity
9.95 wt.%) were used as the starting components. Titanium was used as a getter
uring melting. Subsequently, the alloy was annealed at 1070 K for 200 h in an argon
tmosphere and quenched in ice-water bath. The quality of the sample before the
eutron diffraction study was determined using X-ray phase analysis and electron
icroprobe analysis. The X-ray data were obtained on a diffractometer DRON-

.0 (Cu K� radiation, 2� = 5–120◦ , step 0.02◦ , at 10 s per step). The diffractograms
btained were identified by means of calculated patterns using the Rietan-program
9] in the isotropic approximation. A «Camebax» microanalyser was employed to
erform microprobe X-ray spectral analyses of the sample.

The neutron diffraction study was carried out on the powder D1B diffractometer
10] (Institut Laue-Langevin, Grenoble, France), from 58 K down to 2 K (with temper-
ture steps of 2 K). The neutron diffraction patterns were identified and refinements

erformed using the FULLPROF98-program [11]. A small amount of an unknown

mpurity phase was detected in the neutron data and the angular regions of its most
mportant Bragg peaks were excluded from the refinements. The coherent scattering
ength used for the refinement are 0.801·10−12 cm, 0.945·10−12 cm, 0.580·10−12 cm
or the Ho, Fe and Te nucleus respectively. To compare with the magnetic structure

able 1
nteratomic distances D in the Ho6FeTe2 compounds at 300 K and the ratio ı of D to the s

Atom1–Atom2 D [nm] ı Coordination number

Ho1–4Te 0.32005 1.00 13
Ho1–1Fe 0.32782 1.09
Ho1–4Ho2 0.34853 0.99
Ho1–2Ho2 0.35683 1.01
Ho1–2Ho1 0.39939 1.13

Ho2–2Fe 0.27939 0.93 14
Ho2–2Te 0.31893 1.00
Ho2–2Ho2 0.33844 0.96
Ho2–4Ho1 0.34853 0.99
Ho2–2Ho1 0.35683 1.01
Ho2–2Ho2 0.39939 1.11
in the plot due to the very high intensity of the (0, 0, ∼1/9) magnetic peak at 2� = 4◦

masking the details of the rest of the figure. At TN the incommensurate magnetic
reflection (1, 0, ∼1/9) appears close to the nuclear (1, 0, 0) reflection which itself
gains magnetic intensity at TC.

obtained by neutron diffraction study, dc magnetization was measured in the tem-
perature range of 5 K to 300 K using a commercial magnetometer in fields up to 9 T
(Physical Property Measurement System, Quantum Design).

3. Results and discussion

3.1. Crystal structure

The Mg-type rare earth arrangement can be described in
terms of the hexagonal Zr6FeAs2-type structure as follows:
the rare earth atoms occupy the special positions 3f (1/3,
0, 0) and 3g (2/3, 0, 1/2) with the occupation factors for
both the transition metal and tellurium (antimony, bismuth)
atoms being equal to zero; cell parameters a = aMg·(3)1/2 and
c = cMg, space group P6̄2m No 189 (a = 0.61961 nm, c = 0.56158 nm,
c/a = 0.90635, V = 0.18671 nm3 for pure Ho [13]). The presence
of the iron and tellurium atoms inserted into the Mg-type rare
earth cell leads then to the formation of the Zr6FeAs2-type
Ho6FeTe2 compound (aHo6FeTe2 = 0.81894(4) nm, cHo6FeTe2 =
0.39939(2)nm, X-ray data at 300 K) with a strong distortion
of the unit cell [(aHo6FeTe2 − aHo)/aHo = 0.3217, (cHo6FeTe2 −
cHo)/cHo = −0.289 and (VHo6FeTe2 − VHo)/VHo = 0.2424].

The lattice of Ho6FeTe2 consists of sets of R6Fe and R6Te clusters
(Fig. 1a). The shortest Ho1–Te, Ho1–Ho2 and Ho2–Te interatomic
distances are close to the sum of the metallic radii of the pure
elements (RHo = 0.1766 nm, RFe = 0.1241 nm, RTe = 0.1432 nm [12]),
than the sum of metallic radii (Table 1). The holmium atoms occupy
the following positions in the unit cell (Fig. 1a):

Ho1: Ho11 (xHo1, 0, 1/2), Ho12 (0, xHo1, 1/2), Ho13 (−xHo1,
−xHo1, 1/2);

um of the corresponding atomic radii: ı = D/(Ratomic1 + Ratomic2).

Atom1–Atom2 D [nm] ı Coordination number

Fe–6Ho2 0.27939 0.93 11
Fe–3Ho1 0.32782 1.09
Fe–2Fe 0.39939 1.61

Te–3Ho2 0.31893 1.00 11

Te–6Ho1 0.32005 1.00
Te–2Te 0.39939 1.39
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Fig. 4. Neutron diffraction patterns and refinements of the Ho6FeTe2 compound:
ig. 3. Thermal variation of the intensity of some of the magnetic reflections of
o6FeTe2.

Ho2: Ho21 (xHo2 , 0, 0), Ho22 (0, xHo2 , 0) and Ho23 (−xHo2, −xHo2,
).

The free positional parameter was refined from X-ray data at
00 K to xHo1 = 0.5997(5) and xHo2 = 0.2386(5). The shifts of
he holmium atoms, from their initial positions in the starting Mg-
ype lattice, are sketched in Fig. 1b.

.2. Neutron diffraction study

.2.1. Magnetic transitions
Fig. 2 shows in a 3D plot the thermal variation of the neutron

pectra of Ho6FeTe2 recorded between 58 K and 2 K. Two transi-
ions are clearly visible which have to be related to the appearance
f long-range magnetic order. The low angle region has not been
ncluded in Fig. 2 as the intensity of a magnetic peak at 2� ≈ 4◦

s extremely strong compared to the other magnetic peaks. The
t of the thermal variation of some of the new magnetic reflec-
ions, see Fig. 3, indicates the occurrence of two magnetic ordering
emperatures at about 24 K and 8 K in Ho6FeTe2.

Fig. 4a shows the neutron diffraction patterns of Ho6FeTe2
ecorded at 58 K in the paramagnetic phase refined in the space-
roup P-62m. The magnetic peaks appearing below 24 K can be
ndexed with the propagation vector K = [0, 0, ∼1/9], while below
K magnetic reflections with K = [0, 0, 0] e.g. on top of allowed
uclear reflections are as well present.

.2.2. Magnetic structure
A theoretical analysis of the possible magnetic models for the

ompounds crystallizing in the Fe2P structure type was made by
avorotnev and Medvedeva [13]. The distortion of the initial Mg-
ype lattice, to obtain the Fe2P-type unit cell (Fig. 1b), leads to a

owering of the symmetry from D6h down to C3v, destroying the
nitial collinear order of the rare earth magnetic moments in the
Y plane. The magnetic structure leading to the upcome of the
ntiferromagnetic peaks below 24 K can be determined using mag-
etic symmetry analysis [14,15]. The program BASIREPS included
(a) at 58 K (paramagnetic state), (b) at 10 K (antiferromagnetic state) and (c) at
2 K (mixed antiferro-/ferromagnetic state). The refinements show the experimental
points (dots) the calculated intensity (line) and their difference (line at the bottom).
The vertical bars mark the reflections related to the nuclear and the magnetic phases.

in the FULLPROF suite of programs [11] allows doing this easily

by just entering the spacegroup, the propagation vector and the
magnetic atom positions. In the case of Ho6FeTe2 the symmetry
analysis led us to 3 allowed irreducible representations which were
tested against the measured neutron diffraction spectra. Table 2
lists the symmetry relations between the 3 different Ho positions
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Table 2
Basis vectors of the 3 allowed irreducible representations for K = [0, 0, �] and
atomic position x, 0, ½ and x, 0, 0. IR = irreducible representation, BV = basis vec-
tor, BASR = real part, BASI = imaginary part. IR3 contains altogether 9 BVs which are
partly linear combinations of each other, only the first 3 are listed due to space rea-
sons. The refinement of the neutron data made use of BV1 and BV2 of IR3 (marked
in bold).

BV1 BV2 BV3

IR1
x, y, z

BASR 1, 2, 0
BASI 0, 0, 0

−y, x − y, z
BASR −2, −1, 0
BASI 0, 0, 0

−x + y, −x, z
BASR 1, −1, 0
BASI 0, 0, 0

IR2
x, y, z

BASR 1, 0, 0 0, 0, 1
BASI 0, 0, 0 0, 0, 0

−y, x − y, z
BASR 0, 1, 0 0, 0, 1
BASI 0, 0, 0 0, 0, 0

−x + y, −x, z
BASR −1, −1, 0 0, 0, 1
BASI 0, 0, 0 0, 0, 0

IR3
x, y, z

BASR 1, 0, 0 0, 1, 0 0, 0, 1
BASI 0, 0, 0 0, 0, 0 0, 0, 0

−y, x − y, z
BASR 0, −0.5, 0 0.5, 0.5, 0 0, 0, −0.5
BASI 0, −0.866, 0 0.866, 0.866, 0 0, 0, −0.866
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Table 3
Refined values of the coefficients C1 and C2 of the 2 used basis vectors, Rz corresponds
to the ferromagnetic component at 2 K in c-direction, Mmax is the resulting maximal
magnetic moment value (see text) and � the value of the propagation vector in K = [0,
0, �]. Please recall that C1 and C2 are not orthogonal to each other but span 120◦ .

C1 C2 Fz Mmax �

10 K 0.1118 (10)
Ho1 7.4 (8) 4.5 (8) – 6.5 (8)
Ho2 3.1 (9) 9.0 (8) – 8.0 (7)

changes slightly its value with the upcome of the ferromagnetic
compound speaks in favor of this scenario and against a coexis-
tence of two separated magnetic phases as it implies an influence
of the ferromagnetic component on the existing antiferromagnetic
one. The results of the refinement can be seen in Fig. 4c. Table 3
− x + y, −x, z
BASR 0.5, 0.5, 0 −0.5, 0, 0 0, 0, −0.5
BASI −0.866, −0.866, 0 0.866, 0, 0 0, 0, 0.866

er site for the 3 allowed representations. Only one out of these
possible solutions allows for the magnetic peak intensities. It

s a 2-dimensional representation containing real and imaginary
omponents describing with the use of 2 basis vectors (see bold
umbers in Table 2) a flat spiral ordering with the spiral axis
long the c-axis and the magnetic moment directions within the
asal hexagonal plane. Refining the neutron diffraction data at
0 K it turned out that the coefficients of the 2 basis vectors are

argely different leading to a strongly elongated envelope of the
piral arrangement. (In the extreme case with one of the coef-
cients zero a simple spin wave structure results). Due to the
verwhelming contribution of the magnetic scattering to the over-
ll scattering the two free atom position parameters were fixed
n the low-temperature refinements to the values determined in
he paramagnetic state (X-ray data at 300 K and confirmed by
eutron data at 58 K). Table 3 contains the refined values of the
oefficients of the 2 basis vectors, the resulting maximal magnetic
oment values and the refined value of the propagation vector.

he magnitude of the magnetic moments on the Ho1 and Ho2
ites (MHo1 = 6.5(7) �B and MHo2 = 8.0(7) �B) is rather differ-
nt, with the Ho2 moments being significantly larger. This is not
urprising due to the differing crystallographic surroundings (see
elow). We have to recall here that the above and further below

entioned magnetic moment values have to be understood due to

he strong spin wave like character of the magnetic moments as
aximal values. Fig. 4b shows the refinement of the data at 10 K,

ig. 5a and b displays the arrangement of the spins in the unit cell.
2 K 0.1090 (7)
Ho1 10.0 (8) 3.5 (7) 2.2 (5) 9.1 (9)
Ho2 2.3 (8) 9.0 (7) 5.2 (5) 9.6 (8)

Below 8 K Ho6FeTe2 adopts a “mixed” ferromagnetic cone type
magnetic structure: while the flat spiral ordering with the prop-
agation vector K = [0, 0, ∼1/9] still persists the increased intensity
on top of some of the nuclear peaks indicates the appearance of
an additional ferromagnetic coupling. The refinement of the data
taken at 2 K was done assuming that both magnetic couplings (anti-
ferromagnetic with K = [0, 0, ∼1/9] and ferromagnetic with K = [0,
0, 0]) are embracing the total volume fraction of the sample. The
fact that the value of the antiferromagnetic propagation vector
Fig. 5. The magnetic structures of Ho6FeTe2. (a) The antiferromagnetic flat spiral
structure running along the c-axis with K = [0,0, ∼1/9], (b) projection of the magnetic
spins of 3 unit cell onto the basal plane indicating the elliptical envelope of the spiral.
(c) The additional ferromagnetic component in c-direction present below 8 K. Ho1

site spins in green, Ho2 site spins in red.
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Fig. 6. Temperature (T) variation of magnetization (M) of Ho6FeTe2 in an applied
field of 0.5 T [in the inset: M vs. T plot, in an applied field of 0.1 T and for the zero-
field-cooled (ZFC) and field-cooled (FC) modes].
A.V. Morozkin et al. / Journal of Al

ontains again the refined values of the propagation vector and of
he coefficients of the 2 basis vectors describing the antiferromag-
etic coupling, of the ferromagnetic component and the resulting
aximal magnetic moment values of the two Ho sites. Amounting

o MHo1 = 9.1(9) �B and MHo2 = 9.6(8) �B with a ferromagnetic
omponent on the Ho1 site of McHo1 = 2.2(5) �B and on the Ho2
ite of McHo2 = 5.2 (5) �B the maximal magnetic moment values of
oth sites become more equal and approach within the error bars
he theoretical value of the Ho ion in the trivalent state (MHo3+ =
0 �B) [16].

This value is typical of what has been reported earlier from neu-
ron diffraction studies on binary or ternary Ho–Fe intermetallic
ompounds such as 9 �B in Ho2Fe17 [17] or HoFe11Ti [18]. Unlike
o these iron rich samples, no ordered 3d magnetic moment is
bserved in Ho6FeTe2. This disappearance of the transition metal
agnetism is a rather common feature of rare-earth rich inter-
etallic compounds and has been attributed to the filling of the 3d

and upon hybridization of the rare-earth-transition metal elec-
ronic states [19]. The distortion of the initial Mg-type Ho lattice
nto the final Zr6CoAs2-type (Fe2P-type) Ho6FeTe2 compound leads
o drastic changes of the magnetic properties of the Ho lattice.

hile the temperature of the flat spiral ordering decreases from
32 K (Néel point of Ho [16]) down to 24 K for Ho6FeTe2 the tem-
erature of the ferromagnetic cone ordering decreases from 20 K
Curie point of Ho [16]) down to 8 K. The wave vector of the Ho
attice changes from K = [0, 0, 1/4.1/5] (Mg-type Ho) to K = [0, 0,
1/9] (Fe2P-type Ho6FeTe2). While in the initial Mg-type Ho lattice

he atoms corresponding to the Ho1 and Ho2 sites show the same
agnetic behavior, the Ho sublattice in the Fe2P-type structure is

ow distorted and consequently the Ho atoms on these two sites
re presenting different magnetic moments. This should probably
riginate from CEF effects which may play a significant role at low-
emperature. Indeed the local atomic environment is significantly
ifferent for the two inequivalent Ho sites, in particular the Ho2–Fe
istance is shorter than the one observed for the Ho1 environment.
urthermore the Ho1 site is surrounded by 13 atoms compared to
4 atoms for Ho2 site. Neither in the purely antiferromagnetic phase
or in the mixed magnetic phase any indication for a local moment
f the transition metal site was found.

.3. Magnetization studies

To verify the magnetic transition temperatures obtained from
he neutron diffraction study, dc magnetization was also measured
n a bulk sample of Ho6FeTe2 as a function of temperature in
pplied magnetic field of 0.5 T [Fig. 6]. The dM/dT plot shows two
nflection points, one at ∼26 K and the other at ∼10 K. These tem-
eratures are also marked as peaks in low field magnetization data
easured in a field of 0.1 T [see inset of Fig. 6] and agree fairly
ell with the transition points as obtained from the neutron data.

he paramagnetic susceptibility follows a Curie–Weiss behavior
ith an effective magnetic moment (�eff) of ∼9 �B per Ho3+ ion

nd a Weiss temperature of +42 K (�p). A small hump visible at
bout 80 K should be related to the presence of the impurity phase.
he hysteresis between the zero-field-cooled and field-cooled mag-
etization data between 25 K and 9 K is caused by the magnetic
tructural changes that are occurring in this temperature range. The
trong dependence of the magnetization curve on the applied field
an be understood from the neutron results as indicating a strong
endency to the induction of the ferromagnetic state at tempera-
ures largely above TC. The magnetization vs. field data obtained at

.5 K shows soft ferromagnetic behavior, with a saturation magne-
ization of 7.9 �B/Ho3+ (Fig. 7) at 9 T. This is in agreement with the
eutron diffraction results where the maximal magnetic moment
alues of about 9–10 �B at 2 K are representing the long axis of the
lliptical envelope of the cone (cone = helix + ferromagnetic compo-
Fig. 7. Magnetization vs. field isotherm obtained at 2.5 K in fields up to 9 T.

nent) with the short axis being represented by minimal magnetic
moment between about 3 �B (Ho1 site) and 5.5 �B (Ho2 site).

4. Conclusion

One can conclude that the distortion of the initial Mg-type Ho
lattice in the final Zr6CoAs2-type (Fe2P-type) Ho6FeTe2 compound
leads to drastic changes of the magnetic properties of the Ho lattice.
Although in the intermetallic phase Ho6FeTe2 there is a decrease
of the magnetic coupling strengths of the Ho lattice with respect to
those found in the pure Ho metal, preparation of these Fe2P-type
compounds is a promising way to modify and tune the physical
properties of any of the Mg-type rare earths by properly playing on
the presence and composition of one or both of the given transition
metal or p-block elements, i.e. by preparing mixed-composition
alloys such as R6(T1−xT′

x)(A1−yA′
y)2. Modifications, even subtle, in

the crystal structure may lead to interesting changes in the mag-
netic properties.
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