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The magnetic structure of the ternary intermetallic compound HogFeTe; (hexagonal ZrgCoAs, structure
type, a ternary ordered variant of the Fe,P-type; space group P62m, No 189) has been investigated by
neutron diffraction and magnetization measurements.

The neutron diffraction study shows that in between the temperatures Ty ~ 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=10, 0, ~1/9], the helix axis being coincident with the c-axis (with maximal magnetic moments of
Mho, = 6.5(7) us and Muo, = 8.0(7) s, at 10K). Below the Tc ~ 8 K the magnetic structure of HosFeTe;
changes to a ferromagnetic cone: superposed on the helix ordering within the basal plane a ferromag-
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 Myo, = 9.1(7) ug and Myo, = 9.6(7) g with a ferromagnetic component
on the Ho; site of Mcyo, = 2.2(5) ug and on the HO, site of Mcno, = 5.2 (5) ug. 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 ~10K.
The magnetization vs. field data obtained at 2.5 K show soft ferromagnetic behavior, with a saturation
magnetization of 7.9 g /Ho3".
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1. Introduction

Itis known that the series of rare earth intermetallic compounds
RgTA; (with R=Gd-Tm; T=Mn, Fe, Co, Ni, Ru and A=Sb, Bi, Te)
adopts the hexagonal ZrgCoAs,-type structure (space group P62m,
No 189) [1-4]. This structural prototype is a ternary ordered vari-
ant of the Fe, P structure type [5]. In this crystal lattice the R atoms
occupy the 3g and 3f sites, (Xgy, 0, 1/2) and (Xga, 0, 0) respec-
tively, the transition metal atoms occupy the special position 1b
(0, 0, 1/2) and antimony (bismuth, tellurium) atoms occupy the
special position 2c (1/3, 2/3, 0). From a structural point of view,
the ZrgCoAs,-type cell of these phases can be regarded as result-
ing from a double insertion of a p-block element and transition
metal atoms into holes of the initial Mg-type rare earth lattice,
with corresponding distortion of the starting lattice (Fig. 1). The
type of p-element and transition metal ‘inserted’, and so the level
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and symmetry of the distortion caused to the Mg-type rare earth
sublattice determine the physical properties of the resulting RgTA;
compound.

As a rule, the rare earth ZrgCoAs,-type compounds demon-
strate a commensurate ferromagnetic ordering of the R magnetic
moments: either as high-temperature collinear ferromagnets
(TbgFeBi,, HogFeSb,, HogFeBi, and HogMnBi, Erg(Mn,Fe)Sb, and
ErgMnBi; ) or/and as low-temperature non-collinear ferromagnets
(TbgFeBi,, HogFeSb,, HogFeBi, and HogMnBi;) [6-8]. The com-
pound HogCoBi; 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 Fe,P-type RgTA, rare earth systems, the HogFeTe, compound
was investigated by a neutron diffraction experiment; the results
of this work are here reported.
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Fig. 1. Hexagonal unit cell of ZrgCoAs,-type (Fe,P-type) HogFeTe,: (a) distorted
Mg-type Ho sublattice in the Fe,P-type unit cell with set of shifting vectors of the
rare-earth atoms from initial site of Mg-type lattice {shifting distances Ay}, (b)
only the final positions of holmium atoms are represented.

2. Experimental details

The alloy was prepared in an electric arc furnace using a non-consumable
tungsten electrode, under an argon atmosphere and on a water-cooled copper
hearth. Tellurium (purity 99.99 wt.%), holmium (purity 99.9 wt.%) and iron (purity
99.95wt.%) were used as the starting components. Titanium was used as a getter
during melting. Subsequently, the alloy was annealed at 1070 K for 200 hin an argon
atmosphere and quenched in ice-water bath. The quality of the sample before the
neutron diffraction study was determined using X-ray phase analysis and electron
microprobe analysis. The X-ray data were obtained on a diffractometer DRON-
3.0 (Cu K, radiation, 26=5-120°, step 0.02°, at 10s per step). The diffractograms
obtained were identified by means of calculated patterns using the Rietan-program
[9] in the isotropic approximation. A «Camebax» microanalyser was employed to
perform 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-
ature steps of 2 K). The neutron diffraction patterns were identified and refinements
performed using the FULLPROF98-program [11]. A small amount of an unknown
impurity phase was detected in the neutron data and the angular regions of its most
important Bragg peaks were excluded from the refinements. The coherent scattering
length used for the refinement are 0.801-10~'2 ¢cm, 0.945-10-'2 ¢cm, 0.580-10'2 cm
for the Ho, Fe and Te nucleus respectively. To compare with the magnetic structure
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Fig. 2. 3D plot of the thermal variation between 58 K and 2 K of the neutron diffrac-
tion patterns of the HogFeTe, compound. The lowest 2® region has been excluded
in the plot due to the very high intensity of the (0, 0, ~1/9) magnetic peak at 20 = 4°
masking the details of the rest of the figure. At Ty 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 5K to 300 K using a commercial magnetometer in fields up to 9T
(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 ZrgFeAs,-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)”2 and
C=Cwmg, Space group P62m No 189 (a=0.61961nm, c=0.56158 nm,
c/a=0.90635, V=0.18671nm3 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 ZrgFeAs,-type
HogFeTe, compound (aHogFeTe, = 0.81894(4)nm, cHogFeTe, =
0.39939(2)nm, X-ray data at 300K) with a strong distortion
of the unit cell [(aHogFeTe, — aHo)/aHo = 0.3217, (cHogFeTe; —
cHo)/cHo = —0.289 and (VHogFeTe, — VHo)/VHo = 0.2424].

The lattice of HogFeTe, consists of sets of RgFe and RgTe clusters
(Fig. 1a). The shortest Ho;-Te, Ho;—Ho, and Ho,-Te interatomic
distances are close to the sum of the metallic radii of the pure
elements (Ryo =0.1766 nm, Rge =0.1241 nm, Rre =0.1432 nm [12]),
whereas the Ho,-Fe and Ho,-Ho, interatomic distances are less
than the sum of metallic radii (Table 1). The holmium atoms occupy
the following positions in the unit cell (Fig. 1a):

Hoi: Hoj, (xHoq, O, 1/2), Hoy, (0, xHoq, 1/2), Hoq, (—xHoq,
—xHoq, 1/2);

Interatomic distances D in the HogFeTe, compounds at 300K and the ratio § of D to the sum of the corresponding atomic radii: 8 = D/(Ratomict + Ratomic2 )-

Atom1-Atom?2 D [nm] ) Coordination number Atom1-Atom?2 D [nm] ) Coordination number
Ho,-4Te 0.32005 1.00 13 Fe-6Ho, 0.27939 0.93 11
Ho;-1Fe 0.32782 1.09 Fe-3Ho, 0.32782 1.09

Ho;-4Ho; 0.34853 0.99 Fe-2Fe 0.39939 1.61

Ho;-2Ho, 0.35683 1.01

Ho;-2Ho, 0.39939 1.13 Te-3Ho, 0.31893 1.00 11
Ho,-2Fe 0.27939 0.93 14 Te-6Hoq 0.32005 1.00

Ho,-2Te 0.31893 1.00 Te-2Te 0.39939 1.39

Ho,-2Ho, 0.33844 0.96

Ho,-4Ho, 0.34853 0.99

Ho,-2Ho, 0.35683 1.01

Ho,-2Ho, 0.39939 1.11
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Fig. 3. Thermal variation of the intensity of some of the magnetic reflections of
HogFeTe;.

Ho: Hoy, (XHo,, 0, 0), Hoz, (0, XHo,, 0) and Ho,, (—xHoy, —xHop,
0).

The free positional parameter was refined from X-ray data at
300K to xHo; = 0.5997(5) and xHo, = 0.2386(5). The shifts of
the holmium atoms, from their initial positions in the starting Mg-
type lattice, are sketched in Fig. 1b.

3.2. Neutron diffraction study

3.2.1. Magnetic transitions

Fig. 2 shows in a 3D plot the thermal variation of the neutron
spectra of HogFeTe, recorded between 58K and 2 K. Two transi-
tions are clearly visible which have to be related to the appearance
of long-range magnetic order. The low angle region has not been
included in Fig. 2 as the intensity of a magnetic peak at 20~ 4°
is extremely strong compared to the other magnetic peaks. The
fit of the thermal variation of some of the new magnetic reflec-
tions, see Fig. 3, indicates the occurrence of two magnetic ordering
temperatures at about 24 K and 8 K in HogFeTe,.

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

3.2.2. Magnetic structure

A theoretical analysis of the possible magnetic models for the
compounds crystallizing in the Fe,P structure type was made by
Zavorotnev and Medvedeva [13]. The distortion of the initial Mg-
type lattice, to obtain the Fe,P-type unit cell (Fig. 1b), leads to a
lowering of the symmetry from Dgy down to Cs,, destroying the
initial collinear order of the rare earth magnetic moments in the
XY plane. The magnetic structure leading to the upcome of the
antiferromagnetic peaks below 24 K can be determined using mag-
netic symmetry analysis [14,15]. The program BASIREPS included
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Fig. 4. Neutron diffraction patterns and refinements of the HogFeTe, compound:
(a) at 58K (paramagnetic state), (b) at 10K (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 HogFeTe, 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, t] and
atomic position x, 0, %2 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
-V, X-y,2z
BASR -2,-1,0
BASI 0,0,0
—X+y, —X,Z
BASR 1,-1,0
BASI 0,0,0
IR2
X, ¥,z
BASR 1,0,0 0,0,1
BASI 0,0,0 0,0,0
V. X-y,2z
BASR 0,1,0 0,0,1
BASI 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
-V, X=Y,2
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
— Xx+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

per site for the 3 allowed representations. Only one out of these
3 possible solutions allows for the magnetic peak intensities. It
is a 2-dimensional representation containing real and imaginary
components describing with the use of 2 basis vectors (see bold
numbers in Table 2) a flat spiral ordering with the spiral axis
along the c-axis and the magnetic moment directions within the
basal hexagonal plane. Refining the neutron diffraction data at
10K it turned out that the coefficients of the 2 basis vectors are
largely different leading to a strongly elongated envelope of the
spiral arrangement. (In the extreme case with one of the coef-
ficients zero a simple spin wave structure results). Due to the
overwhelming contribution of the magnetic scattering to the over-
all scattering the two free atom position parameters were fixed
in the low-temperature refinements to the values determined in
the paramagnetic state (X-ray data at 300K and confirmed by
neutron data at 58 K). Table 3 contains the refined values of the
coefficients of the 2 basis vectors, the resulting maximal magnetic
moment values and the refined value of the propagation vector.
The magnitude of the magnetic moments on the Ho; and Ho,
sites (Mo, =6.5(7) ug and  Mpyo, = 8.0(7) up) is rather differ-
ent, with the Ho, moments being significantly larger. This is not
surprising due to the differing crystallographic surroundings (see
below). We have to recall here that the above and further below
mentioned magnetic moment values have to be understood due to
the strong spin wave like character of the magnetic moments as
maximal values. Fig. 4b shows the refinement of the data at 10K,
Fig. 5a and b displays the arrangement of the spins in the unit cell.

Table 3

Refined values of the coefficients C1 and C2 of the 2 used basis vectors, R, corresponds
to the ferromagnetic component at 2 K in c-direction, M,y is the resulting maximal
magnetic moment value (see text) and 7 the value of the propagation vector in K=[0,
0, 7]. Please recall that C1 and C2 are not orthogonal to each other but span 120°.

C1 c2 F, Mmax T
10K 0.1118(10)
Hoq 7.4 (8) 4.5 (8) = 6.5(8)
Ho, 3.1(9) 9.0 (8) - 8.0(7)
2K 0.1090 (7)
Ho, 10.0(8) 3.5(7) 2.2(5) 9.1(9)

Ho,  23(8) 9.0

S
=

52(5)  9.6(8)

Below 8 K HogFeTe, 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 Kwas 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
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

(b) % —

Fig. 5. The magnetic structures of HogFeTe;. (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. Hoq
site spins in green, Ho, site spins in red.
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contains again the refined values of the propagation vector and of
the coefficients of the 2 basis vectors describing the antiferromag-
netic coupling, of the ferromagnetic component and the resulting
maximal magnetic moment values of the two Ho sites. Amounting
to Myo, =9.1(9)up and Mo, = 9.6(8) up with a ferromagnetic
component on the Ho; site of Mcyo, =2.2(5) up and on the Hop
site of Mcho, = 5.2 (5) up the maximal magnetic moment values of
both sites become more equal and approach within the error bars
the theoretical value of the Ho ion in the trivalent state (My3+ =
10 ug) [16].

This value is typical of what has been reported earlier from neu-
tron diffraction studies on binary or ternary Ho-Fe intermetallic
compounds such as 9 g in HopFeq7 [17] or HoFeq4Ti [18]. Unlike
to these iron rich samples, no ordered 3d magnetic moment is
observed in HogFeTe,. This disappearance of the transition metal
magnetism is a rather common feature of rare-earth rich inter-
metallic compounds and has been attributed to the filling of the 3d
band upon hybridization of the rare-earth-transition metal elec-
tronic states [19]. The distortion of the initial Mg-type Ho lattice
into the final ZrgCoAs;-type (Fe; P-type) HogFeTe, compound leads
to drastic changes of the magnetic properties of the Ho lattice.
While the temperature of the flat spiral ordering decreases from
132K (Néel point of Ho [16]) down to 24K for HogFeTe, the tem-
perature of the ferromagnetic cone ordering decreases from 20K
(Curie point of Ho [16]) down to 8 K. The wave vector of the Ho
lattice changes from K=[0, 0, 1/4.1/5] (Mg-type Ho) to K=]0, O,
~1/9] (Fe,P-type HogFeTe; ). While in the initial Mg-type Ho lattice
the atoms corresponding to the Ho; and Ho, sites show the same
magnetic behavior, the Ho sublattice in the Fe,P-type structure is
now distorted and consequently the Ho atoms on these two sites
are presenting different magnetic moments. This should probably
originate from CEF effects which may play a significant role at low-
temperature. Indeed the local atomic environment is significantly
different for the two inequivalent Ho sites, in particular the Ho,-Fe
distance is shorter than the one observed for the Ho; environment.
Furthermore the Ho; site is surrounded by 13 atoms compared to
14 atoms for Ho, site. Neither in the purely antiferromagnetic phase
nor in the mixed magnetic phase any indication for a local moment
of the transition metal site was found.

3.3. Magnetization studies

To verify the magnetic transition temperatures obtained from
the neutron diffraction study, dc magnetization was also measured
on a bulk sample of HogFeTe, as a function of temperature in
applied magnetic field of 0.5T [Fig. 6]. The dM/dT plot shows two
inflection points, one at ~26 K and the other at ~10K. These tem-
peratures are also marked as peaks in low field magnetization data
measured in a field of 0.1T [see inset of Fig. 6] and agree fairly
well with the transition points as obtained from the neutron data.
The paramagnetic susceptibility follows a Curie-Weiss behavior
with an effective magnetic moment (itefr) of ~9 wg per Ho3* ion
and a Weiss temperature of +42K (6p). A small hump visible at
about 80K should be related to the presence of the impurity phase.
The hysteresis between the zero-field-cooled and field-cooled mag-
netization data between 25K and 9K is caused by the magnetic
structural changes that are occurring in this temperature range. The
strong dependence of the magnetization curve on the applied field
can be understood from the neutron results as indicating a strong
tendency to the induction of the ferromagnetic state at tempera-
tures largely above T¢. The magnetization vs. field data obtained at
2.5 K shows soft ferromagnetic behavior, with a saturation magne-
tization of 7.9 wp/Ho3* (Fig. 7) at 9 T. This is in agreement with the
neutron diffraction results where the maximal magnetic moment
values of about 9-10 g at 2 K are representing the long axis of the
elliptical envelope of the cone (cone = helix + ferromagnetic compo-
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120 —:;- H=05T -
y 3 |
‘ Ho FeTe,
£0 e H=100mT | |
= ]
£
"
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Fig. 6. Temperature (T) variation of magnetization (M) of HogFeTe; in an applied
field of 0.5T [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].
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Fig. 7. Magnetization vs. field isotherm obtained at 2.5K in fields up to 9 T.

nent) with the short axis being represented by minimal magnetic
moment between about 3 pg (Ho; site) and 5.5 g (Ho, site).

4. Conclusion

One can conclude that the distortion of the initial Mg-type Ho
lattice in the final ZrgCoAs,-type (Fe,P-type) HogFeTe, compound
leads to drastic changes of the magnetic properties of the Ho lattice.
Although in the intermetallic phase HogFeTe, 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 Fe,P-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 Rg(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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