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bLaboratoire Léon Brillouin, (CEA-CNRS) Saclay, 91191 Gif sur Yvette Cedex, France
cVan der Waals-Zeeman Institute, University of Amsterdam, NL-1018XE, Amsterdam

Received 19 March 2005

Available online 16 June 2005
tract

utron

neous

first-

low-

in the

ndent

litude

itting

qy 0Þ

while

ion is
We present the temperature magnetic phase diagram of the compound DyFe4Ge2 determined from ne

diffraction data for the entire magnetically ordered regime. DyFe4Ge2 undergoes at TN;T c ¼ 55K a simulta

structural and magnetic transition of second order (or weakly first order) followed by two subsequent isostructural

order magnetic transitions at T ic2 ¼ 45K and T ic1 ¼ 28K:

P42=mnm; TN;T c ¼ 55K! Cmmm; q1 ¼ ð0
1
20Þ

T ic2 ¼ 45K! q2 ¼ ð0 qy 0ÞT ic1 ¼ 28K! q1.

The re-entrant lock-in magnetic phase q1 ¼ ð0
1
2
0Þ is stable in the high-temperature range Tic2–TN and in the

temperature range 1.5K–Tic1 while the incommensurately modulated q2 ¼ ð0 qy 0Þ magnetic phase is sandwiched

intermediate range Tic1–Tic2 between the two commensurate phases. The wave vector q2 has a temperature-depe

length with a minimum in the middle of the incommensurate range and corresponds to a multiaxial amp

modulated phase. Symmetry analysis leads for both propagation vectors in Cmmm to a twofold and fourfold spl

of the tetragonal Dy 2b site and the Fe 8i sites, respectively. The low temperature q1 ¼ ð0
1
2
0Þ and the q2 ¼ ð0

phases correspond to 3D canted magnetic structures described by the irreducible representations (Irreps) G2 þ G3

the high-temperature q1 phase to 2D canted magnetic structures described by a single Irrep G2. The Tic2 transit

connected with reorientations of both Fe and Dy moments.
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The presently available results with regar
magnetic and structural properties of the RFe
(R ¼ Y, Er, Ho) compounds with magnetic
nonmagnetic rare earths are summarised
follows:

YFe4Ge2: For this compound, having a
magnetic rare earth, magnetic ordering o
simultaneously with a first-order structural tr
tion from tetragonal to orthorhombic symm
[1]:

P42=mnmðTN;TcÞ ¼ 43:5K! Pnnmðq ¼ 0Þ.

In Pnnm the Fe site splits into two sites.
symmetry breaking is connected with pri
displacive order parameters involving shif
the Fe atoms. This induces the symmetry-brea
tensile strains. The shifts of the Fe atoms
respect to the tetragonal phase have opposite
along the a (dilatation) and b (contraction) ax
planar canted antiferromagnetic arrangem
associated with the wave vector (q ¼ 0), with
sublattices, is the ground state associated w
magnetic energy involving isotropic exchange
anisotropic interactions. The Fe ordered mo
value at the lowest temperature of 1.5K i
same for the two Fe orbits and equals 0.63(4
Fe atom in good agreement with the Mössb
data for the RFe4Ge2, R ¼ Dy, Ho compo
[2,3].

In ErFe4Ge2 where the magnetostructural
sition is associated with a double symm
breaking occurring below TN;T c ¼ 44K
The high temperature (HT) tetragonal p
disproportionates into two distinct phase
orthorhombic symmetry which coexist in for
domains in proportions varying with tempera
The transition paths are:

(a) P42=mnmðTN;T cÞ ¼ 44K! Cmmm : ðq ¼ ð
0Þ

4Ge2
earth

times
The
(b) P42=mnmðTN;T cÞ ¼ 44K! Pnnm : ðqa

(minority phase).
4Ge2

low ex-
The Cmmm phase is dominating the

s a isms
temperature range (LT) 1.5–20K and grow
2

s

-
s
-

f

s

,
t

t

/
r
s

-

.

f
f
.

Þ

t

phase reaches its maximal content in the r
20–35K.
HoFe4Ge2 displays a re-entrant structural

sition [6,7]. The magnetic phase diagram comp
two structural transitions and three mag
transitions with the wave vectors (q1o, q2o,
The vector subscripts are: o is the orthorho
and t the tetragonal symmetry. Two mag
transitions occur simultaneously with the stru
al changes at TN;T c ¼ 52K and T c;T ic1 ¼

The third is purely magnetic at T ic2 ¼ 40K.
first transition is of second order while the
two of first order. The sequence of phases fo
the path:

P42=mnmðHTÞ : TN;T c ¼ 52K! CmmmðIT

ðq1o ¼ ð0
1
2
0Þ;T ic2 ¼ 40K) q2o ¼ ð0 qy 0ÞÞ; T

T ic1 ¼ 15K) P42=mnmðLTÞ : q1t ¼ ð0
1
2
0Þ:

The two times larger orthorhombic p
Cmmm (ao ¼ ðat � btÞ, bo ¼ ðat þ btÞ) which
inates the low-temperature range of ErFe4Ge
the intermediate range (IT) of HoFe4G
associated with a distortion of the tetragonal
g. The magnetic structures described by the
vectors q1o, q2o and q1t, where the component
referred to the reciprocal basis of the convent
Cmmm cell, correspond to 3D multi-axial mo
arrangements. The moments of the two R site
polarised within the plane (1 1 0)t or (1 0 0)o
angle of 551 and 431 to the c-axis for Er and al
parallel to b for Ho. The moments of the Fe a
display a 3D canted arrangement in the R ¼

Ho compounds in contrast to the 2D ca
arrangement within the (0 0 1) plane found i
nonmagnetic R ¼ Y compound. Within the
(0 0 1) the moments of the Fe atoms with
shortest Fe–Fe distances point towards opp
directions while the moments of atoms locat
two successive planes are rotated by p=2. Th
average ordered moment values in the RFe
compounds formed with a magnetic rare
(R ¼ Er, Ho) at 1.5K is more than three
larger than for the compound with R ¼ Y.
double symmetry breaking in the ErFe
compound most likely originates from the
istence of two competing coupling mechan
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magnetic moments and their coupling with
lattice strains.

The isomorphic compound DyFe4Ge2
found by high-resolution XRPD (Part I o
present paper) to undergo a single HT magn
tructural transition:

P42=mnmðHTÞ : TN;Tc ¼ 55K! Cmmm:

Two minor anomalies at T ic2 ¼ 45K and T

28K on the thermal variation of the a and
lattice constants, respectively, as well as of se
structural parameters indicate the interdepend
of structural and magnetic changes in the
orthorhombic phase Cmmm.

According to previous studies of 57Fe and 1

Mössbauer spectroscopy and magnetic mea
ments in high magnetic fields [2,3], DyFe
orders antiferromagnetically at 6571K and h
c axis anisotropy. At 4.2K it displays two
induced first-order magnetic transitions a st
one at Bcrit ¼ 1:6T and a second weaker on
Bcrit ¼ 6:0T. The authors of Ref [2] repo
twofold splitting of the Fe site upon mag
ordering and an average ordered Fe moment v
of 0.53 mB/Fe atom at 8K. The 161Dy Mössb
spectrum at 4.2K has sharp lines and is expla
by a single spectrum [3]. The estimated ave
ordered moment value of 10.17(4) mB/Dy ato
4.2K is larger than the Dy free ion
gJmB ¼ 10mB. The present paper focuses on
magnetic properties on the basis of neutron di
tion data and reports on the sequence of mag
transitions and the corresponding magnetic s
tures as well as on the interdependence of s
crystal structure changes associated with the
netic ordering and the lattice strains as a functi
temperature. These results together with the X
are summarised on a magnetic phase diagram
compared to the phase diagrams of the pres
known isomorphic compounds.
2. Data collection and analysis

rried
the
The

f the
aling
tion
G4.1
free
Neutron diffraction experiments were ca
out in the temperature range 1.5–74K at
facilities of the Orphée reactor (LLB-Saclay).
s

-

l

-

2

-

t

r

t

-

-

sensitive detector: PSD) diffractometer using
wavelength of 2.426 Å. The step increment i
was 0.11 The data were collected in the 2y re
3–831 for a full set of temperatures in the r
1.5–74K in steps of and at 293K on heating.
data were analysed with the program FullPro

The drawings of magnetic structures have
performed using the program FullProf S

[9]. Results are given in Figs. 1 and 2 an
Tables 1–4.
The neutron diffraction pattern (G4.1

collected in the paramagnetic state at 56K
shown in Fig. 2a (top part). The refined p
meters and R-factors (RB ¼ 2:3%, Rwp ¼ 14
given in Table 1 confirm the RFe4Ge2 typ
structure. As already mentioned in Part I
anisotropic line broadening due to microstru
effects is strongly affecting the profile refinem
and needs to be corrected. The formulation us
Part I for micro-strain is independent of the
wavelength. Therefore the refined micro-s
parameters of the XRPD data were dir
implemented as starting parameters in the cal
tions for each distinct temperature with the
instrumental resolution parameters. The
shape corrections used in the refinements led
decrease of the Rwp weighted profile factor by
In agreement with the X-ray findings the po
pattern contains small amounts (2–3%) of
and the DyFe2Ge2 type impurity phase that
been included in the refinement.
-
f The neutron data analyses in the mag

ordered state are based on the simulated anne
method of global optimisation as applied fo
HoFe4Ge2 compound in Ref [7]. The struc
parameters used in the simulated annealing
those obtained by the XRPD refinements a
same temperature. To a certain extent, the X
parameters were also used in the refinements o
neutron diffraction data. The simulated anne
method has shown that the medium resolu
data, obtained for this compound, in the
instrument does not allow to refine all
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Fig. 1. The low 2y angle part of the neutron thermo-diffractograms of DyFe4Ge2, collected (on heating) for various temperatures

below the ordering temperature TN ¼ 55ð2ÞK indicating the interplay magnetic and structural transitions and the re-entrant behaviour

of the magnetic wave vector q1 ¼ ð0
1
2
0Þ. The indexing of the nuclear reflections refers to the Cmmm ((at

p
2, at

p
2, ct) cell. The indexing

of the magnetic satellites requires the wave vectors q1 ¼ ð0
1
2 0Þ and q2 ¼ ð0 qy 0Þ.
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moment with the a-and c-axes (F and y respecti
Furthermore, the phases, j, of the sinusoidal w
of different magnetic sublattices, with respect t
origin, could not be derived in the incommens
range. All these items were addressed by inse
parameter constraints based on symmetry ana
on the information from other methods, as M
bauer and magnetic measurements, and from
own experience with the other isomorphs.
possible that high-resolution data would prov
better approximation for these parameters as i
the case for HoFe4Ge2 [7].

3.1. The wave vectors q1 ¼ ð0
1
2
0Þ and q2 ¼ ð0

The phase diagram derived in Part (I) comp
two stability ranges of distinct crystal symm
.
s

,
-
r
s

s

Þ

s

transition at TN;Tc ¼ 55K. The paramag
phase is tetragonal P42/mnm while the mag
cally ordered phase is orthorhombic, Cmmm

neutron diffraction data collected with a
temperature window for a full set of tempera
will be used to derive the magnetic phase dia
and the corresponding magnetic structures.
requires the detection of the wave vect
associated with the magnetic ordering, whi
the most important step in the analysis of neu
powder diffraction data [10]. This can be ach
by using the profile matching technique [8]
takes the integrated intensities as free param
and calculates the position of the Bragg peaks
function of the lattice constants and propag
vectors. The indexing of the magnetic reflectio
a powder pattern is greatly facilitated by lo
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Table 2a

Irreps for q ¼ ð0 qy 0Þ in Cmmm

E 2y mz mx

G 1 1 1 1

G2 1 1 �1 �1

G3 1 �1 1 �1

G4 1 �1 �1 1
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as this derives straightforwardly the modul
the wave vector.
The low 2y angle part of the neutron the

diffractogram in the temperature range 1.5–
(G4.1 instrument) c.f. Fig. 1, displays a
number of additional peaks of magnetic o
with a rather complex topology and tempera
dependent positional and intensity changes.
magnetic contributions occur at reciprocal l
positions other than the nuclear reflections (q
Ferromagnetism can be ruled out from the ab
of any intensity enhancement at the positio
nuclear reflections i.e. (1 1 0) and (1 1 1) and (2
(0 2 0) at about 2y � 201, 421 and 481 , respect
(Figs. 1 and 2). In conjunction with the resu
Part I it is evident that long range magnetic
sets in for To56K and that the magnetic p
diagram comprises at least three ranges of di
magnetic ordering including the paramag
state.
Fig. 3 points out in more detail the m

experimental facts by following the very diff
thermal variation of the position and the
grated neutron intensity of the first few mag
peaks occurring around 2y: 71, 211 and 281.
latter peak at 2y � 281 (Fig. 3(c)) on the righ
of the (2 0 0)/(0 2 0) position becomes alr
visible below 55K and persists over the e
magnetically ordered regime. Its integrated i
sity and 2y position do not vary smoothly
temperature. As no other magnetic reflection
visible at higher temperatures, the temper
TN ¼ 55K marks the transition from the
magnetic to the magnetic ordered state.
The most characteristic observation in Fig

is the re-entrant jump of the reflection angle
281 at the temperatures of T ic2 ¼ 45Kte
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T ic1 ¼ 28K. In the Tic2�TN range the peak
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Table 3

Fourier components Sq ¼
1
2
ðu; v; wÞ of the six magnetic sublattices (orbits), without centring translation (1

2
1
2
0), of DyFe4Ge2 for the

four representations associated with the wave vector q ¼ ð0qy; 0Þ referring to the C-cell (Figs. 11a–c)

Site Atom x y z G1 G2 G3 G4 G2 þ G3

w u v w u v uo vo wo

1 Dy1 0 0 0.5 v1 w1 u1 7.1(4) 4.7(3)

2 Dy2 0.5 0 0 v2 w2 u2 8.8(4) 5.8(3)

3 Fe11 0.1322 0.2281 0 w3 u3 v3 w3 u3 v3 �1.9(3) 1.1(3) �1.1(2)

Fe12 0.8678 0.2281 0 �w3 �u3 v3 w3 u3 �v3 1.9(3) 1.1(3) �1.1(2)

4 Fe21 0.3678 0.2718 0 w4 u4 v4 w4 u4 v4 2.0(2) �0.9(1) �1.1(2)

Fe22 0.6312 0.2718 0 �w4 �u4 v4 w4 u4 �v4 �2.0(2) �0.9(1) �1.1(2)

5 Fe31 0.2781 0.1286 0.5 w5 u5 v5 w5 u5 v5 3.1(2) �1.4(1) 0.1(2)

Fe32 0.7219 0.1286 0.5 �w5 �u5 v5 w5 u5 �v5 �3.1(2) �1.4(1) 0.1(2)

6 Fe41 0.2218 0.3714 0.5 w6 u6 v6 w6 u6 v6 3.0(2) 1.7(4) 0.1(2)

Fe42 0.7792 0.3714 0.5 �w6 �u6 v6 w6 u6 �v6 3.0(2) 1.7(4) 0.1(2)

The amplitudes ðu0; v0; w0Þ are the refined parameters at 1.5K for q1 for G2 þ G3. The coordinates of the atoms Fe1i and Fe2i

pertaining to the orbits, i ¼ 1, 2 are ðxi; yi; 0Þ, ð1� xi ; yi ; 0Þ respectively and those of Fe3i and Fe4i ðxi; yi;
1
2
Þ, ð1� xi; yi;

1
2
Þ.

Table 2b

Split of the atomic positions under the action of the wave vector q ¼ ð0 qy 0Þ in the Cmmm space group (without (1
2
1
2
0) centring) see

Fig. 12

Site/atom Cmmm Cmmm q ¼ ð0 qy 0Þ magnetic

No. x y z No. x y z No. x y z

Dy 2d 1 0 0 1
2

1 0 0 1
2

—

Dy 2b 2 1
2

0 0 2 1
2

0 0 —

Fe 8p 11 x y 0 11 x y 0 12 �x y 0

21 1
2
� x 1

2
� y 0 21 x y 0 22 �x y 0

Fe 8q 31 x y 1
2

31 x y 1
2

32 �x y 1
2

41 1
2
� x 1

2
� y 1

2
41 x y 1

2
42 �x y 1

2

Part (I). The Fe 8p site (orbit 1, red) splits in to orbits-I (Fe1i) and II (Fe2i) and Fe 8q (orbit 2, green), in to orbits-III (Fe3i) and IV

(Fe4i). Dy occupies the 2b (Dy1) and 2d (Dy2) sites. The atoms of the Fe orbits are labelled by the numbers 1i, 2i, 3i, 4i where i ¼ 1� 4,

thus four Fe atoms with the same i belong to the same Fe tetrahedron.

P. Schobinger-Papamantellos et al. / Journal of Magnetism and Magnetic Materials 300 (2006) 333–350 339
position remains within error unchanged whi
intensity increases continuously with decre
temperature. At T ic2 ¼ 45K one observ
discontinuous positional change towards l
angles and a 20% intensity decrease. On fu
cooling the 2y angle decreases down to 38K
after a strong upturn increases slowly dow
T ic1 ¼ 28K where it jumps to higher angles
approaches its HT original position. The mag
peaks at 2y � 71 and 211 shown in Figs. 3(a)
(b) respectively, appear just below T ic2 ¼ 4
s

r
r

.

ture and display in a similar manner a disc
nuity at T ic1 ¼ 28K while their positions jum
opposite directions the first peak within the
Brillouin zone (0 0 0)7q to higher angles and
second (0 2 0)�q to lower angles. Below 28K
position remains unchanged. This behavio
compatible with a wave vector confined to t
axis as already found in the Er and
compounds. The reflection at the right side o
(2 0 0)/(0 2 0) nuclear peak corresponds to
(2 0 0)7q satellite. The temperature depen
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Profile matching at various temperatures led to
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then correspond to changes of the wave v
length with temperature.
45K
nsu-

e are
elop
veral
f the

tion

the
nsu-
aga-
or of
s {q,
r is
real

ion 1

qy 0Þ
cture
e Fe
Fig.
nd II
our),
Each
he C
r the wave vectors: q1 ¼ ð0 2 0Þ and q2 ¼ ð0 qy 0Þ
explain all observations at any given tempera
The q2 ¼ ð0 qy 0Þ vector has a temperature de
dent length and is restricted to the interme
temperature range T ic1 ¼ 28KpTpT ic2 ¼

where the magnetic lattice becomes incomme
rate with the crystal lattice.
Once the wave vectors of a magnetic phas

known symmetry analysis may be used to dev
a magnetic structure model and insert se
parameter constraints in the refinements o
neutron diffraction data.

3.2. Irreducible representations of the propaga

vector group Gq for q ¼ (0 qy 0) in Cmmm

The present analysis is common for both
commensurate q1 ¼ ð0

1
2
0Þ and the incomme

rate q2 ¼ ð0 qy 0Þ magnetic phases. The prop
tion vector q ¼ ð0 qy 0Þ is located at the interi
the Brillouin Zone and its star has two arm
�q}. The group of the propagation vecto
Gq ¼ Cm2 m ¼ {E, 2y, mz, mx}. There are four
irreducible representations (Irreps) of dimens
as given in Table 2a.
Under the action of the wave vector q ¼ ð0

in the parameter space of the Cmmm LT stru
the two Fe sites split in the following way: th
8p site (orbit 1, red colour in Fig. 7b (see also
12 of Part (I)) splits into the orbits-I(Fe1i) a
(Fe2i) and the Fe 8q site (orbit 2, green col
into the orbits -III (Fe3i) and IV (Fe4i).
orbit comprises now four atoms including t
Fig. 3. Temperature dependence of the DyFe4Ge2 magnetic

neutron intensity of the well-resolved satellites at low 2y angles

of the commensurate and incommensurate phases: (a) the zero

point satellites ð0 0 0Þ7qi: (07qy 0), ð0 1
2
0Þ (b) the

(0 2 0)�qisatellites: ð0 2qy 0Þ (0 3
2
0) and (c) the (2 0 0)7qi

satellites: (27qy 0), (2
1
2
0). The changes of the 2y angle, and

the stability regions of the corresponding crystal and magnetic

structures with the wave vectors q1, q2 resulting from the

refinements, are also shown. The interplay between the wave

vectors and the re-entrant behaviour of the commensurate

phase is best seen in the (bottom part). The dotted line is a guide

for the eye.
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(Dy2) sites. The total number of sites has incre
from four to six. The atoms of the Fe orbit
labelled by the numbers ji, (j ¼ 1; 4 and i ¼

1i, 2i, 3i, 4i in Fig. 7b. In this way four Fe a
with different j and the same i belong to the
Fe tetrahedron.

The atomic and magnetic parameters
magnetic modes are summarised in Table
the LT lock-in phase at 1.5K for the atoms w
the primitive cell, the moment of atoms relate
the centring translation t ¼ ð1

2
1
2
0Þ is obtaine

multiplying the moment of initial atoms by
phase factor expf�2piq:tg. The structural
magnetic parameters for various tempera
are given in Tables 1 and 4, respectively.

Symmetry analysis shows that the decom
tion of the global magnetic representation G
the Irreps is the same for the two Dy sites an
same for all Fe sites: Gm ¼ G2 þ G3 þ G4 (Dy
and Gm ¼ G1 þ 2G2 þ G3 þ 2G4 (Fe sites).
Fourier coefficients deduced from the basic
tions are given for each Irrep. The coefficien
v, w) are, in principle different for each site bu
magnetic modes are the same for all Fe orbit
the corresponding Irreps. Dy may have
uniaxial structures. For the Fe sites Table 3 s
that the G1 and G3 representations allow on
Fourier components, while G2 and G4 allow u

v components.

3.3. Magnetic structures

3.3.1. The LT commensurate phase: q1 ¼ ð0
1
2

and G2 þ G3 Irreps

As can be seen in Table 3 the direction of th
moments due to their high-symmetry positio
constrained to one of the orthorhombic m
planes mx, my, mz. The Dy atoms may ha
single-moment component, which is perpendi
to any of the mirror planes. Each of the fou
orbits comprises two atoms related by the m
operation across the plane mx. The mo
components of the atom pairs belonging to
same orbit are symmetry related. For instanc
the G2 representation allowing (u, v) compo
the atoms Fe11 and Fe12 of the first orbit hav
same moment components vo ((++) mode fo
:
s

r

s

-

)

-
,

r

s

s
r

r

r
t

s

y

but opposite sign for the uo component perp
cular to that plane ((+�) mode for mx co
nents). These and similar parameter constr
were used throughout the refinements depen
on the model selected for each region of the p
diagram.
The refinements indicated that the LT mag

structure with q1 ¼ ð0
1
2
0Þ could not be desc

by a single representation and its descri
requires a mixture of the representations G2

G3 for all magnetic sites. This corresponds
lowering of the magnetic symmetry to mono
and to an increase of the number of
parameters. The mirror plane mx has neg
character in both representations: it become
anti-mirror plane m0x. The refined Fourier
ponents (uo,vo,wo) at 1.5K for all atoms are
in Table 3. The refined parameters at the u
end of the stability range of the LT lock-in p
at 26K show a reduction of the moment v
due to increasing thermal disorder but
essential changes see Table 4 and Fig. 6(a).
The 1.5K refined parameters led to a 3D ca

arrangement (Fig. 7a) of the Fe moments
eight sublattices and two sublattices for
similar to the LT arrangement found in
HoFe4Ge2 [7] compound. In Fig. 7a we show
twice enlarged cell along b where the global p
of Fo ¼ �p=4 has been used in order to o
equal moment values but a different sign fo
atoms of the same orbit related by the transl
ð1
2
1
2
0Þ and the anti-translation ð0 1

2
0Þ. The

change of four translationally equivalent atom
Dy1 (Dy2) along the diagonals (171 0) fo
the pattern (+��+). The ordered mo
values obtained from the Fourier coefficients
the global phase Fo ¼ �p=4 for Dy1 is:
cosð2pqRn � p=4Þ ¼ 6:0ð4Þ and 7.5(2) mB for
The moments are reduced relatively to the
reported in [3] by Mössbauer measurements
also relatively to the free ion value for D
gJðmBÞ ¼ 10ðmBÞ presumably due crystal
effects. The moments of both Dy sites are ma
an angle of y ¼ 571ð4Þ with the c axis. Si
angles were found in ErFe4Ge2 of 551 and
respectively. The moment values of Fe1 and
sublattices are equal to 1.8(2) mB and those o



Fe3 and Fe4 sublattices are equal to 2.4(2) mB.
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They compare very well with the correspon
values of 2.4 and 1.4 mB found in ErFe4Ge2
1.8 mB for HoFe4Ge2. Here we would like to
that all moment values given in Ref [7]
HoFe4Ge2 have to be multiplied by 2. This
was due to a mistake we made putting inco
occupation numbers in the magnetic phase.

3.3.2. The HT commensurate phase:q1 ¼ ð0
1
2
0

and G2 Irrep

All magnetic peaks for T4T ic2 ¼ 45K
indexed using the wave vector q1 ¼ ð0

1
2
0Þ. A s

peak at 2y�61 visible in Fig. 2a (middle
corresponds to the zero point satellite
coexisting small amount of the incommens
phase q2 ¼ ð0 qy 0Þ at 46K just above the
order transition at T ic2 ¼ 45K indicating the
order character of the transition. No attempt
undertaken to refine the coexisting phase a
other peaks could be found. All refinem
undertaken in the HT stability range of
commensurate phase T ic2 ¼ 45K� TN were
sensitive to the angle y between moment and
axis. Furthermore one observes that the zero p
satellite: ð0 1

2
0Þ and the ð0 2 0Þ � qy ¼ ð0

3
2
0Þ sat

vanish above Tic2.
This indicates that the Dy moments point a

the direction of the wave vector b. mz compon
would contribute to the magnetic intensities
mx components are not allowed by symmetr
Dy see Table 3. The Fe sites may have only
components. The mz Fe components with (+
mode in the G3 representation found at
would contribute to the magnetic ð0 1

2
0Þ inten

The mx components, with the same contributio
the magnetic structure factor and opposite
((+�) mode) cannot contribute to the ð
intensity.

In the 46K refinements given in Table 4 fo
HT lock-in phase q1 ¼ ð0

1
2
0Þ all moments

therefore constrained to the (0 0 1) plane (y ¼
see Fig. 7b). In fact this model corresponds t
representation G2. The amplitude of the re
Fourier coefficients of all Fe sublattices e
1.4(2) mB and the ordered moment value, usin
overall phase factor of �p=4, gives 1
cosðp=4ÞmB that equals 1 mB/Fe atom. The
r
r
t

l
)

t
t
s

s

t

t

s

r

y

)

.

Þ

1

l

-

corners of a compact tetrahedron, have a p
canted arrangement but a different one from
found in the orthorhombic (Pnnm) YFe4G
1.5K [1] where the mutual moment directio
the atom pairs belonging to the same orbit
Fe2) and (Fe3, Fe4) are anti-parallel but poi
perpendicular directions restoring the local t
gonal symmetry.
The imposed parameter constrains in DyFe

led to a 2D model for the HT Cmmm q1 mag
phase with a ferrimagnetic moment arrange
within the Fe compact tetrahedra with
moments of the atom pairs (Fe11 and Fe41)
of (Fe21 and Fe31) in parallel and canted relat
to the Dy moments. Antiferromagnetism is
conserved by C centring and the antitransl
along b (see Fig. 7(b)). The ordered moment v
for Dy1 and Dy2 at 46K using the global p
factor p=4 is 3:4ð2ÞmB. The Dy moments p
along the b-axis in agreement with the repres
tion G2. As already said, the refinements wer
sensitive to the angles of the Fe moment wit
a- and c-axes. According to the present result
HT lock-in phase has a collinear Dy and a p
Fe moment arrangement. Our results concer
the in plane Fe moment angles depend also o
imposed constraints which have to be verifie
high resolution neutron data. Therefore, the
of spin reorientation from the 3D LT lock-in-
HT lock in structure has to be seen with
caution.

3.3.3. The incommensurate magnetic phase:

q2 ¼ ð0 qy 0Þ and G2 þ G3 Irreps

The 28K data could be only indexed assu
two coexisting phases in form of domains w
commensurate q1 ¼ ð0

1
2
0Þ and an incommens

q2 ¼ ð0 qy 0Þ wave vector. The number of orb
the same for the two phases but the number o
parameters increases as the phases between
atoms are not fixed by symmetry as for
commensurate case.
Once the moment components (Fourier c

cients) within the orthorhombic cell are define
magnetic moment direction of any translatio
equivalent atom may be calculated. The mag
moment value lnj of the jth atom in the nth c
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Fig. 4. Thermal variation of the lattice parameters as derived

from neutron data referred to the orthorhombic Cmmm (at

p
2,

at

p
2, ct) cell. Anomalies are visible at the three transition

temperatures TN,c, Tic1, Tic2. The lines are guides to the eyes.
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lnj ¼

fqg

Sqj expf�2piqRng ¼

1=2fqg

½Rqj cosf2p

þ jqjÞg þ Iqj sinf2pðqRn þ jqjÞg�,

where the general Fourier coefficients are:

Sqj ¼
1
2
fRqj þ iIqjg expf�2pijqjg ¼ S��qj :

For a sinusoidal modulated structure (single
q,�q and Iqj ¼ 0, Rqj ¼ mojz) this expression

lnj ¼ mojz cosð2pq � Rn þ jjÞ,

where moj is the amplitude of the moment, j
jj) is the phase relative to the origin, and z is a
vector along the moment direction. The re
given in Table 4 are from a simultaneous re
ment of both phases for the q2 ¼ ð0 qy 0Þ in
mensurate orthorhombic phase with qy ¼ 0:4
at 28K refer also to the same C-cell. The sim
possible model is that of a multi-axial sine
modulated structure as shown in Fig. 7c for
The starting parameters for the sine wave m
were those obtained by the simulating anne
method. However, the data were insensitiv
some of the parameters indicating the existen
strong parameter correlations. Convergence
achieved similarly to the HT range using
following constraints: (i) the Dy and Fe mom
to the same values, respectively (ii) the rel
phases of the atoms arbitrary to j ¼ �p=4
the HT q1 phase (iii) the moment angle y with
axis of the Fe orbits with the same z coordina
((Fe1i and Fe2i) at z ¼ 0, (Fe3i and Fe4
z ¼ 1=2) to the same value (iv) the in-p
moment angles F with the a axis to the
value for atom pairs (Fe1i–Fe4i) and (Fe2i–F
It is to note that similar constraints were appli
the HoFe4Ge2 refinements supported by simu
annealing. The reliability factors RB ¼ 5%, R

15% and Rm1 ¼ 12%, Rm2 ¼ 13% show a
factory agreement between calculated and
served data for both phases.

In the incommensurately modulated stru
the moment of each sublattice has a dis
orientation but different from that found in
commensurate phases as can be seen in Fig
for a few cells.
Þ

)

r

)

r
t
s
-
-
Þ

t

.
l

f
s

s

tudes Fig. 6(a) shows a discontinuity at 28K
to the coexistence of the q1 and q2 p
indicating that the LT lock-in transition is of
order. The average moment amplitude in

range is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

1 þm2
2

q
Þ where m1 and m2 the re

values pertaining to the two vectors (see Fig.
i.e. the calculated value for Dy(1) is 6.7 mB/
which fits very well in the curve.

3.4. Re-entrant first-order magnetic transition

T ic1 ¼ 28K and T ic2 ¼ 45K

The thermal variation of the diffraction ang
several magnetic reflections can be reproduce
following the variation of the wave vector an
lattice parameters with temperature. Fig. 4 de
the changes of the lattice parameters at the
HT transition temperature TN;c ¼ 55K and a
LT transition at T ic1 ¼ 28K. The form
characterised by drastic increase of the a/
ratio or the shear strain exy � 2ða� bÞ=ðaþ b

the latter by changes of the b- and c-ax
opposite directions while a remains unchanged
also Part I. Small differences in the absolute l
parameter values between the two measurem
are due to uncertainty of the neutron wavele
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Fig. 5. Temperature dependence of the q2 ¼ ð0 qy 0Þ wave

vector length sandwiched between two lock-in phases q1 ¼

ð0 1
2
0Þ the HT TN4T4T ic2 and LT ToT ic1 ¼ 28K magnetic

phases. The dotted line is a guide for the eye.
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factor aXR/aneutron at 15K results to a mism
of the b and c parameters in the IT range Tic1

between the two independent measurements w
the behaviour of the a lattice constant is re
ducible by the two methods. This fact ca
explained only by the presence of hyste
phenomena for the b and c parameters, in th
temperature interval, related to the re-en
isostructural first order transition on heating
the LT lock-in magnetic phase (q1 ¼ ð0

1
2
0

T ic1 ¼ 28K to the incommensurately modu
phase (q2 ¼ ð0qy0Þ); which, in turn, transf
back to the HT lock-in structure a
T ic2 ¼ 45K. The latter transition affects sli
the a-axis as derived in Part I. Similar hyste
phenomena related to first order isostruc
transitions have been reported also for o
systems [11].

The first-order nature of the LT lock-in tr
tion can be confirmed by the coexistence of
magnetic wave vectors at T ic1 ¼ 28K as well
46K, which is just above the transition tem
ture T ic2 ¼ 45K; see Figs. 1 and 2a, b (m
part).

3.5. Thermal variation of the refined magnetic

parameters

3.5.1. The wave vector

The indexing of the magnetic reflections as
as their positional changes over the en
ordered regime can now be fully described b
thermal variation of the wave vector length an
the lattice parameters (see Figs. 4 and 5). The l
figure shows clearly that the magnetically ord
state comprises three ranges of distinct mag
order, namely the LT interval: 1:5K� T

28K; the IT interval: T ic1 � T ic2 ¼ 45K and
HT interval: T ic2 � TN;c. The LT and HT

netic phases have the same commensurate
vector q1 ¼ ð0

1
2
0Þ while the wave vector of th

phase is incommensurate with the crystal la
q2 ¼ ð0 qy 0Þ. Fig. 5 shows, that in the IT rang
wave vector length displays a re-entrant behav
with temperature. In more detail at T ic1 ¼ 28
jumps on heating from ð0 1

2
0Þ ! to q2 ¼ ð0 0:4

and then continues to decrease more slowly d
l

f
r

-

r

1

Þ

changed in the range 36–40K. Above 40K
wave vector length increases again slowly
T ic2 ¼ 45K where it jumps back to the com
surate value ð0 1

2
0Þ. The sequence of phas

summarised in the magnetic phase diagram
Fig. 8.

3.5.2. The thermal variation of magnetic struc

parameters

The thermal behaviour of the model depen
magnetic parameters is displayed in Fig. 6.
results have to be seen within the frame o
imposed parameter constraints, as described i
previous sections, in view of the feasibility o
refinements. Some of these constraints ma
removed when data with higher flux and in
mental resolution become available. The the
evolution of the ordered moment ampl
(Fourier coefficients) shows that the Dy an
sites order simultaneously. The Fe moments r
saturation already at 36K while the Dy mom
reach saturation only below 20K. In the HT r
Tic2–TN the moments of the Dy and Fe sites
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the c-axis to 901 which corresponds to a coll
Dy moment arrangement along b and to a p
canted arrangement for Fe. The HT isostruc
magnetic transition at T ic2 ¼ 45K is characte
by a spin reorientation of both the Dy an
sublattices. Just below Tic2 the wave v
becomes incommensurate with the crystal l
and the moments of the Dy1 and Dy2 sites r
within the (1 0 0) plane away from the b-axis.
the moment angle y to the c-axis jumps from 9
601 towards the c-axis. Below Tic2 the y
changes only slightly to 571 down to 1.5K
minor fluctuations around T ic1 ¼ 28K. The
and Fe4i orbits display a planar arrange
(y ¼ 901) over the entire magnetically ord
regime while the y angle of the Fe1i and
orbits changes in opposite direction to that o
from 901 Tic2-1251 at 40K-1121 at 36K
remaining within error unchanged down to 1
A further spin reorientation is seen within
(0 0 1) plane Fig. 6(c). The angle F of Fe1i and
from 1551 in the LT range 1:5K� Tic2! 18
the IT range T ic2 � TN and that of Fe2i and
from �201 in the LT range 1:5� T ic2 !�10
the IT range T ic2 � TN. These changes ind
that in the coplanar HT lock-in phase th
moments, within a Fe tetrahedron, ha
ferrimagnetic arrangement while in the
lock-in this arrangement is more close to
ferromagnetic.
4. Discussion

ig. 8
ation
ound
eous

at
The magnetic phase diagram displayed in F
summarises the results of the present investig
and partly those of Part (I). The comp
DyFe4Ge2 was found to undergo a simultan
second order magnetostructural transition
Fig. 6. Refined parameters relevant to magnetic order as a

function of temperature. The amplitude of the Fourier

coefficients of the Dy and Fe sites (a), the Fe moment angles

F with the a axis (b) and the angle y of the Dy and the Fe

moments with the c axis (c). at T ic1 ¼ 28K and T ic2 ¼ 45K (on

cooling). The lines are guides to the eye.



TN;T c ¼ 55K followed by two first order isostruc
ture

.

4.1. Comparison of neutron diffraction results with

ents
the
iffer
and

ering

N ¼

ith a
fined
uced
, and
r the
vely)

B/Dy
ined
the

. The
y3+

e to
esent
ropy
t the
The
gle y
ered
t 601
com-
e Ho
uch
und.
d by

d in
ared
field
netic
pond
3mB/
l Dy
ong

mag-
ures.
ering
unds
t be

ARTICLE IN PRESS

Fig. 7. Schematic representation of (a) The lock-in (LT) phase

q1 ¼ ð0
1
2
0Þ, at 1.5K. (b) The lock-in (HT) orthorhombic

q1 ¼ ð0
1
2
0Þ, phase at 46K. (c) The incommensurate (IT

magnetic structure at 31K, q2 ¼ ð0qy 0Þ of DyFe4Ge2.
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tural magnetic transitions at lower tempera
T ic2 ¼ 45K and T ic1 ¼ 28K:

CmmmðLTÞ; q1 ¼ ð0
1
2
0ÞT ic1 ¼ 28K) ðITÞ,

q2 ¼ ð0 qy 0ÞT ic2 ¼ 45K) ðHTÞ : q1 ¼ ð0
1
2
0Þ
-
s

mössbauer and magnetic measurements

Our results show that the Fe and Dy mom
order simultaneously but reach saturation
former at 36 the latter at 20K. Our results d
to those of the magnetic measurements
Mössbauer effect on the long range ord
temperature 55K which is lower to the value T

65K derived by fitting Mössbauer data w
Brillouin function [2]. Furthermore the re
4.2K ordered moment values of Dy are red
(6 mB/atom for Dy1 and 7.5 mB/atom for Dy2)
much larger for Fe (1.8 and 2.4 mB/atom fo
Fe1i, Fe2i sites and the Fe3i, Fe4i sites respecti
if compared to the average values 10.17 m
given in [3] and 0.53 mB/Fe atom [2]. As expla
in [3] these differences might be related to
transferred hyperfine field of the Fe sublattice
Dy moments are reduced if compared to the D
free ion value gJ mB ¼ 10mB presumably du
crystal field effects. Furthermore the pr
results do not confirm the c-axis anisot
reported for Dy in [3] it seems rather tha
anisotropy is along the b-axis instead.
moments of both Dy sites have the same an
with the c axis over the entire magnetically ord
regime which is 901 for Tic2–TN and abou
below T ic2 ¼ 45K. The Fe moment values
pare favourably to the values obtained for th
and Er isomorphic compounds but are m
larger than the value found in the Y compo
This indicates that the Fe ordering is enhance
the R-Fe magnetic interaction.
The saturation average moment value foun

[2] of 8 mB/f.u. in a field of 40T at 4.2K comp
to our results (Table 4) indicates that at this
the system remains ferrimagnetic. A ferromag
arrangement for the Fe moments would corres
to 8.5 and to 6.8mB/f.u for Dy which makes 15.
f.u in total. This means that if all Fe and al
sublattices became ferromagnetic the angle am
them would be 1181 and the Fe–Dy antiferro
netic interaction prevails at low temperat
However, in view of the similar value of the ord
temperatures of the isomorph RFe4Ge2 compo
the Fe–Fe antiferromagnetic interactions migh
important in the HT range.

,

,

)



4.2. Comparison of RFe4Ge2 (R ¼ Y, Er, Ho, Dy)
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Fig. 8. Schematic representation of the structural and magnetic phase diagram of DyFe4Ge2 (a) The magnetic phase diagrams of

HoFe4Ge2 (b) ErFe4Ge2 (c) and YFe4Ge2 (d) are also shown. Full and dashed lines indicate first- and second order transitions. Dash

dotted lines denote the lower and upper limit of coexistence regions around the first order transitions (Tc0,Tic1, and Tic2) of the adjacent

magnetic and/or crystal structures.

P. Schobinger-Papamantellos et al. / Journal of Magnetism and Magnetic Materials 300 (2006) 333–350348
phase diagrams

4.2.1. HT range

The phase diagrams of the compounds in
gated up to now (Fig. 8) show that the HT do
-

! Cmmmðq ¼ ð0
2
0 ÞÞ is typical for the mag

rare earth isomorphic compounds as it occur
HoFe4Ge2, and DyFe4Ge2 as well as partl
ErFe4Ge2 but not in the nonmagnetic Y.
occurrence of the wave vector ð0 1

2
0Þ is the res
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whereas all R–R interactions are positive (f
within the planes perpendicular ac plane, alo
the nearest neighbour Dy1-Dy2 (see Fig.
interactions, change sign in an alternate sequ
(+ + � �+ + � �+ + � �y) but the se
neighbour interaction Dy1–Dy1 along b is
ferromagnetic, which leads to 2b doubling.
implies a more complex set of exchange int
tions involving the whole set of magnetic at
Here it should be noted that the spontaneous s
strain e2 ¼ exy resulting from the ferroe
transition is most likely related to the R in-p
components which are constraint to the tetrag
mirror plane mxxz or to the orthorhombic mx

most likely induce the transition. These plane
exclusively occupied by R and Ge atoms. How
the LT range is different for all of them.

4.2.2. IT and LT ranges

The ErFe4Ge2 magnetic phase diagram o
Cmmm phase has a single commensurate
vector q1 ¼ ð0

1
2
0Þ down to 1.5K. A spin reori

tion transition has been found below T ic1 ¼

For T4Tic1 the Er moments are close to the c

and a spin reorientation below 8K moves
moment away from the c-axis. For this comp
the behaviour of the IT as well as HT range
T426K will be revised in a future communic
by implementing the coexistent second stru
Pnnm found by high-resolution X-ray data in
mean time [5]. The compounds HoFe4Ge2
DyFe4Ge2 display three distinct regions of
netic ordering, that are also connected with
reorientations. The DyFe4Ge2 phase diagram
two Cmmm lock–in phases with the same v
q1 ¼ ð0

1
2
0Þ a HT and a LT and an incomme

rate IT phase q2 ¼ ð0 qy 0Þ. The Cmmm phas
HoFe4Ge2 has only a HT lock-in phase q

ð0 1
2
0Þ and an incommensurate phase below T

40K with q2 ¼ ð0 qy 0Þ. The LT lock-in p
occurring at T ic1 ¼ 15K and q1t ¼ ð0

1
2
0Þ refe

the re-entrant tetragonal (LT) phase. Her
should be noted that in both the Ho and
compounds below the LT lock-in transition i
Cmmm phase the c-axis has a negative expan
On the other hand for HoFe4Ge2 the Cmmm p
)
,
)

-
s
-
.
r

l

r

-
.
s

r

-

s
r
-
r

t

.

Within the range Tic2 down to 1.5K the
vector of HoFe4Ge2 decreases linearly whil
DyFe4Ge2 it displays a re-entrant behaviour i
range T ic1 � T ic2 so that below Tic1 it jumps t
commensurate value 1

2
. Apparently the occurr

of a re-entrant magnetic phase is intim
connected to the unusual thermal evolutio
the incommensurate wave vector length.

4.3. Comparing the Dy magnetic structures

The DyFe4Ge2 HT 2D canted lock-in mag
phase undergoes on cooling at T ic2 ¼ 45K a
order isostructural magnetic transition to
incommensurate IT magnetic phase stable in
temperature range T ic2 � T ic1 ¼ 28K. This tr
tion is related to a jump of the qy wave v
component from 1

2
to an incommensurate v

qy � 0:44, and a spin reorientation of the
moments away from the b-axis and towards t
axis. The spin reorientation might be relate
high-order terms of the crystal field induced
sublattice anisotropy that become importan
lower temperatures as in the compound with
Simultaneously the HT planar ferrimagneti
rangement of the Fe moments within the com
tetrahedra becomes progressively more clos
antiferromagnetic on further cooling below T

45K due to in-plane rotation of the Fe mom
till about 36K where the Fe moments r
saturation and qy � 0:433. Below 36K the
vector starts again to increase anew and ju
back at 28K to the HT value qy ¼

1
2
. The re

X-ray cell parameters showed a haphazard b
viour of the tetrahedron torsion angle and o
out of plane Fe–Fe distances in the magneti
ordered regime that accompany the mag
transitions. Incommensurately modulated ph
are a common phenomenon in rare earth a
[12] and occur as a consequence of the compet
between the oscillatory character of the ind
RKKY exchange interaction mediated via
polarisation of the conduction band elect
which is responsible for the long-range mag
ordering and the crystalline field anisotropy.
rare-earth atoms with an odd numbers of unp
electrons, as for Dy and Er (Kramer’s i
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stable at T ¼ 0K and the wave vector jumps t
lock-in value or the structure squares-up. H
ever, for non Kramer’s ions as for Ho
incommensurate amplitude modulated phase
be stable down to 0K when the lowest crystal
state is a nonmagnetic singlet [12]. In the pres
investigated materials, the sequence of phase
non-standard one, the incommensurate r
being below the HT commensurate phas
HoFe4Ge2 and also in DyFe4Ge2 it is sandw
between a commensurate HT phase and th
lock-in phase.

The LT 3D magnetic structure is characte
by almost antiferromagnetic Fe–Fe nearest n
bour interactions in the Fe compact tetrah
and antiferromagnetic Dy–Fe arrangement.
Fe moments try to orient themselves anti-pa
or perpendicular to the adjacent rare
moment located on the centre of an oblong sq
with Fe atoms at his corners (see Fig. 7b).
arrangement creates a weak molecular field a
rare earth position.

A complete study of the relative strength o
exchange interactions and anisotropy terms i
of the scope of the present paper, but it is
that such a study is worth to be undertake
understanding the complex magnetic beha
observed in this family of compounds.
-
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