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The structural and magnetic properties of tetragonal RFe Mn,_, (R=Gd, Tb, Dy) compounds have been
extensively studied by means of dc and ac susceptibilities, x-ray absorption spectroscopy at Gd-Ly;; edge, and
neutron-powder-diffraction experiments. The substitution of Fe for Mn in RFe Mn;,_, not only influences the
magnetic interactions on the 3d sublattice (the Néel temperature doubles, going from x=0 to x=6, and the
compounds become ferromagnetic for x=8 with Curie temperatures of around 300 K), but also has a major
effect on the magnetism of R. While in pure RMn;, the ordering temperatures of R, through R-R interactions,
are close to liquid-helium temperatures, the substitution of Mn by Fe leads to the appearance of spin-glass-like
behavior as well as to magnetic polarization effects between the 3d and 4f sublattices, together with the
disappearance of the cooperative ordering of the R sublattice. This polarization is able to induce 4f magnetic
moments below 150 K. In addition, the 3d magnetic interactions are modified by the presence of magnetic R
ions in the system: both ferromagnetic and antiferromagnetic orderings are observed simultaneously over
different crystallographic sites. A general analysis of the available experimental data allows us to establish the

magnetic phase diagram of RFe Mn,_,.
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I. INTRODUCTION

Rare-earth intermetallic compounds are of almost unlim-
ited richness for the study of 3d and 4f magnetism and the
interplay between them. At the same time, their potential
applications explain the considerable attention paid to these
materials. In RMn,, (R is a rare earth) compounds, the Mn
ions are coupled antiferromagnetically showing Néel tem-
peratures of around 100 K. The magnetic-moment arrange-
ment is such that it cancels the effects of eventual R-Mn
exchange interactions on the rare-earth site. The magnetic R
ions order at low temperatures (below 5 K) only through R-R
exchange interactions, leading to two distinct ordering tem-
peratures in the compounds, which is not usual for materials
of this type.? In most of the studied intermetallic alloys, the
3d subsystem produces a strong exchange field acting on the
rare earth and all the magnetic sublattices order at the same
time. However, other systems presenting small values of the
3d-4f exchange interaction show two transition tempera-
tures, like RFe,Alg,? with the same ThMn ,-type structure. In
these systems, Fe orders at 100—200 K in a modulated anti-
ferromagnetic structure that produces a very small molecular
field on the rare earth. R becomes slightly polarized (shown
by x-ray resonant magnetic scattering).* In the range
10-35 K, the R magnetic ordering takes place, but it does
not originate from R-R interactions, which are weak in this
series.

Fe dilution in RMn;, compounds at low ratios can lead to
a system with conveniently small 3d-4f exchange interaction
to study the competition with 4f-4f interactions and magne-
tocrystalline anisotropy. We started our research work with a
nonmagnetic ion as Y.> However, in the present paper, car-
ried out in connection with a heat-capacity study,® we have
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extended the study to Gd, Tb, and Dy. The L=0 character of
the 417 shell of Gd provides only a minor influence to the
crystalline electric fields (CEFs). Hence, the magnetic prop-
erties are determined essentially by exchange interactions. In
the compounds with Tb and Dy, crystalline-electric-field ef-
fects will be investigated.

Other studies in the series RFe,Mn,,_, with R=Ho,”” Er,
and Nd (Refs. 8, 10, and 11) have proposed the existence of
several magnetic phenomena: ordering of the 3d ferromag-
netic (F) or antiferromagnetic (AF) sublattice, depending on
composition, change from F to (AF+F) ordering at low tem-
peratures, or ordering of the R sublattice. Besides, interme-
diate compositions show the disappearance of the long-range
ordering on the R sublattice and of some magnetic compo-
nents on different 3d sites, indicating spin-glass behavior.

To ascertain experimentally how the long-range order de-
velops in RFe,Mn;,_,, we undertook a general analysis using
dc and ac susceptibilities, heat capacity,® x-ray-absorption
spectroscopy at the Gd-Ly; edge, and neutron-powder-
diffraction experiments.

II. EXPERIMENT DETAILS

Polycrystalline samples of composition RFeMnj,_,
[R=Gd (x=2, 4, and 6), Tb (x=0, 2, 4, 6, and 8), Dy (x=0,
2, 4, 6, and 8)] were prepared by induction melting of the
constituent elements using an excess of Mn due to the high
Mn vapor pressure. These samples were annealed at 1000 °C
for 5 days in argon atmosphere. They were subsequently
checked for phase purity by x-ray powder diffraction on a
high-resolution SEIFERT-XRD-3000 diffractometer at the
University of Oviedo. In the TbMn;, sample, 8-Mn (12%)
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TABLE 1. Refined structural parameters for RFe,Mn;,_, at room temperature from neutron-diffraction experiments for R=Tb, Dy, and
from x-ray diffraction for R=Gd. Refined Fe composition, Xrefs distribution of the Fe content on the three transition-metal sites 8i, 8j, and
8f; fractional position coordinates; lattice parameters a and c; nearest-neighbor (nn) distances between the rare-earth site, 2a, and the three

sites 8i, 8j and 8f; and reliability factor, Rg.

%Fe Coordinates Lattice parameters nn distance (A) v

o o B

Xyef 8i 8 8f x(8i) x(8)) a (A) c (A) 2a-8i 2a-8j 2a-8f (%)

GdFe,Mn, 0.364(1) 0.276(1) 8.612(2) 4.782(2) 3.11 3.06 3.27 10.4
GdFe,Mng 0.364(1) 0.282(3) 8.583(2) 4.781(2) 3.12 3.05 3.26 13.2
GdFegMng 0.364(1) 0.279(1) 8.556(2) 4.780(2) 3.08 3.05 3.23 10.0
TbMn,, 0.360(1) 0.271(1) 8.551(4) 4.730(3) 3.09 3.04 3.25 12.8
TbFe,Mn, 2.0(1) 2.0(4) 14.4(4) 32.8(4) 0.358(1) 0.279(2) 8.548(1) 4.751(1) 3.06 3.04 3.25 4.5
TbFe Mng 4.1(1) 9.2(3) 359(2) 585(3) 0.364(1) 0.271(3) 8.536(1) 4.759(1) 3.11 3.08 3.24 6.3
TbFegMng 6.0(1) 17.0(6) 57.3(6) 76.7(6) 0.358(2) 0.277(1) 8.508(1) 4.758(1) 3.05 3.04 3.23 4.7
TbFegMn, 82(1) 39.2(4) 76.8(8) 88.4(8) 0.367(4) 0.280(1) 8.460(1) 4.754(1) 3.10 3.02 3.22 4.7
DyFe,Mn; 2.8(1) 10.0(8) 20.0(4) 38.0(8) 0.362(3) 0.269(9) 8.525(4) 4.745(3) 3.13 3.10 3.24 12.4
DyFe,Mng 43(1) 11.2(4) 37.2(4) 60.0(8) 0.365(3) 0.287(5) 8.509(1) 4.748(1) 3.15 3.02 3.23 6.4
DyFegMng 6.1(1) 22.8(8) 56.8(8) 73.0(1) 0.380(9) 0.277(2) 8.487(1) 4.750(1) 3.30 3.03 3.23 6.3
DyFegMn, 8.0(1) 38.0(4) 75.6(8) 85.6(4) 0.352(4) 0.277(1) 8.468(1) 4.751(1) 2.99 3.04 3.22 5.0

and a small amount of TbgMn,; (less than 0.5%) were de-
tected, as occurred in Y and Er compounds.>® The
Rs(FeMn),; phase was not present in the ternary compounds,
while the amount of 8-Mn decreased with increasing Fe con-
centration.

dc and ac susceptibilities were measured in a Quantum
Design superconducting quantum interference device magne-
tometer at the University of Zaragoza and the University of
Pais Vasco.

Neutron-diffraction spectra were collected at the ILL
(Grenoble, France) using the D1B diffractometer with a neu-
tron wavelength A=2.52 A (for Tb and Dy compounds) and
the D4 diffractometer with A=0.50 A (for Gd compounds,
because of the high absorption of Gd for the DIB wave-
length). We used a double walled vanadium cylinder sample
holder (5 cm height, 5 cm outer diameter, and 1 mm annular
thickness) for the Dy samples to reduce neutron absorption.
For these samples, the neutron-powder-diffraction patterns
were refined allowing the Dy occupation number to be vari-
able in order to describe the experimental spectra in the para-
magnetic phase. This Dy occupation number was then fixed
for the refinements of the magnetic phase at 1.5 K. Rietveld
refinements were carried out using the FULLPROF program.'?
Finally, x-ray-absorption spectra (XAS) were recorded at
beamline 7.1 at SRS (Daresbury). The storage ring was op-
erated at 2 GeV with an average current of 150 mA. XAS
experiments were collected working within the usual trans-
mission geometry with homogeneous thin layers of the pow-
dered samples at the Gd-Ly; edge. We used a double-crystal
Si (111) monochromator in order to obtain a harmonic rejec-
tion of about 50% by slightly detuning the second crystal
from the collinear alignment. XAS were analyzed according
to standard procedures and normalized to the absorption co-
efficient at around 100 eV above the edge to eliminate thick-
ness dependence.

III. RESULTS AND DISCUSSION
A. Structural properties

All the RFe Mn,_, samples were found to crystallize in a
body-centered-tetragonal structure (ThMn,-type) possessing
a [4/mmm space group, with the rare earth occupying the 2a
Wyckoff position and the transition metals lying at the 8i, 8j,
and 8f positions. The main crystallographic data of the in-
vestigated compounds at room temperature were refined
from the neutron-diffraction patterns (except for Gd com-
pounds, for which x-ray diffraction was used) and are shown
in Table I. The site occupancies show that Fe prefers to oc-
cupy the 8f site, whereas Mn is found preferentially at the 8i
sites, irrespective of the rare earth, as previously found for
the Er,® Ho,” and Y (Refs. 5 and 9) series. The cell param-
eters a and ¢ show the same behavior as in the Y series with
Fe concentration and with temperature.’> In the case of
DyFegMny, the a cell parameter decreases up to 50 K and
then increases, the compound undergoing a spin reorientation
phase transition around this temperature (see below).

B. Magnetic properties

The temperature dependences of the dc susceptibility
M/H of TbFe,Mn,,_,, DyFe Mn,,_,, and GdFe,Mn,,_, are
shown in Figs. 1, 2, and 3, respectively, for x between 0 and
6, while Figs. 4 and 5 present the dc and ac susceptibilities
for TbFegMn, and DyFegMn,.

In the case of the binary compound TbMn,,, we observe a
rapid increase in M/H at low temperatures, saturating at
Tr=4.5 K (see Fig. 1). This indicates the cooperative ferro-
magnetic ordering of the Tb sublattice due to Tb-Tb ex-
change interaction, in agreement with previous results found
by others authors!? and the heat-capacity study.® This heat-
capacity study also gives 120 K as the Néel temperature,
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FIG. 1. Temperature dependence of the dc susceptibility M/H
for TbFe, Mn,_, [x=0, 2 (triangles), 4, and 6] in ZFC (open mark-
ers) and FC (solid markers) conditions, under an applied field of
0.5 kOe. T is the ordering temperature of the rare-earth sublattice
and Ty the Néel temperature. The lines are guides for the eye.

where the Mn atoms order antiferromagnetically. In the case
of DyMn,,, we also observe a rapid increase in M/H at low
temperatures, though without reaching a saturation value
down to the lowest temperature measured, 1.8 K.

With a small amount of Fe in the sample (x=2 and 4), Tb
and Dy ions do not order (see Fig. 1 for Tb and Fig. 2 for
Dy), the value of the M/H ratio being similar to that found
for the corresponding AF Y compound.’ The AF ordering of
the 3d sublattice takes place at Ty (the Néel temperatures in
TbFe Mnj,_, are 193 and 232 K for the concentrations x
=2 and 4, respectively, these values being taken from the
heat-capacity study).® In addition, we observe small differ-
ences between the zero-field-cooled (ZFC) and field-cooled
(FC) magnetization curves (see Fig. 1 and inset on Fig. 2 for
DyFe,Mng below 4 K). In Fig. 6, the temperature depen-
dence of the ac susceptibility for DyFe,Mng shows a peak
centered around 4 K for »=10 Hz. This peak is shifted to a
higher temperature with increasing frequency [see Fig. 6(a)];
moreover, the anomaly is strongly reduced by the application
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FIG. 3. Temperature dependence of the dc susceptibility M/H
for GdFe Mn,,_, (x=2, 4, and 6) in ZFC and FC conditions, under
an applied field of 0.5 kOe. The lines are guides for the eye.

of 10 kOe [see Fig. 6(b)]. These features are characteristic of
a spin-glass-like behavior. The spin-freezing temperatures
(defined as the cusp in the ac susceptibility) are plotted
against 1/In(vy/v) in the inset of Fig. 6(a). From this figure,
it can be seen that the slowing down of the dynamics follows
a Vogel-Fulcher law. From the fit, T, is estimated to be
around 4 K. This spin-glass behavior is associated with the
rare earth due to the low value of the freezing temperature
T}, in contrast with Y compounds where spin-glass behavior
has been found in the 3d sublattice. The 3d spin-glass behav-
ior seems to be related to the differences observed in the
ZFC and FC magnetization measurements below 50 K in
TbFe,Mng and TbFe,Mn,, compounds.

However, as can be seen in Fig. 3, in the case of Gd
compounds the increase in magnetization is not abrupt for
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FIG. 2. Temperature dependence of the dc susceptibility M/H
for DyFe Mn,_, [x=0, 2 (triangles), 4, and 6] in ZFC (open mark-
ers) and FC (solid markers) conditions, under an applied field of
0.5 kOe. T} is the spin-freezing temperature. The inset is an ampli-
fied view of the low-temperature region for x=4. The lines are
guides for the eye.

0 i i \ } } ‘\ 0.6
b) TbFe Mn
3 0.3 8 f‘ 0.04
—~ = T =
S |22l Yl T 04 =
3 3 ] ¢ e
\E 2Fz 000 55 £
= < z 5
E i %6%50 100 150 200 4022
=1 9
v! N
N
0 \ \ 0
0 50 100 150 200 250 300 350
T (K)

FIG. 4. Temperature dependence (a) of the dc susceptibility for
TbFegMn, in ZFC and FC conditions, under an applied field of
1 kOe, and (b) of the real (®) and imaginary (O) parts of the ac
magnetic susceptibility. 7 is the Curie temperature and 7Ty the Néel
temperature. The lines are guides for the eye.
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FIG. 5. Temperature dependence (a) of the dc susceptibility for
DyFegMn, in ZFC and FC conditions, under an applied field of
1 kOe, and (b) of the real (@) and imaginary (O) parts of the ac
magnetic susceptibility. T is the Curie temperature, 7 the Néel
temperature, and T the spin reorientation temperature. The lines
are guides for the eye.

x=4 and 6 and starts at a temperature that increases with the
Fe concentration (~20, 60, and 150 K for x=2, 4, and 6,
respectively). This is also the case for TbFegMn, (~120 K,
see Fig. 1) and DyFesMng (~100 K, see Fig. 2). This tem-
perature is 1 order of magnitude higher than T in the binary
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FIG. 6. Temperature dependence of the real part of the ac mag-
netic susceptibility for DyFe,;Mng for different (a) frequencies and
(b) dc magnetic fields. The lines are guides for the eye.
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compounds and its magnitude is directly proportional to the
molecular fields acting on the R magnetic moments.® The
rare earth is polarized by the 3d sublattice, as clearly ob-
served by means of neutron diffraction (see below) and con-
firmed by the heat-capacity study,® where no order-disorder
anomaly is observed (we only have a X anomaly in TbMn,,),
a noncooperative Schottky-type anomaly being found in-
stead. The AF ordering temperature in GdFe Mn;,_, (197,
234, and 223 K for x=2, 4, and 6, respectively)6 is not de-
tected in these magnetic measurements due to the rare-earth
paramagnetic contribution. Different values of M/H are
found in GdFeMn,_, (x=4 and 6), TbFesMn, and
DyFegMng for FC and ZFC measurements. This means that
the ferrimagnetic order observed in neutron-diffraction mea-
surements (see below) seems to be due to a mutual polariza-
tion of the rare earth and the 3d sublattices. In addition, there
is a decrease in M/H in the ZFC curves with intermediate
maxima. These features can be explained on the basis of
ferrimagnetic phenomena, since the magnetization of the dif-
ferent sublattices increases at different rates with decreasing
temperature, which leads to the existence of compensation
points (see below). In DyFesMng (see Fig. 2), we observe a
negative magnetization below 13 K related to the existence
of a compensation point as observed in HoFe; ,Mn, ¢.” The
feature at 30 K in the DyFe,Mn, FC magnetization curve
requires more experimental work in order to ascertain its
origin.

The M/H temperature variation for TbFegMn, [Fig. 4(a)]
and for DyFegMn, [Fig. 5(a)] also shows the effect of
ferrimagnetic behavior below the ordering temperature
(T¢=300 K). The anomalies at about 100 K for the Tb com-
pound and at about 50 K in Dy may be explained by the
existence of compensation points at these temperatures (from
neutron experiments). The ac susceptibility is presented in
Fig. 4(b) for TbFegMn, and in Fig. 5(b) for DyFegMn,, mea-
sured under an ac magnetic field of 4.5 Oe at 10 Hz. The
anomaly corresponding to T is less extended in temperature
than the analogous one in YFegMn,, while the anomaly at
about 130 K (for Tb) or 180 K (for Dy) is observed in both
real and imaginary components of the ac susceptibility, con-
trary to the case of YFegMn,, in which it was only observed
in the real part of x,. The reason could be the different
origin of this anomaly. In the Tb and Dy compounds it cor-
responds to the AF ordering of the 8; magnetic moment (7)),
as we will show in the neutron-diffraction experiments (see
below), while in the Y compound it is associated with the
appearance of an AF component in the basal plane in all the
3d sites (8i, 85, and 8f), due to a continuous reorientation of
the magnetic moments from the ¢ axis to the basal plane
below 150 K (T,). In DyFegMn,, we also observe a bump at
about 60 K that, in view of subsequent neutron-diffraction
experiments, we ascribe to a spin reorientation transition.

In order to study all this rich array of phenomena and get
a better insight into the aforementioned magnetic behavior in
RFe Mn,,_, alloys (R=Gd,Tb,Dy), neutron-diffraction ex-
periments were performed to determine the magnetic struc-
ture and its evolution with temperature. Typical neutron-
diffraction patterns of GdFesMn¢, TbFe Mng, and DyFegMn,
at 1.5 and 300 K are presented in Figs. 7, 8, and 9, respec-
tively. On the basis of the analysis of the neutron spectra at
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FIG. 7. Observed (points), Rietveld method fit (solid line), and
difference (bottom) neutron-diffraction profiles for GdFesMng mea-
sured at 2 and 300 K at D4 (\=0.50 A). The first and second series
of tick marks correspond to the positions of the allowed Bragg
reflections: top, nuclear+ferromagnetic; bottom, AF 3d component.

1.5 K, the main refinement parameters are presented in Table
II. The reliability factors for DyFe,Mng and RFe,Mn,, alloys
for R=Gd, Tb, and Dy are not completely satisfactory. These
samples were found to contain nonoverlapping peaks of the
B-Mn impurity phase that affect the analysis of these
neutron-diffraction spectra.

For the binary compound TbMn,,, the best agreement be-
tween calculated and observed intensities below 7Ty=120 K
corresponds to a noncollinear AF structure of the 3d mo-
ments in the basal plane, of the type previously found in
YMn,,.° Furthermore, below 4.5 K, the Tb site develops an
F component in the basal plane, reaching 7.73up at 1.5 K. It
is worth noting that the components of the R magnetic mo-
ment within the plane perpendicular to the unique axis of the
tetragonal crystalline structure cannot be determined from
powder diffraction due to symmetry considerations.'> The
propagation vector of the Mn sublattice is Q=(1,0,0), while
that of the Tb sublattice is Q=(0,0,0). This is consistent
with the existence of two independent ordering temperatures
and with the planar anisotropy of Tb (the second-order
Stevens coefficient a;<<0 and the second-order crystal-field
parameter A,;<<0). The value of the Tb magnetic moment is
lower than that of the free ion value (9ug), but higher than
the one previously reported (6.5uz)." This reduction could
be related to crystal-field effects, as observed in other
RFe Mn,,_, (R=Nd, Ho, and Er)? and in other tetragonal Tb
intermetallic systems.'*

However, with the addition of a small amount of
Fe (x=2 and 4), the Tb F component disappears and the
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FIG. 8. Observed (points), Rietveld method fit (solid line), and
difference (bottom) neutron-diffraction profiles for TbFe,Mng mea-
sured at 1.5 and 300 K at D1B (A=2.52 A). The first and second
series of tick marks correspond to the positions of the allowed
Bragg reflections: top, nuclear; bottom, AF 3d component.

magnetic structure is similar to the structure of the corre-
sponding Y compounds.’ The same structure is found for
DyFe Mn,,_, (x=2 and 4). As can be observed in Fig. 8 for
TbFe,Mng, the neutron-diffraction pattern at 1.5 K shows
diffuse scattering. The difference in patterns between the
1.5 K powder neutron-diffraction pattern and patterns col-
lected close to the spin-glass temperature (7,=50 K for
TbFe,Mng) and above allows us to conclude that the exis-
tence of this diffuse scattering seems to be associated with
short-range interactions related to the 3d magnetic moments,
also detected in magnetization measurements (see above).
In contrast, the F component at the 2a site remains for the
Gd compounds (x=2, 4, and 6) and, additionally, another F
component appears at the highest Fe concentration site (8f),
antiparallel to the moment of the Gd sublattice. Due to the
low resolution of the D4 diffractometer, we assumed the
same AF structure found in the corresponding Y, Tb, and Dy
compounds for the 8i and §; sites, and an antiparallel align-
ment of the 8f and Gd magnetic moments, as is commonly
observed in intermetallic compounds of rare earths and
transition-metal alloys. One puzzling feature is the angle be-
tween the direction of the Gd magnetic moment and the ¢
axis of the tetragonal structure (see Table II and Fig. 10).
Approximately, the same angle (33.4°) has been found in
GdMn,, from NMR and magnetic measurements’ and in
GdFe,Alg (44°).15 It is worth noting that the F component at
the 8f site does not appear in the corresponding Y com-
pounds. The reason for this existence in GdFe Mn,_, (x=2,
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TABLE II. Magnetic parameters obtained from the neutron-
diffraction profile refinements of RFe Mn;,_, at 1.5 K: magnetic
moment at the sites 2a, 8i, 8/, and 8f (ua,, s> isj» and ugy); angle
between the rare-earth magnetic moment and the ¢ axis (6,,); and
reliability factors R} and R},

2
DyFe Mn
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FIG. 9. Observed (points), Rietveld method fit (solid line), and
difference (bottom) neutron-diffraction profiles for DyFegMn, mea-
sured at 1.5 and 300 K at DIB (A=2.52 A). The first and second
series of tick marks correspond to the positions of the allowed
Bragg reflections: top, nuclear+ferromagnetic; bottom, AF 3d
component.

4, and 6) compounds could be attributed to intra-atomic ex-
change interaction 4f-5d and 5d-3d band hybridization. We
investigated the change in 5d-3d band hybridization by mea-
suring XAS at the Gd-Ly; edge 7243 eV (2ps»-3d transi-
tions) at room temperature. The normalized XAS at the
Gd-Ly; edge for all investigated GdFe,Mn,,_, (x=2, 4, and
6) compounds are shown in Fig. 11. The well-known rela-
tionship between the energy dependence of the x-ray absorp-
tion, u(E), and the angular-momentum-projected density of
states, p(E), is given by

(1)

where f,,(E) is a smoothly varying function of the probed
atom that does not depend on its local environment.'®!”
There is a reduction in the absorption white line, increasing
the Fe content from x=2 to x=6. According to Eq. (1), this
reduction can be interpreted as being due to progressive de-
localization of the Gd 5d band states and hence greater
5d—-3d band hybridization. This feature could favor the ap-
pearance of a ferromagnetic arrangement at the 8f sites due
to an increase in the 8f-8f coupling through the first next
neighbors: the 4f ions at the 2a sites.

The temperature dependence of the Gd magnetic moment
and the intensities associated with the (110) and (111) reflec-

ME) = fulE)p(E),

Moa e g Mg usy Ry RY

(up)  (deg) (mp)  (up)  (up) (%) (%)
GdFe,Mn,, 6.7(1) 23(6) 1.10(8) 1.05(7) 0.14(4) 10.6 17.4
GdFe,Mng  6.6(1) 33(2) 1.34(5) 1.24(4) 0.53(3) 6.9 8.7
GdFegMng  7.0(1) 30(3) 1.34(9) 1.40(6) 0.83(8) 8.9 12.4
TbMn,,  7.73(7) 90 0.8(2) 08(1) 0.1(2) 47 7.6
TbFe,Mn 0.66(7) 1.22(6) 0.24(6) 54 152
TbFe,Mng 1.17(6) 1.40(5) 0.49(7) 9.6 7.8
TbFecMng  7.80(8) 90 1.33(9) 0.85(8) 1.24(8) 9.2 133
TbFegMn,  8.3(1) 90 0.87(9) 1.0(2) 1.0(1) 5.6 6.3
DyFe,Mn, 1.0(5) 1.04) 0.3(4) 104 18.8
DyFe,Mng 142) 13(1) 03Q2) 74 172
DyFegMn, 6.8(1) 20(3) 1.03) 12(2) 0.64(7) 6.0 11.9
DyFegMn, 9.5(1) 67(2) 1.02) 1.1(1) 1.12(7) 52 87

tions in the low angle region of the diffractogram (see Fig. 7)
are presented in Fig. 12 for GdFegMng. The peak (111) sud-
denly appears below T,~200 K, indicating a cooperative
AF ordering of the 3d sublattice corresponding to the sites 8i
and 8j and an F ordering at the site 8f. Due to the low value
of the magnetic moment at the 8f site, we are close to the
experimental resolution limit, but it seems that the 7 of the
8f site is similar to the Ty of the 8i and 8; sites. To monitor
the onset of ordering at this site, a more selective technique
such as x-ray resonant magnetic scattering would be needed.
In contrast, below ~150 K the intensity of the (110) peak
grows continuously, being indicative of the appearance of
progressive polarization of the paramagnetic Gd moments by
the exchange field created by the 8f F ordered moments.
Figure 12 also shows the temperature evolution of the Gd
magnetic moment together with the theoretical value calcu-
lated for the case of a paramagnetic system under the action
of a molecular field (B3,.4y=48 T, which was calculated from

¢ axis C dxis

H’Dy
Mg
209 T=200K Mo,
%}u’ T=15K
300 3
) MTh‘ AT Ly
basal plane :'/' basal plane
“'Rr '/
»
x=6 M Ky x=8

FIG. 10. Schematic representation of the magnetic-moment ori-
entation for the rare earths (ugq, timo, upy) and for the transition
metals at the sites F coupled: ug; in RFegMng (R=Gd, Tb, and Dy)
and ugs and ug; in RFegMny (R=Tb and Dy) at two temperatures.
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FIG. 11. Comparison of the normalized Gd-Ly; edge XAS spec-
tra through the GdFe ,Mn,,_, series for x=2, 4, and 6.

heat-capacity measurements).® The good agreement indicates
that there is no cooperative order in the Gd sublattice due to
Gd-Gd interaction, although polarization is evidenced below
150 K. The temperature dependence of the magnetic moment
found in GdFegMng increases progressively when the tem-
perature is lowered and is quite different from that found in
other Gd-based intermetallic systems,'® in which magnetic
moment increases abruptly just below the ordering tempera-
ture to then reach saturation at low temperatures. This is due
to mutual coupling between the Gd ions, instead of 3d-4f
polarization, as is suggested in GdFe Mn;,_, from the
present study. Owing to the antiparallel alignment between
the Fe/Mn magnetic moments (~0.83up) at the sites 8f and
of the Gd ions (7.0up) (see Fig. 10), there is a compensation
point at around 100 K (8f: 0.83X4=3.3u; which is the
magnitude of the magnetic moment of the Gd ion at around
100 K, see Fig. 12), leading to the minimum observed in the
M/H measurements (see Fig. 3) which corresponds to this
crossover point.

The same phenomenon is encountered in TbFesMng and
DyFegMng. The magnetic structure is AF in the basal plane
for the 8i and 8j sites, the same as in YFesMng, and F at the
8f and 2a sites, both F components being antiparallelly ori-
ented. For all the temperatures, the magnetic moments lie in
the basal plane for the Tb compound, although the Dy mag-
netic moment in DyFes,Mn¢ forms an angle of 20° with the ¢

7 750 p— —— ——
6 £ oo GdFe Mn ||
Z 6 6
5L 450 (110) pn
—~
£ 300 !
554 o H
VE %150— (111)D LT\ 1
=7 3 £ \Q\\» i
0
P B =48T 0 50 100 150 200 250 300
~ 3d-4f T(K) -
1= N
0 \ \ \ \

|
0 50 100 150 200 250 300
T

FIG. 12. Magnetic moment of Gd derived from neutron-
scattering experiments for GdFegMng together with the theoretical
calculation as described in the text. The inset shows the temperature
dependence of the integrated intensity for (110) and (111) reflec-
tions. Ty is the Néel temperature.
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FIG. 13. (a) Magnetic moment of the Fe/Mn atoms at the sites
3i (@), 8j (O), and 8f (X) and (b) magnetic moment of Dy (@)
derived from neutron-scattering experiments for DyFesMng.

axis (see Table II and Fig. 10). This different orientation
between the magnetic moments in Tb and Dy compounds is
explained by the different value of «;: being both negative
(basal plane anisotropy), that of Dy is smaller and we have to
consider the fourth-order terms in the CEF potential, as in
RFe,,Ti.'"° From the temperature dependence of the magnetic
moments, presented in Fig. 13 for DyFesMng, we conclude
that at T, (8i and 8j) or T (8f) (~230 K for TbFegMng and
~250 K for DyFesMng) the 3d sublattice orders coopera-
tively at the 8i and 8j sites in the same AF structure as in
YFegMng,> while the rare-earth ion remains paramagnetic.
Below approximately 100 K (for DyFegMng) or 120 K (for
TbFegMng), where the molecular field overcomes thermal
disorder, the rare-earth sublattice develops a long-range F
ordering due to the polarization by the molecular field of the
F ordered magnetic moment in the 8f sublattice, as we have
seen in magnetization measurements. On the other hand, it is
worth noting that this polarization is also present in
GdFe Mn,_, for Fe concentrations x=2 and x=4, in addi-
tion to x=6, meaning that the CEF interaction present in Tb
and Dy compounds prevents the appearance of the long-
range rare-earth F ordering for x=2 and x=4.

For the highest Fe concentration studied, in TbFegMny,
(see Fig. 14) and DyFegMn,, both with T,~300 K, an F
component develops at the sites 8 and 8f (with predomi-
nance of Fe), both parallel and oriented antiparallel to the 2a
site F component originating from the rare earth. The AF
arrangement in the basal plane only remains at the 8i site
(mostly occupied by Mn) below ~150 K [see Fig. 14(a)],
once again showing the coexistence of ferro- and antiferro-
magnetism at different 3d crystallographic sites. In this case,
the 3d-4f exchange field is large enough, the 3d sublattice
being globally F, to develop the rare-earth F component be-
low T, [see Fig. 14(b)]. Once more for TbFegMn,, all the
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FIG. 14. (a) Magnetic moment of the Fe/Mn atoms at the sites
8i (@) and 8;/8f (O) and (b) magnetic moment of Tb (@) derived
from neutron-scattering experiment for TbFegMn,.

moments are in the basal plane at every temperature below
Tc. In DyFegMn,, however, the Dy magnetic moments form
an angle of 67° with the ¢ axis of the tetragonal structure at
1.5 K and show a spin reorientation transition (SRT) (see
Fig. 10): this angle decreases with increasing temperature
(being 30° at 200 K). The Fe substitution modifies the elec-
tronic density around the 2a site (changing the CEF param-
eters) and leads to an increase of the second-order CEF pa-
rameter that favors planar anisotropy (with x=6 the angle
was 20° at 1.5 K). The origin of the SRT could reside in the
fact that Fe anisotropy (axial) dominates the Dy anisotropy
(planar) as the temperature increases.

From the combined analysis of all the experimental data
obtained in the present work, we established the magnetic
phase diagram of RFeMn;,_, (R=Gd, Tb, and Dy) com-
pounds (see Figs. 15 and 16 for R=Gd and Tb, respectively;
the magnetic phase diagram for R=Dy is similar to that cor-
responding to Tb). The binary compound TbMn,, is an itin-
erant AF in the temperature range T <T < Ty (AF-I, noncol-
linear magnetic moments in the basal plane favored by the
Mn anisotropy, as in YMn;,). At Tx=4.5 K, there is a
second-order phase transition with an ordering of the Tb sub-
lattice in the basal plane due Tb-Tb exchange interaction.
With a small amount of Fe, the rare earth no longer orders
cooperatively through R-R interactions. The extra exchange
field that appears due to the F ordering of Fe at the 8f site
suppresses the magnetic ordering of the R sublattice. The R
moments thus behave as a paramagnetic system in an inter-
nal field that polarizes the R magnetic moments. We may say
that the R moments are so polarized that there is no more
entropy left to allow for an order-disorder cooperative phase
transition. This is manifested in Gd (x=2, 4, and 6) and Tb
and Dy (x=6) compounds at low temperatures, where the
thermal disorder is overcome. There exists mutual polariza-
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FIG. 15. Magnetic phase diagram of GdFe Mn,_,. Ty (@) has
been taken from Ref. 6 and Ty (H) has been taken from Ref. 2. The
curve with vertical lines represents the temperature at which the
mutual polarization between the Gd and the §f magnetic moment is
clearly evidenced. For x<2, not investigated in this work, we as-
sume the same structure as found in YMn;, and in TbMn,,.

tion between the two sublattices; the R polarization enhances
the F component at the 8f site, preferentially occupied by Fe.
The long-range ordering of the R sublattice is frustrated in
Tb and Dy (x=2 and 4) compounds because of the competi-
tion between the CEF and the R-3d exchange interaction, the
latter not being sufficiently strong. Spin-glass behavior is
observed at low temperatures. This disorder effect has also
been observed in RFe,Mn,,_, with R=Nd,Ho,Er.® Thus, Tb
and Dy compounds (x=2 and 4) are noncollinear antiferro-
magnets (AF-II, as in YFe Mn;,_,).

A different situation arises in the rich Fe composition
compounds (x=8), in which the strong exchange field acting
on the rare earth is responsible for its ordering at T, antifer-
romagnetism only appearing at the 8i site, populated with a
higher Mn content, and below 150 K. This is different from
the case of the Y compounds, in which the AF component

300

Ferri (8j-8f/Th)

_ AF(8i,8j)+F(8)

150 | | | »
3 ! AFII(3d) | ' o
= ¢ ~ | “C S
ol & T
—_ [N . .
e R s =
s0L e :—fb Cx
- SO e '
(Thy, AF-II+SG .| = 2o 5 \
OIE 1 L L 1 L < ~ m\ & MMM
0 2 4 6 8 10 12
”Ian]2 X TbFe12

FIG. 16. Magnetic phase diagram of TbFe Mn,_,. Ty (®), Tx
(M), and T (O) (taken from Ref. 6) and T, (X). The curve with
vertical lines represents the temperature at which the mutual polar-
ization between the Tb and the 8f magnetic moment is clearly
evidenced.
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exists at all three 3d sites. This is another proof of the mutual
enhancement between the 3d and 4f sublattices.

IV. CONCLUSIONS

The physical behavior of RFe,Mn;,_, depends very much
on the relative strength of intra- and intersite exchange inter-
actions. The RFe Mn,,_, family of compounds is particularly
interesting because the crystallographic structure contains
several sites which are selectively occupied by the transition-
metal Fe/Mn atoms. While the binary RMn;, compounds
present two phase transitions with two independent ordering
temperatures for the 3d and R sublattices, the magnetic be-
havior of RFe,Mn;,_, (R=Gd,Tb,Dy) provides strong evi-
dence for the coexistence of ferro- (Fe atoms preferentially at
site 8f) and antiferromagnetic orderings (Mn atoms prefer-
entially at sites 8i and 8j); these ordering temperatures coin-

PHYSICAL REVIEW B 75, 224424 (2007)

cide when the Fe content reaches values of around x=6.
Dilution with Fe of the antiferromagnetically ordered RMn,,
system enhances the exchange field acting on the rare-earth
ions and competition between the 4f-4f and 3d-4f exchange
interactions occurs, leading to the disappearance of the co-
operative ordering of the R sublattice and the appearance of
mutual polarization between the R and 3d sublattices. Fur-
ther studies are needed in the range of low Fe composition in
order to study the array of phenomena involved in this com-
petition.
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