ELSEVIER

Journal of Alloys and Compounds 317—-318 (2001) 44-51

Journal of

ALLOYS
AND COMPOUNDS

www.elsevier.com/locate/jallcom

*’Fe Mossbauer spectroscopy study of the AFe Al,, . intermetallics
(A=Y, Tm, Lu and U, 4=x=4.3)
J.C. Waerenborgh®*, P. Salamakha®, O. Sologub?, A.P. Gongalves®, S. Sério®, M. Godinho”,
M. Almeida®

*Departamento de Quimica, Instituto Tecnologico e Nuclear, P-2686-953 Sacavem, Portugal
"Departamento de Fisica, Faculdade de Ciéncias da Universidade de Lisboa, P-1749-016 Lishoa, Portugal

Abstract

AFeAl,,_, intermetallics (A=Y, Tm, Lu and U, 4=x=4.3) were synthesized as polycrystalline material and as large single crystals by
the Czochralski method from bulk charges containing A, Fe and Al in the atomic ratios 1/4/8. The purity of the studied samples was
checked by powder X-ray diffraction and their final composition was estimated using the Rietveld method of structure refinement. The
*"Fe Mossbauer spectra of samples with final composition x>4 have revealed that the Fe atoms on the same crystallographic site may
have different magnetic moments, w.., whose values increase with the number of Fe nearest neighbours. The strong sensitivity of the u.,
on small deviations from the ideal 1/4/8 stoichiometry has clearly shown that while the single crystals of UFe,Al, grown by the
Czochralski method have the expected composition, those grown from Y Fe,Al, and LuFe,Al; bulk charges have actual compositions
YFe, ,1)Al; g1, and LuFe, ,,,Al; 5, thus explaining contradictory results that have been previously published. [ 2001 Elsevier

Science BV. All rights reserved.
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1. Introduction

The intermetallic systems AFeAl,,_, (A=Y or an f
element and x=4), crystallizing in the ThMn_,-type struc-
ture, continue to attract much interest. Compounds such as
DyFe,, ;Ta,s, SmFe,;Si, or UFe Si,, with uniaxial
anisotropies and high Curie temperatures, T, ,~550-650
K, suggest that these materials might be potential candi-
dates for permanent magnets with the lowest f-element
content [1,2]. The f element sublattice provides the re-
quired anisotropy while the high T, is due to the strong
Fe—Fe exchange interactions. Besides the potential econ-
omical impact, these materials have been extensively
studied for the elucidation of the fundamental aspects of
magnetism and the understanding of their transport prop-
erties on the basis of their electronic structure [1,3].

In the tetragonal body-centered ThMn,,-type structure,
space-group 14/mmm, the A atom is located on the origin
of the unit cell, equiposition 2a, and the other atoms
occupy the 8f, 8j and 8i sites (Fig. 1). It is now clear from
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the refinement of X-ray and neutron diffraction data [4—8]
that in these compounds Fe and Al have a strong prefer-
ence for the 8f and 8i sites, respectively, and that the §j
sites are shared by the remaining Fe and Al.

The study of idealy ordered AFe,Al, stoichiometric
compounds, where the sublattices of Fe (magnetic) and Al
(non-magnetic) are clearly separated, is a convenient first
approach to the understanding of the coupling between the

Fig. 1. Crystallographic unit-cell of the ThMn,,-type structure. The
f-element atoms are located at the origin and body-centered positions (2a
sites). The other atoms occupy the 8f, 8) and 8i sites.
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magnetic (f and d) sublattices. The particular cases of
YFe,Al, and LuFe,Al; may give information on the
interplay of the Fe atoms when there is no ordered moment
on the A atom. The Lu and Y compounds have therefore
been the subject of several studies. Published results
suggested rather complex magnetic properties but were not
aways consistent. Early °'Fe Mossbauer data [9,10]
indicated that well below the magnetic ordering tempera
ture, T,,~185 K, the spectra consisted of a single
magnetic splitting. However no details of the temperature
dependence of the Fe magnetic hyperfine fields, B,;, were
given. Distinct spectra were later reported for YFe,Alg at
~5 K but the main differences should be attributed to the
presence of Fe—Al binary aloys [7]. Recent studies made
by powder neutron diffraction and °'Fe-Mossbauer spec-
troscopy have confirmed T, ,~185 K and have shown that
the Fe magnetic moments, u.., give rise to a complex
antiferromagnetic (AF) ordering [11].

Recent neutron scattering studies performed on large
single crystals grown from melts with YFe,Al; and
LuFe,Al; composition revealed large discrepancies be-
tween the magnetic properties and the magnetic structure
of these single crystals and those reported for the same
samples prepared as a polycrystalline material [12]. In
contrast to UFe,Alg [13] the Y single crystals have final
composition YFe, ,Al, ; [7]. Differences of 1-2% in the
site occupation factors are difficult to detect from the
refinement of X-ray diffracted intensities. However the
magnetic interactions in these compounds are extremely
sensitive to their exact composition. Besides adrop in T,
from ~180 K down to =100 K strikingly different *>'Fe
Mossbauer spectra are obtained for AFe,Al; and
AFe Al,, ., (A=U and Y, 4<x<4.3), due to the strong
dependence of B, on the number of Fe nearest neighbours,
NN [7,14]. Recent refinements of the Bragg intensities
obtained from single-crystal neutron diffraction data have
confirmed that the composition of the Y and Lu single
crystals is AFe, Al,,_, with 42=x=4.4 [15].

A detailed investigation of the relation between mag-
netic and structural properties of the A—Fe—Al ternary
systems was undertaken by us in the last years. In this
paper, the present status of the *'Fe-Mossbauer study of
the AFe,Al,,_, compounds 4=x=4.3 is reviewed. New
data on UFe,Al; prepared as single-crystalline material,
LuFe, ,Al, 4 and TmFe,Al, are also presented. Excluding
the cases of non-magnetic A, TmFe,Al, is the AFe,Al,
intermetallic where the A sublattice is reported to order at
the lowest temperature, below 4.2 K [16].

2. Experimental

The starting materials, Fe, Al and A=Y, Tm, Lu and U
metals, for the preparation of the ternary alloys were used
in the form of ingots with purity higher than 99.9%. Bulk

charges with nominal AFe,Al; compositions were pre-
pared. All of them were arc melted under high-purity argon
on a water-cooled copper crucible. To ensure homogeneity
the obtained buttons were turned around and melted at
least twice. The weight losses during melting were less
than 1%. Samples prepared as polycrystalline materia
were annealed under vacuum at 1070 K for 30 days.

Large single crystals were grown from AFe, Al (A=Y,
Lu and U) bulk charges, in an induction furnace with a
levitation cold crucible, by the Czochralski method, using
atungsten needle as a seed. A pulling rate of 2 cm/h and a
rotation rate of 15 rpm were employed. Part of these pulled
materials were ground and studied as powder samples.

Finely ground powder of each sample prepared was
back pressed into standard aluminum holders for powder
X-ray diffraction (XRD). Diffracted X-ray intensities were
collected on a Philips automated diffractometer system
PW1710. A PW1820 Bragg Brentano goniometer fitted
with a PW1752 curved graphite crystal monochromator,
incident and diffracted beam Soller dlits, one divergence
and antiscatter slits and a 0.2 mm receiving dlit, was used.
The intensity measurements were made with a normal
focus Cu tube operated at 40 kV and 30 mA and using a
take-off angle of 5°. The data were recorded with a 26-step
size of 0.02° in a 26#-range of 18.00-100.00° and a
counting time of 13 s at each step.

All the diffraction peaks which did not correspond to a
ThMn,,-type phase could be assigned to the strongest
peaks of the A—Al or the Fe—Al binary aloys referred
below, by comparing the experimental data with either the
PDF-data base [17] or, in the case of Lu—Al alloys with
simulated powder diffractograms [18] based on published
crystallographic data [19]. In order to confirm the presence
of these additional phases it was checked if al the
strongest peaks of the identified binary aloys were either
present or overlapping the pesks of the ThMn,,-type
phase. The least-squares structure refinements of the
ThMn,,-type phases were undertaken with the Rietveld
powder profile program [18] assuming space-group 14/
mmm. Details of these refinements are described elsewhere
[7].

M agnetization measurements were performed on powder
samples using a SQUID magnetometer (MPMS Quantum
Design). The magnetization was measured as a function of
temperature in the range 5-300 K, under low applied fields
(=50 mT) after both zero-field-cooling (ZFC) and field-
cooling (FC) procedures (M vs. T curves). Magnetization
was also obtained as a function of applied field for fields
up to 5.5 T and for different constant temperature values
(M vs. B curves).

Powdered samples were pressed together with lucite
powder into perspex holders, in order to obtain homoge-
neous and isotropic Mossbauer absorbers containing ~5
mg/cm? of natural iron. The *'Fe Mdssbavier-spectroscopy
results were obtained in the transmission mode using a
constant-acceleration spectrometer and a 25 mCi °'Co
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source in Rh matrix. The velocity scale was calibrated
using an «-Fe foil at room temperature. Spectra were
collected at several temperatures between 300 and 5 K.
Low-temperature spectra were obtained using a flow
cryostat with temperature stability of 0.5 K. The spectra
were fitted to Lorentzian lines. The fitting procedure was
the same used in the case of the UFe Al ,_, intermetallics
and is described in detail elsewhere [14].

3. Results
31 TmFe,Al,

The powder XRD data of the TmFe,Al; sample an-
nealed at 1070 K show no traces of impurity phases. The
Rietveld analysis of the diffracted intensities is consistent
with the nominal composition of the compound and
indicates that Fe is only present on the 8f site (Table 1).

As in the case of YFe,Al; prepared as a polycrystalline
sample and annealed at 1070 K [7], the room temperature
Mossbauer spectrum consists of a symmetric doublet: line-
widths and relative areas of each peak are equal within
experimental error. Furthermore the Mossbauer spectrum
taken a 5 K (Fig. 2) shows a single sextet with an
estimated B,;, of 10.7 T (Table 2) in agreement with
published results [10]. These results are consistent with
each kind of atom being present on only one crystallo-
graphic site clearly confirming the XRD data.

As the temperature increases, although only six lines are

Table 1

Crystallographic data including estimated atomic positions (x, y, 2), site
occupations (in atoms/f.u.) and equivalent isotropic temperature factors
(B,) from the Rietveld analysis of the powder XRD data

Sample LuFe,Al, TmFe,Alg
1070 K 1070 K
Space group (No. 139) 14/mmm 14/mmm
Lattice parameters
(at 300 K), A
a 8.7072(3) 8.716(1)
c 5.0353(3) 5.0367(9)
Cell volume, A® 381.75(3) 382.6(1)
Radiation Cu Ka Cu Ka
26 range 21-100° 20-100°
Site occupation Y 2a 1.00(1) 0.99(5)
Fe 8f 4.0(1) 3.9(1)
Al 8j 4.0(1) 4.0(1)
Al 8i 4.1(1) 4.0(1)
B, (A) Y 2a 0.50 0.54
Fe 8f 0.50 0.57
Al, Fe §j 0.49 0.44
Al 8i 1.01 0.44
Site §j (x,, 1/2, 0) 0.2719(5) 0.2797(8)
Site 8i (x,, 0, 0) 0.3446(7) 0.343(1)
Agreement factors
Reragyr Re (%) 9.70, 6.70 4.06, 3.11

Formula obtained from
site occupations

LUFe4.o(2)AI 8.1(2)

TmFe4.o(2)A| 8.0(2)

BI 190 K

RELATIVE TRANSMISSION

| 1

+12 | +IL’ |

1 _IL* 1 _12 1 3
VELOCITY ( mm/s )

Fig. 2. °"Fe Mossbauer spectra taken at different temperatures of the
TmFe,Al, sample prepared as polycrystalline material and annealed at
1070 K.

observed (Fig. 2), the widths and the relative intensities of
these lines deviate more and more from the theoretical
expected values. If more than on sextet is considered, the
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Table 2
Estimated parameters from the Mossbauer spectra of samples prepared as polycrystalline material (p) or as large single crystals (so)®
T Sample Site z I (%) S (mm/s) A, & (mm/9) I' (mm/9) B, (T)
295 K YFe,Al; (p) 8f 2 100 0.18 0.31 0.30 -
295 K TmFe,Alg (p) 8f 2 100 0.18 0.34 0.30 -
295 K UFe,Al, (s0) 8f 2 100 0.16 0.30 0.30 -
5K YFe,Al, (p) 8f 2 100 0.31 0.14 0.38 10.7
5K YFe,,Al, , (s0) 8 =4 48 0.18 0.47 0.27 18.6
8f =3 17.7 0.26 0.18 0.25 139
8f 2 775 0.31 0.14 0.30 10.7
5K TmFe,Al, (p) 8f 2 100 0.31 0.15 0.34 113
5K UFe,Al, (s0) 8f 2 100 0.28 0.13 0.32 11.0
5K LuFe, ,Al,, (p) 8j =4 25 0.23 0.59 0.35 19.3
8f =3 9.0 0.25 0.24 0.36 14.1
8f 2 88.5 0.31 0.14 0.38 109

1, relative areas, are fixed, consistent with the calculated probabilities for the different number of Fe NN (2) of Fe atoms on the 8f and §j sites. 8, isomer
shift relative to metallic o-Fe at 295 K; A, quadrupole splitting (at 295 K); e=(€° \,,Q/4) (3 cos’ §—1), quadrupole shift (at 5 K). I, line-widths of the
two inner pesks of a sextet; B,;, magnetic hyperfine field. Estimated errors for 8, A, and I' of doublets with | >15% are <0.02 mm/s and of the others
=0.04 mm/s. Estimated errors for the sextets with | >11% are <0.2 T for B, =0.02 mm/sfor §, & I, and for the others =0.4 T for B;, =0.03 mm/s

for 8, and =0.04 mm/s for I and &.

ratio of the relative areas |, /1, /15 , may be kept equal to
3:2:1 for each sextet and the linewidths of each line pair
increase only dlightly from the inner to the outer lines. The
spectrum at 100 K (Fig. 2) was fitted by a narrow
distribution of B,; with the same isomer shift and quad-
rupole shift. Between 140 and 183 K, besides this dis-
tribution, which has a much larger width than at 100 K, the
fit is considerably improved if a paramagnetic doublet is
considered. The relative intensity of this doublet increases
with temperature. Finaly at 190 K all the Fe is para
magnetic (Fig. 2).

The main difference between the M vs. T curves of
TmFe, Al and YFe, Al [7] is the strong increase of the
magnetization of TmFe,Al; below ~20 K (Fig. 3a). This
increase may be explained by the ferromagnetic ordering
of the Tm sublattice occurring below 4.2 K [16]. No
maximum is observed in the M vs. T curves down to 2 K,
even in afield of 5 mT. However, M vs. B curves above
10 K show an antiferromagnetic-like behaviour due to the
ordering of the Fe sublattice while at 2 K they show a
ferromagnetic-like behaviour, certainly due to the ordering
of the Tm sublattice (Fig. 3b).

Features of the M vs. T curves of TmFe,Al, above the
ordering temperature of Tm may be correlated with the
Mossbauer results as in the case of YFe,Alg[7]. The Y
compound aso shows a temperature range where para-
magnetic and magnetically ordered Fe coexist. The highest
temperature at which magnetically ordered Fe is observed
in the Mdsshauer spectra corresponds to a broad maximum
of both the FC and ZFC curves at ~180 K. Findly, a
second maximum in the ZFC and a change in slope in the
FC curve are observed around 130 K. Although there is no
sharp transition in the shapes of the Mdssbauer spectra
taken above and below this temperature it is noteworthy
that 140 K is the lowest temperature at which there is an
improvement in the fit of the Mossbauer spectrum if a
quadrupole splitting is considered, strongly suggesting that

it is only below 140 K that all the Fe atoms are magneti-
caly ordered.

32. UFe,Al, prepared as a single crystal

In agreement with previous results [13,20] Modssbauer
spectra, taken at 5 K and above 155 K, of the UFe,Al,
material prepared as single crystals (Fig. 4) show that the
Fe atoms fully occupy the 8f sites and that above 150 K all
the Fe atoms are paramagnetic. At intermediate tempera
tures however a situation similar to that observed for
TmFe,Alg, YFe,Alg [7] and UFe,Al, prepared as poly-
crystalline material [21] occurs. A distribution of B, is
observed within the range =100-150 K and between
=140 and 150 K paramagnetic Fe coexist with magnetical-
ly ordered Fe. However no singularities in the M vs. T
curves of UFe,Al [20] similar to those of YFe,Al, and
TmFe,Al, are observed. This is probably due to the
ferromagnetic ordering of the U sublattice [13,20]. The
dominant effect of the U magnetization on the global M vs.
T curve may concea the smaller oscillations due to the
temperature dependent rearrangements of the Fe magnetic
sublattice.

33 AFeAl; (A=Y and Lu, 4=x=4.3)

The Maossbauer spectra taken at room temperature of
samples obtained from powdering material pulled from
melted bulk charges containing A (A=Lu)Y), Fe and Al in
the atomic ratios 1/4/8, aways show an asymmetric
doublet, in contrast to the spectra of UFe,Al, obtained in
the same way and those of AFe,Al; (A=Y, Tm, U)
prepared as polycrystalline materials and annealed at 1070
K [7]. The spectrataken at 5 K (Fig. 5) are similar to those
obtained for UFe, ,Al, ¢ and YFe, 5 5Al; g5 [7,14]. They
may be fitted by three magnetic splittings whose hyperfine
parameters and relative intensities may be understood in
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Fig. 3. Magnetization (M) vs. temperature in afield B=0.005 T (&), and vs. external field at different temperatures (b), of the TmFe,Al, sample prepared

as polycrystalline material and annealed at 1070 K.

the light of proper physical models [14], assuming com-
positions YFe, ,Al, 5 or LuFe, Al,, [7,15] and that Fe
fully occupies the 8f sites and share the 8j sites with Al. In
AFe Al ,,_, (4=x=4.3) the Fe atoms on the 8f sites have
two Fe NN on other 8f sites. In AFe Al,,_, (x=4.2, 4.3)
some of them may also have a third Fe NN located on a §j
site. The relative intensities, |, of the magnetic splittings
arising from Fe atoms with different configurations may be
calculated assuming a random occupation of the 8] sites by
Fe and Al (Table 2). The probabilities of the configura-
tions with more than 3 Fe NN for Fe atoms on the 8f sites
and more than 4 Fe NN for Fe atoms on the 8 sites
correspond to magnetic sextets with 1 <1.5%.

In contrast to YFe,Al, and TmFe,Al, prepared as a
polycrystalline material and annealed at 1070 K, the

powder XRD data of the sample containing Lu, Fe and Al
in the atomic ratios 1/4/8 and obtained through the same
procedure, still show the strongest diffraction peaks of
Fe,Al,,, Fe,Alg, LuAl, and LuAl,. The refinement of the
main ThMn,,-type phase was however performed. The
estimated site occupation factors give no evidence of the
presence of Fe on the 8j site and are consistent with
LuFe, o2)Alg 1.2 COmposition (Table 1). However, the 5 K
Mossbauer spectrum clearly denotes the presence of Fe
atoms on the 8j site (Fig. 6). Small shoulders are apparent
on the outer peaks of the low-temperature sextet. Carrying
out the analysis of the spectrum based on the above
referred model the best fit is obtained assuming com-
position LuFe,,Al,, (Table 2). This composition is
consistent with the values estimated for the site occupation
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Fig. 4. "Fe Mossbauer spectra taken at different temperatures of a
powdered UFe,Al, sample prepared as a large single crystal by the
Czochralski method.

factors from the XRD data refinement, considering the
calculated uncertainties (Table 1). Mossbauer data are
more sensitive to the presence of 8] Fe atoms than the site
occupation factors estimated from powder XRD, due to the

RELATIVE TRANSMISSION

1 _IA 1 _|2 1 (I] 1
VELOCITY ( mm/s )

+12 | +lL' !

Fig. 5. Comparison between the °'Fe Msshauer spectra taken at 5 K of
(&) the YFe,Al; sample prepared as polycrystalline material and annealed
at 1070 K, and (b) the powdered single crystal grown from a bulk charge
containing Y, Fe and Al in the atomic ratios 1/4/8 but with the actual
composition YFe, ,Al, 4.

large effect of the 8j Fe atoms on the By, of the 8f Fe NN
atoms.

Between 60 and 180 K, the Mosshauer spectra of
LuFe, ,Al; 4 can only be fitted by a continuous distribution
of B,; as observed in the case of LuFe, ;Al,, [15] and of
the above referred AFe,Aly intermetallics. The exact
magnetic behaviour of the Fe sublattices in each of the Lu
compounds is, however, different. In LuFe, Al , between
100 and 105 K dl the Fe atoms become paramagnetic.
Furthermore, if a quadrupole doublet is considered, the
refinement of the Mossbauer spectra of LuFe, Al is
significantly improved even for temperatures as low as 69
K. The relative intensity of this quadrupole doublet
increases with temperature but the B, distribution is still
observed up to 180 K (Fig. 6). This suggests that although
the magnetic ordering of the Fe atoms starts between 180
and 190 K in LuFe, ,Al, 4, paramagnetic Fe is still present
at 60 K. The 180—-190 K temperature range is in agreement
with T, reported for LuFe,Al, prepared as polycrystal-
line material [10,11]. The reported B, of 10.8 T for
LuFe,Alg [10] is equal to the B, estimated in Table 2 for
the Fe atoms on the 8f sites with 2 Fe NN in LuFe, Al ,,
and dlightly larger than the corresponding one in
LuFe, Al [15]. In YFeAl,,_, [7] an amost constant
velue of this B, was aso observed within the range
4=x= 4.2, while for UFe Al ,,_, adecrease as x increases
was detected [14]. The deviation of the composition of our
sample from the ideal LuFe,Al; may be justified by the
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Fig. 6. °"Fe Mosshauer spectra taken at different temperatures of a
LuFe, ,Al,, sample obtained from a bulk charge containing Lu, Fe and
Al in the atomic ratios 1/4/8 and annealed at 1070 K.

presence of Fe—Al and Lu—Al binary alloys. Different
annealing temperatures will be tried hoping to stabilize the
LuFe,Al, phase.

4. Conclusion

The same model that explains the °'Fe-Mossbauer
spectra of intermetallics of the UFeAl,, , series [14]
where the A sublattice orders magnetically at the same
temperature as the Fe sublattice [13,20], is aso successful-
ly used for the Y and Lu analogs where the A element is
non-magnetic. Although the magnetic interactions of the A
element are quite diverse in these compounds, the tempera-
ture dependence of the distribution of the B,; seems to be
much the same. As similar trends are expected for B,; and
Mee, this strongly suggests that u., are also very sensitive
to the number of Fe NN.

This property alows a clear distinction between the
*"Fe-Mossbauer spectra of the AFe,Al, and AFe,,Al,
which has made evident that the large single crystals
grown out of charges with YFe,Al,; and LuFe,Al; com-
positions were actually richer in Fe. In the case of
UFe,Al,, however, both large single-crystals and samples
prepared as polycrystalline material have the same final
composition.

The high sensitivity of the u., on small deviations of the
ideal composition of the AFe,Al, is not only observed
when excess Fe atoms are present. The °'Fe-Mdssbauer
data teken at intermediate temperatures of YFe,Als,
TmFe,Alg and UFe,Al, can only be explained if not al
the Fe atoms have the same u... Since the presence of Fe
atoms on the 8j sites are expected to have a completely
different effect on the Mdssbauer spectra than those shown
in Figs. 2 and 4, these anomalies may tentatively be
attributed to the presence of vacancies. In fact, considering
the estimated uncertainties for the site occupation factors
the presence of 0.2 vacancies per formula unit on each site
can not be ascertained from the Rietveld analysis aone.
Such a concentration of this kind of defects is also too low
to produce any asymmetry in either the magnetic or the
quadrupole splittings observed in the Mosshauer spectra
obtained at 5 K or above 180 K, respectively. However, at
intermediate temperatures, between T, and 50-100 K,
Mee SEEM to be highly sensitive to very small alterations on
the Fe neighbourhood. Therefore, the exact temperature
range and shape of the B, distribution will probably be
dependent on small details of the synthesis procedure.

Care in the preparation and structural characterization of
these intermetallics should therefore be emphasized, since
small deviations in composition have drastic effects on
their magnetic properties explaining most of the contradic-
tory results published in the literature.
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