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The magnetic structure of nonstoichiometric LuFe41dAl82d and YFe41dAl82d compounds with a small Fe
excess (d;0.40) was investigated by Mo¨ssbauer spectroscopy, magnetization measurements, and both polar-
ized and unpolarized neutron-scattering experiments on single crystals. The small excess of Fe atoms substitute
Al at the 8j positions and have a pronounced effect on the magnetic properties. The Ne´el temperature de-
creases from;190 to 100 K and the magnetic ordering changes from the cycloid modulation found in the
stoichiometric compounds to an amplitude modulated wave with a much shorter period.
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I. INTRODUCTION

The MFe4Al8 (M5rare earth or actinide! family of ter-
nary intermetallic compounds with the ThMn12 type of struc-
ture show unusual magnetic properties which have been
subject of considerable controversy for quite some time.1

These compounds crystallize in a body centered tetra
nal cell, space groupI4/mmm. The rare earth occupies th
2a crystallographic sites, at the origin and center of the c
The remaining atoms occupy the 8f , 8i , and 8j sites, with a
strong preference of the Fe atoms for the 8f sites. In an
ideally stoichiometric and ordered compound the 8f sites are
fully occupied by the Fe atoms, and the 8i and 8j sites by
the Al atoms only. The rare-earth atom then sits at the ce
of a regular tetragonal prism surrounded by 8 Fe atoms~Fig.
1!.

The first report on the magnetic properties of this fam
of compounds was given more than 20 years ago indep
dently and almost simultaneously by Buschow and van
Kraan2,3 and by Felner and Nowik.4 The former reported
bulk magnetization and Mo¨ssbauer measurements for a nu
ber of compounds and found that the Fe sublattice order
temperatures between 135 and 200 K. The rare-earth a
order at a much lower temperature, below 50 K. Due to
highly symmetrical environment of the 2a sites and the an
tiferromagnetic coupling of the Fe atoms, the molecular fi
acting on the rare-earth atoms is small. This would expl
the lower ordering temperature of the rare earth compare
the transition-metal sublattice.
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The ordering temperatures of LuFe4Al8 and YFe4Al8
were determined by Buschow and van der Kraan2,3 as 197.3
and 184.7 K, respectively, on the basis of Mo¨ssbauer data
However, the reported susceptibility curve of the Lu sam
showed a well defined maximum at 100 K. Felner a
Nowik, in turn, assigned an ordering temperature of 97 a
94 K to LuFe4Al8 and YFe4Al8 , respectively, deduced from
magnetization measurements. The susceptibility curve
YFe4Al8 also showed an anomaly at 100 K. Although d
agreeing in the Fe ordering temperature, both authors ag
that the ordering of the Fe atoms is antiferromagnetic, pr
ably a modulated magnetic structure.4

A number of unusual magnetic phenomena have been
served and reported for the system YFexAl122x , namely an
anomalous thermomagnetic behavior comparing the fie

FIG. 1. Crystallographic unit cell of the ThMn12-type structure.
The f element occupies the 2a sites at the origin and body-centere
positions. The other atoms occupy the 8f , 8i , and 8j sites.
©2001 The American Physical Society10-1
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J. A. PAIXÃO et al. PHYSICAL REVIEW B 63 054410
cooled and zero-field-cooled curves, showing pronoun
hysteretic behavior even in small applied fields.5–7 These
have been attributed to partial disorder between the Fe
Al sites. Felner and Nowik,7 on the account of failure to
observe any magnetic peaks on a powder neutron-diffrac
experiment on YFe5Al7 proposed that the Fe disorder cou
produce a spin-glass state with no long-range order of the
moments. Powder neutron-scattering experiments
DyFe4Al8 ~Ref. 8! and HoFe4Al8 ~Refs. 9 and 10! were also
interpreted in a spin-glass model. However, magnetic sa
lites were observed at low temperature and attributed to
Fe atoms. It should be born in mind that the samples use
these experiments had a disorder of Fe atoms into the 8i and
8 j sites between 5 and 10 %.

Since this early work, crystals of both rare-earth and u
nium compounds with the ThMn12 type of structure becam
available.11–14 They have been used on more sophistica
neutron- and magnetic x-ray scattering experiments,15–18

which enabled much more detailed information to be o
tained on the magnetic ordering and the nature of the in
actions between the rare-earth and transition-metal su
tices, compared to older experiments on powders.

We have recently reported a single-crystal neutron st
of DyFe4Al8 and HoFe4Al8 using both unpolarized and po
larized neutrons.17 It was found that the Fe sublattice orde
at 175 K with a moment of 1mB in theab plane in a cycloid
magnetic structure with a propagation vector along@110#. At
;50 K ~Dy! and 80 K~Ho! the rare-earth moment starts
order and follows the modulation of the Fe sublattice. A
lower temperature higher-order harmonics of the magn
modulation develop due to a bunching of the cycloid mod
lation of the rare-earth atoms along high-symmetry dir
tions. Although the magnetic ordering is long range, givi
rise to sharp magnetic peaks, a non-negligible fraction of
rare-earth moment appears as diffuse scattering beneat
Bragg peaks. It was also found that the modulated magn
structure of the rare-earth atoms is easily distorted under
small applied magnetic field, explaining the unusual sensi
ity to small fields. The modulation on the Fe sublattice
much more stable and remains unperturbed in fields up t
least 5.5 T.

Pursuing these studies, we have been interested also i
isostructural compounds with a nonmagnetic heavy at
such as are LuFe4Al8 and YFe4Al8 . Unfortunately, both the
available Lu and Y crystals were of much worse quality th
the U, Dy, and Ho ones, and found to be twinned. A br
account on preliminary neutron-scattering experiments p
formed has appeared.15 The Fe atoms order in a modulate
magnetic structure, with a propagation vectort of the form
(t,t,0), t;0.22, below a transition temperature of 100
The relatively poor quality of the crystals, and also the f
that TN appeared to be at variance with reported57Fe Möss-
bauer measurements, did not appear to justify a furt
neutron-scattering study.

Recently, a powder-diffraction study of the magnetic o
dering onMFe4Al8 was reported by Papamantelloset al. for
M5La, Ce, Y, and Lu,19 and for M5Tb.20 The Lu and Y
polycrystalline samples ordered at a temperature of ab
190 K, in agreement with the Mo¨ssbauer results, but a muc
05441
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higher value than found by us on the single crystals. In b
the single-crystalline and polycrystalline samples the mo
lation of the Fe atoms propagate along the@110# directions.
However, the wave vectors found on the powder wo
(0.135,0.135,0) and (0.145,0.145,0) for the Lu and
samples, respectively, are much shorter than those meas
on the single crystals, albeit being closer to the values fo
in DyFe4Al8 and HoFe4Al8 . This puzzling situation con-
cerning the different results obtained from the polycrystall
and single-crystal samples prompted us to perform a be
characterization of the crystals by other techniques, and
perform more detailed neutron studies. The unpolarized n
tron experiments were complemented with a zero-field n
tron polarimetry experiment on the Lu crystal which, com
bined with new Mo¨ssbauer spectroscopy results and sing
crystal magnetization measurements, gives new insights
the problem.

We have now clear evidence that single-crystalli
samples of LuFe4Al8 and YFe4Al8 produced by the Czo-
chralski method by pulling a seed from a stoichiometric m
of the metals grow systematically off stoichiometry. Th
crystals end slightly enriched in Fe which partially subs
tutes Al at the crystallographic 8j sites.21 Probably as a re-
sult of frustration between the competing 8f -8 f and 8f -8 j
interactions, the type of magnetic ordering at the 8f sites
changes drastically and a substantially lower Ne´el transition
temperature is found.

II. SAMPLE PREPARATION

The crystals were grown at ITN, Sacave´m. The pure met-
als in stoichiometric proportions were melt under high pur
argon in a tri-arc furnace on a water cooled copper crucib
The starting materials were used in the form of ingots w
purity higher than 99.9%. The bulk charges were turned o
and remelted at least twice to ensure homogeneity. The c
tals were grown in an induction furnace with a levitatio
cold crucible by the Czochralski method, pulling a tungst
tip from the melt at a rate of;2 cm/h and a rotation rate o
15 rpm. The samples used for neutron experiments hav
typical cylinder shape with approximate dimensions 8.0 m
high and 2.0 mm diameter.

III. SINGLE-CRYSTAL MAGNETIZATION
MEASUREMENTS

The susceptibility and magnetization curves were m
sured with a superconducting quantum interference de
magnetometer~Quantum Design MPMS! along thea and c
axis of a small single crystal extracted from the two larg
samples that were used for the neutron-scattering exp
ments. The thermomagneticM (T) curves were measured un
der a small applied magnetic field (H5100 Oe) while cool-
ing under field ~FC!, and also on heating after zero-fie
cooling ~ZFC!. The magnetization curvesM (H) were mea-
sured at a set of various temperatures in the range 5–20
up to a maximum field of 5.5, and the full hysteresis cyc
was measured at 5.0 K. The magnetization and susceptib
curves of the Lu and Y crystal are very similar.
0-2
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Figure 2 shows the temperature dependence of the m
netization of the Y sample under a field of 100 Oe appl
parallel to thec axis. A sharp anomaly is seen on the su
ceptibility curve at 100~2! K and another smaller anomal
occurs as a broader shoulder at 60~5! K. These two anoma-
lies are seen on both the ZFC and FC curves and also w
the field is applied along thea axis.

The magnetization curves are typical of an antiferrom
net, increasing almost linearly with field up to 5.5 T~Fig. 3!.
A comparison of the measurements performed along tha
andc axis shows that the magnetic anisotropy is small. T
full hysteresis cycle of the Y sample measured at 5 K is
shown in the insert of Fig. 3. The hysteresis is very small a
the remanence practically zero.

A fit of the inverse susceptibility in the paramagne
range using a modified Curie-Weiss law,x5x01C/(T
2up) gives an effective moment per iron atom of 4.30mB
andup52125 K.

FIG. 2. M (T) curves measured on a small single crystal
YFe4.4Al7.6 with an applied magnetic field of 100 Oe applied par
lel to thec-axis cooling under field~full circles! and after zero field
cooling ~open circles!.

FIG. 3. M (H) curve measured on a small single crystal
YFe4.4Al7.6 at temperatures 5, 50, 100, 150, and 200 K. The fi
was applied parallel to thec axis. The inset shows a full hysteres
cycle measured at 5 K.
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Magnetization and susceptibility measurements have b
reported on a single-crystalline sample of YFe4Al8 also
grown by Czochralski in another laboratory,11 which showed
a flat maximum of the susceptibility at 195 K and a rath
pronounced increase of the susceptibility below 100 K. T
was interpreted as weak ferromagnetism arising either fr
partial disorder of the Fe and Al atoms or as a canting of
antiferromagnetic moments at low temperatures.

IV. STRUCTURAL REFINEMENT

In order to better characterize the single crystals, parti
larly having in mind a precise determination of stoichiome
and amount of extinction, the intensities of a set of nucl
Bragg reflections were measured on the D15 diffractome
installed at Institut Laue-Langevin’s High Flux Reactor. Th
two-axis diffractometer uses a wavelength of 1.172 Å from
Cu~331! monochromator and works in normal-beam geo
etry, so that reflections out of the equatorial plane can
measured and much of reciprocal space is accessible.
samples were mounted on a standard aluminum sam
holder and placed inside an ILL ‘‘orange cryostat’’ with th
long axis of the crystal vertical and parallel to thev axis of
the diffractometer.

During the initial stages of the experiment it was fou
that both the Lu and Y crystals were twinned. An orientati
matrix was obtained with the crystallographic@01̄1# axis
vertical but a number of reflections were found that could
be indexed as integerhkl by this matrix. However, these
reflections could be indexed with another orientation ma
with the c axis vertical. No single orientation matrix coul
index all reflections, although a subset of them could be
dexed witheitherof the two matrices. These reflections we
broad and exhibited a split profile. It was concluded that
samples are twinned, each crystal consisting of a juxtap
tion of two individual single-crystal grains, one having th

@01̄1# and the other the@001# axis vertical.
The origin of the twinning can be found on the fact th

the a and c cell parameters closely match the relationa

5A3c. Thus the@002# and @01̄1# axis can easily be mis
matched during crystal growth. Such a mismatch cor
sponds to a rotation of the crystal by circa 60° around tha
axis as depicted in Fig. 4. This rotation is given in the cry

f

d

FIG. 4. Rotation of crystal axis underlying the twin law. Th
@100# axis is perpendicular to the drawing plane. Noticea is close
to 60° whena;A3c.
0-3
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tallographic direct space by the matrix

M5S 1 0 0

0
1

2

1

2

0 2
3

2

1

2
D . ~4.1!

The corresponding rotation in reciprocal space that tra
forms thehkl indices of a reflection of the grain with@01̄1#
vertical into those of a possibly overlapping reflection ori
nating from the grain with thec axis vertical isM 85M̃ 21:

M 85S 1 0 0

0
1

2

3

2

0 2
1

2

1

2
D . ~4.2!

The above twin law was confirmed by performing rocki
scans of severalhkl reflections from one, the other, or bo
single-crystal grains. Figure 5 shows two such scans, on
a double reflection with contribution from both grains a
another of a reflection originating from a single grain.

Having understood the twin law, an extensive set
nuclear intensities was measured to refine the crystal st
ture. A total of 850 and 574 reflections for the Lu and
samples, respectively, were measured at a stabilized
perature of 2.0~5! K. The intensities were measured on wid
v scans, the reflection profiles integrated and corrected
the Lorentz factor using the ILL programCOLL5N. No ab-
sorption corrections were performed due to the low abso
tion cross section of thermal neutrons of the two sample

The least-squares refinement of the crystal structures
performed using the computer programSHELXL97.22 Each re-
flection was indexed as arising from one or the other of
two grains and for those points where the two recipro
lattices coincide the program was instructed to calculate
intensity given by the sum of the contributions of the tw
individual grains, weighted by their volume fraction. Th
parameters that were refined in the structural model were
8 f , 8i , and 8j site occupancies, thex atomic coordinates o
the 8i and 8j sites, the anisotropic Debye-Waller temper
ture factors, one extinction parameter and the relative v
ume fraction of the two grains. The total number of para
eters refined was 20 but the data/parameter redundan
comfortably large (.25). In the full-matrix least-squares re
finement the minimized quantity was(w(I obs2I calc)

2, w
51/@s2(I )1(pI)#2 where the instability factorp used to
downweight the strongest reflections was adjusted to obta
flat distribution of residuals with no bias towards the stro
gest reflections.

Once the twinning was taken into account, an excellen
to the intensity data was obtained as shown by the low va
of the residual indices measuring the discrepancy betw
the observed and calculated structure factorsR52.72 and
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2.93 % for the Lu and Y samples, respectively. The results
the final cycle of the least-squares fits are given in Table
and II. No significant correlations above 70% between
refined parameters were found on analysis of the inve
variance-covariance matrix. Extinction is small in both cry
tals, the intensity loss by extinction of the strongest reflect
amounts to 19% but is negligible for most reflections.

Despite the twinning problem, the precision of the stru
tural parameters of the single-crystal data is higher~except
for cell parameters! compared to the powder data19 with es-
timated uncertainties four to five times smaller. However,
results match closely, except for the site occupancies.
deed, there is clear evidence from the refinements that b
single crystals of Lu and Y are off the ideal stoichiomet
and that partial substitution of Fe by Al occurs at the 8j sites.
As shown below, this is in agreement with the Mo¨ssbauer
results and has an important effect on the magnetic pro
ties. Within the accuracy of our data, the 8f sites and the 8i
sites are fully occupied exclusively by Fe and Al atom
respectively. The compositions obtained from the refined
occupancies are LuFe4.38(4)Al7.62(4) and YFe4.40(5)Al7.60(5).
The relative volume fraction of the two individual grain
forming the twinned crystals are in both samples close

FIG. 5. Rocking scans through the 004 and 330 nuclear refl
tions of the twinned LuFe4.4Al7.6 crystal. The 330 reflection is a
single peak, the 004 reflection shows a double peak structure

second peak is the 062̄ reflection originating from the other twin
crystal grain.
0-4
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TABLE I. Crystallographic data for LuFe4.4Al7.6.

Atom Site x y z Occ Beq

Lu 2a 0 0 0 1.0 0.24~4!

Fe 8f 1/4 1/4 1/4 1.02~1! 0.20~2!

Al 8 i 0.3410~2! 0 0 0.99~1! 0.22~4!

Al 8 j 0.2786~2! 1/2 0 0.906~8! 0.37~4!

Fe 8j 0.094~8!

Space group:I4/mmm
a5b58.644(3) Å c55.032(2) Å
R(F)52.72% wR(F2)55.98%
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80%:20%, the grain with the largest volume being that w
c parallel to the growth axis of the crystal.

V. MÖSSBAUER SPECTROSCOPY

A small fragment taken out of the tip of the LuFe4Al8
single crystal used for neutron work was powdered. The
sulting powder was pressed together with lucite powder i
perspex holders, in order to obtain homogeneous and iso
pic Mössbauer absorbers containing;5 mg/cm2 of natural
iron. The 57Fe Mössbauer-spectroscopy results were o
tained in the transmission mode using a constant accelera
spectrometer and a 25 mCi57Co source in a Rh matrix. The
velocity scale was calibrated using ana-Fe foil at room tem-
perature. Spectra were collected at several temperature
tween 300 and 5 K. Low-temperature spectra were obtai
using a flow cryostat with temperature stability of60.5 K.
The spectra were fitted to Lorentzian lines using a modifi
version of the nonlinear least-squares method of Stone.23 The
fitting procedure was the same used in the case of
UFexAl122x intermetallics and is described in deta
elsewhere.24

The Mössbauer spectra of this sample, taken at 5 and
K ~Fig. 6! are similar to those obtained for UFe4.2Al7.8 ~Ref.
24! and YFe4.2Al7.8.21 Particularly, the presence of at lea
two magnetic splittings is clear in the spectrum at 5 K. T
feature, typical ofMFexAl122x (M5U,Y,4.2<x<4.4) in-
termetallics, reveals the occupation of a small fraction of
8 j sites by the Fe atoms in agreement with the structu
refinement based on the neutron data.
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The Mössbauer spectra of these compounds~as well as
those containing more Fe! have been successfully analyze
assuming that the magnetic hyperfine fields,Bhf of the Fe
atoms depend not only on the crystallographic site but a
on the number of the Fe nearest neighbors~NN!. The prob-
abilities of the configurations, corresponding to differe
numbers of Fe NN, have been calculated for theMFexAl122x

(M5U,Y,4.2<x<4.4) intermetallics assuming full occu
pancy of the 8f sites by Fe and random occupation of thej
sites by Al and the remaining Fe atoms.24

Using the same model, several fits to the spectra of the
sample were performed assuming compositions LuFexAl122x

(x54.1, 4.2, 4.3, and 4.4!. A significantly better fit was ob-
tained for the composition LuFe4.3Al7.7. The estimated hy-
perfine parameters are summarized in Table III. The incre
of the estimated isomer shiftsd with increasing number of
Fe NN are similar to those observed for the Y and U analo
These trends may be understood on the basis of the F
intersite exchange interactions and of the decrease of
electron density at the Fe nuclei, respectively.24

The spectra obtained between 60 and 90 K~Fig. 6! could
only be fitted by a continuous distribution ofBhf . Either a
true continuous distribution of hyperfine fields is present o
large number of differentBhf which cannot be resolved. As
suming thatmFe are proportional toBhf this suggests that, in
this temperature range, there is either an incommensu
distribution of mFe values or, at least, a large number
different values. Below 60 K the distribution of hyperfin
fields sharpens and at 5 K the spectra could be reasonably
TABLE II. Crystallographic data for YFe4.4Al7.6.

Atom Site x y z Occ Beq

Y 2a 0 0 0 1.0 0.35~6!

Fe 8f 1/4 1/4 1/4 1.02~2! 0.26~2!

Al 8 i 0.3410~3! 0 0 1.00~2! 0.27~6!

Al 8 j 0.2787~2! 1/2 0 1.00~1! 0.44~6!

Fe 8j 0.094~8!

Space group:I4/mmm
a5b58.669(9) Å c55.030(9) Å
R(F)52.93% wR(F2)55.86%
0-5
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with only three differentmFe values for the YFe4Al8 sample
and four values for the LuFe4Al8 one.

VI. UNPOLARIZED-NEUTRON EXPERIMENTS

A survey of reciprocal space searching for magnetic
flections at low temperature was performed on the D15

FIG. 6. Mössbauer spectra from powder of a fragment of
LuFe4.4Al7.6 single crystal, as function of temperature.

TABLE III. Estimated parameters from the Mo¨ssbauer spectrum
of the LuFe4.3Al7.7 sample taken at 5 K. The relative areasI are
fixed at consistent values with the calculated probabilities for
different number of Fe nearest neighbors~NN! on the 8f and 8j
sites. The isomer shiftd is relative to metallica-Fe at 295 K;e
5(e2VzzQ/4)(3 cos2 u21) is the quadrupole shift calculated from
(f11f62f22f5)/2 wherefn is the shift on thenth line of the
magnetic sextet due to quadrupole coupling.G is the linewidths of
the two inner peaks of a sextet andBhf the magnetic hyperfine field
Estimated errors for the sextets withI .11% are<0.2 T for Bhf ,
<0.02 mm/s ford, e, G and for the others<0.4 T for Bhf ,
<0.03 mm/s ford, and<0.04 mm/s forG ande.

Site NN I (%) d ~mm/s! e ~mm/s! G ~mm/s! Bhf(T)

8 j >4 7.9 0.21 -0.15 0.33 19.3
8 f >3 2.8 0.22 -0.11 0.30 16.3
8 f >3 21.8 0.23 -0.17 0.30 13.8
8 f 2 67.5 0.29 -0.14 0.28 10.5
05441
-
f-

fractometer, using a wavelength of 1.172 Å. Seve
reciprocal-lattice scans were made along the main symm
directions of the Brillouin zone centered around a few rec
rocal lattice points with smallhkl indices. The reciprocal-
lattice scans along the line 200→020 for the Lu and Y crys-
tals are shown in Figs. 7 and 8, respectively.

Symmetric pairs of satellites occur around the nucl
peaks corresponding to a propagation vector of the formt
5(t,t,0), similarly to what was found in DyFe4Al8 ,17

HoFe4Al8 ,17 TbFe4Al8 ,20 and on stoichiometric LuFe4Al8
and YFe4Al8 polycrystalline samples.19 The t value is
0.212~5! and 0.226~5! r.l.u. for the Lu and Y crystals and is
practically independent of temperature within theQ resolu-
tion of our experiments. These values are much larger t

FIG. 7. Scans along thehh̄0 direction from 020 to 200 mea
sured in the LuFe4.4Al7.6 sample at 3.0 K~solid points! and 150 K
~open points!. The strong 200 and 020 nuclear reflections hav
peak intensity of;200 000 and are truncated on the expand
scale.

FIG. 8. Scan along thehh̄0 direction from 020 to 200 measure
in the YFe4.4Al7.6 sample. Note that the intensity is plot on a log
rithmic scale. A similar reciprocal-lattice scan passing through
121 reflection and showing the absence of satellites is presente
clarity on an offset scale.
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those found previously in these types of compounds,
which t;0.133–0.145.

No satellites are observed around reciprocal-lattice po
with h1k1 l odd. This means that the magnetic structu
fullfils the body centering rule, and therefore the Fe ato
which are related by the body centering operators must h

a phase shift that is simply given by 2pt•( 1
2 , 1

2 , 1
2 )52tp.

The magnetic ordering lowers the symmetry of the s
tem, as the propagation vector does not remain invariant
der the tetragonal fourfold rotation. Therefore the 8 Fe ato
in the unit cell are split into two nonequivalent sets:

1 2 3 4

Fe1 at
1

4
,
1

4
,
1

4

1

4
,
1

4
,
3

4

3

4
,
3

4
,
1

4

3

4
,
3

4
,
3

4
,

Fe2 at
1

4
,
3

4
,
1

4

1

4
,
3

4
,
3

4

3

4
,
1

4
,
1

4

3

4
,
1

4
,
3

4
. ~6.1!

The moments of these two sublattices are notsymmetrycon-
strained to have equal values or be parallel and there will
in general, a phase shiftf between the modulations of th
Fe1 and Fe2 sublattices.

If the phase difference between the Fe1 and Fe2 repre
tative atoms at14 , 1

4 , 1
4 and 1

4 , 3
4 , 1

4 corresponds to 2pt•(rFe2
2rFe1)5tp then the structure factor for those reflectio
with h or k odd will be zero and magnetic satellites wou
occur only around nuclear Bragg reflections withh and k
even—the so-calledF mode.

In the cases of DyFe4Al8 and HoFe4Al8 we have found
that the magnetic satellites only exist around thosehkl re-
flections withh andk odd arising from the Fe moments. Th
indicates that the modulation of the Fe2 sublattice has
extrap phase shift with respect to that of Fe1, i.e.,F5tp
1p, corresponding to the so-calledG antiferromagnetic
mode.

For the two off-stoichiometric crystals of Lu and Y no
under study, the satellites are found aroundboth types of
reflections, as shown in Figs. 7 and 8, which means that
phase shift between the Fe1 and Fe2 atoms is not one o
special cases wheref5tp or f5tp1p. However, the
satellites arenot seen aroundhkl indices with mixedh andk
parities, which shows that the moments on the sites 1 an
and 3 and 4 are parallel.

The temperature dependence of the intensity of the 110̄1

satellites for the Lu and Y samples are shown in Figs. 9
10. The magnetic intensity is not yet saturated at the low
temperature attained in the experiment~1.9 K! but it was
found to decrease on warming rather smoothly and vanis
at 100~3! K. This value for the Ne´el temperature is in good
agreement with that obtained from the susceptibility m
surements and Mo¨ssbauer data. The second magne
anomaly at 60 K of the susceptibility curves, also noticed
the Mössbauer measurements, does not show clearly onI
vs T curves.

We have searched for any other components of the m
netic modulation, particularly for higher-order harmonic
but none were found. As can be seen in Fig. 7 the intensit
the weak 110 reflection is virtually the same at 2.0 and 15
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for the Lu crystal. This excludes the possibility of a seco
antiferromagnetict50 component that has been reported
stoichiometric LuFe4Al8 but not in YFe4Al8 .19

VII. NEUTRON ZERO-FIELD POLARIMETRY

The single crystal of LuFe4Al8 was examined on the
three-dimensional zero-field polarimeter CRYOPAD-II i
stalled on the sample table of the neutron triple-axis sp
trometer IN20 at the ILL.

We have recently discussed in detail the application
zero-field polarimetry to study the noncollinear magne
structure of DyFe4Al8 which unambiguously established th
form of the magnetic modulation as a cycloid propagat
along@110# with the moments rotating in the~001! plane. A
thorough description of CRYOPAD and zero-field neutr
polarimetry is available.25 Here we shall only give a brie
discussion and show the results obtained on a similar exp
ment performed on the LuFe4Al8 sample.

The polarization of scattered neutrons depends on

FIG. 9. Temperature dependence of the 110̄1 and 22̄01 mag-
netic satellites of LuFe4.4Al7.6.

FIG. 10. Temperature dependence of the 110̄1 and 22̄01 mag-
netic satellites of YFe4.4Al7.6.
0-7
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relative orientation of the magnetic interaction vectorQ with
respect to the polarization of incident neutrons.26 The mag-
netic interaction vector is defined as

Q5k̂3S E M ~r !exp~ i k•r !d3r D3k̂, ~7.1!

whereM (r ) is the magnetization distribution andk̂ is a unit
vector in the direction of the scattering vector. In generalQ
is a complex vector,Q5A1 iB. For acollinear structureA
is parallel toB, but for a helix or a cycloidA and B are
perpendicular.

For an amplitude modulated wave the polarizationPf
scattered by a pure magnetic reflection withQiQ* is related
to the incident polarizationPi by precession throughp
around the magnetic interaction vectorQ. WhenQ andQ*
are not parallel, such as in an helix or cycloid structure,
situation is different. In this case, ifPi is perpendicular tok
then the polarization is flipped around the longer compon
of Q and rotated towards the scattering vector by an an
which depends on the quantity 2k•(A3B)/(A21B2).

In general the sample contains several magnetic doma
and the scattered polarization is an average of the ou
polarization scattered by each domain weighted by its v
ume fraction.

Because of our previous experience,17 the crystal was
mounted with the@11̄0# axis vertical and@110# and@001# in
the scattering plane in a variable temperature cryostat in
the zero-field region of the polarimeter. The magnitude a
direction of the polarization scattered by seven Bragg refl
tions of the formh6t,h6t,l were determined at 4.0 K with
the incident polarization parallel to each of thepolarization
axis in turn. The polarization axes are defined withz vertical,
x parallel to the scattering vector andy at right angles com-
pleting a right-handed Cartesian set.

The largest count rate at the detector of a magnetic sa
lite was only 2 cps and in order to obtain sufficient statist
the measurements of each reflection lasted for several ho

The results are shown in Table IV and the major featu
can be summarized as follows:

~i! There is no significant rotation of the polarization.
~ii ! There is no significant depolarization of the scatte

beam when the incident polarization is parallel to the sc
tering vector (x axis!.

~iii ! For all reflections, the polarization of the scatter
beam is reversed when the incident polarization is paralle
x or z, but not when it is parallel toy.

~iv! The scattered beam is depolarized to some ex
when the incident polarization is parallel toy or z. The de-
polarization is greatest for those reflections withl 50.

From these results one can deduce the following cha
teristics of the magnetic structure. From~i! and the fact that
depolarization is observed, it can be deduced that antife
magnetic domains are present, and equally occupied. Ob
vation ~ii ! should always be true for pure antiferromagne
reflections. Observation~iii ! indicates that the largest com
ponent of the moments lie in the (110) plane containing
propagation vector and thec axis. Observation~iv! shows
that there must be a component of the moment parallel to
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c axis. To give the observed result, the major componen
the moment must lie along@110#. There must also be a com
ponent parallel toc and a smaller one in the@11̄0# direction
perpendicular to the scattering vector.

Overall, these observations areincompatiblewith a cyc-
loidal model where the Fe moments rotate in the (00
planes as found in DyFe4Al8 , HoFe4Al8 , TbFe4Al8 , and in
stoichiometric YFe4Al8 . In such a case the polarization o
the hh0 reflections is reversed when incident parallel tox
and y and remains unchanged when incident parallel toz.
Furthermore, and for a cycloid with low ellipticity and a
equipartition of domain population, a large depolarization
the beam would be expected for the 1121 satellites, because
for this reflection the real and imaginary components of
magnetic interaction vector would have a comparable m
nitude. Both these effects have been observed in meas
ments performed on DyFe4Al8 above the ordering tempera
ture of the rare earth, where the Fe modulation is indee
cycloid with the moments rotating in the tetragonal ba
plane. One would expect the same situation to occur for
double-cone cycloidal model proposed for stoichiomet
LuFe4Al8 ,19 where an alternating1212 G-type antiferro-
magnetic component parallel toc is added to the rotation o
the moments in the basal plane. The extrat50 component
observed in stoichiometric LuFe4Al8 , if present in our
sample, would not change the picture here, because this c
ponent does not interfere with the polarimetric measureme
of the satellites, in the same way as it does not interfere w
the intensities of these magnetic reflections.

A smaller subset of polarimetric data was also measu
at 70 K. The results are similar, within statistics, to tho
measured at low temperature.

VIII. MAGNETIC STRUCTURE REFINEMENT

A cycloidal magnetic structure with the moments rotati
in the (001) plane, such as found in DyFe4Al8 , HoFe4Al8 ,
and YFe4Al8 is in disagreement with the polarimetric me
surements on the Lu crystal. The simplest model for
magnetic structure that could explain the observed reve
of the polarization around thez axis is a cycloid with the
moments rotating in the diagonal~110! plane containing the
propagation vector and thec axis. However, this model can
not explain the observed depolarization of the beam, part
larly for the l 50 reflections. This requires that the maj
components of the moments lie in the~110! plane containing
the propagation vector. There must exist a component al
c and a smaller component along (110̄). All together, these
requirements can only be fullfield by a magnetic structu
with a rather low symmetry, which rules out any cycloid
model where the moments are constrained along a symm
plane of the unit cell. A lower symmetry modulated ma
netic structure is that of an amplitude modulated wa
which we find more likely in this case.

We have refined a possible model for the magnetic str
ture satisfying the above-mentioned requirements, star
from an amplitude modulated wave with the moments in
~110! plane but allowing for a tilt out of this plane. As a firs
approximation, the moments of all Fe atoms were co
0-8
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TABLE IV. CRYOPADII polarimetric data for LuFe4.38Al7.62. Pi andPf are the polarization vectors of th
incident and scattered beams. The polarization axes arexik, y is in the scattering plane containing@110# and

@001#, perpendicular tok andz is vertical and parallel to@11̄0#. Pc is the scattered polarization calculate
from the magnetic structure model of an amplitude modulated wave discussed in the text. The estimat
bars on the incident and scattered polarizations are60.02 and60.06, respectively.

Pi Pf Pc

h k l x y z x y z x y z

-1.22 -1.22 0.00 0.00 0.00 0.90 0.18 0.07 -0.64 0.00 0.00 -0.
0.90 0.00 0.00 -0.85 0.02 0.14 -0.90 0.00 0.00
0.00 0.90 0.00 0.35 0.75 0.03 0.00 0.54 0.00

-1.78 -1.78 0.00 0.00 0.00 0.90 0.03 0.13 -0.50 0.00 0.00 -0.
0.90 0.00 0.00 -0.93 -0.20 -0.05 -0.90 0.00 0.00
0.00 0.90 0.00 0.08 0.56 0.01 0.00 0.55 0.00

-1.22 -1.22 2.00 0.00 0.00 0.90 0.06 0.03 -0.86 0.00 0.08 -0.
0.90 0.00 0.00 -0.73 -0.32 0.02 -0.90 0.00 0.00
0.00 0.90 0.00 0.03 0.79 -0.07 0.00 0.90 0.08

-1.78 -1.78 2.00 0.00 0.00 0.90 0.04 -0.01 -0.81 0.00 0.09 -0.
0.90 0.00 0.00 -0.90 -0.16 0.02 -0.90 0.00 0.00
0.00 0.90 0.00 -0.12 0.74 0.08 0.00 0.90 0.09

-0.78 -0.78 2.00 0.00 0.00 0.90 -0.04 0.01 -0.87 0.00 0.08 -0.
0.90 0.00 0.00 -0.91 0.30 -0.12 -0.90 0.00 0.00
0.00 0.90 0.00 -0.19 0.81 0.03 0.00 0.90 0.08

-2.22 -2.22 2.00 0.00 0.00 0.90 0.04 0.01 -0.72 0.00 0.10 -0.
0.90 0.00 0.00 -0.91 -0.07 -0.10 -0.90 0.00 0.00
0.00 0.90 0.00 0.20 0.69 0.08 0.00 0.90 0.10

0.22 0.22 2.00 0.00 0.00 0.90 0.04 0.00 -0.85 0.00 0.08 -0.
0.90 0.00 0.00 -0.93 0.00 -0.02 -0.90 0.00 0.00
0.00 0.90 0.00 -0.01 0.90 0.01 0.00 0.90 0.08

-1.22 -1.22 -2.00 0.00 0.00 0.90 0.03 0.01 -0.83 0.00 -0.08 -0.
0.90 0.00 0.00 -0.85 0.15 -0.01 -0.90 0.00 0.00
0.00 0.90 0.00 0.04 0.67 -0.09 0.00 0.90 -0.0

-0.78 -0.78 -2.00 0.00 0.00 0.90 0.07 -0.13 -0.88 0.00 -0.08 -0.
0.90 0.00 0.00 -0.99 0.16 0.10 -0.90 0.00 0.00
0.00 0.90 0.00 -0.07 0.88 -0.03 0.00 0.90 -0.0
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strained to be parallel and the amplitudes of the modulati
of the two independent Fe magnetic sublattices to be eq
although as shown in Sec. V this is not an absolute requ
ment of symmetry. A least-squares fit of this model to t
polarimetric observations was performed using the le
squares programPALSQ which is based on the CCS
library.27 A reasonable agreement, with ax258.2, between
the calculated and observed final polarizations~respectively,
Pc andPf in Table IV! was obtained for the following set o
polar angles describing the direction of the momentsu
594.7(1)° andf547.3(5)° ~Table IV!. This corresponds
to a small tilt of 4.7(1)° of themoments towards thec axis
05441
s
al,
e-
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t-

and a 2.3(5)°rotation out of the~110! plane. If we allow the
two Fe moments to be nonparallel, the tilt angle of the Fe1
practically unchanged and that of Fe2 atom becomes clos
10° but the introduction of the two extra angular paramet
is not justified by a significant decrease of thex2 of the fit.

Although zero-field polarimetry is very sensitive to th
directions of the magnetic moments it cannot give abso
values for the magnetic moments. Therefore the small se
integrated intensities of the magnetic satellites of the
crystal was put on an absolute scale by comparison with
nuclear reflections, and combined with the information d
rived from the polarimetry results to obtain the amplitude
0-9
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the modulation of the Fe moments. Having fixed the dir
tions of the moments to the values given by the polarime
measurements, the moment of the Fe atoms and the p
shift between the Fe1 and Fe2 modulations were refined
least squares using the programMAGLSQ. The refined value
for the Fe moment was 1.3~1!mB and the phase differenc
between the Fe1 and Fe2 atoms is 25(10)°. The final
sidual factor between the observed and calculated intens
is relatively large (R521%), but the intensity data wa
sparse and of rather low quality. A drawing of the magne
structure of the amplitude modulated wave that best fits b
CRYOPADand the intensity data is shown in Fig. 11. We ha
also considered the alternate cycloidal model with the m
ments rotating in the~110! plane, which gave a worse fit t
the intensity data,R531%.

IX. DISCUSSION

We report a study of the magnetic properties
LuFe4.4Al7.6 and YFe4.4Al7.6, by means of magnetizatio
measurements, Mo¨ssbauer spectroscopy, and both unpol
ized and polarized single-crystal neutron-scattering exp
ments. The samples, which were grown by the Czochra
method starting from bulk charges with nominal 1:4:8 co
positions, were intended to be single crystals of the nom
composition, but ended slightly enriched in Fe. We ha
shown that the small excess of Fe has a pronounced effe
the magnetic properties of these compounds.

Using single-crystal neutron diffraction, we have show
that the excess of Fe atoms substitutes Al atoms only
positions 8j . The consequences of such a small substitut
that does not exceed 5% of the Al atoms, are a strong re
tion of the Néel temperature from 190 to 100 K. This sto
ichiometry is consistent with the interpretation of the Mo¨ss-
bauer spectra.

Retrospectively, it appears very likely that many of t
disparate results spread in the literature since the first rep

FIG. 11. Magnetic structure of LuFe4.4Al7.6 as deduced from a
combined refinement of polarimetric and magnetic intensity d
The Fe moments are close to the 110 direction but have a tilt a
of 2.3° out of this direction in the~001! plane and an additional til
of 4.7° out of this plane towards thec axis. See Eq.~6.1! for
identification of Fe1 and Fe2.
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on these compounds concerning, e.g., the value of the N´el
temperature of YFe4Al8 and LuFe4Al8 , may be due to a
similar problem. Depending on the annealing conditio
even polycrystalline samples prepared from stoichiome
bulk charges tend to deviate from the ideal compositi
probably due to the fact that stoichiometric YFe4Al8 and
LuFe4Al8 do not melt congruently. For instance, we ha
found that only after annealing a stoichiometric bulk char
for a long time at a relatively high temperatu
(;1000 K) we could obtain a single-phase polycrystalli
and stoichiometric sample.21

Similarly to the stoichiometric compounds, the Fe ato
order in a modulated magnetic structure with a wave vectot
of the form (tt0). The value oft;0.22 is, however, abou
twice that found in the stoichiometric compounds. Sin
these values oft presumably represent nesting wave vect
of the Fermi surface topology, it is not surprising that ad
tion of Fe changes the shape of Fermi surface. Moreover,
propagation vectors in the Lu and Y compounds are found
bet50.212(5) and 0.226~5!, respectively, and both crystal
are off-stoichiometricMFe41dAl82d by d50.40. Another
important consequence ofd.0 is that the phase angle be
tween the two Fe sublattices changes fromp to ;25°. Pre-
sumably this is related to the complex exchange paths se
by the additional Fe on the 8j site.

Using unpolarized neutron scattering (LuFe4.4Al7.6 and
YFe4.4Al7.6) and zero-field neutron polarimetr
(LuFe4.4Al7.6), we have shown that thedirection of the Fe
moments is also different from the stoichiometric com
pounds. According to a recent neutron powder-diffracti
study,19 YFe4Al8 has a magnetic structure that is a cyclo
with the moments rotating in the~001! plane and that of
LuFe4Al8 has superimposed an extrat50 G-type antiferro-
magnetic component resulting on a double-cone cycl
structure. Neither of these structures can apply to the
stoichiometric LuFe4.4Al7.6because they are not compatib
with the results of the zero-field neutron polarimetry stud

Although we cannot rule out other magnetic structu
that could explain as well the polarimetric results, it appe
that the most likely magnetic structure is that of an amplitu
modulated wave with the Fe moments almost parallel to
@110# direction but with a small tilt of this axis in the~001!
plane and also a small component towards thec axis.

The Mössbauer experiments of LuFe4.4Al7.6 have demon-
strated that on cooling below;60 K there is a distinct
sharpening of the spectra; this has the consequence tha
distribution of magnetic moments required for the fit is r
duced to a small number of singleBh f values. At the lowest
temperatures only four different magnitudes of the Fe hyp
fine field, ranging from 10.5 to 19.3 T are required to sim
late the experimental data~see Table III and Fig. 6!. Such an
interpretation is at variance with the model proposed fr
the analysis of the neutron data. This interpretation propo
an amplitude-modulated wave. Since the modulation w
vector is incommensurate, such an amplitude modula
structure would result inall possible magnitudes of the F
moments. In examining this apparent contradiction betw

.
le
0-10
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the two measurements we have to be aware of the exp
mental limitations. From the physics aspect, we would
pect some change of the modulation on lowering the te
perature as the energy cost in entropy at the low
temperature to maintain nonuniform magnetic moments
considerable. Normally, one or both of two effects are o
served. First, the modulation becomes commensurable.
is outside our statistics, as the likely values would be 0.20
0.25, rather than the observed 0.212~5!. Second, the modu
lation would tend to ‘‘square’’ as the temperature is lowere
Such a squaring results in high-order Fourier compone
which would be seen, in particular, as a contribution at 3t.
For a perfect square-wave modulation the amplitude r
A3 /A1 between the first- and third-order harmonics is;1/3,
so that the intensity of the third-order satellite is rough
10% of that of the first. Looking at Fig. 7, we would the
expect to observe peaks of;80 cts on the scale of the figur
at the positions of the third-order satellites. They are
observed on this scale. However, this is for a compl
square wave; a partial squaring, which would still be cons
tent with the Mössbauer results, might result in a peak
only 50% of this, i.e., 40 cts on a background of 50
Clearly, we are now entering the statistics of these neutr
scattering experiments on D15. Furthermore, the third-or
peaks are frequently broader in momentum space than
first-order, further reducing their signal/noise ratio. Wh
these various effects are considered, in addition to the tw
ning of the crystals, the apparent contradiction between
neutron and Mo¨ssbauer results should be treated with c
tion. Better crystals, together with a diffractometer such
D10, which has a lower background than D15,17 would be
needed to test these ideas further. Of course, the analys
the data from the neutron polarimeter derivesonly from the
first-order satellites, so, by definition, only one Fourier co
ponent is considered. A further discussion of this can
found in Ref. 17.

Finally, we note that both in Figs. 9 and 10, which sho
the temperature dependencies of the first-order satell
there are some apparent unusual intensity variations,
tween 60 and 70 K in LuFe4.4Al7.6, and at a somewhat lowe
temperature in the Y compound. Given the statistics of th
measurements, we cannot extract further information,
they may well indicate changes in the form of the magne
modulation, again consistent with the Mo¨ssbauer results.

The off-stoichiometric Lu and Y samples have rath
similar magnetic behavior, which is not totally unexpected
one considers that they are very close in composition. Mo
over, the two heavy elements are both nonmagnetic, clo
match in atomic radius and contribute the same numbe
electrons to the conduction band. Although we have not p
formed a study of the YFe4.4Al7.6 crystal at the level of detai
as that of LuFe4.4Al7.6, it appears that the major difference
the magnetic structure concerns a small difference of
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magnitude of the propagation vector of the modulation.
The value of the ordered Fe moment is close to that fou

in other related compounds such as DyFe4Al8 ,17

HoFe4Al8 ,17 UFe4Al8 ,16 UFe5Al7 ,28 and UFe10Si2 ,29 but is
lower than the value of 2.0mB found in the neutron powde
diffraction of stoichiometric LuFe4Al8 and YFe4Al8 ,19

which is closer to the full Fe moment. It is noteworthy that
DyFe4Al8 ,3,17 HoFe4Al8 ,3,17 UFe10Si2 ,29 YFe4.4Al7.6,
LuFe4.4Al7.6 ~present study!, where both single-crystal neu
tron diffraction and57Fe Mössbauer spectroscopy have be
performed, the hyperfine coupling constant is close
Bh f /mFe51162 T/mB . Considering that theBh f are very
similar (;11 T) in all the MFe4Al8 compounds, and al-
thoughBh f /mFe is not expected to be the same for all F
containing compounds,29 it is still surprising that themFe in
YFe4Al8 and in LuFe4Al8 estimated from powder diffraction
are significantely larger than themFe;1mB estimated for the
above referred ThMn12 intermetallics. It is well known that
whereas the 8f -8 f site interaction is antiferromagnetic th
presence of Fe at 8j sites favors a ferromagnetic alignmen
Indeed, YFe5Al7 exhibits ferromagnetic behavior with
saturation magnetization of;1.3mB/Fe. A tendency towards
ferromagnetism with increasing Fe concentration is a
found in the UFexAl122x , x.4 system. For a small exces
of Fe, such as in our samples, a competition between
antiferromagnetic 8f -8 f coupling and a ferromagnetic 8f -8 j
interaction might explain the observed decrease ofTN com-
pared to the stoichiometric composition.

Despite the increased degree of complexity of both m
netic and crystallographic structures that can be hand
nowadays by careful work on good resolution neutr
powder-diffraction data using the Rietveld method,19,20 it is
clear that the complex magnetic interactions in ThMn12-type
compounds are still best studied on single-crystal samp
Moreover, the most powerful techniques to study nonc
linear magnetic structures such as zero-field neutron po
imetry require the use of single crystals.

It appears that YFe4Al8 and LuFe4Al8 do not melt con-
gruently in stoichiometric proportions which may expla
why crystals grown by Czochralski by pulling from
stoichiometric melt become enriched in Fe. Therefore la
single crystals of YFe4Al8 and LuFe4Al8 for neutron-
diffraction studies have to be grown by a different techniq
such as mineralization or flux growth.
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