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Magnetic structures of MFe 4 sAlg_ s (M=Lu,Y)
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The magnetic structure of nonstoichiometric LuFgAlg_ s and YFg, sAlg_ s compounds with a small Fe
excess §~0.40) was investigated by Msbauer 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 § positions and have a pronounced effect on the magnetic properties. EideNegerature 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 ordering temperatures of Lufdg and YFgAlg
were determined by Buschow and van der Kfasas 197.3

The MFgAlg (M =rare earth or actinigefamily of ter-  and 184.7 K, respectively, on the basis of $dbauer data.
nary intermetallic compounds with the Thitype of struc-  However, the reported susceptibility curve of the Lu sample
ture show unusual magnetic properties which have been thghowed a well defined maximum at 100 K. Felner and
subject of considerable controversy for quite some time.  Nowik, in turn, assigned an ordering temperature of 97 and

These compounds crystallize in a body centered tetrago?4 K t0 LuF@Alg and YFQAlg, respectively, deduced from
nal cell, space group4/mmm The rare earth occupies the Magnetization measurements. The susceptibility curve of
2a crystallographic sites, at the origin and center of the cell.Y F€Alg also showed an anomaly at 100 K. Although dis-
The remaining atoms occupy thé,88i, and § sites, with a  @dréeing in the Fe ordering temperature, both authors agreed
strong preference of the Fe atoms for the sites. In an that the ordering of the Fe atoms is antiferromagnetic, prob-

ideally stoichiometric and ordered compound tHesges are  2Ply @ modulated magnetic structdre.
fully occupied by the Fe atoms, and the &d § sites by A number of unusual magnetic phenomena have been ob-

the Al atoms only. The rare-earth atom then sits at the centei¢"ved and reported for the system Yk, , namely an
of a regular tetragonal prism surrounded by 8 Fe at¢figs anomalous thermomagnetic behavior comparing the field-
1).

The first report on the magnetic properties of this family 4
of compounds was given more than 20 years ago indepen- O 24
dently and almost simultaneously by Buschow and van der 0—+0—— i
Kraarf and by Felner and Nowik.The former reported Ble o o &
bulk magnetization and Misbauer measurements for a num- ’60. ) 8
ber of compounds and found that the Fe sublattice orders at AL--8A—0—— ¢y
temperatures between 135 and 200 K. The rare-earth atoms o 0 i
order at a much lower temperature, below 50 K. Due to the
highly symmetrical environment of thea2sites and the an- - >
tiferromagnetic coupling of the Fe atoms, the molecular field
acting on the rare-earth atoms is small. This would explain FIG. 1. Crystallographic unit cell of the ThMptype structure.
the lower ordering temperature of the rare earth compared tDhef element occupies theaZsites at the origin and body-centered
the transition-metal sublattice. positions. The other atoms occupy thg, i, and § sites.

.l
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cooled and zero-field-cooled curves, showing pronouncetiigher value than found by us on the single crystals. In both
hysteretic behavior even in small applied fiefd5.These the single-crystalline and polycrystalline samples the modu-
have been attributed to partial disorder between the Fe andtion of the Fe atoms propagate along [li¢0] directions.
Al sites. Felner and Nowik,on the account of failure to However, the wave vectors found on the powder work
observe any magnetic peaks on a powder neutron-diffractiof0.135,0.135,0) and (0.145,0.145,0) for the Lu and Y
experiment on YFRgAl, proposed that the Fe disorder could samples, respectively, are much shorter than those measured
produce a spin-glass state with no long-range order of the Fen the single crystals, albeit being closer to the values found
moments. Powder neutron-scattering experiments of DyFeAlg and HoFgAlg. This puzzling situation con-
DyFeAlg (Ref. 8§ and HoFgAlg (Refs. 9 and 1pwere also  cerning the different results obtained from the polycrystalline
interpreted in a spin-glass model. However, magnetic sateRnd single-crystal samples prompted us to perform a better
lites were observed at low temperature and attributed to theharacterization of the crystals by other techniques, and also
Fe atoms. It should be born in mind that the samples used iperform more detailed neutron studies. The unpolarized neu-
these experiments had a disorder of Fe atoms into itten8  tron experiments were complemented with a zero-field neu-
8j sites between 5 and 10 %. tron polarimetry eixperiment on the Lu crystal which, com-
Since this early work, crystals of both rare-earth and urabined with new Mssbauer spectroscopy results and single-
nium compounds with the ThMa type of structure became Crystal magnetization measurements, gives new insights into
available!'~* They have been used on more sophisticatedhe problem.
neutron- and magnetic x-ray scattering experimétits We have now clear evidence that single-crystalline
which enabled much more detailed information to be ob-Samples of LuFgAlg and YFgAlg produced by the Czo-
tained on the magnetic ordering and the nature of the interchralski method by pulling a seed from a stoichiometric melt
actions between the rare-earth and transition-metal subla@f the metals grow systematically off stoichiometry. The
tices, compared to older experiments on powders. crystals end slightly enriched in Fe which partially substi-
We have recently reported a single-crystal neutron studjutes Al at the crystallographicj8sites®* Probably as a re-
of DyFe,Alg and HoFgAlg using both unpolarized and po- sult of frustration between the competing-8f and & -8]
larized neutrond! It was found that the Fe sublattice orders interactions, the type of magnetic ordering at thie sites
at 175 K with a moment of g in theab plane in a cycloid changes drastically and a substantially loweeNeansition
magnetic structure with a propagation vector alpht0]. At  temperature is found.
~50 K (Dy) and 80 K(Ho) the rare-earth moment starts to
order and follows thg modulation of the'Fe sublattice. At a Il. SAMPLE PREPARATION
lower temperature higher-order harmonics of the magnetic
modulation develop due to a bunching of the cycloid modu- The crystals were grown at ITN, SacaveThe pure met-
lation of the rare-earth atoms along high-symmetry direc-als in stoichiometric proportions were melt under high purity
tions. Although the magnetic ordering is long range, givingargon in a tri-arc furnace on a water cooled copper crucible.
rise to sharp magnetic peaks, a non-negligible fraction of thd he starting materials were used in the form of ingots with
rare-earth moment appears as diffuse scattering beneath tharity higher than 99.9%. The bulk charges were turned over
Bragg peaks. It was also found that the modulated magnetiand remelted at least twice to ensure homogeneity. The crys-
structure of the rare-earth atoms is easily distorted under arfls were grown in an induction furnace with a levitation
small applied magnetic field, explaining the unusual sensitiveold crucible by the Czochralski method, pulling a tungsten
ity to small fields. The modulation on the Fe sublattice istip from the melt at a rate o2 cm/h and a rotation rate of
much more stable and remains unperturbed in fields up to &5 rpm. The samples used for neutron experiments have a
least 5.5 T. typical cylinder shape with approximate dimensions 8.0 mm
Pursuing these studies, we have been interested also in theggh and 2.0 mm diameter.
isostructural compounds with a nonmagnetic heavy atom,
such as are LuR@&lg and YFgAlg. Unfortunately, both the
available Lu and Y crystals were of much worse quality than
the U, Dy, and Ho ones, and found to be twinned. A brief
account on preliminary neutron-scattering experiments per- The susceptibility and magnetization curves were mea-
formed has appearéd.The Fe atoms order in a modulated sured with a superconducting quantum interference device
magnetic structure, with a propagation vectoof the form  magnetometefQuantum Design MPMSalong thea andc
(7,7,0), 7~0.22, below a transition temperature of 100 K. axis of a small single crystal extracted from the two larger
The relatively poor quality of the crystals, and also the factsamples that were used for the neutron-scattering experi-
that Ty appeared to be at variance with reporféBe Mass-  ments. The thermomagnefit(T) curves were measured un-
bauer measurements, did not appear to justify a furtheder a small applied magnetic fielti& 100 Oe) while cool-
neutron-scattering study. ing under field(FC), and also on heating after zero-field
Recently, a powder-diffraction study of the magnetic or-cooling (ZFC). The magnetization curved (H) were mea-
dering onM Feg;Alg was reported by Papamantellesal. for  sured at a set of various temperatures in the range 5—-200 K
M=La, Ce, Y, and LU4? and forM=Tb.?’ The Lu and Y  up to a maximum field of 5.5, and the full hysteresis cycle
polycrystalline samples ordered at a temperature of abouwvas measured at 5.0 K. The magnetization and susceptibility
190 K, in agreement with the Mwsbauer results, but a much curves of the Lu and Y crystal are very similar.

Ill. SINGLE-CRYSTAL MAGNETIZATION
MEASUREMENTS
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‘ ‘ ‘ FIG. 4. Rotation of crystal axis underlying the twin law. The
0 100 200 300 [100] axis is perpendicular to the drawing plane. Noticés close
T (K) to 60° whena~ \/3c.

FIG. 2. M(T) curves measured on a small single crystal of
YFe, JAl; g with an applied magnetic field of 100 Oe applied paral-
lel to thec-axis cooling under fieldfull circles) and after zero field
cooling (open circles

Magnetization and susceptibility measurements have been
reported on a single-crystalline sample of YAk also
grown by Czochralski in another laboratdiywhich showed
a flat maximum of the susceptibility at 195 K and a rather
. ronounced increase of the susceptibility below 100 K. This

Figure 2 shows the temperature dependence of the magaq interpreted as weak ferromagnetism arising either from
netization of the Y sample under a field of 100 Oe appliedy, ia| disorder of the Fe and Al atoms or as a canting of the

para'llell' to thec axis. A sharp anomaly is seen on the SUS-antiferromagnetic moments at low temperatures.
ceptibility curve at 10®) K and another smaller anomaly

occurs as a broader shoulder af®0K. These two anoma-
lies are seen on both the ZFC and FC curves and also when IV. STRUCTURAL REFINEMENT
the field is applied along tha axis.

The magnetization curves are typical of an antiferromag—Iarl

net, increasing almost linearly with field up to 5.5Hig. 3. and amount of extinction, the intensities of a set of nuclear

A comparison of the measurements performed alongathe ) .
andc axis shows that the magnetic anisotropy is small. TheBragg reflections were measured on the D15 diffractometer

full hysteresis cycle of the Y sample measuradsaK is installed at Institut Laue-Langevin’s High Flux Reactor. This
shown in the insert of Fig. 3. The hysteresis is very small an wo-axis diffractometer uses a wavelength of 1.172 A from a

. u(331) monochromator and works in normal-beam geom-
the remanence practically zero. (331) 9

; ! G ._etry, so that reflections out of the equatorial plane can be
A fit of the inverse susceptibility in the paramagnetic . . .
. o ) . = measured and much of reciprocal space is accessible. The
range using a modified Curie-Weiss law,= xo+ C/(T

9.y gives an effective moment per iron atom of 4,30 samples were mounted on a standard aluminum sample
andpﬁ g_ 125 K P holder and placed inside an ILL “orange cryostat” with the
p_ 0

long axis of the crystal vertical and parallel to theaxis of
the diffractometer.

In order to better characterize the single crystals, particu-
y having in mind a precise determination of stoichiometry

3 3 During the initial stages of the experiment it was found
2| o~ that both the Lu and Y crystals were twinned. An orientation
- P ; / | matrix was obtained with the crystallograpHi®11] axis
: | - A vertical but a number of reflections were found that could not
27 el ////4?/ 1 be indexed as integenkl by this matrix. However, these
i Y S = reflections could be indexed with another orientation matrix
=] 15 | ~60 —30 ) 30 so/‘% e ] 3 ! i ) N R X
) H e) e /,/ with the c axis vertical. No single orientation matrix could
= A e index all reflections, although a subset of them could be in-
Tr //xj/;//'/ //*/-i.sx ] dexed witheither of the two matrices. These reflections were
/{%/ e 50K broad and exhibited a split profile. It was concluded that the
L i e A—4 100K | . P . .
0.5 /;:{//J/ v 150K samples are twinned, each crystal consisting of a juxtaposi-
" MR tion of two individual single-crystal grains, one having the
0 L L DY . .
0 20 40 60 [011] and the other thg001] axis vertical.

The origin of the twinning can be found on the fact that
H (kOe) the a and c cell parameters closely match the relatian

FIG. 3. M(H) curve measured on a small single crystal of = 3. Thus the[002] and[011] axis can easily be mis-
YFe, /Al ¢ at temperatures 5, 50, 100, 150, and 200 K. The fieldmatched during crystal growth. Such a mismatch corre-
was applied parallel to the axis. The inset shows a full hysteresis sponds to a rotation of the crystal by circa 60° aroundahe
cycle measured at 5 K. axis as depicted in Fig. 4. This rotation is given in the crys-

054410-3



J. A. PAIXAO et al. PHYSICAL REVIEW B 63 054410
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The corresponding rotation in reciprocal space that trans- 2000 | J
forms thehkl indices of a reflection of the grain wiftf911] ‘,f
vertical into those of a possibly overlapping reflection origi- .
i in wi i ical isM’ =M 1 1040 1060~ 1080 1100 1120 ~ 1140
nating from the grain with the axis vertical isM’'=M ™ ": Srega (deg)
1 0 0 300
— _— | \\
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The above twin law was confirmed by performing rocking é 1001 ‘,
scans of severdikl reflections from one, the other, or both - i |
single-crystal grains. Figure 5 shows two such scans, one of
a double reflection with contribution from both grains and e
another of a reflection originating from a single grain. oL T e ‘ e
Having understood the twin law, an extensive set of -40.0  -380 _306rhoega (dB%A)"O -320  -300

nuclear intensities was measured to refine the crystal struc-
ture. A total of 850 and 574 reflections for the Lu and Y  FIG. 5. Rocking scans through the 004 and 330 nuclear reflec-
samples, respectively, were measured at a stabilized terfiens of the twinned LuFgAIl- ¢ crystal. The 330 reflection is a
perature of 2.(6) K. The intensities were measured on wide single peak, the 004 reflection shows a double peak structure, the
w scans, the reflection profiles integrated and corrected fogecond peak is the @6reflection originating from the other twin
the Lorentz factor using the ILL programoLLsN. No ab-  crystal grain.
sorption corrections were performed due to the low absorp-
tion cross section of the_rmal neutrons of the two samples. 2.93 % for the Lu and Y samples, respectively. The results of
The least-squares refinement of the crystal structures we%ﬁ final le of the least- fit 4 in Tables |
performed using the computer programeLxL97.2? Each re- € final cycie of he feast-squares s are g;ven In Tables
flection was indexed as arising from one or the other of theam,j Il. No significant correlations above 7.0/0 betwgen the
two grains and for those points where the two reciprocaf€finéd parameters were found on analysis of the inverted
lattices coincide the program was instructed to calculate aMariance-covariance matrix. Extinction is small in both crys-
intensity given by the sum of the contributions of the two tals, the intensity Ioss_ by ext!n_ctlon of the stronges_t reflection
individual grains, weighted by their volume fraction. The @mounts to 19% but is negligible for most reflections.
parameters that were refined in the structural model were the Despite the twinning problem, the precision of the struc-
8f, 8i, and § site occupancies, theatomic coordinates of tural parameters of the single-crystal data is higtexcept
the § and § sites, the anisotropic Debye-Waller tempera-for cell parametejscompared to the powder datawith es-
ture factors, one extinction parameter and the relative voltimated uncertainties four to five times smaller. However, the
ume fraction of the two grains. The total number of param-results match closely, except for the site occupancies. In-
eters refined was 20 but the data/parameter redundancy deed, there is clear evidence from the refinements that both
comfortably large & 25). In the full-matrix least-squares re- single crystals of Lu and Y are off the ideal stoichiometry
finement the minimized quantity waSw(lops—lcad?, W and that partial substitution of Fe by Al occurs at thesges.
=1[a%(1)+(pl)]?> where the instability factop used to As shown below, this is in agreement with the $sbauer
downweight the strongest reflections was adjusted to obtain esults and has an important effect on the magnetic proper-
flat distribution of residuals with no bias towards the stron-ties. Within the accuracy of our data, thé Sites and the 8
gest reflections. sites are fully occupied exclusively by Fe and Al atoms,
Once the twinning was taken into account, an excellent fitrespectively. The compositions obtained from the refined site
to the intensity data was obtained as shown by the low valueccupancies are Lukgg)Al7.62(4) and YFe 45717 60(5)-
of the residual indices measuring the discrepancy betweethe relative volume fraction of the two individual grains
the observed and calculated structure fact@rs2.72 and forming the twinned crystals are in both samples close to
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TABLE I. Crystallographic data for LuRgAl+¢.

Atom Site X y z Occ Beg
Lu 2a 0 0 0 1.0 0.24¢)
Fe 8f 1/4 1/4 1/4 1.021) 0.2012)
Al 8i 0.341@2) 0 0 0.991) 0.224)
Al 8] 0.27882) 1/2 0 0.9068) 0.3714)
Fe 8j 0.0948)

Space groupt4/mmm
a=hb=8.644(3) A
R(F)=2.72%

c=5.032(2) A
WR(F?)=5.98%

80%0:20%, the grain with the largest volume being that with The Massbauer spectra of these compoufas well as

c parallel to the growth axis of the crystal. those containing more Féave been successfully analyzed
assuming that the magnetic hyperfine fielBg; of the Fe
atoms depend not only on the crystallographic site but also
on the number of the Fe nearest neighb@ibl). The prob-

. A small fragment taken out of the tip of the Lufds abilities of the configurations, corresponding to different
single crystal used for neutron work was powdered. The re-
4 . . .__numbers of Fe NN, have been calculated forthEe Al 1,
sulting powder was pressed together with lucite powder intg

perspex holders, in order to obtain homogeneous and isotrcg-'vI =U'Y’4'2$X.$4'4) intermetallics assuming full oceu-
pic Mossbauer absorbers containingg mg/cnt of natural pancy of the 8 sites by Fg gnd random occupation of tfje 8
iron. The 57Fe Mcssbauer-spectroscopy results were ob-SiteS by Aland the remaining Fe atorifs.
tained in the transmission mode using a constant acceleration USing the same model, several fits to the spectra of the Lu
spectrometer and a 25 mEiCo source in a Rh matrix. The Sample were performed assuming compositions Lakg
velocity scale was calibrated using arFe foil at room tem-  (X=4.1, 4.2, 4.3, and 4)4A significantly better fit was ob-
perature. Spectra were collected at several temperatures d@ined for the composition LufzgAl; 7. The estimated hy-
tween 300 and 5 K. Low-temperature spectra were obtainegerfine parameters are summarized in Table . The increase
using a flow cryostat with temperature stability 0.5 K. of the estimated isomer shif§ with increasing number of
The spectra were fitted to Lorentzian lines using a modifiedre NN are similar to those observed for the Y and U analogs.
version of the nonlinear least-squares method of Stdfiee  These trends may be understood on the basis of the Fe-Fe
fitting procedure was the same used in the case of thitersite exchange interactions and of the decrease of the
UFgAl, , intermetallics and is described in detail electron density at the Fe nuclei, respectivély.
elsewheré? The spectra obtained between 60 and 9(Fig. 6) could

The Massbauer spectra of this sample, taken at 5 and 298nly be fitted by a continuous distribution &;. Either a
K (Fig. 6) are similar to those obtained for UF&\l; g (Ref.  true continuous distribution of hyperfine fields is present or a
24) and YFa Al, 4.2 Particularly, the presence of at least large number of differenB;; which cannot be resolved. As-
two magnetic splittings is clear in the spectrum at 5 K. Thissuming thatwg, are proportional tdy; this suggests that, in
feature, typical ofMFeAl,_, (M=U,Y,4.2<x=<4.4) in- this temperature range, there is either an incommensurate
termetallics, reveals the occupation of a small fraction of thedistribution of ug. values or, at least, a large number of
8] sites by the Fe atoms in agreement with the structuratlifferent values. Below 60 K the distribution of hyperfine
refinement based on the neutron data. fields sharpens and & K the spectra could be reasonably fit

V. MO SSBAUER SPECTROSCOPY

TABLE Il. Crystallographic data for YEgAI;¢.

Atom Site X y z Occ Beq
Y 2a 0 0 0 1.0 0.3%)
Fe 8f 1/4 1/4 1/4 1.02) 0.262)
Al 8i 0.341@3) 0 0 1.0G2) 0.276)
Al 8] 0.27872) 1/2 0 1.001) 0.446)
Fe §j 0.0948)

Space groupt4/mmm

a=b=8.669(9) A c=5.030(9) A

R(F)=2.93%

WR(F?)=5.86%
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FIG. 7. Scans along thehO direction from 020 to 200 mea-
sured in the LuFg,Al; ¢ sample at 3.0 Ksolid pointg and 150 K
(open points The strong 200 and 020 nuclear reflections have a
peak intensity of~200000 and are truncated on the expanded
scale.

fractometer, using a wavelength of 1.172 A. Several
reciprocal-lattice scans were made along the main symmetry
directions of the Brillouin zone centered around a few recip-
rocal lattice points with smalhkl indices. The reciprocal-
lattice scans along the line 260020 for the Lu and Y crys-
tals are shown in Figs. 7 and 8, respectively.

Symmetric pairs of satellites occur around the nuclear

FIG. 6. Mdssbauer spectra from powder of a fragment of thepeaks corresponding to a propagation vector of the ferm

LuFe, /Al; g single crystal, as function of temperature.

with only three differenfuge values for the YFgAlg sample

and four values for the Luiz&lg one.

VI. UNPOLARIZED-NEUTRON EXPERIMENTS

A survey of reciprocal space searching for magnetic re- 1c°
flections at low temperature was performed on the D15 dif-

TABLE Ill. Estimated parameters from the Msbauer spectrum

of the LuFg sAl;; sample taken at 5 K. The relative ardaare

different number of Fe nearest neighb@hN) on the & and §
sites. The isomer shifé is relative to metallica-Fe at 295 K;e

fixed at consistent values with the calculated probabilities for the £ 10° | 12
>

=(e?V,,Q/4)(3 cog 6—1) is the quadrupole shift calculated from

(1t Ppe— Ppo— ¢ps5)/2 whered, is the shift on thenth line of the

magnetic sextet due to quadrupole couplifgs the linewidths of
the two inner peaks of a sextet aBg the magnetic hyperfine field.

Estimated errors for the sextets with-11% are<0.2 T for By,
<0.02 mm/s foré, €, I' and for the others<0.4 T for By,
<0.03 mm/s fors, and<0.04 mm/s forl’ ande.

Site NN | (%) &6 (mm/9 e(mm/g I (mm/g B(T)

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

=(r,7,0), similarly to what was found in DyRgélg,*’
HoFeAlg,'” ThFeAlg,?° and on stoichiometric LuRélg

and YFgAlg polycrystalline sample¥ The 7 value is
0.2125) and 0.22@) r.lL.u. for the Lu and Y crystals and is
practically independent of temperature within tQeresolu-

tion of our experiments. These values are much larger than

200

020 f

110

Intensity (arb

-
o
>

10

0.0 1.0

k (r.l.u.)
FIG. 8. Scan along thkehO direction from 020 to 200 measured

in the YFe JAl; g sample. Note that the intensity is plot on a loga-

rithmic scale. A similar reciprocal-lattice scan passing through the

121 reflection and showing the absence of satellites is presented for

clarity on an offset scale.
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those found previously in these types of compounds, for 200
which 7~0.133-0.145.

No satellites are observed around reciprocal-lattice points ¢
with h+k+1 odd. This means that the magnetic structure | &
fullfils the body centering rule, and therefore the Fe atoms @

which are related by the body centering operators must have¢
111

a phase shift that is simply given byrz- (3,3,3) =27.

The magnetic ordering lowers the symmetry of the sys-.
tem, as the propagation vector does not remain invariant un
der the tetragonal fourfold rotation. Therefore the 8 Fe atoms= . ®
in the unit cell are split into two nonequivalent sets: 500 | . °

tensity (arb. units)

1000 [

n
L]

1 2 3 4
Felat l E E E E § § E 1 § E E 0 20 40 60 80 100 120 140
4°'4°4 4’44 4744 444 T (K)
Fe2 at E E E E E § § % % ; % ; (6.1 FIG. 9. Temperature dependence of thed1land 2D* mag-

netic satellites of LUFgAI .

The moments of these two sublattices are sywhmetrycon-

strained to have equal values or be parallel and there will bdOr the Lu crystal. This excludes the possibility of a second
in general, a phase shift between the modulations of the antiferromagneticc=0 component that has been reported in

Fel and Fe2 sublattices. stoichiometric LuFgAlg but not in YFgAlg.™
If the phase difference between the Fel and Fe2 represen-
tative atoms at;, 3,7 and z,3,7 corresponds to 27 (e, VII. NEUTRON ZERO-FIELD POLARIMETRY

—r'eey) = 77 then the structure factor for those reflections
with h or k odd will be zero and magnetic satellites would
occur only around nuclear Bragg reflections withand k
even—the so-calle& mode.

In the cases of DyRélg and HoFgAlg we have found
that the magnetic satellites only exist around thb&é re-
flections withh andk odd arising from the Fe moments. This
indicates that the modulation of the Fe2 sublattice has al
extra 7 phase shift with respect to that of Fel, i®.= 77
+r, corresponding to the so-calle@ antiferromagnetic
mode.

For the two off-stoichiometric crystals of Lu and Y now
under study, the satellites are found arouath types of
reflections, as shown in Figs. 7 and 8, which means that th
phase shift between the Fel and Fe2 atoms is not one of the
special cases wheré= 77 or ¢= 77+ 7. However, the 1500
satellites arenot seen arounthkl indices with mixech andk b
parities, which shows that the moments on the sites 1 and : 6% ¢ b _ &
and 3 and 4 are parallel. .f;%

The temperature dependence of the intensity of the™11 ¢
satellites for the Lu and Y samples are shown in Figs. 9 ancg 1000 ¢
10. The magnetic intensity is not yet saturated at the lowesZ °
temperature attained in the experiméht9 K) but it was
found to decrease on warming rather smoothly and vanishe:
at 1003) K. This value for the Nel temperature is in good
agreement with that obtained from the susceptibility mea- | ®e
surements and Msbauer data. The second magnetic ¢
anomaly at 60 K of the susceptibility curves, also noticed on oo
the Mossbauer measurements, does not show clearly oh the ~
vs T curves. . ‘ . ‘ ‘ e . ‘
We have searched for any other components of the mag 0 SRR 3
netic modulation, particularly for higher-order harmonics,
but none were found. As can be seen in Fig. 7 the intensity of FIG. 10. Temperature dependence of th@1®and 20" mag-
the weak 110 reflection is virtually the same at 2.0 and 150 Knetic satellites of YFgAl .

The single crystal of LuR#&lg was examined on the
three-dimensional zero-field polarimeter CRYOPAD-II in-
stalled on the sample table of the neutron triple-axis spec-
trometer IN20 at the ILL.

We have recently discussed in detail the application of
zero-field polarimetry to study the noncollinear magnetic

tructure of DyFgAlg which unambiguously established the
orm of the magnetic modulation as a cycloid propagating
along[110] with the moments rotating in th@01) plane. A
thorough description of CRYOPAD and zero-field neutron
polarimetry is availablé® Here we shall only give a brief
discussion and show the results obtained on a similar experi-
renent performed on the LukAlg sample.
The polarization of scattered neutrons depends on the

nsity (arl
o

Inte
(9]

o

o

[ ]
-
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relative orientation of the magnetic interaction vedfowith
respect to the polarization of incident neutréfghe mag-
netic interaction vector is defined as

Q=ic><(f M (r)exp(ik-r)d3r | X k, (7.2
whereM(r) is the magnetization distribution andlis a unit
vector in the direction of the scattering vector. In genegal,
is a complex vectorQ=A+iB. For acollinear structureA
is parallel toB, but for a helix or a cycloidA andB are
perpendicular.

For an amplitude modulated wave the polarizatien
scattered by a pure magnetic reflection w@hQ* is related
to the incident polarizatiorP; by precession throughr
around the magnetic interaction vect@r WhenQ and Q*

PHYSICAL REVIEW B 63 054410

c axis. To give the observed result, the major component of
the moment must lie alondL.10]. There must also be a com-

ponent parallel t@ and a smaller one in tHeL 10] direction
perpendicular to the scattering vector.

Overall, these observations arecompatiblewith a cyc-
loidal model where the Fe moments rotate in the (001)
planes as found in DyR&lg, HoFgAlg, TbFgAlg, and in
stoichiometric YFgAlg. In such a case the polarization of
the hhO reflections is reversed when incident parallelxto
and y and remains unchanged when incident parallek.to
Furthermore, and for a cycloid with low ellipticity and an
equipartition of domain population, a large depolarization of
the beam would be expected for the 11atellites, because
for this reflection the real and imaginary components of the
magnetic interaction vector would have a comparable mag-
nitude. Both these effects have been observed in measure-

are not parallel, such as in an helix or cycloid structure, thgnents performed on Dygals above the ordering tempera-

situation is different. In this case, H; is perpendicular tac

ture of the rare earth, where the Fe modulation is indeed a

then the polarization is flipped around the longer componengycioid with the moments rotating in the tetragonal basal
of Q and rotated towards the scattering vector by an anglgjane. One would expect the same situation to occur for the

which depends on the quantity2(A X B)/(A%+ B?).

double-cone cycloidal model proposed for stoichiometric

In general the sample contains several magnetic domain§u|:e4A|8119 where an alternating- — + — G-type antiferro-
and the scattered polarization is an average of the outpyhagnetic component parallel tois added to the rotation of
polarization scattered by each domain weighted by its VOlyne moments in the basal plane. The extea0 component

ume fraction.
Because of our previous experieriéethe crystal was

mounted with thélTO] axis vertical and110] and[001] in

observed in stoichiometric LuRAlg, if present in our
sample, would not change the picture here, because this com-
ponent does not interfere with the polarimetric measurements

the scattering plane in a variable temperature cryostat insidef the satellites, in the same way as it does not interfere with
the zero-field region of the polarimeter. The magnitude andhe intensities of these magnetic reflections.

direction of the polarization scattered by seven Bragg reflec- A smaller subset of polarimetric data was also measured
tions of the formh+ 7,h* 7,| were determined at 4.0 Kwith at 70 K. The results are similar, within statistics, to those

the incident polarization parallel to each of thelarization
axis in turn. The polarization axes are defined wtrertical,
x parallel to the scattering vector agdat right angles com-
pleting a right-handed Cartesian set.

measured at low temperature.

VIIl. MAGNETIC STRUCTURE REFINEMENT

The largest count rate at the detector of a magnetic satel- A cycloidal magnetic structure with the moments rotating
lite was only 2 cps and in order to obtain sufficient statisticsin the (001) plane, such as found in DyPés, HoFgAlg,
the measurements of each reflection lasted for several hour8nd YF@Alg is in disagreement with the polarimetric mea-
The results are shown in Table IV and the major featuregurements on the Lu crystal. The simplest model for the

can be summarized as follows:
(i) There is no significant rotation of the polarization.

magnetic structure that could explain the observed reversal
of the polarization around the axis is a cycloid with the

(i) There is no significant depolarization of the scatteredmoments rotating in the diagonel10) plane containing the
beam when the incident polarization is parallel to the scatPropagation vector and tteaxis. However, this model can-

tering vector k axis).

not explain the observed depolarization of the beam, particu-

(iii) For all reflections, the polarization of the scatteredlarly for the =0 reflections. This requires that the major
beam is reversed when the incident polarization is parallel t§omponents of the moments lie in tfEL0) plane containing

X or z, but not when it is parallel tg.

the propagation vector. There must exist a component along

(iv) The scattered beam is depolarized to some extent and a smaller component along (@)1 All together, these

when the incident polarization is parallel yoor z. The de-
polarization is greatest for those reflections withO.

requirements can only be fullfield by a magnetic structure
with a rather low symmetry, which rules out any cycloidal

From these results one can deduce the following charaanodel where the moments are constrained along a symmetry

teristics of the magnetic structure. Frdim and the fact that

plane of the unit cell. A lower symmetry modulated mag-

depolarization is observed, it can be deduced that antiferraaetic structure is that of an amplitude modulated wave,
magnetic domains are present, and equally occupied. Obserhich we find more likely in this case.

vation (ii) should always be true for pure antiferromagnetic ~ We have refined a possible model for the magnetic struc-
reflections. Observatiofiii) indicates that the largest com- ture satisfying the above-mentioned requirements, starting
ponent of the moments lie in the (110) plane containing thdrom an amplitude modulated wave with the moments in the
propagation vector and the axis. Observatior(iv) shows (110 plane but allowing for a tilt out of this plane. As a first
that there must be a component of the moment parallel to thapproximation, the moments of all Fe atoms were con-

054410-8



MAGNETIC STRUCTURES ORMFe, sAlg_ 5 (M=Lu,Y) PHYSICAL REVIEW B 63 054410

TABLE IV. cryopADII polarimetric data for LuFg;gAl; 6,. P; andP; are the polarization vectors of the
incident and scattered beams. The polarization axeg||asey is in the scattering plane containifyy10] and
[001], perpendicular tac andz is vertical and parallel t9110]. P, is the scattered polarization calculated
from the magnetic structure model of an amplitude modulated wave discussed in the text. The estimated error
bars on the incident and scattered polarizationsZa@e02 and=0.06, respectively.

P P Pe
h k I 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 -0.54
090 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 -0.54
090 000 0.00 -093 -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 -0.90
090 000 0.00 -0.73 -0.32 0.02 -0.90 0.00 0.00
0.00 090 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 -0.89
090 0.00 0.00 -0.90 -0.16 0.02 -0.90 0.00 0.00
0.00 090 0.00 -0.12 0.74 0.08 0.00 0.90 0.09

-0.78 -0.78 200 000 0.00 090 -0.04 0.01 -0.87  0.00 0.08 -0.90
090 0.00 0.00 -0.91 0.30 -0.12 -0.90 0.00 0.00
0.00 090 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 -0.89
090 o000 000 -091 -0.07r -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 0.22 200 000 0.00 0.90 0.04 0.00 -0.85  0.00 0.08 -0.90
090 0.00 0.00 -0.93 0.00 -0.02 -0.90 0.00 0.00
0.00 090 0.00 -0.01 0.90 0.01 0.00 0.90 0.08

-1.22 -122 -200 0.00 0.00 0.90 0.03 0.01 -0.83 0.00 -0.08  -0.90
090 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 -0.08

-0.78 -0.78 -200 0.00 0.00 090 0.07 -0.13  -0.88  0.00 -0.08 -0.90
090 0.00 0.00 -0.99 0.16 0.10 -0.90 0.00 0.00
0.00 090 0.00 -0.07 0.88 -0.03  0.00 0.90 -0.08

strained to be parallel and the amplitudes of the modulationand a 2.3(5) Totation out of thg110) plane. If we allow the

of the two independent Fe magnetic sublattices to be equalwo Fe moments to be nonparallel, the tilt angle of the Fel is
although as shown in Sec. V this is not an absolute requirepractically unchanged and that of Fe2 atom becomes close to
ment of symmetry. A least-squares fit of this model to the10° but the introduction of the two extra angular parameters
polarimetric observations was performed using the leastis not justified by a significant decrease of thof the fit.
squares progranPALsQ which is based on the CCSL  Although zero-field polarimetry is very sensitive to the
library 2" A reasonable agreement, withy@=8.2, between directions of the magnetic moments it cannot give absolute
the calculated and observed final polarizatiorespectively, values for the magnetic moments. Therefore the small set of
P. andP; in Table V) was obtained for the following set of integrated intensities of the magnetic satellites of the Lu
polar angles describing the direction of the momefts crystal was put on an absolute scale by comparison with the
=94.711)° and ¢=47.35)° (Table IV). This corresponds nuclear reflections, and combined with the information de-
to a small tilt of 4.71)° of themoments towards the axis  rived from the polarimetry results to obtain the amplitude of
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b on these compounds concerning, e.g., the value of tred Ne
temperature of YFAIlg and LuFgAlg, may be due to a
similar problem. Depending on the annealing conditions,
;" ,@#d g’ o’ even polycrystalline samples prepared from stoichiometric
bulk charges tend to deviate from the ideal composition,
o P ﬁ(g . probably due to the fact that stoichiometric A& and
ol Ll ’  Fel LuFeAlg do not melt congruently. For instance, we have
o Fe2 found that only after annealing a stoichiometric bulk charge
"/ g@' s gfﬁf for a long time at a relatively high temperature
(~1000 K) we could obtain a single-phase polycrystalline
and stoichiometric sampfé.
){5 /" gg p" Similarly to the stoichiometric compounds, the Fe atoms
order in a modulated magnetic structure with a wave vegtor
c of the form (r70). The value ofr~0.22 is, however, about
twice that found in the stoichiometric compounds. Since

FIG. 11. Magnetic structure of LufgAl; ¢ as deduced from a .
) ; ) , o . these values of presumably represent nesting wave vectors
combined refinement of polarimetric and magnetic intensity data.

The Fe moments are close to the 110 direction but have a tilt angl8_f the Fermi surface topology, it is nqt surprising that addi-
of 2.3° out of this direction in thé001) plane and an additional tilt tion of Fe changes the shape of Fermi surface. Moreover, the

of 4.7° out of this plane towards the axis. See Eq(6.1) for ~ Propagation vectors in the Lu and Y compounds are found to
identification of Fel and Fe2. be 7=0.212(5) and 0.226), respectively, and both crystals
are off-stoichiometricMFe,, sAlg_ s by 6=0.40. Another
the modulation of the Fe moments. Having fixed the direcimportant consequence @>0 is that the phase angle be-
tions of the moments to the values given by the polarimetridween the two Fe sublattices changes frentio ~25°. Pre-
measurements, the moment of the Fe atoms and the phasemably this is related to the complex exchange paths set up
shift between the Fel and Fe2 modulations were refined blgy the additional Fe on thejSsite.
least squares using the programcLsQ. The refined value Using unpolarized neutron scattering (Lykg&l, ¢ and
for the Fe moment was IBug and the phase difference yFe, Al,) and  zero-field neutron  polarimetry
between the Fel and Fe2 atoms is 25(10)°. The final re¢ yFe, ,Al; ), we have shown that theirection of the Fe
sidual factor between the observed and calculated intensitigioments is also different from the stoichiometric com-

is relatively large R=21%), but the intensity data was pounds. According to a recent neutron powder-diffraction
sparse and of rather low quality. A drawing of the magnetlcstudy’lg YFe,Aly has a magnetic structure that is a cycloid
structure of the amplitude modulated wave that best fits bOtU\/ith the moments rotating in théd01) plane and that of

CRYOPAD and the intensity data is shown in Fig. 11. We have : ) ; ]
also considered the alternate cycloidal model with the mo!'m:e‘lAIS has superimposed an extra 0 G-type antiferro

mens roing i 110 pane, i gave  wase o 0T SOSN8 S oo
the intensity dataR=31%. . pply

stoichiometric LuFg,Al; gbecause they are not compatible
with the results of the zero-field neutron polarimetry study.
IX. DISCUSSION Although we cannot rule out other magnetic structures

We report a study of the magnetic properties Ofthat could exp_lain as well the polarime_tric results, it appears
LuFe, Al, s and YFg Al by means of magnetization that the most likely _magnetlc structure is that of an amplitude
measurements, Msbauer spectroscopy, and both unpolar-mOdUIa.ted wave W|th the Fe mo_ments glmqst .parallel to the
ized and polarized single-crystal neutron-scattering experit110] direction but with a small tilt of this axis in thé01)
ments. The samples, which were grown by the Czochralskplane and also a small component towardsdhais.
method starting from bulk charges with nominal 1:4:8 com- The Mosshauer experiments of LUFA\l; ¢ have demon-
positions, were intended to be single crystals of the nominastrated that on cooling below-60 K there is a distinct
composition, but ended slightly enriched in Fe. We havesharpening of the spectra; this has the consequence that the
shown that the small excess of Fe has a pronounced effect atistribution of magnetic moments required for the fit is re-
the magnetic properties of these compounds. duced to a small number of singl,; values. At the lowest

Using single-crystal neutron diffraction, we have showntemperatures only four different magnitudes of the Fe hyper-
that the excess of Fe atoms substitutes Al atoms only dine field, ranging from 10.5 to 19.3 T are required to simu-
positions §. The consequences of such a small substitutionlate the experimental dataee Table Il and Fig.)6 Such an
that does not exceed 5% of the Al atoms, are a strong reduénterpretation is at variance with the model proposed from
tion of the Nel temperature from 190 to 100 K. This sto- the analysis of the neutron data. This interpretation proposes
ichiometry is consistent with the interpretation of the 8de  an amplitude-modulated wave. Since the modulation wave
bauer spectra. vector is incommensurate, such an amplitude modulated

Retrospectively, it appears very likely that many of thestructure would result irall possible magnitudes of the Fe
disparate results spread in the literature since the first reporteoments. In examining this apparent contradiction between
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the two measurements we have to be aware of the expenmagnitude of the propagation vector of the modulation.
mental limitations. From the physics aspect, we would ex- The value of the ordered Fe moment is close to that found
pect some change of the modulation on lowering the temin other related compounds such as Dyfg,’
perature as the energy cost in entropy at the lowesHoFegAlg,'” UFgAlg,'® UFgAl,,? and UFg,Si,,?° but is
temperature to maintain nonuniform magnetic moments isower than the value of 245 found in the neutron powder
considerable. Normally, one or both of two effects are ob<iffraction of stoichiometric LuFgAlg and YFgAlg,*®
served. First, the modulation becomes commensurable. Thighich is closer to the full Fe moment. It is noteworthy that in
is outside our statistics, as the likely values would be 0.20 oDyFe,Alg,%>*" HoFegAlg,*t UFeSih,?° YFe, Al7g,
0.25, rather than the observed 0.8)2 Second, the modu- LuFg Al ¢ (present study where both single-crystal neu-
lation would tend to “square” as the temperature is lowered.tron diffraction and®’Fe Mossbauer spectroscopy have been
Such a squaring results in high-order Fourier componentgerformed, the hyperfine coupling constant is close to
which would be seen, in particular, as a contribution @t 3 B;/ug.=11+2 T/ug. Considering that thd,; are very
For a perfect square-wave modulation the amplitude ratigimilar (~11 T) in all the MFeAlg compounds, and al-
Az/A; between the first- and third-order harmonics-i4/3,  thoughB, ¢/ ur. is not expected to be the same for all Fe-
so that the intensity of the third-order satellite is roughly containing compound3, it is still surprising that thewg, in
10% of that of the first. Looking at Fig. 7, we would then YFe,Alg and in LuFgAlg estimated from powder diffraction
expect to observe peaks 6f80 cts on the scale of the figure are significantely larger than the-.~ 1. estimated for the

at the positions of the third-order satellites. They are notbove referred ThMp intermetallics. It is well known that
observed on this scale. However, this is for a completeyhereas the B8f site interaction is antiferromagnetic the
square wave; a partial squaring, which would still be consispresence of Fe atjSsites favors a ferromagnetic alignment.
tent with the Masbauer results, might result in a peak of ndeed, YFeAl, exhibits ferromagnetic behavior with a
only 50% of this, i.e., 40 cts on a background of 500.saturation magnetization of 1.3ugre. A tendency towards
Clearly, we are now entering the statistics of these neutronferromagnetism with increasing Fe concentration is also
scattering experiments on D15. Furthermore, the third-ordefoynd in the UFeAl,_,, x>4 system. For a small excess
peaks are frequently broader in momentum space than th§ Fe, such as in our samples, a competition between an
first-order, further reducing their signal/noise ratio. Whe”antiferromagnetic 8-8f coupling and a ferromagnetid 8]

these various effects are considered, in addition to the twinpteraction might explain the observed decreasd@ ptom-
ning of the crystals, the apparent contradiction between thBared to the stoichiometric composition.

neutron and Mssbauer results should be treated with cau- Despite the increased degree of complexity of both mag-
tion. Better crystals, together with a diffractometer such asetic and crystallographic structures that can be handled
D10, which has a lower background than DI5would be  nowadays by careful work on good resolution neutron
needed to test these ideas further. Of course, the analysis ghwder-diffraction data using the Rietveld metH8dit is
the data from the neutron polarimeter deriwesy from the  ¢jear that the complex magnetic interactions in Thiiype
first-order satellites, so, by definition, only one Fourier com-compounds are still best studied on single-crystal samples.
ponent is considered. A further discussion of this can b&ygreover, the most powerful techniques to study noncol-
found in Ref. 17. . . linear magnetic structures such as zero-field neutron polar-
Finally, we note that both in Figs. 9 and 10, which ShOWSimetry require the use of single crystals.
the temperature dependencies of the first-order satellites, |t appears that YE&\lg and LuFgAlg do not melt con-
there are some apparent unusual intensity variations, begently in stoichiometric proportions which may explain
tween 60 and 70 K in LuRgAl7 ¢, and at a somewhat lower \yhy crystals grown by Czochralski by pulling from a
temperature in the Y compound. Given the statistics of thesgtojichiometric melt become enriched in Fe. Therefore large
measurements, we cannot extract further information, bu§ingle crystals of YFeAlg and LuFgAlg for neutron-
they may well indicate changes in the form of the magnetiGjtfraction studies have to be grown by a different technique

modulation, again consistent with the S&bauer results. such as mineralization or flux growth.
The off-stoichiometric Lu and Y samples have rather
similar magnetic behavior, which is not totally unexpected if ACKNOWLEDGMENTS
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