PHYSICAL REVIEW B VOLUME 61, NUMBER 9 1 MARCH 2000-I

Neutron-scattering study of the magnetic structure of DyFgAlg and HoFeAlg
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The magnetic structures of Dyf&g and HoFgAlg, which have been reported to be unusual spin-glass
systems, were studied in detail by neutron diffraction, using both unpolarized and polarized beams. In fact
these compounds have long-range magnetic order in both the Fe and rare-earth sublattices. The Fe sublattice
orders at 175 K with the moments (L) in theab plane in a cycloid magnetic structure with a propagation
vector alond110]. At ~50 K the rare-earth moment starts to order in DyMg and follows the modulation
of the Fe sublattice. The ordering of the holmium occurs at a slightly higher temperat@&@ K) than the
dysprosium. At a lower temperature higher-order harmonics of the modulation develop. The magnetic structure
of the rare-earth at low temperature is a bunched elliptical cycloid, following the modulation of the Fe
sublattice. Although the antiferromagnetic coupling of the rare-earth magnetic moments has long-range order,
giving sharp magnetic satellites in the diffraction patterns, a non-negligible fraction of ttnrhent does not
contribute to these peaks but appears as diffuse scattering beneath the Bragg peaks. This indicates the presence
of short-range ferromagnetic correlations between neighboring rare-earth moments. The magnetic structure
of the rare-earth sublattice is very sensitive to a small applied magnetic field, mimicking spin-glass behavior
in the bulk magnetic properties. The magnetic structure of RiRewas studied under an applied magnetic
field. A field as low as 0.125 T severely distorts the magnetic modulation and 0.75 T iabth@ane
is sufficient to align all the rare-earth moments ferromagnetically. The cycloidal antiferromagnetic coupling
of the Fe moments remains unperturbed up to at least 5 T.

[. INTRODUCTION space-group4/mmm The unit cell is shown in Fig. 1. The
M atoms are located at theaites at the origin and center of
The magnetic properties of ternary intermetallic com-the unit cell. For the stoichiometrid Fe,Alg compounds the
pounds with the ThMpy, type of structure and composition Fe atoms ideally occupy only thef &ositions and in this
M Fey,_ X, whereM is a rare earth or actinide atom ak&  case theM atoms are at the centers of tetragonal prisms
p-element(Al, Si) continue to attract much interest, mainly which have the Fe atoms as vertices. With increasing Fe
because the compounds with higher Fe content likesontent the transition metal atoms occupy also thargd §
SmFgSi, are ferromagnets with high Curie temperaturespositions, mixing with the Al atoms. The high Fe-content
(Tc~600 K) and a relatively large magnetic anisotropy.compounds are ferromagnetic, but the ground states of the
The rare-earth sublattice provides the required anisotropi Fe,Alg compounds cannot be easily determined from their
and the highT¢ is due to the strong Fe-Fe exchange inter-bulk properties. Although a number of techniques have been
action. The stoichiometric compounds of compositionused to study these materials, a very confusing and some-
M FegAlg exhibit interesting magnetic properties whose in-times contradictory picture of the magnetic properties
terpretation has remained controversial. emerges from the published literature.
The crystal structure is tetragonal body centered with the In the first study of the magnetic properties MfFe,Alg
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Bragg reflections, with a propagation vector parallel to the
(110 reciprocal lattice vector. Based on their failure to ob-
serve magnetic peaks at higher temperature, these authors
proposed a model in which the Fe moments only order below
25 K, despite the fact that Msbauer and susceptibility mea-
surements show that Fe is ordered~at80 K. They pro-
posed a conical spiral structure in which the Dy moments do
QM OFe LA1O AR not have long-range magnetic order but freeze in a “spin-
glass” state.

FIG 1. Unit cell ofM FE4A|8 The rare-earth a.ton’(M) are the A feW years |ater’ Galet a|.516 reported a Study of
origin and center of the unit cell in a cage formed by the 8 Fe r:ltoms;._m,:,shN8 in which a number of techniques were employed,
atthe & sites. including ac and dc susceptibility measuremenfse Moss-

compounds, Buschow and van der Krhagport bulk mag- bauer spectroscopy and powder neutron diffraction. It was
netization and Mesbauer measurements for a number ofcl@imed that HoFgAlg exhibits some of the irreversible and
compounds in this family. In the curves of susceptibility vs ime-dependent characteristics of a spin glass. Although the
temperature a maximum is observed for all compounds in th@bservation of satellites in the neutron diffraction pattern at
temperature range 180T<200 K, which was interpreted temperatures below 180 K is briefly mentioned in the text, it
as the onset of antiferromagnetic ordering of the Fe subla S clalmed_that the Fe moments order only at 20 K: The
tice. In the cases dfl=Y, La, Ce, Lu, and Th compounds yperfine field on the Fe nuclei appears at(B7K but this
there is no ordered moment on the atom and no further Was interpreted as an indication of local ordering only. In the
anomalies in the susceptibility are observed at low tempera‘-’o"‘(gler ?eutron—dlﬁractlog sf[udy, fth(;y o:served a nonrelpro-
ture. For the other compounds it was deduced, on the basis §f'CiP'e errongnetlc Ior, erlngf_oldt N g % momentsba:] ow
susceptibility and magnetization data, that the rare earth m&_errpperﬁtufr_ek\;v en app ylngda ield, and hysteretic behavior
ments order at low temperaturé <35 K). For many com- w 'IGEE t_g 1€ fwas_rerrllove : ¢ further develoned b
pounds the low-temperature susceptibility is strongly depen-. . el e;dso a spin-giass system was turtner deveioped by
dent on the field and annealing treatment during sample-.l_allk etal” \.th report resistivity, ac and QC susceptibility
preparation. These effects were attributed to partial disord nd magnetization measurements  on smgle CWS_“?"S of
between the Fe and Al atoms. From thé ddbauer measure- yFe4_A_I8 and HoFgAls. An antiferromagnetic transition
ments, the ordering temperatures of the Fe sublattice arfas V'S'.bl.e. for both compounds at 180 K and below 40 K the
found in the range 135Ty<200 K for all compounds of susceptibility was strongly dependent on the way the crystal

this series. The long-range ordering of the rare-earth momer?éas cooled. A sharp maximum in the dc susceptibility was

occurs at a much lower temperature, below 50 K. The reaso “f!d at 30 K and a smaller anomalyﬂﬂo K was visible

why the rare-earth orders at such low temperatures, despi ar fields ap_phed pgrallel to theams. Bqth compounds have
an M-Fe interaction estimated as roughly half that betweer‘f‘trongly anisotropic magnetic properties and_measurements
Fe moments, was thought to be due to the fact that any Performed along the anda axes showed that is the easy
simple antiferromagnetic arrangement of the Fe moment&XiS- Measurements in high fields on HeRg&; gave a satu-
gives zero molecular field at thd site. Because of the sym- ration moment of 8.g/f.u. and a remanence of Gg/f.u..
metrical arrangement of the 8 Fe atoms surroundingMhe The antiferromagnetic interaction in th_e Fe sublattice seems
atom their individual contributions cancel out. Dirddt-M to be stable_ up to at least 14 T. The existence of a cusp in the
interaction is negligible, as shown by the isostructural com@C susceptibility at 10 and 30 K for the Ho and Dy com-
pounds containing Mn atoms carrying no moment, which ardounds, respectively, and the thermomagnetic history effects

paramagnetic down to very low temperatures. were again considered as an indication of spin-glass behav-
These results were confirmed by Felner and Néwiko lor. . . .
suggested that the ordering of te moments is antiferro-  UF€Als (Ref. 9 is another system which was claimed to

magnetic on the basis of the relatively small moments thaP€ @ SPin glass. It also showed peculiar bulk properties, in-
can be induced by field at low temperature. FurthermoreCluding hysteresis in the thermomagnetic curves and an ac

these authors point out that téFe Massbauer spectra of Susceptibility cusp. We have recently repoifed single-

GdFeAlg suggests that the Fe sublattice may not order as E}:YSta' neutron—diffractio“ study of UE’?"‘ .that prove(:].thhath
simple antiferromagnet. this compound is actually a canted ferrimagnet which has

The magnetism of DyR@\l; has also been studied by long-range magnetic order in both the U and Fe sublattices.
161y Mossbauer spectroscopyThe data are poor, due to It is clear from thes_e contradictory results _and the ynusual
the fact that the Dy resonance is broad and the sources a?éOdels propo;ed to interpret them that microscopic tech-
weak. Using a rather involved method of data analysis, thdlques er_nploymg single-crystal samples are needed when
authors conclude that in Dyf&lg the Dy sublattice orders dealing with these systems. We have therefo.re engaged on a
at (43+8) K with the moments aligned along the crystallo- research project to investigate the magnetic structures of
graphicc axis ThMn,,-type compounds using single-crystal neutron and

So far, the only reported neutron study of DyR&; was magnetic x-ray diffraction.
performed on a polycrystalline samfidn this study, the
isostructural compound Hof#lg was also investigated. In
both cases, magnetic peaks in the form of weak satellites All experiments reported in this paper were performed on
were found at temperatures below 25 K around a few nucleawo single crystals grown by the Czochralski method from

Il. SAMPLE CHARACTERIZATION
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TABLE I. Structural parameters of Dyfa&lg and HoFgAlg 10
determined from the least-squares refinement of 4-circle nuclear
intensity data X=1.047 A). The site labels refer to the Wyckoff
notation,B is the Debye-Waller factor, and. is the site occupation
factor. Cell parameterdroom temperatune DyFeAlg, a=b
=8.731 A, ¢=5.039 A; HoFgAl;, a=b=8669 A, ¢
=5.005 A.

Atom Site X y z BA?) Oc ]
Dy 2a 0 0 0 0374 100 .
Fe 8f z 3 & 0425 0991 |
Al, 8i 0.34145) 0 0 0.546) 0.952) ]
Al 8j 0279450 3 0 0477 0.963) 5
Ho 2a 0 0 0 058) 100
1 1 1

Fe 8f 1 i 7 0485  0.992 FIG. 2. Magnetization curves measured on a single crystal
Al 8i 0.34183) ? 0 048  0.962) DyFe,Alg with an applied field parallel to tha axis at 5 tempera-
Al 8] 0278713) ; 0 0338 0982 tures 5K (¢),25 K(+),50 K(), 100 K(x), 150 K(A), and

- - - 200 K(*) For the lowest temperature the full hysteresis cycle is
ZF!xed during refinement. shown. The inset shows the susceptibility measured in a field of
Fixed during refinement. 250 Oda as a function of temperatur®: field cooled measure-

ments; solid line: zero field cooled.

the levitated melt using high purity starting materials. The
DyFeAlg crystal is the same sample that was used for théf magnetization, and observed a pronounced difference be-
previously reported resonant x-ray magnetic scatteringween the ZFC and FC susceptibility curves. The ZFC low-
(RXMS) experiment:* field susceptibility shows a maximum at 25 K and a further

Although the crystallographic structure was known previ-small anomaly at 10 K.
ously, a careful characterization of the samples by neutron A set of magnetization curves of Dyl at different
diffraction was undertaken to check for extinction effects anCtemperatures and the full hysteresis cycle at 4.2 KHéa
also to rule out possible disorder between the Al and Feyre shown in Fig. 2. Above 50 K the magnetization increases
positions. The experiment was performed on the 4-circlainearly with the field, which is typical of antiferromag-
neutron diffractometer TAS2 at Risehich is installed on a netism, but at 25 K the magnetization curve deviates signifi-
thermal neutron beam\(=1.047 A). A total of~500 re-  cantly from linearity. At 42 K a remanence of 67/f.u. is
flections was measured at room temperature for each conineasured and the magnetization is almost saturated in a field
pound, up to siM/A=0.6 A~ These intensities were used of 5.5 T. The total aligned magnetic moment is /86
for a least-squares refinement of the crystallographic strucyhich is close to the full moment of the rare-earth. When the
ture. Both absorptiottin the case of the Dy compoupdnd  field is applied along the-axis the magnetization is small
extinction were included in the refinement. The extinctionand linear with the field, and no hysteresis is observed.
model was that of Becker-Coppéhsisotropic, type ) with
a Lorentzian mosaic distribution. The residual difference be-
tween the calculated and observed scattering amplitudes was . MAGNETIC STRUCTURE
R(F)=2.7% for the crystal of DyF&Alg and 3.3% for that
of HoFgAlg. The results of the structure refinements are
shown in Table I. They confirm the good quality of both ~ The first crystal examined with neutrons was Dyfk.
crystals and also confirm that the Fe and Al sublattices aré survey experiment to investigate the magnetic structure
well ordered in our samples. Extinction is not negligible atwas performed on the 4-circle TAS2 diffractometer at/Riso
this wavelength for either compound but could be satisfactofollowing the data collection at room temperature to refine
rily corrected by the extinction model. The crystal of the crystallographic structure. The crystal was inserted in a
DyFeAlg had a slightly smaller mosaic spread (0)p%han  closed-cycle helium refrigerator reaching a minimum tem-
that of HoFgAlg and for the former crystal there was a re- perature of 20 K. A search for magnetic reflections was per-
duction of 30% in the intensity of the strongest Bragg reflecformed by scanning along the main reciprocal lattice lines.
tion due to extinction, although on average the intensity losé\t temperatures below 175 K satellites were found around
was only 5%. theh andk odd reflections along the 110 and@ dlirections.

The magnetic susceptibility and magnetization curves offhe propagation vector is70 with 7=0.133~2/15 r.l.u.
two small single crystalsni~5x10"2 @) cut from the big  There are two pairs of satellites around each nuclear reflec-
samples used for the neutron experiments were measured @ion, each pair corresponding to one of the two configuration
a QUANTUM-DESIGN MPMS magnetometer. The mea- domains generated by the crystallographic fourfold axis that
surements were performed in fields up to 5.5 T applied pareloes not belong to the magnetic group.
allel to thea andc axes. These satellites arise from long-range ordering of the Fe

In agreement with previous measureméntge have moments in a modulated structure, and provide direct evi-
found that DyFgAlg and HoFgAlg have an easwb plane  dence against the spin-glass state for the Fe moments which

A. Unpolarized neutrons
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it has been suggested exists between 20 K and 18Ttese AR B B LA B B
satellite peaks are narrow, with a width comparable with that 3
of the nuclear reflections and they are relatively weak in this 108;— E
temperature region; this is certainly why they have not been F ]
previously reported in powder neutron-diffraction w e . 5
experiments. € ' ”A‘ e ]
The selection rulé andk odd arises because the Fe atoms 5 10°F M J\‘ 5K e %
occupy the special positiond 8When these atoms are scat- 8 i > I ‘ Rl
tering in phase they only contribute loeven,k even,| even 2 & . K 4\}\,;
reflections. The magnetic ordering lowers the crystallo- g 1040 o ke T cT 10 ol .{.' _;
graphic site symmetry and removes the fourfold axis which = . Afg ’ﬁ‘ T
splits the Fe lattice into two nonequivalent sublattices. The | Mt 0 %% 15K T2 Mg e
fact that the Fe satellites are only observed arolrahd k . ’&A" v W
odd reflections means that the magnetic modulations of these 102F g P o, BT T
two nonequivalent Fe sublattices are 180° out of phase. E 2T z'lk‘h o ]
The intensities of the 110 satellites were followed as e :!g@iﬁr.“ % 30K ATl
function of temperature while cooling the crystal. At around E T S ]
50 K, thel(T) curve showed a pronounced upturn and at the ! 0.6 0.8 1.0 1.2 1.4
base temperature of the closed-cycle cryos2a K) weak h (r.lu.)
satellites corresponding to the same propagation vector could
also be observed around reflections witkand k even orh FIG. 3. Reciprocal lattice scans of DyfAdg along the(110

direction passing through the 121 Bragg reflections for various tem-

den for the Fe sublattice. These are attributed to the onset §fratures. This Bragg point is forbidden for the Fe modulation and
éhe magnetic satellites seen at low temperature originate from the

magnetic ordering of the Dy atoms which are located at th . . i
origin and center of the unit cell and thus contribute to everyrare-earth moment only. The base lines of successively higher tem-

: - - . perature scans are offset by factors of.1Data measured on D10
point (h+k+1 even of the rempr_ocal Iatt_lce. S_atelhtes Were il =236 A
never observed around reflections which violate the body
centering rule.

Following this survey, more detailed experiments weretion appears to change with temperature in a continuous way
performed on both DyR@ls; and HoFgAlg with the D10  and at about 20 K it levels out to a value close to O(133
4-circle diffractometer at the Institut Laue-LangeviihL).  suggesting that the low-temperature value of the modulation
This diffractometer is installed on a thermal neutron guideis @ rational numbe#. It corresponds to a rotation by 48°
and combines a particularly low background and high flux¥hen going from one Dy layer to the next along HL0]
with good momentum resolution, both of which are neededirection.
for accurate measurement of the magnetic satellites. Most of The evolution with temperature of the intensity of the
the data were collected using a F{(X)Z) monochromator satellites around a Dy only reflection 121 and a mixed Fe/Dy
(A=2.36 A) with a\/2 filter in the incoming beam, al- reflection 110 are shown in Fig. 5. The intensity of the first-
though some data on Dyj&l; were also measured with a order satellite starts to increas_e at around 50 K and rises
shorter wavelengthN=1.32 A) using a Cu220 mono-  sharply below 25 K. At 10 K, with the onset of the higher-
chromator. The sample was mounted inside the D10 heliunrder satellites, a decrease in the intensity of the first order
flow cryostat which can cool the sample down to a temperawas observed.
ture of 1.5 K while maintaining full 4-circle capability of the
instrument. 0.140

A reciprocal lattice scan along theh0 direction through
121 is shown in Fig. 3 for various temperatures. This reflec-
tion is sensitive only to the ordering of the Dy sublattice.
Below 10 K, high-order harmonics of the modulation de-
velop and are clearly visible up to the 7th order in the low-
temperature scans. A broad pattern of diffuse scattering,
which appears at the same temperature as the high-order har-
monics, can also be seen beneath the nuclear peaks. It ex-
tends right across the Brillouin zorisee Sec. VII).

The scans around theandk odd reflections, which are
sensitive to the ordering djoth the Dy and Fe sublattices, 0.125 , | , | |
show the same higher-order satellites and diffuse scattering 0 50 T(K)1°° 150
pattern at low temperature. The higher-order satellites and
diffuse scattering disappear simultaneously at 10 K, but the FIG. 4. Evolution with temperature of the wave vector modulat-
1st order satellite remains visible up to 175 K. ing the magnetic structure of Dyf#&ls as measured on the D10

In Fig. 4 is shown the temperature dependence of theliffractometer. Open circle@pen trianglesare determined by lon-
modulation vector of DyFg\lg obtained from longitudinal gitudinal (transverspscans. The commensurate positionspfnd
scans through the 110 reflection. The period of the modulak are marked(See Ref. 16 for further detais.

andk indices of different parity antlodd, which are forbid-

0.135

0.130

Modulation vector t(r.l.u)
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I T I ] to analyser
~ A
T Primary precession coil )
» 200 1 - Outer Meissner shield ) £
e 1 Cryostat outer walll , ¢/ Scattered
> N ] v o - .\ beam nutator
<] 51 ] ] Secondary Y . - ‘ N
Kl 1 precession coil
> L N N ] ,
£ 100 5 10 15 n Incident beam 4
c nutator . ; ;
% Zero Field scattering region
- + 4 Y DN Ay A
- 9-'0'9"0-01.13_ fror-n> | [RY |
S5, o monochromator \ |
0 I ) N \\ Inner Meissner shield
100 150 “K_Cryostat inner wall //
T(K) N\

FIG. 5. Temperature dependence of the intensity of the first
order satellites around the reflections 121 and 110 of &Re

The temperature dependence of the third and fifth order satellites of ) ) )
the 121 reflection is shown on the inset. The solid line is the calcu- F!C- 7. Horizontal section through the CRYOPAD polarimeter.

lated temperature dependence of the 1 3@tellite using the model 1 he polarization of the incident neutrons is guided by itiedent

discussed in the text. The dashed line is the contribution to th& 110°€am nutatorso as to emerge an angteto the vertical(z) in a
originating from the Fe sublattice only. plane perpendicular to their wave vector. Betwed#®n inner and

outer Meissner shieldshe neutron polarization precesses by an

angle y around the horizontal field due to both themary and
The magnetic order in Ho&lg has many similarities secondary precession cailShe currents in the coils are adjusted so

with that of DyFgAlg. The 7 vector is along(110) as in  that when the neutrons enter the cengio-field scattering region

DyFeAlg, but its modulus is slightly larger[r their polarization is in the chosen direction. The precession and

=0.142(2) r.Lu]. The higher-order satellites of the modu- hutation angles which guide the polarization of the scattered beam

lation are not as intense as in DyPdg, the fifth-order sat- into the direction accepted by the analyzer, are controlled in a simi-

ellite was barely visible although the third was clearly seen '@ Way-

Also, less diffuse scattering is present at low temperature.

Despite these similarities, there is a striking difference in the B. Spherical polarimetry

evolution with temperature of the intensity of the first order 4.4 field neutron polarimetry was carried out using the

harmonic of a mixed Fe Ho satellite as is shown in Fig. 6. 3D neutron-polarimeter CRYOPAD i installed on the

When the rare-earth sublattiqe starts to order_ as sh.o.wn by trg%\mple table of the polarized-neutron triple-axis spectrom-
appearance of the 121 satellites~ab5 K, the intensities of eter IN20 at the ILL. The crystal was mounted with the

the 110 satellitedecreasewith temperature, down to a mini- ~ — =7 R
mum at 23 K subsequently increasing as the temperature [& 10] direction vertical inside an ILL orange cryostat placed

lowered further to 1.5 K. This behavior is the reverse of thatn the annular zero-field space of CRYOPAD(Rig. 7) For

observed in DyFgAlg and is reproducible in both heating @ selection ofhhl reflections the direction of the scattered
and cooling cycles with no hysteresis. polarization was determined with the incident polarization

successively parallel to the vertical directiar) (the scatter-
400 . . . . ing vectork(x) and a third directiorly) that completes the
. right-handed Cartesian set. Thgz axes are the polarization
- § axis and from their definition the magnetic interaction vector
Q lies in theyz plane, since it is perpendicular o (The use
of Q for the magnetic interaction vector follows Ref. 13 but
. care should be taken not to confuse this with the scattering
vectork. The magnetic interaction vector is the projection of
the Fourier transform of the magnetizatidm(r) onto the
] plane perpendicular t&.Q= kX [M(r)e'* "d3r X k=M (k)
- —[M(k)- k]x, Wherex is a unit vector in the direction of
the scattering vector anlll («) is the Fourier transform of
the magnetization.
1 The measurements were performed with a neutron wave-
0 50 ]I'O}% 150 200 length of 2.36 A at the temperatures of 1.5 K, 17 K, and 50
Y K. For the lowest temperature polarimetric data on the first
FIG. 6. Temperature dependence of the intensity of the firs@nd third order satellites of reflections 002, 222, 110 and 112
order satellites around the reflections 121 and 110 of L—d@ﬁe and the fifth order satellite of 002 were measured. At 17 K
The solid line is the calculated temperature dependence of the 1100nly the first order satellite was measured, and at 50 K the
satellite using the model discussed in the text. The dashed line is th®easurement was performed on the 110 and 112 reflections
contribution to the 110 originating from the Fe sublattice only. ~ only, which are those sensitive to the Fe ordering. The

Intensity (arb.units)
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TABLE Il. CRYOPAD polarimetric data for the first order satellites of DyR&;. P; and P; are the
polarization vectors of the incident and diffracted beams. The polarization axis|grez is vertical and
parallel to[110] andy is in the scattering plane, defining wikhandz a right handed orthogonal sé?. is
the calculated polarization from the magnetic structure model discussed in the text. The estimated error bars
for the incident and scattered polarizations are 0.01 and 0.03, respectively.

Pi Pf PC
X y 4 X y V4 X y z
50 K
110"
0.90 0.00 0.00 —0.86 —0.04 0.04 —0.90 0.00 0.00
0.00 0.90 0.00 0.10 -—0.88 0.00 0.00 —0.90 0.00
0.00 0.00 0.90 0.01 —0.04 0.88 0.00 0.00 0.90
112°
0.90 0.00 0.00 —0.87 —0.11 —0.07 —0.92 0.00 0.00
0.00 0.90 0.00 0.13 —0.18 0.12 —-0.01 -0.19 0.00
0.00 0.00 0.90 0.02 0.03 0.17 -0.01 0.00 0.19
17 K
110"
0.00 0.90 0.00 0.06 —0.89 0.02 0.00 —0.90 0.00
0.00 0.00 —0.90 —0.05 —0.02 —0.89 0.00 0.00 —0.90
112"
0.90 0.00 0.00 —0.93 —0.07 —0.04 —1.00 0.00 0.00
0.00 0.90 0.00 —0.03 0.38 0.05 —0.05 0.35 —0.02
0.00 0.00 0.90 —0.15 —0.05 —0.30 —0.05 —0.02 —-0.35
1127
0.90 0.00 0.00 —0.89 0.07 0.01 —-0.81 0.00 0.00
0.00 0.90 0.00 0.23 0.35 0.05 0.05 0.38 —0.02
0.00 0.00 0.90 0.14 0.10 -—-0.32 0.05 —0.02 —0.38
1.8K
110"
0.90 0.00 0.00 —0.91 —0.09 0.04 —0.90 0.00 0.00
0.00 0.90 0.00 0.07 —0.90 0.02 0.00 —0.90 0.00
0.00 0.00 0.90 —0.01 —0.01 0.93 0.00 0.00 0.90
112°
0.90 0.00 0.00 —0.85 0.29 —0.04 —0.90 0.00 0.00
0.00 0.90 0.00 0.03 0.49 0.03 —0.00 0.49 0.01
0.00 0.00 0.90 0.06 —0.07 —0.48 —0.00 0.01 —0.49
1127
0.90 0.00 0.00 —-0.91 0.10 —0.01 —0.90 0.00 0.00
0.00 0.90 0.00 —0.04 0.54 0.03 0.00 0.52 0.01
0.00 0.00 0.90 —0.02 0.08 —0.53 0.00 0.01 —0.52
002"
0.90 0.00 0.00 —0.91 0.08 —0.01 —0.93 0.00 0.00
0.00 0.90 0.00 0.12 —0.36 —0.01 —0.02 —-0.39 0.00
0.00 0.00 0.90 —0.01 0.03 0.42 —0.02 0.00 0.39
222"
0.00 0.90 0.00 0.08 —0.55 —0.02 —-0.01 —-0.57 0.00
0.00 0.00 0.90 0.05 —0.19 0.52 —-0.01 0.00 0.57

(fixed) incident andmeasuregiscattered polarizations of this Jo _
set of reflections are shown in Table II. Psoq =Q(P-Q")+Q*(Pi- Q) — P (Q-Q*)—i(Q*XQ).

4.2
IV. ANALYSIS OF THE DATA

. . . For an amplitude modulated wave the magnetic moment
For a pure magnetic reflection, the cross section for Bragg, thejth atom of thelth unit cell may be written
scattering of a beam of neutrons with polarizatRnis*

P Sj|:AjCOiT'r|+¢j) (43)
-0 =Q Q*+iP(Q*xQ) (4.1)  and for a helix or cycloidal magnetic structure

and the scattered polarizatié is S =Ajcoq 71+ ¢;) +iB;sin(7-r |+ ¢;), (4.9
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where for this casé; andB; are perpendicular vectors giv- not parallel, which happens in helical structures. In this case,
ing the magnitude and direction of the major and minor axisf P; is perpendicular tac then the polarization is flipped
of the elliptical envelope of the spin modulation on ffie  around the longer component §f and rotated towards the
atom, 7 is the propagation vector of the modulation, and scattering vector by an angle which depends on the quantity
the vector defining the origin of theh unit cell. The phases 2x-(AXB)/(A?+B?).1
of the modulations of the magnetic atoms are givenghy In practice, one has to consider the existence of magnetic
The corresponding magnetic interaction vector is domains in the calculation of both the cross section and the
scattered polarizatiol?. In a multidomain sample, both the
cross section and the scattered polarization have to be calcu-
lated for every magnetic domain and summed up with
(4.5  weights proportional to the domain fractions. In the case of a
The f:(x) functions are the magnetic form factors of the helix th_ere are also chirality domains. It shoul_d b_e no_ted that
I -~ ] ] S a cycloidal structure does not haveavsolutechirality since
magnetic atoms is a unit vector in the direction of the the sense of a cycloid is reversed by rotationrd about its
scattering vectowe and the sum is over all magnetic aloms propagation direction. The apparent chirality of the structure
and all unit cells.p=1/2yry=0.2695<10 " cm is the s therefore reversed by this rotation and will appear to be

Q(K)= KX p%: Sy fj(r)exdik-(rj+1)]} X k.

magnetic scattering amplitude associated withs 1 opposite for then+ 7,k+ 7,1 andk+ 7,h+ 7,1 reflections.
. The sum over the cells can be carried out in the usual way the two chirality domains are equally populated the polar-
giving ization along= k is preserved in magnitude and reversed and

_ . polarization in the plane perpendicular@oprecesses around

Q1) =(C=ID) (G, e 1), (4.6 the longer component of, its magnitude depending on
whereG is a reciprocal lattice vector and |A2—B2|. Thus, if |A|=|B|, incident polarization in the
plane perpendicular te& is totally destroyed. By measuring
the degree of depolarization of different Bragg reflections
one may determine the ellipticity of the envelope of the
modulation, i.e., the ratio between its major and minor axes.

. B; ) . It is simplest to start by analyzing the CRYOPAD data

D=KX >, pf,-(k)?exm k- (rj+¢) Xk (4.8 measured at 50 K to which only Fe moments contribute. The
' polarization scattered by the 11Qeflection is not rotated

For the simple case where only one magnetic sublattice eXyhen it is parallel ta ([110]) but is reversed when parallel
ists, the cross section for the amplitude modulated wave may eitherx [(110)] ory ([001]). There is no significant de-
be written in the form polarization of the beam in any of the three cases. This be-
2 havior is unique to the situation where the magnetic interac-
2A2f(,‘)2ﬂ||:(7.)|25(G,Ki N (4.9 tion vectorQ is parallel to thez axis. For DyFgAlg this
4 means that the Fe moments must lie in tie crystallo-
graphic plane. Any component of the Fe moments aloiyg
therefore excluded by data from a single reflection, which
1+co shows the power of the polarimetric technique. The polari-
2 [F(9)|8(G,x*7), metric data for the 112 reflection show that there is severe
(4.10 depolarization of the beam except when the incident polar-
ization is parallel to the scattering vectod)( in which case
whereF (7) =X exp(«-r;) is the geometrical structure fac- the outgoing polarization is simply reversed. This behavior is
tor of the jth sublattice. Here\ is the angle between the consistent with a cycloidal structure with moments rotating
momentum transfer vectat and either the direction along in the ab plane. A model corresponding to an amplitude
which the magnetic moments are oriented in the case of amodulated wave with moments pointing in a unique direc-
amplitude modulated wave or the normal to the plane inion in theab plane would not explain the observed depolar-
which the moments are rotating, in the case of a cycloidization in they andz directions. The measured polarizations
Because of the different geometrical factors involving thecan be fitted to a cycloidal structure using E4.2). It was
angleW, it is in principle possible to distinguish between argued earlier that the selection rule for the Fe satellites,
these two types of magnetic structures by an accurate megich are only observed around reflections witandk odd,
surement of a set of magnetic reflections with various moimplies that the two nonequivalent Fe sublattices are 180°
mentum transfers. out of phase. The phases, relative to the origin of the unit
A more stringent test to differentiate between a modulacell, of the four Fe sublattices are
tion of the amplitudes and a modulation of the direction of
the momentghelix) can be made if the change in polariza- 111 331
tion state of the neutrons scattered by the magnetic reflec- Fe](z 2 Z) Y=, Fez(z 1 Z) =37,
tions can be determined. Analysis of E4.2) shows that the
polarization ) of neutrons scattered by a pure magnetic 131 311
reflection withQ|Q* is related to the incident polarization, _ .
P;, by precession through 180° about the magnetic interac- Fe3(Z Z) y=2rmtm, FeA(Z 4 Z) y=2rmtm.
tion vectorQ. The situation is different whe® andQ* are (4.11)

. A .
c=.<><§i) pfi(r) exdin (rj+d)]xw, (4.7

Jdo _
a0 P
and for a cycloid wheréA|=|B|

Jdo
—n2 272
“q =Pf?A

Now
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It should be noted that the symmetry of the Fe and Dy sites TABLE lll. Parameters of the model of the magnetic structure
does not restrict the envelope of the modulation to be circuof DyFe&Alg and HoFgAlg. The axis of the elliptical envelope of
lar; it may well have axes of different length. However, thethe rare-earth modulation are defined such thaf[110] and
symmetry of the problendoesimply that if it is elliptical ~ #.[[110]. The ellipticity is e=p/u. . The values of the mo-
either the major or minor axis is parallel, and the other perMents are inug.

pendicular, to the propagation vector. Table Il gives the cal-

culated values of the polarization of the scattered beam for p(Fe)  mM)  p (M) € ¢
this model together with the measured values. For the data @iyFe,Al,

50 K, the fit to the data has only two parameters, the relativeo K 1.064) 0 0

population of the twachiral domains and the ellipticity of 17 k = 1543) 0.984) 1575 42°(6)
the envelope. The former was given by the least squaresg k = 2369 3.718) 0.631) =

refinement as 0.502), 0.4962) and the latter was insignifi-
cant. The absolute value of the Fe moment cannot be deterloFeAlg

mined from the polarimetric data alone, as a close inspectior0 K 0.962) 0 0
of Eq. (4.2 will show. This can, however, be determined 20 K 0.983) 272 363 0.758 150°(11)
from the cross section E@4.1) using the measured intensi- 2.4 K 1.063) 3.34) 6.44) 0527 149°(8)

ties. A least-squares fit of the data at 50 K was performed for
the cycloid structure using the intensities of 11 satellites
measured at this temperature. Assuming a circular cycloid RXMS) experiment performed on the same crystal the cyc-
the only adjustable parameter of this fit is the value of theoidal nature of the rare-earth ordering was confirmed and it
ordered Fe moment. The form factor of elemental Fe wagvas found that at 12 K the envelope was closely circtiar.
used in the calculation of the cross section. The best fit was
obtained with a value for the Fe moment of 1.10(2k. ~ v. TEMPERATURE DEPENDENCE OF THE STRUCTURE
The improvement of the fit obtained by allowing some ellip-
ticity is only marginal and it is therefore assumed that at 50 We turn now to an analysis of the temperature depen-
K the Fe cycloid is circular. dence of the magnetic structure based on the thermal evolu-
A similar analysis has been carried out on the first-ordetion of the magnetic satellites, interpreted within the frame-
satellites of the magnetic modulation at 17 K. Here, both thavork of our model.
Dy and Fe moments contribute toand k odd reflections. As discussed at the end of Sec. Ill A and shown in Figs. 5
This will affect both the intensities and the polarizations of and 6, the evolution with temperature of the intensity of the
the magnetic satellites. Equatids.5) shows that in such 110" satellite is remarkably different in the two compounds.
case the scatteringmplitudeis a linear combination of the In HoFgAlg, the intensity of this reflection goes through a
contribution from the two magnetic atoms, with coefficientsmaximum at 70 K, decreases down to a minimum value at 23
depending on both the magnitude and direction of the vectoK and increases in intensity again below that temperature, a
coefficientsA andB of the Fe and Dy modulations, and on behavior which is the reverse of that observed on Dkg
the relative phase of the two modulations. There can bén contrast, the thermal behavior of the 12%atellite in-
strong interference between the Dy and Fe which is crucial ifreases smoothly with decreasing temperature.
determining the reflection intensities. The effect of this inter- Recall that the 121 satellite is sensitivenly to the rare-
ference on the temperature dependence of the scattered i@arth moment, and its intensity is simply proportional to the
tensity is addressed in a later section. A refinement of theéquare of the # moment. The scale factor relating the inten-
magnetic structure at 17 K taking into account both the in-sities and the moments is known from an accurate measure-
tensity and polarimetric data shows that the Dy atoms ordement of the nuclear data set and, therefore, the evolution
in an elliptical cycloid rotating in th@ppositesense to that Wwith temperature of the rare-earth moment is easily derived
of the Fe modulation. The major axis is parallel to the propafrom the measured integrated intensity of this reflection as
gation vector and the ellipticityratio between the compo- function of temperature. Although the thermal dependence of
nents parallel and perpendicular to the propagation viator this reflection looks unexceptional at a first sight it is inter-
17 K is e=1.57. The Fe modulation remains practically un- esting to notice that thé(T) curve has an exponential tail
changed at all temperatures. Using fixed phases for the Fabove 30 K that we could follow up to 60 K. This is not the
atoms as given in Ed4.11), the best fit to the data was with expected critical behavior for a magnetic reflection and,
the phase of the Dy atom at the origin equal to 42°. probably, a small but finite moment exists on the rare earth
A similar refinement of the 1.8 K data set was performedbelow the ordering temperature of the Fe atoms. This can be
and the results of the best fit are shown in Table Ill. Thisexplained by the nonvanishing local field created by the Fe
shows that the phase relation between the two cycloids doegoms at the & sites. Such a small polarization of the Dy
not change significantly with temperature but the ellipticity moment belowTy was seen through the polarization of the
of the Dy modulation does. At 1.8 K the ellipticitey Dy 5d electrons in the RXMS experiment quoted
=0.62, i.e., the major axis of the helix envelope is nowpreviously'! Above 60 K the intensity of the 121satellite
perpendicular to the propagation vector. Although there wass weak and we estimate an upper limit for the orderdéd 4
not enough time to make polarimetric measurements at internoment of 0.1 ug per rare-earth atom in this temperature
mediate temperatures, it seems probable from these resulggion.
that the ellipticity changes continuously with temperature. A first explanation of the peculiar shape of thermal depen-
Indeed in a recent resonant x-ray magnetic scatteringence of the intensity of the 110satellite as shown in Fig.
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6 could be that a spin reorientation of the Fe moments occurs 2.0
when the rare-earth orders. However, this explanation is un-
likely on the basis of the high stability of the Fe modulation
when an external magnetic field is applieske Sec. V.
Indeed, our cycloidal model for the magnetic structure pro-
vides a simple explanation for the temperature behavior of
the 110 satellites observed on the two compounds. This is
shown by the following analysis. The intensity of the 110
satellite was extrapolated to low temperature assuming no
ordered moment on the rare-earth atoms, which is shown as
a dashed line on Figs. 5 and 6. The Fe moment is almost
saturated at 70 K with a valuel ug. From this curve and
from the measured intensity of the I2%atellite we directly
calculated the value of the ordered Fe and rare-earth moment
at each temperature. These values were used to calculate the
intensity of the 110 satellites from our model without intro-
ducing any extra parameters, keeping the relative phase of , : , . ,
the two cycloids fixed at the value given from the least- 0.0 2.0 4.0 6.0 8.0
squares refinements of Table Ill. The result of this calcula- R moment (pg )
tion is shown as full lines on Figs. 5 and 6. It is rewarding to
notice that the temperature behavior is nicely reproduced in FIG. 8. Simulation of the intensity of the 11Gsatellite accord-
the two cases, in particular the pronounced minimum obing to the model discussed in the text, as a function of the rare-earth
served at 23 K in HOF&lg. moment. The open and fiIIed_circIes gre_experimental data for
It is easy to explain the two different types of behavior DngAIB apd HoFgAIS, respectively. Solid lines are the results of
observed for DyFgAl and HoFgAlg, if one realizes that the_5|mulat|on for a fixed value of the_ Fe moment (dg) and for
the intensity of the 110 satellite is not given by the sum of various phase offset$ of the m_odulatlon of the rare-ear_th sublat-
the intensities from the two sublattices but that it is the scattc® [the phases of the modulation of the Fe atoms are fixed accord-
teringamplitudeof each sublattice that adds coherently. This™9 o Bq.(4.13],

gives rise to an interference term between the two magnetic, . . ) ) .
sublattices in the cross sectifBq. (4.1)]. The sign of this diffuse scattering which gives evidence for ferromagnetic

interference term is given by the relative phase of the twdorrelations between near neighbor Dy atoms. Polarimetric
modulations. If this interference term is negative, which oc-data gathered at 1.8 K on satellites corresponding to the third

curs if 90< < 180° a minimum occurs for a certain value of 2d fifth harmonics have been analyzed and give the ellip-
the growing rare-earth moment in the low temperature relicities of the envelopes of the associated modulations. It was

gion. We show in Fig. 8 simulation of the expected depen-found that the third harmonic modulation had opposite ellip-

dence of the intensity of the 11Gsatellite as function of the {City 0 those of the first and fifth. The numerical values of
ordered rare-earth moment. If the two modulations ére the ellipticities together with their respective amplitudes are

—90° out of phase, the simple quadratic behavior occursgiven in Table IV. In analogy with what has been found in
The ¢=43° curve models the situation of DyfAdg, where other rare earth alloys it is expected that the higher harmon-

a sharp increase of intensity is observed when the rare-earth

Intensity (arb. units)
= »

e
o

moment starts to grow. The experimental points for E N -
HoFegAlg follow closely the curve fogp=150. This gives us \ N LZLY _,7 -~
confidence in our model and shows that the phase a#igle N 8| - il
does not vary much with temperature. i N =
In the case of DyFglg, we also observed a sharp de- p 1 - RN o
crease with temperature of the intensity of the L Eatellite g R N\l
below 10 K, at the onset of the higher-order satellites. As 11 V1 \(K
some of the moment contributes now to the higher order i of B
harmonics, a small decrease of the intensity of the first har- I 1 S
monic may be expected. This is not included in the model, W ' ’4 15 A 2
which does not consider higher-order components. '}N " \/Td
c(,\ y 4 ‘
VI. MODELS OF THE STRUCTURE AT LOW T Dy ¥ Fe
Above 15 K the magnetic structure of DyjAd; is rela- FIG. 9. Model of the magnetic structure of DyfAdg at 17 K.

tively simple as the magnetic modulation can be describedt this temperature only one harmonic of the modulation is ob-
by a single harmonic. Figure 9 illustrates this structure aserved. The propagation direction (%10, the Fe moments are
determined from the intensities and polarimetric data meatotating clockwise and the Dy moments anticlockwise. There is
sured at 17 K. The special features of the neutron scatteringother equivalent domain with the cycloid propagating along
which appear below 10 K are the satellites corresponding tb6110]. The modulations of the sublattices of Fe atoms separated by
higher harmonics of the propagation vector, and the strong,3,0 or 3,0,0 differ in phase by 180°.
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TABLE IV. Higher harmonics of the magnetic structure of DyRk; at 1.8 K. The phases are relative to
the first-order harmonic.

Harmonic 1 3 5
component [110] [110] [110] [110] [110] [110]
Ellipticity 0.63(1) 1.435) 0.525)
Amplitudes 2.36 3.77 3.00 2.10 1.09 2.09
Phases 0 90 0 —-90 180 —-90

ics arise from some kind of bunching of the moment direc-DR3 reactor of RisdNational Laboratory. The sample was

tions due to competition between the exchange and anisc(’fﬁounted with tthTO] axis along the vertical fieldf@ 5 T

ropy within the rare-earth sublattice and the modulate cryomagnet. Figure 12 shows the evolution with the field of

molecular field due to Fe. It is unfortunately not possible to
deduce the form of the bunching directly from the measureIhe 0.5,0.5,8-2.5,2.5,0 scan. The results may be summa-

ments, since the relative phases of the different modulationgZed as fOHOW.S' Wlth increasing fields there 1S an initial
are not known. Figure 10 shows some of the patterns that ars€eP increase in the intensity of the magnetic first-order sat-
obtained by making different choices of these phases‘.e”'tes of both 110 and 220 refleqtlons, and then a de_crease.
Amongst the many patterns generated one, marked with arom 0.75 T _and above the satgllltes of the 220 refle_ct|on are
asterix in Fig. 10, displays some of the properties whichn0 longer visible, and the satellites of the 110 reflection level
might be expected from the physics of this system. Neigthf to an intensity comparable to that measured in zero field.
boring Dy atoms are coupled nearly ferromagnetically in These results are interpreted as showing that at very low
pairs with successive pairs nearly parallel and perpendiculdields the modulation of the rare-earth moment is severely
to the propagation vector, to maintain the periodicity thisdistorted, probably to a fanlike structure, with a ferromag-
structure is faulted at every 15th Dy atdthose enclosed in  netic component aligned with the field. At around 0.75 T the
circles which has no ferromagnetically aligned neighbor. Inmodulation of the rare-earth moment is quenched. The 4
the periodic part of the structure the Dy pairs are not exactlymoments then align ferromagnetically parallel to the field,
parallel, nor are they able to achieve their full amplitude. Itand their magnetic intensity appears-at0; thus an increase
may be conjectured that the diffuse scattering arises fronh intensity of both 110 and 220 reflections is observed. Si-
random, possibly dynamic, fluctuations in the periodic strucmyltaneously, the pattern of diffuse scattering disappears. It
ture which allow, on average, better ferromagnetic correlais striking that the magnetic structure of the Fe sublattice
tion between Dy pairs. remains unperturbed by the applied field up to the maximum

_An alternative representation of the same mddeirked 5,6 of 5 T. This is in agreement with the measured mag-
with an asterisk in Fig. 10and showing more clearly the netization curves

lengths and directions of the moments is shown in Fig. 11.

VIl. EFFECTS OF APPLIED MAGNETIC FIELD

Dy moment sequence in [001] planes

The magnetic structure of Dyf&lg was studied under an , !
Including 1st, 3rd and 5th harmonic

applied magnetic field in two experiments conducted at the 6 . . [ : .
6 5 125"1.3"25‘4
Relative phases ) o ! 1l Yo
37 Bt Magnitude and direction of Dy moments S R
[ I 8 e
& 11 1storder
0 9 0 90 YALAA R FV IR AN YA LA AN PV YR S 2f il
90 180 0 90 Yoy Rphbraaenrsra v¥xfbraiysie (=) 1,611 38,13
180 -90 0 90 NeV < As> > ) GegaiNey <hAs> > < T 0fF 0,15 '0,5.10.1/5
-90 180 0 90 A s N AR Y A AN AT = 49,18 eg’;
0 -90 0 9 Vie b ocftsqrradie st ocis T ,Hl | [Breoreer
90 180 | 0 90 | N<raRs>7¥VLrnaAAPN ARSI 7Y Ly 4
180 90| 180 -90 kNeR> A> > pefxaabNer>d>|> e N84
-90 180 | 180 -90 YYYSRAAaNEY e nr ¥ YT AN LY £ -4} B o,a,e,..*(‘i]
0 -90 | 180 -90 NAACAA UV €Y NAL AN LaehT <y <Y A att
90 180 | 180 -90 "‘i“A*/‘*V‘KAA'(*V*i\;\v]‘*v&z,\ 6 ) ) ) ) ) Sth order
180 -90 | 180 -90 |* YN®<AADV Y <RI YN R <A MDY ¥ <& -6 -4 -2 0 2 4 6
-90 180 | 180 -90 Yveangayrsevhvr Y vernaqfrey w, {[1 1 0] direction)

FIG. 10. Magnitude and direction of the Dy spins, which corre-  FIG. 11. Moment sequence for the Dy atoms only in the cycloid
spond to different choices of the relative phases of the cycloids omagnetic structure of DyRAlg marked by * in Fig. 10. All Dy
the first, third and fifth harmonics in DyR&lg. Their positions are  atoms alondg110] directions have been projected to the same point.
projected onto thg¢110] axis. The phases of the third and fifth The numbered arrows show the length and direction of all moments
harmonics for each arrangement are given relative to phases of il the individual planes perpendicular to the propagation direction.
and 90° for thd| and_L components of the first. The arrangement The rotation is in thg001] plane. The individual contributions to
marked * is that described in the text; the Dy spins at positions athe total moment of the first, third, and fifth harmonics are shown as
which the faults in this arrangement occur are encircled. the ellipsoidal numbered points in the right hand figures.
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FIG. 12. Evolution with applied magnetic field of a longitudinal 2002 F v % ; 28
scan along thé€110 reciprocal lattice direction of DyR&lg. The ; g"f S B .
base lines of the scans at successsively higher fields are displaced po- Yg g“’ ig g 8§
by factors of 16. All the scans were measured at a temperature of o T TP it D T T P
4.2 K, using the triple-axis spectrometer TAS1 at Risith \ 05” ”1'(')’* YY1 vy ”2'5* .
=4 A. h(r.lu)

FIG. 13. Evolution with temperature of the diffuse scattering
VIIl. DIEEUSE SCATTERING measured in longitudinal scans alori10 in DyFeAlg. The
dashed curves indicate the full profiles and the solid curves follow
Strong diffuse scattering beneath the Bragg peaks wathe diffuse background. Data measured on TAS3 af Risbinci-
observed well below the ordering temperature of the Dy subdent neutrons ok =2.36 A.
lattice in all experimentgFig. 3. The diffuse scattering is
centred around every reciprocal point of thet lattice and
extends over the whole Brillouin zone. The heights of thesescattering from a vanadium sampléurther details are
broad peaks of diffuse scattering were extracted from Gausgiven in Ref. 16
ian fits. The variation of the intensity with temperature of the
gjiffusg scattering is shown in Fig. 13. The diffuse .scatt.ering IX. DISCUSSION
is attributed to short-range ferromagnetic correlations in the
sample. After correction for geometric factors and thé Dy We summarize below the main results concerning our
form factor, the intensities at the 110 and 220 positions arétudy of the magnetic structure of DyfA¢g and HoFgAlg.
similar which indicates that the diffuse scattering comesThe Fe sublattice orders on both compounds-a75 K on
from the rare-earth atoms only. It is closely linked to thea modulated structure which is a small modification of the
long-range modulation of the rare-earth sublattice and disags-type + —+ — AF structure propagating alond@10. Su-
pears on application of the same small magnetic field thaperimposed on this simple antiferromagnetic order there is a
destroys this modulation while leaving that of the Fe sublationg-wavelength modulation of the moments with
tice unperturbed. The diffuse scattering integrated over the= 7,7,0. The moments lie on the basal plane of the tetragonal
whole of the Brillouin zone represents a significant fractionunit cell and the moments rotate on this plane following a
of the Dy moment. It is estimated to be of the order @fg3  cycloid with a circular envelope. The value of the ordered Fe
which, taken with the antiferromagnetic component pfs6 ~ moment in both DyFgAlg and HoFgAlg is close to
gives the full moment of the rare-earth ion By A simple 1.0 ug. This value, although only 50% of that in bcc iron is
calculation of the correlation length, based on the width ofconsistent with measurements in other compounds with the
the peaks gives an estimate of 5 A, which is about the disThMn,, type of structure. The measured hyperfine field at
tance between two neighboring Dy atoms in the structurethe Fe nuclei is 11.0 T and the approximate relation of
The width of the diffuse peaks perpendicular to #teplane  12.7 T/ug is expected to hold for the f8sites’ for these
is small’® It was measured by performing transverse scansompounds. The value obtained for the Fe moment is similar
along thec axis through the 1.21 1.21 0 reciprocal lattice to the ordered Fe moment in URdg and UFggSi,.*’
point, and along this direction was found to be resolution It is important for the discussion to notice that the rare-
limited, indicating that the correlations occur only in the earth atoms are surrounded by eight Fe atoms located at the
basal plane. We have also measured the quasielastic lingertices of a tetragonal prism where the rare-earth atom is
width by scanning the energy at fixed momentum transfer alocated at its center Fig. 1. For a G-type antiferromagnetic
the reciprocal lattice positions 1.21,1.21,0; 1.5,1.5,0 andbtructure the local field exactly cancels out at the rare-earth
1.77,1.77,0 between 1.7 and 5.8 K. These peaks had ste. This is no longer the case for a cycloid, but due to the
Lorentzian line shape and all had widths larger than the resdeng wavelength of the modulation the local field at the rare-
lution of the spectrometer determined from the incoherenearth site is small, although finite. Thus, one would expect a
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small moment to exist on the rare-earth beldy, induced conclude that the short-range order correlations giving rise to
by the local field of the Fe sublattice. Although our neutron-the diffuse scattering are not static but fluctuate in time. This
experiments are not sensitive enough to show this small inpoint deserves a more thorough investigation in the future.
duced moment, the recent RXMS experiments on Dyke
support this reasoning. The polarization of the DOy tsands X. CONCLUSIONS
was followed as function of temperature and it was found
that the Bl band polarizes simultaneously with the ordering
of the Fe atoms.

Around ~50 K the rare-earth moment orders, and the
ordered moment rises sharply at low temperature. Interes

ingly, a charge modulation of wavevector avas seen (o ThMn,,-type of structure whose interesting magnetic proper
develop on DyFgAlg at this temperatur&: This shows that . 12YP : g magn prope
. ! . ties have, up to now, remained largely unexplained in spite
there is a strong magnetoelastic coupling between the rare- : ; .
i : . . of much experimental effort and numerous contradictory in-
earth moments and the lattice, which also manifests itself . . . )
: . I erpretations. The neutron-scattering experiments reported in
a noticeable reduction of the extinction of the rather perfec

his paper show that both the Fe and rare-earth sublattices

single crystal below the ordering temperature of the rar%ave long-range magnetic order and most of the unusual

earth. The wave vector is the same for both the Fe and rare- . . . .
earth modulations, which also points to some coupling beprope_rtles which have t_)een attrlb_uted to a spm-glas_s state are
tween the two suf)lattices This coupling is, however rela-(':'Xplamed by the cycloidal ordering of the magnetic atoms.
. . A, ' _~.~The unusual thermomagnetic effects and hysteretic behavior,
tively weak as a small applied magnetic field induces MAJor 1 have puzzled so manv authors. are simolv explained
changes in the magnetic ordering of the rare-earth sublattic% Ve p ny ' Py explaine
leaving that of the Fe atoms unchanged. Our results, in par—y the high degree of sensitivity O.f the modulated magnetic
) . . ' ’ structure of the rare-earth sublattice to small applied mag-
ticular the polarimetric measurements, exclude any compo-

nent of the moments out of the bage plane, in disagree- netic fields. In some of the earlier investigatigiefs. 5 and

ment with previous models proposed for DyRgs.* The 9) the Fe sublattice was not completely ordered to the extent
neutron results are in agreement with the low vélue of theOf betweeq > and 10%. It remains to b'e seen whether' such
o . concentration differences alter substantially the magnetic be-
susceptibility measured along the tetragonalxis. havior
e o e s onesancn o Wt T0 onclude, i sty hows tat somic probesof g
order harmonics of the magnetic modulation. This is underpetlsm’ suc_h as neutron scattering, performed on well char-
standable from entropic arguments, and éuch harmcmicactenzed single crystals_, are cIe_arIy needed tp.understa_nd
> ’ . NICSuch a complex magnetic behavior as that exhibited by this
would correspond to a bunching of the moments into partlcuic .
N " amily of compounds.
lar directions due to competition between exchange and an-
isotropy terms in the free energy.

Interestingly, a non-negligible fraction of the moment of
the rare-earth remains disordered at low temperature, particu- J.A.P. and M.R.S. acknowledge the support provided un-
larly in the case of DyF@Alg. This disordered moment gives der the Training and Mobility of Researchers — Large Instal-
rise to a broad pattern of diffuse scattering beneath the Bragigtion Program of the European Union to perform the neu-
peaks below the temperature at which the bunching of théron scattering experiments at RisbA.P. acknowledges the
cycloid occurs. A most likely explanation for the diffuse Institute for Transuranium Elements, Karlsruhe, for provid-
scattering is that it is due to ferromagnetic correlation be4ing some travel funds. We are indebted to Professor Marga-
tween Dy pairs originating from random fluctuations in therida Godinho of University of Lisbon for use of the SQUID
periodic structure. An energy-analysis of this diffuse scattermagnetometer and to G. Mclntyre for his help on the experi-
ing has shown that it is quasielastic. From the Lorentzian linements on D10. This work is part of a project financed by

shape and finite width of this quasielastic scattering one mayNICT/FCT under Contract No. PBIC/FIS/2213/95.

We report the results of neutron-scattering experiments
performed on well characterized single crystals which have
provided a detailed picture of the magnetic structure of
pyFe4AI8 and HoFgAlg. These two compounds are repre-
sentative of the family ofMFe,Alg compounds with the
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