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Andrzej Murasik, Andrzej Czopnik, Lukas Keller, Peter Fischer: Magnetic properties of
,̂ Bulk magnetisation measurements and the magnetic phase diagram for

show that in zero-external magnetic field it undergoes two successive transitions at
T] = 2.6 K and T2 = 2.8 K respectively. Its magnetic ordering examined by neutron
diffraction, can be derived from the so-called {1/2, 1/2, 0} structure, i.e one in which the
successive antiparallel (110) sheets of spins have additionally superimposed on them a
sinusoidal modulation parallel to the [100] axis. The temperature dependence of neutron
diffraction diagrams studied with powder and single crystal samples revealed, that in the
range of (2.6 - 2.78) K there occurs an abrupt reorientation of the Er3+ spins from the
[110]-type direction, towards the [100] axis. This rotation can be attributed to the Ti
transition found in the magnetic phase diagram.

Andrzej Murasik. Andrzej Czopnik. Lukas Keller. Peter Fischer: Magnetyczne
wlasciwosci ErGa^. Wykresy fazowe H-T sporza^dzone na podstawie pomiarow
namagnesowania, wyodrebniaja, obecnosc roznych faz magnetycznych. Zakres ich
wyst^powania nawet pod nieobecnosc pola magnetycznego zaznaczaj§. dwie tempera-
tury krytyczne :Tj = 2.6 K i T2 = 2.8 K. Strukture. magnetyczna. ErGa3 da sie
wyprowadzic ze struktury opisywanej wektorem propagacji k = {1/2, 1/2, 0}, w ktorej
na sukcesywnie rozmieszczone warstwy momentow magnetycznych w piaszczyznach
(110) skierowanych wzdtuz ~[110] ale antyrownolegle w sâ siadujâ cych warstwach,
naklada sie, dodatkowo rozprzestrzeniaja_ca si§ w kierunku [100] sinusoidalna modulacja
wielkosci momentow. Przeprowadzone na proszkowej i monokrystalicznej probce
ErGa3 badania temperaturowe wykazafy zmian? ich ustawienia w kierunku zblizonym do
osi [110]. Te_ zmiane_ zachodza.ca^w wa.skim zakresie temperatur (2.6 - 2.78) K mozna
zestawic z obserwowanq. w pomiarach magnetycznych przemiana_Ti.
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1. INTRODUCTION

In rare earth metallic compounds, the principal interaction which couples the
magnetic moments in crystals is indirect (RKKY)-type exchange. The most important
property of this interaction is its long range and oscillatory variation. The oscillatory
character of this coupling in presence of other interactions, for example the crystal-field
anisotropy, leads frequently to competing interactions, which often produce frustrated
systems. Of course the role of the CF anisotropy by imposing the preferential direction
for magnetic moments, or by allowing them to be free to rotate within the plane, is
fundamental. However, sometimes even weaker interactions (biquadratic, quadrupolar)
may also be important. The interplay between these competing interactions may lead to
incommensurate helical or amplitude modulated magnetic structures, complex magnetic
phase diagrams and magnetic phase transitions driven by temperature or applied
magnetic field.

Numerous investigations have been devoted to various physical properties of REX3

system. Due to a large variety of interesting magnetic properties and simple crystal
structure they constitute a system well suited as testing ground for the theories of
magnetic properties of rare earth intermetallics. But on the other hand, the simplicity of
atomic arrangement and high symmetry of the crystal structure leads to a well known
ambiguity which makes the interpretation of experiments quite difficult even in the case
of measurements on single crystals. For example for a given wave vector k even when
the alignment of the magnetic moment mk is well determined it does not mean yet that
the real magnetic structure is known, because we are left with the problem of deciding
whether the wave vectors belonging to the same star {k} describe different K domains or
a multi-k structure. This problem appears mainly in cubic systems, although it can also be
met in structures of lower symmetry.

The systematic study of the magnetic phases in the rare earth systems REIn3 and
RESn3 [1-3] have revealed that they order with a magnetic {1/2, 1/2, 0} and {0, 0, 1/2}
- type structures, respectively. The most detailed results have been obtained on Ndln3

which presents a complex magnetic diagram [4-6]. Below TN =5.9 K three magnetic
phases are separated by two sharp first order transitions. All phases are single k with
magnetic moments aligned along the fourfold axis. The highest phase is incommensurate
with a sine -wave modulated magnetic moment and k = {1/2, 1/2, x}. At Tj = 5.2 K
the structure squares up and with further decreasing of temperature, for T< T2 = 4.79 K
the commensurate structure with the propagation vector k = {1/2, 1/2, 0} is stabilized.

The earlier experimental data have been obtained on powder samples and most of
them were interpreted within the hypothesis of a collinear magnetic ordering although in
some cases, the possibility of multiaxial ordering, has not been excluded. This problem
has been raised by Galera & Morin [7], who re-examined the earlier measurements and
found that noncollinear magnetic ordering (double-k, triple-k) in the Dyln3, Holn3

compounds is very likely. ErPb3, HoPb3, ErTl3 and H0TI3 exhibit modulated structures
with a propagation vector of {0, 0.2 0.5} and {0.38, 0.38, 0.16} for the Pb- and Tl-
compounds respectively [8].

In REGa3 system, Er-, Tm- and LuGa3 crystallize within the cubic AuCu3-type
structure. TbGa3, DyGa3 and HoGa3 compounds crystallize within this structure only
in limited high temperature range. In TmGa3, the powder diffraction data show that
magnetic ordering occurs at a Neel temperature TN- = 4.26 K immediately below



another transition occuring at TQ = 4.29 K, both of them being of the first order [9].
The higher temperature transition has been assumed to be associated with a quadrupolar
ordering. The magnetic structure of TmGa3 was found to exhibit the multiaxial features
and might be described either by two or by three propagation vectors k belonging to the
{1/2, 1/2, 0} star. The further measurements of magnetisation as well as the neutron
diffraction study performed on monocrystalline samples have shown that the
spontaneous magnetic structure should only be of a triple k - type [9].

As far as ErGa3 is considered, till now little is known about its microscopic
properties. The Neel temperature of ErGa3 was reported to occur at 2.8 K. The magnetic
ordering was first observed from the powder diagram taken at 2.1 K [10]. Owing to the
weakness of observed intensities only two pairs of reflections centered at (1/2, 1/2, 0)
and (1/2, 1/2, 1) positions, suggesting a modulated magnetic structure with an
incommensurate propagation vector k = {1/2-t, 1/2-T, 0} with x = (0.020 + 0.003) were
seen. The magnetic moment amplitude of erbium was estimated to be (2.3 ± 0.3) |0.B-

Preliminary magnetisation measurements performed on a single crystal sample of
ErGa3 in magnetic fields up to -5.5T and applied along [001] direction, revealed that
even in the absence of external field it undergoes two successive magnetic transitions at
Ti = 2.6 K and T2, appearing in vicinity of the Neel temperature. The remarkable
magnetic features displayed by ErGa3, motivated us to undertake the present study in
order to investigate both the magnetic structure and transition phenomena which might
occur in the ordered state, and in this way to put the analysis of ErGa3 magnetic
properties on a wider experimental basis.

In this, more comprehensive analysis of ErGa3 magnetic properties, we include the
results of magnetisation measurements performed on a single crystal sample as well as
the results of a neutron diffraction studies on polycrystalline and single crystal samples.

2. EXPERIMENTAL

Samples of ErGa3 were prepared using the Er and Ga components with purity Er -
3N and Ga - 6N. Single crystals of ErGa3 were grown by the flux method from the melt
of the nominal composition 90% at. Ga and 10% at. Er. The ingot was placed in an
alumina crucible and sealed in a quartz tube under argon atmosphere with pressure 150
torr at room temperature and was then heated in a resistance furnace up to 920 C, hold
at this temperature for 48 h and then slowly cooled down at the rate 0.8 K/h. The
synthesis was stopped at about 350° C and then sample was cooled fast down to room
temperature to avoid the formation of ErGa6 in peritectic reaction. Several rectangularly
shaped single crystals with edges oriented along the fourfold axes could be extracted
from the melt, of which the bigest one had the volume of about 10 x 10 x 5 mm3.
According to the X-ray examination the quality of each single crystals was very good.

The polycrystalline sample (about 20 g) was obtained by crashing small crystals in a
mortar. This process inevitably has introduced strains. Unfortunately the powders of
heavy rare earth compounds when annealed, exhibit a partial decomposition of the
AuCu3 -type structure. Hence, the powder sample obtained in this way, has not been
subjected to any annealing processes. In the diffraction pattern the AuCu3-type structure



of ErGa3 was clearly visible, although also some excess of unreacted gallium resulted in
noticeable contribution of this phase in the observed neutron diffraction pattern.

Apart from some preliminary measurements to test the quality of both polycrystalline
and single crystal samples, which were done on the 20 MW reactor MARIA at the
Institute of Atomic Energy at Swierk, the initial experiments were carried out at the
spallation source SINQ of the Paul Scherrer Institute at Villigen, Switzerland. The
neutron diffraction patterns were collected on the DMC spectrometer installed at a cold
neutron guide. Due to the use of a position sensitive BF3 detector (400 detectors, angular
separation 0.2°) simultaneous measurements with a scattering angle range of 80° were
possible.

The instrument uses a focusing graphite (002) monochromator and the wavelength X
can be set to any value between 2 and 6.5 A with scattering angle range up to 20 =145°.
For smaller wavelengths, the accessible scattering angle range is restricted to
approximately 20 = 100° (A. = 2.5 A) if the "Z -configuration" to achieve the better
resolution is chosen. For discrimination of higher order contamination either graphite or
cooled beryllium filters could be inserted into the monochromatic neutron beam. In the
present experiments the focusing configuration was utilized and the neutron wavelength
was set to a value of (2.5564 ± 0.0009) A.

The polycrystalline sample was encapsuled in a cylindrical vanadium container of
diameter 8 mm. The sample holder containing the single crystal of rectangular shape,
was made from aluminium. It was placed in a cylindrical Al container of diameter 15
mm. The crystal was oriented with the [001] axis approximately vertical. The fine
orientation was performed on the two axis neutron diffractometer TOPSI and after
satisfactory positioning the crystal has been glued to the cold finger to maintain a fixed
orientation. Cd foils were fixed at the top and bottom of the sample holder to shield
unwanted parts from the neutron beam. Both sample containers were filled with a helium
gas to increase the heat transfer. All neutron diffraction measurements were carried out
with a sample contained in an ILL "orange" helium cryostat.

Since the single crystal diffractometer TRiCS was not yet available for measurements,
the single data were measured also on the DMC diffractrometer. This instrument which
is very efficient for polycrystalline samples, could only in limited way be explored for the
single crystal measurements. Nevertheless, for a fixed orientation of the crystal with
[001] axis vertical, the most important satellite peaks, necessary for the observation of
their temperature dependence, could be measured.

The Bragg condition for the scattering at different angles has been assured by
exploring a cyclic oscillatory rotation of the cryostat around the vertical axis (usually
utilized for powder sample to reduce the effect of preferred orientation). At present no
stress or magnetic field could be applied to the sample during the experiments. For the
analysis of experimental data a multiphase FULLPROF fitting procedure (version 98) for
Rietveld refinement and pattern matching analysis was used [11].

The magnetisation measurements have been been performed by the SQUCD-
magnetometer (Quantum Design) with 10 mK temperature steps in the magnetic field up
to 5.5 T applied along the [001 ], [ 110] and [ 111 ] axes respectively.



3. EXPERIMENTAL RESULTS

3.1. Magnetisation measurements

The magnetic field - temperature phase diagrams for the field applied along the
[001], [110] and [111] axes have been determined from the isofield magnetisation data.
The magnetisation measurements (Fig. 1) have revealed a few well defined phase
regions characterised by different magnetic moments alignments. Apart from
paramagnetic region there occur four phases for the magnetic field H|| [001] and three
phases for the field H|| [110]. In zero external magnetic field the successive transi-
tions from the I —> II phase and from II—>III take place at the transition temperatures
Ti = 2.6 and T2 = 2.8 K, respectively. With increasing magnetic field the stability range
of the phase III increases, being accessible for neutron measurements. The observed
metamagnetic transitions seems to be due to sudden jumps of magnetic moments from
one to other symmetry directions. Metamagnetic transitions in the field applied along the
[111] axis are more subtle and less pronounced as compared to those observed for the
magnetic field H|| [001] and H || [110].
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Fig. 1. H-T magnetic phase diagrams obtained for afield applied along the [001] and
[110] axes showing at H=0 two phase transitions occur ing at 2.6 and 2.8 K. Solid
lines serve as guide to eye.



3.2 Powder neutron diffraction experiments

The paramagnetic diagram of ErGa3 taken at 4.43 K (cf: Fig. 2) is consistent with a
cubic AuCu3 type chemical structure. Since the Fermi scattering amplitude bGa

 = 0.7288
x 10"12 cm and bEr = 0.7790 x 10"12 cm [12] are nearly equal, only the planes with hkl
(even, even, even) or (odd, odd,odd) contribute strongly to the scattering. Owing to the
relatively small lattice parameter a, and the rather large neutron wavelength used
during experiment, only 2 strong Bragg peaks: (110), (200) were available for the
calibration of the low temperature data. Some weak contribution from free gallium was
also detected. On the 1.96 K diagram the appearence of new reflections is evidence for
antiferromagnetic ordering below the transition temperature. They appeared in vicinity of
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Fig. 2. Neutron diffraction patterns of ErGas taken at 4.43 K (a) and 1.96 K (b).
Note the appearance of additional peaks resulting from the ordering of Er magnetic
moments. The solid lines represent the fit to experimental data obtained, by the Riet-
veld refinement and pattern matching procedure. The lines with vertical bars placed at
the bottom of the figure denote (upper): the Ga nuclear peaks, (lower): positions of
nuclear and magnetic peaks ofErGa3 respectively. The lowest curves denote Iobs-Ical.



scattering angles where magnetic reflections should be present if the magnetic unit cell
would be enlarged along two directions. However, the additional peaks which appear in
the low temperature pattern could not be indexed by any reasonable enlargement of the
chemical unit cell. Apart from nuclear reflections of ErGa3 and Ga, which were fitted
simultaneously, by the FULLPROF Rietveld refinement program, to determine the value
of the propagation vector k, we examined the magnetic contribution using a pattern
matching (fixed scale,) fitting procedure, in which the lattice constant a and the compo-
nents of the propagation vector k were varied. It was found, that the observed magnetic
peaks could be satisfactorily fitted with the propagation vector k = { 1/2-T, 1/2-T, 0}. The
determined value of x = (0.0211 ± 0.0001) was in close accordance with the earlier fin-
dings [10].

Nevertheless some differences between the present and earlier results have also been
detected. Namely, a small but clearly visible magnetic contribution at the scattering
anngle 2 0 = 25° was found. The analysis of data obtained at 1.96 K was done on a
basis of a difference pattern 1(1.96 K) -1(4.43 K), for which sufficiently long counting
time to assure good counting statistics was used. In the first step of the analysis of the
neutron diffraction results, we tried to fit the data with the model suggested in [10].
However, to our surprise in spite of many efforts, and examining various magnetic
moment alignments, no satisfactory agreement to experimental data could be achieved.
Moreover the model with k = {1/2-T, 1/2-x, 0} would not properly describe also the
experimental data obtained earlier [10].
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Fig. 3. Observed (points) and calculated (lines) neutron diffraction profiles of ErGa3

obtained from the difference diagram 1(1.96K) -1(4.43 K) assuming the model of mag-
netic ordering represented by the propagation vector k = {1/2-T, 1/2-T, 0} as described
in text. Upper line with vertical bars indicates the calculated peak positions.



The best fit to observed data, which in addition accounts for the Bragg peak at the
scattering angle 2® = 25° represents the alternating ferromagnetic (110) sheets of the
erbium moments, which lie in the basal plane, on which the sine modulated wave,
propagating along the [100] and [010] directions is superimposed. The direction of the
erbium moment is perpendicular to the propagation vector k i.e. they are aligned either
along the [1-1 0] or [-1 1 0] axis respectively. Both orientations yield the identical set of
calculated magnetic intensities. The comparison of observed and calculated intensities
for this arrangement is shown in Fig. 3 and Table 1. Assuming that the fit reproduces
qualitatively the observed intensities in the whole diagram outside of peaks centered
at 20 = (43 - 44)°, in this particular region the discrepancy between observed and
calculated profiles is so large that the model cannot be accepted.

Table 1. Integrated intensities of low angle magnetic difference diffraction pattern of
ErGa3 calculated within the model 1: k = {1/2-x, 1/2-x, 0}. The reliability factors for
points with Bragg contribution: Magnetic R-factor = 18.5%, V-= 11 A.

20

23.85
24.94
24.94
25.98
43.24
43.24
43.89 -•
43.89
43.89
43.89
44.53
44.53
56.22
56.22
57.16
57.16
58.22
58.22
58.74
58.74

H

0.479
0.479
-0.521
0.521
0.479
0.479
0.479
0.479
-0.521
-0.521
0.521
-0.521
1.479
0.479
1.479
-0.521
0.479
1.521
0.521
1.521

K

0.479
-0.521
0.479
0.521
0.479
0.479
-0.521
-0.521
0.479
0.479
0.521
-0.521
0.479
1.479
-0.521
1.479
-1.521
-0.479
1.521
0.521

L

0.000
0.000
0.000
0.000.
-1.000
1.000
-1.000
1.000
-1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Ical

6718
140
339
5650
2048
2048
1353
1353
1374
1374
1925
1925
1104
743
416
75
92
437
707
1035

lobs

7562
306
740
6192
3050
3050
1110
1110
1127
1127
2765
2765
1428
960
521
94
79
378
490
716

Searching for other solutions we noticed, that this disagreement can be immediately
removed if one assumes that the sine modulation is superimposed only along one
direction [100] or [010], with the simultaneous doubling of the x value, and treating the



small peak at the scattering angle 20 = 25°, as due to a small admixture of a commensu-
rate collinear phase described by the propagation vector k={ l /2 , 1/2,0}.

This treatment radically improved the agreement not only in places where calculated
profiles deviated strongly from those observed for the previous model, but also in the
whole neutron diffraction pattern (Fig. 4 and Table 2). In this magnetic structure
corresponding to an incommensurate vector k = {1/2+r, 1/2, 0} with x = 0.042, the
adjacent (110) ferromagnetic planes have also oppositely directed magnetic moments
lying in the x-y plane, with an alignment close to the [110] axis. The determined value of
the maximum amplitude of magnetic moment is equal to (3.19 ± 0.06) p.B.

At 1.96 K, the tilt of the moments in the x-y plane from the [110] axis was found to
be ~(1.6±1)° and within the experimental error, this direction is conserved up to
~ 2.7 K. Above this temperature, a subtle change of magnetic neutron intensities was
detected, yielding an evidence of rotation of magnetic moments towards the [100] axis.
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Fig. 4. Observed (points) and calculated (line) magnetic difference neutron diffraction
pattern ofpolycrystalline ErGa$ at 1.96 K obtained for the model of magnetic ordering
represented by a propagation vector k = {1/2+ z, 1/2, 0}, The line at the bottom of the
pattern, represents the difference Iobs - Ica[. Two successive lines (upper and lower)
with vertical bars, indicate positions of appropriate Bragg reflections for the phase I
and II, respectively.



Table 2. Integrated intensities of low angle magnetic difference diffraction pattern
of ErGa3 at 1.96 K calculated within the model 2. Phase I: k = {1/2+x, 1/2, 0}.
Phase II: k = {1/2, 1/2, 0} Peaks from the phase II are marked with asterisk. The
reliability factors for points with Bragg contribution: Magnetic R-factors = 5.5%
and 4.5%, for the phase I and II respectively, %2 = 73.

20

23.88
23.88

*24.91
26.00
26.00
43.26
43.26
43.26
43.26
*43.88
44.55
44.55
44.55
44.55
56.10
56.10
57.17
57.17

*57.68 J
58.23
58.23
59.27
59.27

H

0.458
0.458
0.500
-0.542
0.542
0.458
0.458
0.458
0.458
0.500
0.542
-0.542
-0.542
-0.542
1.458
1.458
0.458
0.458
1.500
0.542
-0.542
1.542
1.542

K

-0.500
0.500
0.500
0.500
0.500
-0.500
-0.500
0.500
0.500
0.500
0.500
-0.500
0.500
0.500
-0.500
0.500
-1.500
1.500
0.500
1.500
1.500
-0.500
0.500

L

0.000
0.000
0.000
0.000
0.000
-1.000
1.000
-1.000
1.000

. 1.000
1.000
1.000
-1.000
1.000
0.000
0.000 .
0.000
0.000
0.000
0.000
0.000
0.000
0.000

leal

7269
2

1147
6144
27

2171
2171
1489
1489
1241
1329
1329
2047
2047
1058
274
933
245
414
191
948
933
261

lobs

7491
2

1183
6098
27

2333
2333
1601
1601
1247
1375
1375
2118
2118
1438
373
847
223
318
125
624
564
158

In order to observe an eventual change of magnetic structure or the reorientation of
magnetic moments, we performed a set of diffraction scans, which allowed to analyse
the thermal variation of magnetic peaks occuring in the whole diffraction pattern.
Neutron diffraction data were taken at approximately one tenth degree of temperature
intervals over the range (1.96 - 3.04) K (cf: Fig. 5).

For all scans the FULLPROF refinement was applied, from which the components
Mx, My of the maximum of magnetic moment were determined. In the range from
1.96 K up to 3.04 K long range magnetic ordering was observed although at tempe-
ratures close to 3.04 K the intensities of peaks were very weak and superimposed by
diffuse scattering. One can notice that the lattice parameter a determined below the
ordering temperature is almost constant over the temperature range (1.96 - 3.04) K
(Fig. 6) but somewhat differs from that obtained at 4.43 K.



Since above the Neel temperature there is only one measured pattern and moreover
the data suffer from the peaks, actually it is difficult to judge whether there is any
significant change of the lattice constant at the ordering temperature. The Neel point
deduced from present measurements appears to lie about 0.3 K higher than that
determined from the magnetisation data.
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Fig. 5. Neutron diffraction patterns measured at different temperatures.
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Fig. 6. Temperature dependence of lattice constant (a) and sine modulation parameter
T ofErGa3 in the ordered state (b) Lines serve as a guide to eye.
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This may be due to the difference in the calibration of temperature sensors, some
temperature gradient existing in the large powder sample, and perhaps too short time
allowed for the system to equilibrate. The variation of the x parameter was more
pronounced in the range of temperatures near the Neel point. For example, its measured
value at 3.04 K was equal to (0.0501 ± 0.0034) as compared to T = (0.0420 ± 0.0002)
determined at 1.96 K (cf: Fig. 6 and Table 3).

The goodness of fit obtained from fitting the both nuclear and magnetic contributions
expressed by the conventional integrated magnetic R-factors, and %2 factors varied at
1.96 K: from Rmagi = 11.2%, Rmagn = 5.8%, y} = 13.2, to the values at 3.04 K: Rmagi
= 19.4%, RmagH = 8-8%> X2 = 2.9 f° r t h e P n a s e I a n d D respectively. Of course the fits
to data at temperatures close to TN were worse because of low counting statistics of
measured magnetic neutron intensities.
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Fig. 7. Temperature dependences of the erbium moment alignement (a) and zero-field
magnetisation (b) determined from powder neutron intensities measured in the
temperature range (1.96 - 3.04) K. Solid lines serve as a guide to eye.
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The high symmetry of the cubic AuCu3-type crystal structure leads in ErGa3 to some
ambiguity which makes the interpretation of experiments not complete even in the case
of measurements on single crystals. Present results obtained with a powder sample for
the model k = {1/2+r, 1/2, 0} allow to determine only |MX| and |My| components. This
means that any combination of +MX and ±My components yields the identical set of
calculated magnetic intensities. Orientation of magnetic moments in the x-y plane for the
phase k = {1/2, 1/2, 0} could not be determined at all, and for simplicity it was assumed
to follow the alignment of moments for the phase described by the incommensurate
propagating vector k. Notice also that exactly the same set of satellite intensities can be
obtained for the k vector assumed to propagate along the [010] axis. The calculated
values of Mx and My components and their ratios, allowed to construct the temperature
dependence of the angle a between the magnetic moment direction and the [100] axis,
as well as the temperature dependence of the zero-field magnetisation. These plots
are shown in Fig. 7.

3.3 Single crystal neutron diffraction experiments

The experimental set up is shown schematically in Fig. 8. It shows a portion of the
reciprocal space, which graphically indicates the satellite reflections measured in the
neutron experiment. The 1/d arcs passing through the reciprocal lattice points indicate
the trajectories of their movements during the cyclic rotation of the crystal around the
vertical axis. The intersection of these trajectories with the arc drawn by the locus of the
scattered vectors k' (dashed arc) provides the Bragg condition for the elastic scattering
from the satellite spots. In terms of Fig. 8 we keep the length k fixed and rotate the
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Fig. 8. Portion of reciprocal space showing identifying ErGas satellite reflections

(closed circles). The radii denoted by continuous lines represent the trajectories of 'IGI
values of satellite positions during rotation of the crystal. The intersection of these
trajectories with the arc drawn by the locus of the scattered vectors kf (dashed arc)
provides the Bragg condition for the elastic scattering from the satellite spots. Filled
squares indicate reciprocal lattice points corresponding to the nuclear lattice.
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crystal (i.e change the angle Q until the Bragg condition is fulfilled. To gain the time and
to increase the neutron counting rate, the angle of rotation C, was limited to about 60°,
i.e. just to the angular range allowing to observe the scattering of neutrons from
magnetic satellites lying around the (1/2, 1/2, 0), (1/2, 3/2, 0) and (3/2, 1/2, 0) reciprocal
lattice points.

The single crystal diffraction data were taken also at approximately one tenth degree
temperature intervals over the range (1.94 - 3.01) K. At each temperature at least ~0.5 h
was allowed for the system to equilibrate. The data were analysed using the FULLPROF
least squares fitting procedure [11]. Although this program is mainly intended for the
analysis of powder data, in some cases it offers also an option allowing to analyse
results of single crystal experiments. In the present work, the set of reflections observed
in experiment was created from an input file: CODFIL1.HKL (provided that in
CODFELPCR file the parameter IRF is set to 1) The calculated intensities were appro-
priately modelled to correspond to the single crystal intensities formula [13]. This has
been done by replacing the Lorentz factor for a powder sample by the expression
appropriate for a single crystal when the incoming beam and a scattering vector are
perpendicular to the rotation axis and lie within the equatorial plane. Set of diffraction
scans at variable temperatures is shown in Fig. 9.

Exploring the additionally created CODFIL.COR file, the corrections were intro-
duced to the integrated intensities as multiplicative constants. The file CODFIL.COR is
read by the FULLPROF program if the parameter ICORR is also set to 1. Subsequently,
fixing the erbium moment to a value of 3.19^iB and the lattice constants as determined
from the earlier powder study at 1.96 K, the scale factor and profile parameters were
varied until the best fit between the observed and calculated patterns was achieved. Then
the scale factor was fixed, and in the fitting of data obtained at higher temperature, the
Mx and My. variables denoting the x and y components of the amplitude of magnetic
moments and the parameter T describing modulation of moments were allowed to vary.

Results for two temperatures 1.94 K and 2.78 K, displaying the difference in the
observed patterns due to the spin rotation are shown in Fig. 10. No other corrections like
absorption, or extinction were explicitly included in the fitting procedure. Comparing
finally the course of the zero-field magnetisation for powder and single crystal data,
which were found to be almost identical, one can conclude that eventual systematic
errors which might occur by using such a procedure lie in limits of statistical errors of
individual intensities.

Figure 11 shows in (a) the temperature dependence of the direction of magnetic mo-
ments in the basal plane expressed by the temperature dependence of the angle a bet-
ween the magnetic moments and the [100] axis. It is seen that in the region (1.94 - 2.66)
K the orientation of magnetic moments is almost constant. But in the next step at 2.78 K
the magnetic moments turn abruptly towards the [100] direction. This abrupt rotation is
however, not reflected in the temperature dependence of the zero-field magnetisation,
which decreases smoothly by approaching the Neel temperature (cf: Fig. 11 (b)). The
transition observed for the single crystal data appears to be more pronounced than the
results obtained with the polycrystalline sample and resembles a discontinous change
typical for a first order transition. Another distinct feature observed in the present
experiment is the absence of the k ={1/2, 1/2, 0} phase. Some admixture of this phase
was earlier observed in the powder experiment.
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Fig. 9. Neutron diffraction pattern taken at variable temperatures. Note the change of
profiles of scattered intensities at 2.78 K due to the spin rotation as described in text.
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Fig. 11. Temperature dependences of the erbium moment alignement (a) and zero field
magnetisation (b) determined from neutron intensities measured in the temperature
range (1.94-3.01) K.

17



Most likely, its presence was due to the unannealed strains which appeared after
crumbling small single crystals, from which the polycrystalline sample was prepared. No
attempt was made to release the strains because of risk of a partial decomposition of the
AuCu3-type structure.

The temperature dependence of the modulation of magnetic moments for the single
crystal sample is similar to that observed for the powder sample, i.e. the value of x
increases as T approaches TN. However such an abrupt increase as observed for the
powder sample at 3.04 K has not been observed (cf: Fig. 12 and Table 3). The powder
data in this region, because of poorer statistics, appear to be less reliable. As mentioned
earlier, the single crystal data of ErGa3 were obtained without any external perturbation.

Hence, for the observed group of satellites denoted as (H+T, K, 0) where H, K = 1/2, 3/2,
(cf: Fig 8) the choice of [100], [010] and [001] axes in the crystal was entirely arbitrary.
It is a simple matter to verify, that for a given propagation vector k={l/2+T, 1/2,0},
any combination of ± Mx and ± My components, yields an identical set of magnetic
intensities, if for a given set of+ signs, the indices of satellites under consideration are
appropriately re-defined in the CODFILl.HKL file. Nevertheless, in spite of those am-
biguities imposed by the high symmetry of crystal, in both cases (powder and single
crystal data), there is seen a distinct dependence of observed intensities on the Mx / My

ratio, allowing to observed the rotation of magnetic moments within the x-y plane. In
particular, the neutron diffraction study on a single crystal sample clearly demonstrates
that in ErGa3, such a reorientation takes place in a narrow interval of temperature close to
~ 0.1 K and immediately can be identified with the anomaly at -2.6 K visualized in the
H-T phase diagrams derived from the magnetisation data.

Table 3. Variation of the x parameter with temperature (model 2)
as determined from powder and single crystal measurements.

T[K]

1.96
2.09
2.19
2.28
2.35
2.47
2.61
2.72
2.83
2.92
3.04

Powder data

T

0.0420 ± 0.0002
0.0421+0.0003
0.0418 + 0.0004
0.0420 ± 0.0003
0.0425 + 0.0004
0.0422 ± 0.0004
0.0427 + 0.0008
0.0432 + 0.0006
0.0426 ±0.0008
0.0435 ±0.0011
0.0501+0.0034

T

1
2
2
2
2
2
2
2
2
2
3

[K]

.94

.11

.22

.27

.41

.55

.65

.78

.84

.96

.01

Single crystal data
T

0.0425 ± 0.0002
0.0424 ± 0.0002
0.0424 ± 0.0002
0.0425 + 0.0002
0.0424 ± 0.0002
0.0425 ± 0.0002
0.0425 ± 0.0003
0.0436 ±0.0003
0.0441+0.0004
0.0459 ±0.0009
0.0462 ±0.0020
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Fig. 12. Temperature dependence of the sine modulation parameter T obtained from the
single crystal data. The solid line serves as guide to eye.

4. DISCUSSION AND CONCLUSIONS

We have described the magnetic ordering of ErGa3 at 1.9 K ruling out definitively
the magnetic structure proposed previously. The results of the neutron diffraction
experiment on both polycrystalline and single crystal samples is a clear advance over the
situation obtained from only the bulk magnetic study, allowing to deduce the true nature
of the ordered magnetic state.

The neutron pattern of the magnetically ordered ErGa3 is characterized by the
presence of magnetic reflections which do not coincide with reciprocal lattice points either
of the chemical cell or with any simple multiple of it. As no higher order satellites were
detected, the models considered were restricted to the sinusoidally modulated types. For
the powder sample, the incommensurate magnetic structure of ErGa3 has been satis-
factorily described by a single k={l/2+T, 1/2, 0} phase, with some admixture of the
k = {1/2, 1/2, 0} phase. At present we were unable to check whether the structure
described by a longtitudal static spin wave changes at lower temperature by squaring up
or undergoes a transition to another magnetic structure. If at lower temperature a
transition from sine wave to a square arrangement would occur, then the higher
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harmonics in the neutron scattering should be detected. According to [14] such a
transition may take place at temperature T' s 0.5TN. Since in ErGa3 TN = 3 K, most
probably the anticipated transition falls into the region of temperatures where more
advanced refrigerators are needed.

The magnetic ordering observed in powder and single crystal samples, exhibits
temperature dependence above T ~ 2.7 K resulting from the rotation of magnetic mo-
ments from the an approximate [110] direction towards the [100] axis. The single crystal
data confirm fully this trend yielding however, somewhat different values of the angle a,
namely: (48 + 1)° and (19.6 ± 6.7)° at 1.94 and 3.01 K, as compared to (46.6 ± 1)° and
(25.5 ± 10)° at 1.96 and 3.04 K for the powder sample. Moreover, on a single crystal
sample this reorientation appears to occur in the narrower interval of temperature -0 .1
K and has rather a step-like shape.

At least two factors can be taken into account to explain the spin reorientation
phenomena in ErGa3. At the first sight this behaviour can be driven by a proximity of the
molecular field levels resulting from the splitting of the low lying crystal field levels.
Anticipating the fact, that in the appropriate cubic field, the erbium ion can have an
accidental sixfold degenerate ground state, one can speculate that the nature and the
origin of the intermediate phase transition at Tt may be connected with such nearly sixfold
degeneracy of the 4Ii5/2 multiplet.

Looking at the energy-level diagrams of LLW [15] we note that Er3+ has two values
x (x = 0.58 and 0.83) for which sixfold degenerate ground states exist. Under such an
assumption the situation seems to be very similar to HoSb [16] where it was found that
with decreasing temperature a second order transition to the antiferromagnetic state at
T N = 5.7 K is followed by a tricritical-like one around T'x = 5.4 K at which reorientation
of the spontaneous magnetisation takes place. However, as has been pointed above the
experimentally determined magnetic moments are not parallel to the [110] or [100] axis,
therefore the observed magnetic moment direction cannot be inferred from the single ion
crystal-field anisotropy alone and considering of additional interactions is necessary.
Moreover, very recently, one of us (A.Cz) has performed the heat capacity measurements
of ErGa3 from which the crystal field parameters W = 0.25 K and x = 0.22 have been
determined yielding F 7 as a ground level with the overall crystal-field splitting of 120 K
[17]. The determined x parameter lies far from the region where the accidental sixfold
crystal field degeneracy may occur. In addition, the measurements of the third-order
susceptibility of ErGa3 in vicinity of TN show, that order-disorder transition is continuous
[17]. Hence, the sixfold degeneracy as a source of spin rotation phenomena in ErGa3,
seems to be not adequate to the available at present experimental data.

On the other hand, similarly to the ErGa3 case unusual [uv0]-type axes of easy
magnetisation that are not parallel to a major axis of symmetry have been already
observed in some cubic rare-earth-iron Laves compounds, for which the spin reorien-
tation took place upon the change of temperature. For example, in Hoo.5Ero.5Fe2 with
increasing temperature the direction of magnetisation varies with the sequence [uuw] —>
[uvO] -> [1 0 0]. This feature has been interpreted within the phenomenological treat-
ment of magnetic anisotropy, by including eighth-power direction-cosine term in the
power expansion of the magnetic anisotropy energy [18]. Therefore such a possibility in
interpreting the spin-rotation phenomena in ErGa3 should also be taken into account.
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Nevertheless, as the scheme of crystal field splitting for this compound from the
neutron inelastic scattering experiments is still lacking, the more reliable interpretation
must await until the detailed information on the crystal-field levels from the neutron
spectroscopy measurement will be available. The planned neutron spectroscopy
experiments as well as, further measurements that will enable us to make more precise
measurements of the ordered magnetic state appear to be of primary importance. In
particular neutron diffraction experiments on single crystals in external magnetic fields
would be required.

This must include the precise determination in vicinity of TN the sublattice
magnetisation M as a function of temperature. Such a study, performed on a single crystal
should also give some insight regarding the phase transition at T2 already observed in
magnetisation measurements, which however in present experimental conditions could not
be attained. In particular, the determination of the value of critical exponent p in the
formula: M = f(t)P from a plot of In M versus In t (where t denotes the reduced
temperature t = (T^ -T)/TN) should be possible, provided the appropriate pertinent
uniaxial perturbation (magnetic field or stress) that shifts the T2 to lower temperature
(cf: Fig. 1) is applied.

A prerequisite for such a study is that the Bragg scattering term may be successfully
deconvoluted from the integrated profile intensity. Whilst in principle this is theoretically
possible, it remains to be verified whether other terms such as magnetic inelastic scattering
and magnetic critical scattering with sufficient accuracy can be independently evaluated
from the experiment. The general conclusion of the present study is that the magnetic
properties of ErGa3 are not as enigmatic as they at first sight could appear, although the
further experiment on this compound, to pursuit our knowledge on the whole system are
called for.
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