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Andrzei Murasik. Andrzei Czopnik. Evgeni Clementyev. Jurg Schefer. Crystal field in
ErGar- a neutron spectroscopy study The splitting of the J = 15/2 multiplet of Er in a
cubic crystal field has been determined by inelastic scattering from a polycrystalline
sample of ErGa3. On the basis of the observed intensities and their temperature variation
we have been able to determine two crystal electric field (CEF) parameters required for
cubic symmetry. Least-squares fits of calculated crystal field transitions to the observed
neutron inelastic scattering spectra taken at 12, 24, 32, 40, 50 mand 80 K, gave the
crystal field parameters: B4 = (7.15 ± 0.05) x 10'5 and B6 = (1.28 + 0.05) x 10-* meV
yielding the F7 doublet as a ground level with the overall splitting of 10.92 meV. The
results are used to calculate the temperature-depended zero field magnetisation and the
Schottky anomaly of the heat capacity of ErGa3 which yield reasonable agreement with
experimental data obtained earlier.

Andrzej Murasik. Andrzej Czopnik. Lukas Keller. Evgeni Clementyev. Jurg Schefer:
Pole krystaliczne w ErGa^ - neutronowe badania spektroskopowe. Metoda^ spektroskopii
neutronowej wyznaczono schemat i wielkosc rozszczepienia podstawowego multipletu
J = 15/2 jonu Er w polu krystalicznym o symetrii regularnej. Z otrzymanych widm nie-
elastycznie rozproszonych neutronow w temperaturach 12, 24, 32, 40, 50 i 80 K,
okreslono zespol przejsc mi^dzy poziomami energetycznymi pola krystalicznego, poz-
walaja^cy z dwoch wyznaczonych parametrow pola krystalicznego B4 = (7.15 ± 0.05)
x 10'5 oraz B6 = (1.28 ± 0.05) x 10"6 meV scharakteryzowac zarowno schemat jak i
wielkosc calkowitego rozszczepienia. Poziomem podstawowym jest dublet T-; zas
calkowite rozszczepienie wynosi 10.92 meV. Otrzymane wyniki poshizyfy do
wyznaczenia temperaturowego przebiegu spontanicznego namagnesowania, oraz ciepJa
wlasciwego Schottky. Porownania z wynikami wczesniejszych eksperymentow dato

câ  zgodnosc.
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1. INTRODUCTION

The neutron diffraction studies of ErGa3 performed recently [1-2], revealed that its
magnetic ordering at -1.9 K can be described by a model in which the successive
antiparallel (110) sheets of spins have additionally superimposed on them a sinusoidal
modulation parallel to the [100] axis. This structure corresponds to an incommensurate
propagation vector k = {1/2+T, 1/2, 0} with x = 0.042. The temperature dependence of
magnetic satellites observed on powder and single sample revealed, that in the range of
(2.7 - 2.8) K there occurs an abrupt reorientation of the Er3+ spins from the nearly [110]
direction, towards the [100] axis. This rotation can be attributed to the Ti transition
found in the magnetic phase diagram.

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
by exchange interaction. 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 above Ti may be connected with such
nearly sixfold degeneracy of the ground multiplet. However, as has been pointed above,
the experimentally determined directions of magnetic moments are tilted slightly from
the [110] axis at T< Ti and from [100] direction at T > Tj.

Therefore, the observed moment directions cannot be inferred from the single ion
crystal field anisotropy alone and an additional interaction that may have influence on the
moments reorientation has to be taken into account. On the other hand, unusual [u,v,0]-
type directions 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 reorientation took place upon the change of temperature. This feature has been
interpreted within the phenomenological treatment of magnetic anisotropy, by including
eight-power direction-cosine term in the power expansion of the magnetic anisotropy
energy [3]. Hence, such an approach in interpreting the spin-rotation phenomena in
ErGa3 should also be taken into account. Very recently, one of us (A.Cz.) has
performed the heat capacity measurements of ErGa3 from which the crystal field
parameters W = 0.022 meV and x = 0.22 have been found yielding F7 doublet as a
ground level with the overall crystal-field splitting of 10.34 meV. Since the knowledge of
the crystal field splitting seems to have considerable significance for our understanding
of the origin of temperature dependence of magnetic anisotropy in ErGa3 we decided to
investigate the reliability of the crystal-field parameters derived from the heat capacity
measurements by using the direct spectroscopic method of neutron inelastic scattering.

2. THEORETICAL ASPECTS

The static crystal field surrounding a particular rare earth ion can always be written as
a series of spherical harmonics [5],

= EEAk r* Pk (cosGj) e i c^ (1)
j kq



where summation is over 0 < k< oo and Iql <k and all 4f electrons j . In rare-earths
compounds the CEF interaction is generally much smaller than the spin orbit interaction
and in most cases the separation between adjacent J levels exceeds the overall CEF
splitting by at least an order of magnitude so that the CEF potential may be represented
as a perturbation of the ground-state J multiplet alone. The point symmetry of the lattice
site in question and the orbital angular momentum of the individual magnetic electrons
limits the number of terms of crystal field parameters in the expansion of the crystal field
potential into spherical harmonics. The problem of handling the complicated calculation
for the Hamiltonian expressing the crystal field, in many cases can be further simplified
by the introduction of the so-called operator equivalents [6] which substitute the
components of the angular momentum operator Jx, Jy, Jz (with suitable numerical
factors) for x, y, z occuring in the potential of the crystal field. The crystal field leads to
splitting of the RE - ground multiplet into a number of levels n at energies En which are
labelled by means of the irreducible representation Fn corresponding to the rare earth
site symmetry.

The intermetallic compound ErGa3 has the AuCu3 type structure with a lattice constant
a = 4.198 A. The Er-site in AuCu3 structure has a cubic point symmetry. The ground state
of the free Er3+ ion is the 4I15/2 multiplet. The 16-fold degeneracy of the ground-state
multiplet is partially lifted by the crystal field. Our approach to the crystal field problem in
ErGa3 relies on two main assumptions. Firstly, that the 4P1 electronic state of erbium is
well separated from other electronic states, and secondly that the crystalline electric field
can be treated as a small perturbation of the free-ion energy levels.

Within a manifold of angular momentum J composed of f electron wave functions, the
operator equivalent potential with the cubic point symmetry has the form:

B4( 04+ 5- 04 4)+ B
6( 06- 2 1- 06 4) (2)

The coefficients B4 and B6 are factors which determine the scale of the crystal field
splitting and 02n are the Stevens operator equivalents of the corresponding spherical

harmonics, obtained by replacing the Cartesian components of the arguments of the
spherical harmonics (suitably symmetrized) by the Cartesian components of J. Thus the
crystal-field Hamiltonian is completely determined by symmetry considerations except for
the parameters B4 and B6. Following Lea, Leask and Wolf (LLW) [7] rather than deal
with B4 and B6 parameters, it is more convenient to use the parametrization scheme:
B 4 = Wx/F(4), B 6 = W(l- |x|)/F(6) where -1 < x < +1 and F(4), F(6) are numerical
factors tabulated by LLW. By diagonalizing the crystal field Hamiltonian for any value
of -1 < x < +1 the appropriate eigenvalues and eigenfunctions have been tabulated by
authors for the whole lanthanide series.

For Er3+ in a cubic environment, the ground-state multiplet 4I15/2 splits into 5 levels Fn

two doublets F7, F6, and three quartets FgW, F8(
2), F8(

3). For a particular crystal field
level, the eigenfunctions of irreducible representation Fn are represented by a linear
combination of eight Kramers degenerate wave functions |±15/2>,...,|+l/2>.

The magnetic scattering function S(Q, co) for the CEF transitions for unpolarised
neutrons and small momentum transfer hQ (dipole approximation) is given by (see for
example [9])



S(Q, Q ) ~ aF2(Q)e-2w I pn| <rn| J± |rm> |2 8[ (En - Em)/ft + co] (3)
n, m

Here a = (y2e2/mec
2)2 = 0.0724 b sr1 gives the coupling between the neutron and

electron spin, F(Q) is the atomic form factor of the unpaired electrons, e"2W is the Debye-
Waller factor, pn= Z 1 exp(-En/kT) where Z is the sum over all states, describes the
occupation of the n& level at a temperature T, |rn> are the different CEF eigen-functions
with energies En, Jj. is the total angular momentum component perpendicular to Q.

Equation (3) is valid if the line broadening due to lifetime effects are negligible; it
shows that the inelastic incoherent magnetic neutron scattering cross section consists of a
sequence of 8-functions, the positions of which are determined by the eigenvalues of the
CEF Hamiltonian. Information on the CEF eigenfunctions is obtained from the scattering
intensities via the matrix elements of Jj_.

Because of line broadening due to relaxation effects, instrumental resolution and other
effects like non-stoichiometry, presence of impurities lattice defects etc., the 8 function
in equation (3) generally has to be replaced by Gaussian or Lorentzian. The magnetic
scattering can be distinguished from the contributions of nuclear origin thanks to their
different behaviours when either momentum transfer or temperature is varied.

3. EXPERIMENTAL

The experiments were performed on the triple-axis spectrometer DRUCHAL installed at
the SINQ spallation source of the Paul Scherrer Institute (Villigen, Switzerland). The
neutron cold source assured at the instrument position the flux of 2.63x108 n/(cm2 s mA)
The neutron energy spectrum from a SINQ cold source exhibits the maximum at about
5.1 meV and the energy range with reasonable neutron intensity extends approximately
from -1.3 to -18 meV [8]. Therefore the neutron spectroscopy studies, in which the
advantage of cold neutrons via the improved resolution is gained, in principle have to be
carried out on samples, where the overall crystal field splittings are small and do not
exceed significantly -10 meV.

In order to gain more of neutron intensity, the triple axis spectrometer DRUCHAL
uses a doubly focusing monochromator as well as a horizontally focusing graphite
analyser both with (002) scattering planes. Pyrolitic graphite or berylium filters can be
inserted into outgoing neutron beam to reduce high-order contamination.

The 20 g polycrystalline sample of ErGa3 (used earlier in the neutron diffraction
study) was encapsuled in a cylindrical aluminium container of 10 mm diameter and 50
mm length, filled with the helium gas and inserted into the close-cycle helium
refrigerator. The experiments have been carried out in the energy range allowing to
observe the energy transfers from -3.5 meV to about 10 meV. During experiments
mainly the neutron energy loss process was observed although in few cases also the de-
excitation of low lying levels was allowed for, to confirm the magnetic nature of the
observed scattering. The scattered neutrons were analysed with an analyser energy kept
constant either at Ef = 4.97 or 8.05 meV giving rise to energy resolutions (hco = 0 ) of 0.2
or 0.4 meV respectively. Apart from different energy transfers limits, the choice bet-



ween two values of Ef allowed us to optimise either intensity or the resolution. The py-
rolythic graphite filter was used throughout the experiment. The scattering vector Q was
held constant at 1.2 A"1. Experimental data were taken at 12, 24, 32, 40, 50, and 80 K.

The typical energy spectra of neutrons scattered from ErGa3 in the paramagnetic state
are shown in figure 1 and 2. The background counting rate in presented figures has
already been subtracted. The spectra can be qualitatively characterized as follows. In all
figures there occurs an intense peak at zero-energy transfer corresponding to nuclear
incoherent scattering and the CEF quasielastic scattering. At 12 K the intense, well
resolved inelastic line at about 2.7 meV can immediately be interpreted as a transition
from the ground level. The observed peak appears to be slightly asymmetric indicating
either an additional weak transition from the ground level to another excited level at
about 3.1 meV or a transition from the first excited level to a closely spaced another
excited level. In addition at the energy transfers AE of about -2.7 meV and 5.8 meV
two weak peaks are seen. The first is simply a replica of the observed strong ground
state transition at -2.7 meV and represents a transition from the first excited level to the
ground level. Its small intensity results from unsufficient population of this level at 12 K.
With help of the crystal-field scheme derived from the heat capacity data, the peaks at
-2.7 and -5.8 meV could be assigned to F7 —» F8W and F7 —> IV2) transitions,
provided that the latter maximum does not originate from the phonon scattering.

Upon raising the temperature, the strong ground state transition is gradually
contaminated by excited CEF transitions. Two subsequent spectra taken at 40 and 80 K
visualized in Figs. 1 and 2 are characterized by additional scattering resulting from the
transitions between excited levels. The data obtained at intermediate temperatures 32 and
50 K display roughly the same features as those obtained at 40 and 80 K. The only
noticeable difference is the intensity ratio between the ground-state and excited state
transitions resulting from the different thermal population of the appropriate CEF levels.
On both displayed spectra taken at 40 and 80 K it is seen that the peak at -2.7 meV is
considerably broader and we can conclude that at least two additional CEF transitions
F8W —» IV2) and F8

(1) —» T& contribute to its intensity if the scheme derived from the
heat capacity measurements is correct.

Very weak intensity at ~5.8 meV, observed only at 12 K diagram is consistent with an
assumption the ground state transition F7 —» F8(

2), but its magnetic origin could be
proved only qualitatively. At elevated temperatures, simply it was not detected.

Note also an increase of the corresponding maximum on the energy-gain part of the
40 K spectrum. The drop of its intensity in comparison to neutron energy loss spectrum
follows well the Boltzmann statistics proving its magnetic origin. On both spectra in the
energy range from 4 to 6 meV, additional broader intensity is seen which in comparison
to 12 K data is slightly shifted to lower energy transfers because of superposition with
other very weak transitions.

4. ANALYSIS OF EXPERIMENTAL RESULTS

Our search for further CEF transitions turned out to be unsuccessful. We have
extended our measurements up to AE = 14 meV but nowhere in the observed spectra we
found a clear evidence for the CEF transition above 6 meV. In particular, no
experimental evidence for the F7 —» F8(

3> was found, although a search for this transition
was extensively tried. It should be mentioned, that even for Ef = 8.05 meV the
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collecting of experimental data for increasing energy transfers above ~10 meV, was
strongly time-consuming, since in the cold neutron spectrum for energies exceeding 18
meV, the neutron flux decreases significantly.

Failure to detect additional crystal field transitions irrespectively to varied temperature,
indicates that their absence is mainly due to low transition probabilities, so the analysis of
data had to be restricted to the energy ranges, displayed already in figures 1 and 2. In
order to determine the level scheme, the least squares fitting procedure has been
applied to each spectrum. For experimental data obtained with Ef set to 4.97 meV the
instrumental resolution was essentially improved, so the fitting was carried out using the
Lorentzian curve to approximate the profiles of crystal field transitions. As to the data
obtained with Ef =8.05 meV at 12, 24 K the profiles of both, the elastic nuclear
incoherent scattering and the scattering due to the crystal field transitions, were
approximated by Gaussians. Only in the case of spectrum taken at 40 K, exhibiting an
increasing width of CEF transitions, equally the profiles of quasielasic scattering as well
as of inelastic scattering could be fitted with Lorentzian curves.

In the first step we tried to fit the observed intensities at 12 K. Then the obtained
results were inserted to the data obtained at higher temperatures. At elevated
temperature, the population of the first excited level FgW increases allowing for the
transitions to the higher levels. By fixing the inserted parameters (positions and widths)
we allowed to vary the positions and intensities of additional transitions. This procedure
has been then repeated with the next temperature setting so that with each step the new
information could be acquired. For each spectrum, at the end of the fitting procedure the
parameters fixed at the begining, were relaxed to allow the better adjustment of
calculated profiles to experimental data. In this way on a basis of measured spectra at
different temperatures we could assign additional crystal field transitions occuring at
energy transfers: 3.11, 3.46, 4.71 and 5.07 meV. Two first appear on the 40 and 80 K
spectrum as a broad high-energy shoulder of the ground state transition F7 -^ FgW
whereas the remaining two contribute mainly to a much weaker but also broad intensity
in the region ranging from about 4 to 7 meV. Finally, after averaging the energies of
crystal field transitions deduced from different neutron inelastic scattering spectra we
arrived, apart from the ground state, to the following distribution of energy levels:
(2.73 + 0.06), (5.83 + 0.32), (6.22 ±0.67) and (10.94 + 0.52) meV.

For the refinement of the crystal field splitting in ErGa3, we adopted the LLW
parametrization scheme and diagonalized the Hamiltonian (2) in the reasonable x range
0.1 < x < 0.4 and -0.03 < W < 0.03 meV. This region obeys equally the crystal field
parameters x, W for ErTl3 and ErPb3 determined earlier by Grofi et al. [9], as well as
the parameters x = 0.22, W = 0.022 meV deduced from the analysis of the heat capacity
measurements [4]. Then, the calculated energy levels schemes were fitted to the level
distribution determined from the experiment. For only unique parameter set: x = 0.195
and W = 0.022 meV, the energies and transition matrix elements of the observed CEF
level scheme turned out to be in a good agreement with the calculated values.
Hence, the first two transitions from the F8(

1> level can be immediately identified as
IV1) -> F8(

2) and FgW -» F6. Their contribution was already visible at 24 and 32 K
spectra, as a noticeable asymmetry of the 2.7 meV peak. Two remaining lines can be
assigned to r$ —> F8(

3) and F8(
2) -> F8(

3> transitions. No experimental evidence for the
F7 —>• iy3) was found, although a search for this transition was tried. The corres-
ponding level scheme is shown in Fig. 3. The arrows indicate t he strongest
allowed transitons. The transition matrix elements for the determined crystal-field
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Table 1.

Transition matrix elements | <Fn | J± | Fm) p x the Boltzmann temperature factor (Z"1) exp(-En/kT)
of the CEF states of Er3+in ErGa3, calculated from the CEF parameters x = 0.195 and
W = 0.022 meV for different temperatures. Only nonzero transitions for energy loss configu-
ration and n * m are listed.

Fn -» Fm AE (meV)

T ->

F 7 - > Fgd)

F 7 - > F8(2)

F 7 - > F8(3)

r8a>-> iy»

F 8 ( D ^ F8(3)

r^)-> r6
F 8 ( 2 ) ^ F8(3)

r6-> rg(3)

2.74
5.82

10.92
3.08
3.45
8.18
0.36
5.10
4.73

| (Fn | J± | Fm> |2 x (Z-1) exp(-En /kT)

12 K 24 K 32 K 40 K 50 K 80 K

21.36
1.57
0.03
1.70
0.98
0.08
0.01
0.05
0.02

14.36
0.88
0.02
4.31
2.28
0.20

L0.21
0.52
0.33

11.56
0.85
0.01
4.83
2.56
0.22
0.23
0.85
0.56

9.74
0.72
0.01
4.96
2.63
0.22
0.29
1.09
0.75

8.27
0.61
0.01
4.93
2.62
0.22
0.34
1.30
0.91

6.12
0.45
0.01
4.63
2.46

L 0.21
0.42
1.59
1.15



parameters, multiplied by the appropriate occupation probabilities are listed in Table 1.
It is seen that the crystal field transitions F7 -» F8(

3>, IV1) —> IY3>, F8<
2) —> T& are very

weak and indeed could not be detected. The F7 —> r$ is not an allowed transition. The
resulting CEF parameters B4, B6 related to the Lea, Leask, Wolf parameters W, x are:

B 4 = (7.15 ± 0.05) x 10-5 meV, B6 = (1.28 + 0.05) x 10"6 meV (4)

In order to get some feeling how the determined crystal field scheme agrees with
experimental intensities, a simple least-squares fitting procedure has been applied to the
measured energy spectra. Because of scarcity of experimental data resulting from both,
the overlaping of the crystal field transitions and apparent reduction of some crystal field
intensities due to a specific value of the x parameter, in the fitting procedure the number
of varied parameters was reduced to a necessary minimum. Only intensities of the
ground state transitions: F7 —» FgW, F7 —> IY2) and two pairs of excited transitions,
FgW -> (F6, F8(

2>) and (F6, F8(2)) -> F8(
3) were assumed to contribute in the fitted

spectra. Fixing the energies of corresponding levels at the values resulting from already
determined crystal field parameters x, W, the measured spectra have been fitted by
allowing to vary the scale factor N, the widths of six CEF transitions including the
widths of quasielastic scattering and in addition the width of nuclear incoherent
scattering. The intensities of CEF transitions were assumed to be proportional to the
calculated matrix elements multiplied by the appropriate temperature factor. Since the
inelastic CEF transitions with respect to their positions fall into three distinct groups, a
simple constraint Gi < a2 = 03 < a4 = o5 was imposed on the widths of peaks. No
constraints were applied to the widths of quasielastic lines. In scans for which Ef was
fixed at 4.97 meV, grace an improved instrumental resolution the intensities at zero
energy transfer were simultaneously least-squares fitted to both a Lorentzian, describing
the quasielatic scattering within the same CEF states and a Gaussian, describing the
nuclear incoherent elastic scattering. All CEF intensities (except of those at 12 and 24 K
for Ef = 8.05 meV fitted with Gaussians) were approximated by Lorentzian curves.

No temperature variation of the peak positions, or corrections for the instrumental
resolution and temperature variation described by Debye-Waller factor were allowed for.
Final results of fitting procedure are displayed in Figs. 1 and 2 by thick solid lines
whereas the thin solid lines indicate the elastic nuclear incoherent contributions as well
as the individual contributions from inelastic and quasielastic transitions.

From the determined CEF scheme it is seen (cf. Table 1) that the crystal field transi-
tions (F6, F8(

2)) -> F8(
3), (F6 -> F8(

2> ) and (F7 -> F8<
2)) are indeed weak. Therefore,

for a sake of clarity of plots, their intensities although included into the resulting curve of
the respective plots, are not distinguished separately. The fit to all spectra is remarkably
good as visualized by the low X2- values. The X2- values corresponding to 12, 24, 40 K
spectra of the Fig. 1, and 32, 50 and 80 K spectra of the Fig. 2 are: 1.4, 1.5, 1.5 and
1.3, 1.1 and 0.6 respectively.

In spite of a good agreement between the fiting curves and experimental data, one
should be aware of the limitations of the least squares fiiting procedure applied to the
energy spectra of figure 1 and 2 in which the correction for the instrumental reso-
lution, Debye-Waller factor as well as the k/kf factor were not included. As a conse-
quence, the fitted widths are affected by additional errors. Hence we cannot give any
conclusive disscusion of the linewidth broadening with temperature, although this effect,
seen in particular in the width of quasielastic line, was clearly noticed.



In interpreting the measured energy spectra the question remains whether the crystal
field spectra are contaminated by other scattering procesess such as phonon scattering.
For other rare earth compounds isostructural with ErGa3 this problem has been
examined by GroP et al. [9] who measured crystal field spectra of some rare earth
intermetallic compounds with AuCu3 structure. They measured the TOF-spectrum on
the non-magnetic isomorphic compounds LaSn3 and Laln3. The measurements revealed
that the neutron intensity due to the phonon scattering is negligible in the hco, |Q|
and T- range of interest (i.e. for 2 < T< 250 K, fro < 32 meV and |Q|< 1.4 A"1).

Similarly, the energy spectra of TmGa3 measured at 8 K up to energy transfers of 30
meV by Morin et al. [10] were not reported to be contaminated with the phonon
scattering. Thus, we may expect the phonon scattering to be also negligible for the case
ofErGa3.

5. DISCUSSION OF RESULTS

The crystal field parameters determined in this work can be used to calculate some
thermodynamic functions to compare results with available experimental data. The
references [1-2] provide some data, namely the maximum amplitude of modulated
magnetic moment (3.19 + 0.06) (iB measured at 1.96 K. The bulk magnetisation
measurements provide the value of the Neel temperature equal to 2.83 K. The Neel tem-
perature estimated from the previous neutron diffraction experiments was somewhat
higher: —3.1 K. Very recently, we performed once again accurate measurements of the
temperature dependence of (1/2-T, 1/2,0) and (1/2+r, 1/2,0) reflections on the TRiCS
diffractometr. The determined Neel temperature is equal to (2.87 ± 0.03) K in close
agreement with the earlier bulk magnetisation results [2]. These data are plotted vs. T/TN
in Fig. 5. Unfortunately it was not yet possible to perform the full single crystal
refinement of the structure allowing to put the intensities on an absolute scale.
Therefore, the data were normalized to the previous powder diffraction results by
equalizing the square roots of single crystal intensities obtained at the same temperature:
T = 1.96 K to those determined from powder experiments.

In the ordered state a rare earth system can be appropriately described by a
Hamiltonian consisting of a crystal-field and an exchange term:

+ %sx (5)

In the molecular field approximation the exchange term is given by

(6)

where the molecular field Hmf is given by Hmf = SJMB

By the simultaneous diagonalization of the Hamiltonian [5] using the crystal-field term
according to equation [2] and the LLW parametrization scheme with the values of
crystal field parameters W, x appropriate to a crystal field splitting in ErGa3 we have
calculated the zero-field magnetisation for three principal crystallographic directions.
Calculated curves for [111], [110] and [100] axes are shown in Fig. 4 as dotted, dashed
and solid lines respectively. Note that plots for [111], [110] axes are undistinguishable in
the whole temperature range. Moreover, in the temperature range of 2.6 - 2.7 K where
the spins turn rapidly from ~[110] to ~[100] direction, all three curves almost coincide.
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Fig. 4. Zero-field magnetisation calculated from the determined crystal-field parameters
as described in text. Two dotted vertical lines show the temperature region where
the rotation of magnetic moments occurs.

Apparently this feature results from the fact that the doublet F7 lies lowest, and the
exchange interactions are relatively weak. Hence, taking into account the fact that the
upper excited levels lie not too close to the ground level, their contribution to zero-field
magnetisation is rather small. This is illustrated in Fig. 4 by the curve denoted by a thick
solid line, which has been obtained by neglecting in calculations the influence of higher
levels (two-level model). Apart from the lower value of the saturated magnetic moment
at T= 0 K the zero-field magnetisation represented by this curve has a particular feature,
namely it is completely isotropic. Hence, the small anisotropy displayed by the upper
curves is solely caused by the admixture of the higher levels. In these circumstances one
can expect that at the appropriate temperature, even weak additional forces might be
strong enough to overcome the crystal field anisotropy and to perturb the alignment of
magnetic moments what indeed was observed in the recent diffraction experiments [1-2].

The determined from powder experiment [1] the maximum moment amplitude at
1.96 K of (3.19 ± 0.06) u,B per rare earth ion is apparently lower as compared to all
three theoretical curves. So the agreement between experiment and calculations is only
qualitative. But the observed departure of the theoretical curve from experiment cannot
be attributed to failure of attaining the full Er3+ moment at low temperature. Most likely,
this deficiency has been incorporated through the scaling the single crystal data with
the powder results which were contaminated with some systematic uncertainty, because
of small admixture of the collinear k = {1/2, 1/2, 0} phase. In the ref. 1 we estimated
the admixture of this phase to be of-16% which roughly covers the moment deficiency
observed in the neutron experiment.

However, even in the case when the calculated and experimental moments approach
the same value for T —> 0 K, the profiles of experimental and calculated curves would
remain somewhat different. The difference is immediately seen from the comparison of
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the two-level curve which, apart from lower value of the saturated magnetic moment,
has almost the same shape as plots calculated by using the full crystal-field level scheme.
The shape of experimental M(T) is steeper. Most likely, this is due to neglecting of the
extinction effects.

We have also used the determined CEF parameters to calculate the Shottky anomaly
of the specific heat. The calculated curve for crystal field parameters obtained in this
work from the neutron spectroscopy study, lies very close to the best fit to experimental
heat capacity of ErGa3, from which the values of x = 0.22 and W = 0.022 meV were
found.

It is of interest to compare the crystal field splitting scheme of ErGa3 with those
determined by GroP et al. [9] for isostructural compounds ErPb3 and ErTl3. The latter
two, apart from slightly different scale factors W, have closely related crystal field
splittings. Both have Fg(3) quartet as a ground level. In comparison to ErGa3 the energy
levels in ErPb3 have exactly opposite sequence and the splitting is of the same order of
magnitude. In ErTl3, due to a smaller value of x, the order of closely spaced levels F8(

2)
and F6 is reversed. The main differences between the CEF schemes of these two
compounds and ErGa3 result from the fact that for ErPb3 and ErTl3 the W parameters
have negative values whereas for ErGa3 W is positive.

The differences in the observed neutron inelastic scattering spectra are by no means
not negligible. For ErPb3, which in comparison to ErTl3 has larger x value, two strong,
well separated ground-state transitions F8(

3) —> (Tg, F8(
2)) are clearly seen. For the case

of ErTl3 because of accidental quasi-degeneracy of the F6, F8(
2> levels, these two

transitions overlap and are seen as a one strong peak resembling to some extent our data
obtained at low temperature. But upon the raising temperature, the additional scattering
due to the excitation of higher levels appears in the low energy transfers region, contrary
to that what is observed in our experiment. Hence, none of the discussed crystal field
schemes would describe even qualitatively our experimental data.

6. CONCLUSIONS

On the basis of the careful and detailed analysis of the observed neutron inelastic
scattering spectra, we have been able to determine unambiguously the crystal field
splitting scheme of the Er3+ ion in ErGa3. Our crystal-field parameters derived from the
direct spectroscopic method yielding the F7 as a ground level and the overall splitting of
10.2 meV are in reasonable agreement with the CEF splitting obtained from the heat
capacity measurements [4]. Calculations of some magnetic properties of ErGa3 in the
frame of our CEF parameters are consistent also with others experimental data.

For example, we have checked that our crystal field parameters reproduce
satisfactorily the magnetic part of the heat capacity resulting from the crystal field
splitting. We note, that at the exchange fields relevant to the magnetic behaviour of
ErGa3 there is little anisotropy. The anisotropy as shown by the comparison with two-
level model, arises solely from the exited levels. Calculations of the zero-field
magnetisation, in which the molecular-field parameter was chosen to predict correctly
the observed ordering temperature -2.8 K proved, that the weak crystal field anisotropy
resulting from the presence of excited crystal-field states is due to their relatively large
separation from the ground level F7. Hence, in the presence of additional, even weak
anisotropic interactions, the direction of the easy axis can easily be perturbed, what
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indeed was already observed as an abrupt rotation of magnetic moments at —2.7 K
from the nearly [110] direction towards the [100] axis [2].

Finally, we compared the calculated zero-field magnetisation with neutron diffraction
data. We did not expect to obtain perfect quantitative agreement between the calculated
and observed zero-field magnetisation data since the latter are the result of the simplified
scaling procedure applied in order to transform single crystal intensities into the
amplitude of magnetic moment. The value for this moment at 1.96 K found in neutron
experiments is somewhat less (3.19 ± 0.06) p.B than that calculated from the single ion
zero-field magnetisation. Nevertheless, it yields still a reasonable agreement.

At first sight it may seen surprising that one can deduce the crystal field splitting
scheme with so good accuracy from the spectra which consist of strongly overlapping
transitions. The reason is that the possible different combinations of x, W parameters are
strongly reduced by the exceptional intensity constraints; namely most of allowed
transitions are very weak. Hence, no other parameter set was able to reproduce the
experimental data equally well.

Acknowledgements

This work was supported by Polish State Committee for Scientific Research under KBN
grant 2P0 3B 026 12. One of us AM, is truly indebted to Prof. Albert Furrer for the
encouraging support and possibility of spending of fruitful days at the LNS laboratory,
as well as to the members of LNS, for the continuous help during experiments.

REFERENCES

1. A. Murasik, A. Czopnik, L. Keller, & P. Fischer, phys. stat. sol. (a), (1999) Rl

2. A. Murasik, A. Czopnik, L.Keller, & P. Fischer, RAPORTIAE-52/A (1999)

1-22

3. U. Atzmony, & M. P. Dariel, Phys. Rev. B Vol. 13, (1976) 4006

4. A. Czopnik, (unpublished results)

5. G. H . Dieke, "SPECTRA AND ENERGY LEVELS OF RARE EARTH IONS IN CRYSTALS"
1968 JOHN WILEY & SONS, INC

6. K. W. H. Stevens, Proc. Phys. Soc. A65, (1952) 209

7. K. R. Lea, M. J. M. Leask, & W. P. J. Wolf, Phys. Chem. Solids Vol. 23, (1963)
1381

8. W. E. Fischer, Swiss Neutron News, No 11, (1997) 4

9. W. Grop, K. Knorr, A.P. Murani and K.HJ. Buschow, Zeitschrift fur Physik B

37 (1980) 123

10. P. Morin, M. Giraud, P.L. Regnault, E. Roudaut and A. Czopnik, J. Magn. Magn.

Mater. 66(1987)345

13


