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The splitting of the crystal-field levels in the intermetallic compounds ErM (M = Ag, Cu, Zn) has
been determined by inelastic neutron scattering experiments. In all three cases, the crystal-field
parameters AJ ( r*) and A ( r®) are negative and of the same order of magnitude. The ground
state is always a I'{Y quadruplet. The point-charge model fails to explain the large values of the
sixth-order terms. The crystal-field Hamiltonian interprets well the magnetic properties of these

compounds.

I. INTRODUCTION

The equiatomic compounds of the heavy lantha-
nides with mono- and divalent metals like Cu, Ag,
and Zn are cubic (CsCl structure).

Magnetization measurements on single crystals
of the heavy-rare-earth-zinc compounds revealed
ferromagnetic behavior.! The effects of the crys-
talline electric field (CEF) on the direction and the
value of the magnetic moment in the ordered state
were considered to be important. Point-charge
estimates, however, did not give a satisfactory ex-
planation of the observed results. In addition, the
analysis of these measurements is difficult because
the crystal field might lower the symmetry of the
ordered phase by the Jahn-Teller effect.?

The equiatomic compounds of heavy lanthanides
and monovalent metals are antiferromagnets.® The
magnetic structures of TbCu, * DyCu, ®* HoCu, ®
ErCu,” TbAg, * DyAg, ® HoAg, and ErAg, ° have been
solved by neutron diffraction. These structures
can be described by a propagation vector of
q =(3, 3, 0). The direction of the moments could
be explained by crystal-field effects.®® Magnetic
susceptibility might give a further insight into these
effects. For CeAg, e.g., the fourth-order term
of the crystal field was derived from this type of
measurement.

The most direct determination of the crystal
field, however, can be achieved by neutron spec-
troscopy. So far, two results on rare-earth inter-
metallics with CsCl structure exist. Brun et al.'?
worked on PrAg and presented two possible sets
of crystal-field parameters. Measurements of
Chamard-Bois ef al. on HoRh showed a very high
sixth-order term of the crystal field.

Our aim was to study the crystal-field splitting
of the heavy rare-earth compounds with CsCl struc-
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ture, in particular the compounds with Cu, Ag and
Zn, by inelastic neutron scattering. As the mag-
netic interactions are quite high in these systems,
the ErM compounds present the best choice, since
here the ordering temperatures are below 20 K
(Table III). We reduced the already small magnetic
interactions further by diluting Er in Y. In this
paper, we will thus present the results of inelastic
neutron scattering on the compounds Er, ;Y Ag,
Er,.,Y,.6Cu and Er,,Y,,¢Zn in the paramagnetic
phase.

II. NEUTRON SPECTROSCOPY
Crystal field

Using the nomenclature of Lea et al.,!? the crys-
tal-field Hamiltonian in cubic symmetry can be
written, with the quantization axis along the four-
fold one:

1-|x|
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W is an energy scaling factor and x is a measure of
the ratio of fourth- and sixth-order terms. Lea
et al. have tabulated the eigenvalues and eigenvec-
tors. Their result for the Er® ion (J=4) is repro-
duced in Fig. 1.

The magnetic neutron cross section for a single
ion is given by Trammell®® ;
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where %; and %, are the wave vectors of the ingoing
and outgoing neutron, F(Q) is the form factor, J, is
the component of the total angular momentum per-
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FIG. 1. Crystal-field energy levels in units of W as
a function of x after Lea et al. (Ref. 12).

pendicular to the scattering vector 6, and p,, is the
thermal population of the initial state which obeys
to the Boltzmann statistics. Transitions between
the states |n) and 1m) occur with a matching change
in neutron energy 7Zw. Matrix elements can be cal-
culated in a straightforward manner; for the rare-
earth ion in cubic crystal fields, they have been
tabulated by Birgeneau.!*

Experimental methods

The samples were prepared by melting the -ele-
ments with an induction furnace, in alumina cru-
cibles for Cu and Ag and in sealed tantalum cru-
cibles for Zn compounds. In order to obtain a good
homogeneity, they are remelted and quenched.
They showed a single phase in x-ray investigations.
One hundred grams of the polycrystalline samples
were placed in a cryostat which allowed measure-
ments between liquid helium and room tempera-
tures.

The experiments were performed on the statis-
tical chopper time-of-flight spectrometer IN7 at
the Institut Latle-Langevin. The incident energy
E,; was 33.41 meV, the counting times ranged from
15 to 24 h. An array of nine detectors covered an-
gles between 19° and 21° which was before the first
Bragg reflection. All spectra were dominated by a
very intense elastic line, whose width never ex-
ceeded the instrumental resolution of seven chan-
nels (full width at half-maximum; this corresponds
to 2.0 meV at 33.41 meV) as determined separately
by a measurement of vanadium. The scattering of
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data points is determined visually from the otherwise
flatbackground. One should keepin mind that the
spectra produced by the statistical chopper are not
directly physical, but the result of a correlation pro-
cess. The consequence is that the absolute error is
the same for each time-of-flight channel, indepen-
dent of the actual number of counts in this channel.
At the right-hand side of the elastic line upward
transitions are induced while the neutron is losing
energy; at the left-hand side the neutron is gaining
energy by deexcitation processes.

One additional measurement on Er, ,Y,sZn at
room temperature was carried out on the rotating
crystal time-of-flight spectrometer IN4 (E,; =42. 30
meV). Since here nearly one-half of the scattering
plane was covered with detectors, we were able to
study the g dependence of the observed inelastic
structures. The fact that these structures vanished
at higher scattering angles, the absence of any in-
elastic structure in YZn and finally the tempera-
ture dependences found, confirmed that we had to
deal with crystal-field transitions.

III. RESULTS

In addition to the elastic peak, well-resolved
structures have been observed which in the following
will be explained as transitions between CEF levels
of the Er® ion in cubic symmetry. For each sam-
ple, the first experiment was always undertaken at
low temperatures, where only excitation processes
from the ground levels are possible. At higher
temperatures one expects additional transitions
from excited levels on the energy-gain as well as
on the energy-loss sides.

ErAg compound

The spectra obtained on Erg, ;Y sAg at 9 and 51
K are given in Fig. 2. At 9 K two excitation peaks
at 5.0 and 11.7 meV were observed. From the en-
ergy transfers and the ratio of the intensities, these
peaks can be unambiguously associated to transi-
tions from a I'{®’ ground state to I's and T'{®’ excited
states, respectively, which gives a value of x of
about +0.42. The widths were slightly larger than
the experimental resolution. The second tempera-
ture (51 K) was chosen in order to populate the T'q
excited level; in addition to the former excitation
peaks a deexcitation peak was observed correspond-
ing to the I'y~ ' transition, but no additional ex-
citation processes from I'g were visible.

ErCu compound

The spectra at 7 and 125 K for Er .Y, sCu are
shown in Fig. 3. At 7 K, two excitation peaks at
8.4 and 14.2 meV were observed. They are asso-
ciated with I'{#’ -~ 'y and T'®’ - I'# transitions at
about x =+0.34. The widths exceeded the experi-
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FIG. 2. Neutron energy spectra of Ery, Y, sAg. The
theoretical spectra are drawn in solid lines.

mental resolution. At 125 K, the populations of the
Ty and I'{®’ excited levels are significant and a new
excitation process appeared near 5.2 meV corre-
sponding mainly to the two transitions I'$#’ - I'{!
and I'{!’~T;. The intensity of the former peaks de-
creased simultaneously. Two definite deexcitation
peaks were observed at about — 5 and — 14 meV cor-
responding to T ~T'#® and I'® - I'{® transitions.

ErZn compound

Three spectra at 10, 125, and 290 K were re-
corded for Erg,,Y,.;Zn on the spectrometer IN7 (see
Fig. 4). At 10 K, the excitation spectrum showed
only one intense peak at 12.0 meV with a width of
12 channels. This single peak does not allow de-
termination of a level scheme, but it may corre-
spond to a double transition-from the I'{®’ to the I'q
and I'® excited states, which are degenerated for
x=+0.155. This assumption is confirmed by the
spectrum taken at 125 K when we observed two ex-
citation peaks, the former one at 12.0 meV and a
new one at 7.7 meV which corresponds to the very
intense transitions '~ TI'{ and Ty~ T'§’. The
two deexcitation peaks at — 7.5 and - 12.5 meV are
related to the I'g, I'{¥ =~ T'$ and I'Y - Iy, I'¥ down-
ward transitions. The spectrum at room tempera-
ture gave slightly smaller energy transfers; the
relative intensities were changed according to the
Boltzmann factors.
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Finally, wé have done additional measurements
on Er, ,Y,,sZn and YZn on the spectrometer IN4 at
room temperature. As mentioned above, the main
interest was to verify that the CEF transitions van-
ished at high angles. In addition, the smooth and
well-defined background of this instrument allowed
a very reliable test on the absence of inelastic
structures in YZn. The spectra obtained at an an-
gle of 9° are reproduced in Fig. 5. The positions
and relative intensities of the CEF transitions of
Er,.;Yo.¢Zn are in very good agreement with those
obtained on IN7 at the same temperature.

IV. DETERMINATION OF CRYSTAL-FIELD
PARAMETERS

After this rough determination of the crystal-
field level schemes, we tried to describe the re-
sults in a more quantitative way. For this purpose
we used a fitting program. We want to emphasize
however that the fit is not necessary for the identi-
fication of transitions and the determination of ap-
proximate values of x and W. Besides x and W, the
following parameters enter into the fit : the natural
width of CEF transitions, the intensity scaling fac-
tor C in the formula for the cross section, the back-
ground, the height of the elastic line, the instru-
mental resolution—which can be well approximated
by a constant in time, the height and the width of a
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FIG. 3. Neutron energy spectra of Er,, ;Y sCu.
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trometer IN7).

FIG. 5. Neutron energy spectra at room temperature
for YZn and Er,,Y,,sZn (spectrometer IN4).

quasielastic contribution. All the structures were
assumed to be of Gaussian shape. The constant
background was always found visually regarding all
time-of-flight channels. The physically meaning-
ful parameters resulting from the fit are presented

for each spectrum in Table I.
At low temperature, it was not necessary to take

into account any quasielastic contribution other than

the transitions within CEF levels; for copper and
silver compounds, the fit was considerably im-
proved by assuming two different widths for the two
observed transitions I'{#’~T,, I'® ~T'# [labeled
(i) and (ii), respectively in Table I]. Surprisingly
the quadruplet-doublet transition was found to be

TABLE I. CEF parameters and line widths deduced from the fitting of the ex-
perimental spectra., Values held constant in the fit are underlined,
T w AE*  AER®  AJOYH ARG
(K) x (meV) (meV) (meV) (meV) (meV)
9 +0.425 —0,0442 (1(3 f; ~7.05 -0.89
Erg, Y,3A8 )
51 +0,419 -0, 0426 1.7 8.7
7  +0.342 —0.0565 (1(3 f'g -7.25 —1.30
Ery,,Y,sCu ’
125 +0, 340 —0,0541 1.7 12,7
10 +0.158 - 0.0524 1.8 e -3.11 -1.54
Ery,YggZn 125 +0.166 —0,0518 1.7 13.2
290 +0,158 -0.0500 1.7 17.9

*Natural width (full width at half~-maximum) of CEF transitions calculated from
the experimental line width and the resolution of the spectrometer.
bFull width at half-maximum of the quasielastic icontribution.
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FIG. 6. Crystal-field level scheme in the three com-
pounds.

larger than the quadruplet-quadruplet transition.

At high temperatures, a relatively broad quasi-
elastic contribution appeared. This fact and the de-
crease of the intensities due to the Boltzmann fac-
tor lowered the ratio of the CEF structures to the
scattering of data points. Therefore, we found it
unreasonable to determine reliable values for the
transition widths which were fixed to the mean val-
ue of 1.7 meV found at low temperature. The the-
oretical spectra are shown as solid lines in the fig-
ures. In all cases, the average deviation between
experimental and calculated spectra was less than
the scattering of the data points. However, the
transition widths seemed to be slightly overesti-
mated at high temperatures. The values of x and
W at low temperatures lead to the crystal-field
splittings drawn in Fig. 6. The conventional CEF
parameters A} (#*), AS(»®) calculated from % and
W are given in Table I.

V. DISCUSSION
Crystal-field parameters

In the following, we will analyze the CEF pa-
rameters determined for the three erbium com-
pounds. We observed two main features: the two
parameters x and W keep their sign and stay even
in a relatively narrow range in spite of the differ-
ent lattice parameters and electronic valencies of
the alloyed metals. The fourth-order term is about
the same in the silver (- 7.05 meV) and in the cop-
per (-7.25 meV) compounds, but only half as large
in the zinc one (- 3.11 meV). The sixth-order
term decreases from - 0.89 meV for ErAg to
—-1.54 for ErZn. This variation as passing from
monovalent to divalent metals may reflect the de-
crease in valency. In a point-charge model, where
the eight first neighbors M and the six next near-
est neighbors R of the CsCl-type structure are tak-
en into account, the CEF parameters can be writ-
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ten:
A (r*) =(e%/a®)(r*)(0.7987 Z,, - 0.4375Z;) ,
Ar®) =(e%/a") (#®)(0.3041 Z, +0.0469 Z) .

Keeping a trivalent charge for the rare-earth and
different possible charges for the alloyed metal,
the parameters take the values given in Table II.
In order to describe approximately the fourth-or-
der term, we had to assume negative charges on
copper and silver and a charge close to zero on
zinc. With these values however, the sixth-order
terms were too small by one drder of magnitude.
Similar discrepancies between point-charge esti-
mates and experimentally determined CEF param-
eters have been observed in many ionic com-
pounds'® and in some intermetallic rare-earth sys-
tems studied so far by inelastic neutron scatter-
ing.'11® This failure of the point-charge model for
the sixth-order terms seems to be due not only to a
shielding by conduction electrons, but also to a
contribution of the ion itself. Calculations of the
band structure of these compounds!’ show that the
conduction electrons within the atomic sphere of
the rare-earth ions are mostly of d character.
Thus shielding (or antishielding) of the fourth-order
term may be understood, but it is much more dif-
ficult to explain the large value of the sixth-order
term since this term could be enhanced only by f
electrons, which have a small density in the con-
duction band.

A small decrease of the CEF splitting was ob-
served as the temperature increased. For in~
stance, the I'® - T'® transition of Erg,,Y,, Zn
changed - from 12.0 meV at 10 K to 11.6 meV at
290 K. This variation can be related to the thermal
expansion of the lattice parameter. ?

We will now compare the variation of the CEF
parameters within the RAg series; susceptibility
measurements on CeAg?® indicate that the ground
state is the I'y quadruplet which was separated by
about 360 K from the I'; excited state, leading to
a value of —13.6 meV for A)(»*) in agreement with
ErAg results.

Brun et al.!® have investigated the CEF splitting
in PrAg by neutron spectroscopy; they proposed
two solutions: the first one, W=-0.328 meV;
x==0.97 (A3¢*)=-17.21 meV, AJ(+®)=-0.013

TABLE II, CEF parameters AJ (#*), A% (meV) cal-
culated from a point-charge model, assuming trivalent
erbium and given charges Z,, for the alloyed metal.

ErAg ErCu ErZn
Zy A ALY AN A AN A
0 -2.85  —0.02, -3.50 —0.03 —3.03  —0.02;
1 -1.11 -0.07g -1.37 -0.10 -1.18 —0.08
2 +0.66 -0.13,
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meV) leads to a sixth-order term one order of
magnitude too small compared to our results on
Er(.,Y,.sAg; however, their second set, W=-0.43
meV; x=-0.8 (A3(r*)=~8.0 meV and AJ(r®)
==1.12 meV) is in much better agreement with our
results.

Comparison with magnetic properties in the ordered range

Above, we have determined the CEF splitting in
the dilute erbium alloys. One does not expect the
CEF parameters to change in the concentrated com-~
pounds. In the ordered range, the exchange field
splits the ground-state quadruplet, changes its
wave function, increases the magnetic-moment val-
ue, and gives rise to a magnetocrystalline energy.
We have calculated the energy and the moment of
the ground level by diagonalizing simultaneously
the exchange and the crystal-field Hamiltonians for
the fourfold and the threefold quantization axes.

The exchange field is deduced from the ordering
temperature © using

_ _ 3kg0(J,)
om0~ T

#n being the molecular-field coefficient. The cal-
culated energies and moments are given in Table
IOI. In the three compounds, the energy is lower
along the fourfold axis.

The magnetization experiments on a single crys-
tal of ErZn' show that the fourfold axis is indeed
the easy direction with a magnetization of 6.83u,
at 4.2 K, in agreement with the calculation. Along
the threefold axis the saturation magnetization is
only 6.44p 5 compared to the calculated value of
6.60u5. The anisotropy energy between the (001)
and the (111) axis is found experimentally to be 1.8
K compared with 1.3 K. A magnetic field up to 150
kOe, applied along the easy axis, increases the val-
ue of the magnetic moment with an experimental
susceptibility of 5.7%x10"® u;/Oe compared to a cal-
culated value of 4.1X10™® p,/Oe. This is an effect
of the modification of the wave function, approach-
ing the pure |¥) state under strong field. The mag-
netic properties of ErZn are thus in good agree-
ment with the obtained level scheme.

TABLE III. Ordering temperatures, calculated mo-
ments along fourfold and threefold axes, and calculated
energy difference between these axes.

] Hoot K11 Eqg—Eyy4

(K) p) (up) (K)
ErZn 20 6.84 6,60 -1.3
ErCu 16 6.96 6,16 -2.1
ErAg 18 7.38 6,10 -3.2
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TABLE IV. Comparison of experimental CEF param-
eters a’AJ (") and a’A%(»%) in various CsCl-type com-
pounds,

HoRh ErAg ErCu ErZn
540
(1‘(’)_3484;’:)%!“5) 48,3 41,1 -34.4 -17.2
740 (.6
aAsr) -8.0 -6.6 -7.3 -10.6

(10" meVem?)

For the antiferromagnetic compound ErCu, the
direction of the moment is also the fourfold axis
(c axis of the quadratic magnetic cell: 2a, 2a, a).”
A spin-flop transition is observed in the ordered
range'® which leads to 2 K to an anisotropy energy
E,of 1.5 K:

Ea=%(XL'Xu)H% ’

in good agreement with the calculation (2.1 K).

The magnetic structure of ErAg has been recently
investigated.? Below 9.5 K, the magnetic cell is
quadratic as previously, the angle between the ¢
axis and the moment was reported to vary from 75°
at 4.2 K to 85° at 9 K. Actually the moments
should lie in the basal plane. The observed value
of the ordered moment is 7.2u 5 at 4.2 K, close to
the calculated value (7.38uy).

VI. CONCLUSION

In this paper the neutron spectroscopy results and
the magnetic properties for the three erbium com-
pounds have been analyzed coherently in terms of
the CEF model. The fourth-and sixth-order terms
keep the same sign and stay within the same order
of magnitude. The sixth-order term is one order
of magnitude larger than expected from a point-
charge model.

In order to compare now our results with those
on isomorphous HoRh!! we separate off the effects
of the lattice parameters. Therefore we present
in Table IV the parameters a’A}{r*) and a"AJ(r®).
They decrease moderately from the rhodium to the
copper and silver compounds. For ErZn, how-
ever, a°AJ(r*) decreases and a’AJ(r®) increases
strongly reflecting a significant change in valency.
For the rhodium and copper compounds, band cal-
culations!” show that the d electrons of the alloyed
metal lie in the conduction band. These d levels
are spread wide in energy, so that they extend over
the whole lattice. In the zinc compound the d states
of zinc form a narrow band well below the conduc-~
tion band. Thus these electrons are much more
localized aroung the zinc atoms.

With this background we will continue the investi-
gation of CEF parameters in rare-earth compounds
with CsCl structure.
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