VOLUME 33, NUMBER 13

PHYSICAL REVIEW LETTERS

23 SEPTEMBER 1974
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Crystal field parameters of Tb, Dy, and Er in Sc, Y, and Lu are summarized. These
parameters are obtained from magnetization measurements on dilute single crystals, and
successfully checked by a number of different methods, The crystal field parameters vary
unpredictably with the rare-earth solute. Byy, Bgg, and Bgg are similar in Y and Lu, Crys-
tal field parameters for the pure metals Th, Dy, and Er are estimated from the crystal

fields in Y and Lu.

The rare-earth metals exhibit a fascinating var-
iety of magnetic properties, which can be quali-
tatively understood as the consequence of crystal
field, exchange, and magnetoelastic interactions.
As a result of this complexity it is extremely dif-
ficult to separate individual terms. The crystal
field plays a vital role in the magnetic ordering,
in the spin-wave excitations, and in other mag-
netic properties of the rare-earth metals.! It is
therefore of great importance to know the crys-
tal fields in the pure rare-earth metals. How-
ever, existing theories for the crystal field pa-
rameters, such as the point-charge model, are
not expected to be of any validity,? though the
point-charge model gives good results for the
metallic rare-earth pnictides® The crystal field
parameters which have so far been determined
experimentally! have not shown satisfactory
agreement among the results from different mea-
surements. Recently the presence of highly ani-
sotropic exchange interactions in the rare-earth
metals has been demonstrated by the technique
of inelastic neutron diffraction,* and because of
contributions from anisotropic exchange to the
magnetic anisotropy, no reliable values of the
crystal fields have been available yet. It is there-
fore understandable that the theoretical picture
of the crystal fields in the rare-earth metals is
also in a poor state.®

By diluting rare earths in nonmagnetic hosts,
crystal-field—dominated systems can be created,
in which an accurate determination of the crystal
field is possible. An extensive project on dilute
rare earths in nonmagnetic rare-earth-like host
metals has been initiated, and in this Letter we
wish to report crystal field parameters obtained
for 0.1-1.0-at.% alloys of Th, Dy, and Er in the
host metals Sc, Y, and Lu. These measurements
have allowed—for the first time—a separate quan-
titative determination of the crystal field parame-

ters in the pure rare-earth metals.

Sc, Y, and Lu are the only nonmagnetic ele-
ments which have rare-earth-like electronic
structure and hcp crystal structures like the mag-
netic heavy rare-earth metals. Y and Lu bear
very close resemblance to these, and the varia-
tions of the lattice parameters and the width of
the d conduction bands in Tb, Dy, and Er are
bounded by Y and Lu. Lu is a rare earth itself
with a 5d bandwidth approximately equal to those
of Tb, Dy, and Er.® Determinations of the crys-
tal fields for rare-earth impurities in Y and Lu
are therefore expected to give good estimates of
the crystal field parameters in the pure rare-
earth metals.

Crystal fields of dilute rare earths in cubic
hosts have been determined earlier by spectro-
scopic” and by magnetization measurements.?

A determination of the axial anisotropy parame -
ter from torque measurements on dilute rare
earths in Gd has been attempted.* However,

the parameters obtained in this way are deter-
mined with low accuracy and do not agree with
the parameters obtained in the present work.

This is attributed to the severe difficulties in
performing and interpreting such a torque experi-
ment.°

In the present project the crystal fields in Sc,
Y, and Lu alloys were determined by fits to mag-
netization measurements. A recent paper' de-
scribes the method used for Y:0.14-at.% Er and
Y:0.14-at.% Dy. Because of the lower symmetry
in the hep hosts compared to the cubic systems,?
it was essential that the measurements were per-
formed on single crystals. The samples were
spheres cut from single-crystal ingots prepared
by strain-anneal techniques.'! Magnetization mea-
surements in the temperature range 1.3-300 K
and in fields up to 6 T were performed in the a, b,
and ¢ directions of the hcp structures. The mag-
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netic susceptibility of the host metal was mea-
sured separately and subtracted. The crystal
field parameters were obtained by theoretical fits
to the inverse initial susceptibility (measured by
a high-sensitivity Faraday magnetometer®), Iso-
field and isothermal magnetization curves in the
available temperature and field ranges (measured
on the Faraday system and on a 5-Hz vibrating-
sample magnetometer'®) were used to check the
reliability of the deduced parameters and to con-
firm the general validity of the Hamiltonian used.
The inverse-initial -susceptibility curves show
characteristic features for all Er and Dy alloys,
allowing an unambiguous determination of the
crystal field parameters. Figure 1 illustrates the
accuracy of the fit for Sc:0.568-at.% Dy. Order-
ing effects, etc. (Fig. 1), cause deviations at low
temperatures and are responsible for the uncer-
tainties on the crystal field parameters.

The Th susceptibility curves contained too little
structure to allow a unique determination of the
parameters. For this case it was necessary to
include results of additional measurements of the
hexagonal anisotropy in the fitting procedure.'?
These measurements were performed on a 179-
Hz vibrating-sample magnetometer, in which the
components of the magnetic moment parallel and
perpendicular to the external field, lying in the
basal plane, were measured as a function of crys-
tal rotation angle about the ¢ axis.

The Hamiltonian appropriate for the interpre-
tation of these experiments is

3C=3C0f+3(fz, (1)

where JC s is the most general single-ion hexago-
nal anisotropy operator:

¥t = ByOz0+ B3040 + BgpOego + Bes O (2)

O,, are the Stevens operators'® and B,, are
crystal field parameters. JC, is the effective
Zeeman operator which includes the exchange in-
teraction in the molecular-field approximation,

5y =g s d (H + X-M). (3)

X is the molecular-field tensor containing two
independent parameters, A, and A .

During the fit, JC . was diagonalized in the sub-
set of the lowest-J multiplet, as contributions
from the higher multiplets in the LS ground-state
term were found to be negligible. The four B,,’s,
Ay, Ay, and the atomic concentration ¢ were taken
as fitting parameters. The deduced value of ¢
was always in agreement with the nominal con-
centration, within a few percent of the latter.
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Because of the importance of knowing the crys-
tal fields in the rare-earth metals it is prefer-
able to check the parameters by other measure-
ments. First we have studied the alloys Y:Tb,
Y:Dy, and Y:Er for varying concentrations in the
range 0.1-3.6 at%.'? The magnetization measure-
ments on these systems were excellently de-
scribed by concentration-independent crystal field
parameters. Secondly we have performed mea-
surements of the basal-plane anisotropy on al-
most all alloys.’? For the Er and Dy alloys,
where these measurements are not included in
the fitting procedure, they have served as a sepa-
rate check of the By, parameter. Magnetization
measurements on Y:Tb, Y:Dy, and Y:Er in fields
up to 370 kOe, where the Zeeman energies are
comparable to the crystal field energies, are
described well by the crystal field parameters.'*
This includes characteristic features due to mix-
ing and crossing of crystal field levels. Finally
three expected transitions from the ground state
to excited crystal field levels in an Y:Er single
crystal have been observed with correct energies
and intensities in an inelastic-neutron-scattering
experiment.*®

In Fig. 2 the crystal field parameters divided
by the Stevens factors' are plotted as functions
of the c¢/a ratio of the host metal. For compari-
son curves calculated in the point-charge model*®
are also shown. The deviation of these from the
experimental data demonstrates the failure of the
point-charge model also for these systems. The
point-charge model even predicts the wrong sign
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FIG. 1. Inverse susceptibility of Sc:0.568-at% Dy
measured at B=0.170 T. The susceptibility is given
per Dy atom,
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FIG, 2. Crystal field parameters divided by Stevens factors versus c/a ratio for Tb (circles), Dy (triangles), and
Er (crosses). Errors are not plotted when they fall within the simbol. The full lines represents the average of the
Y and Lu results. The dashed lines are calculated from the point-charge model (Ref, 16). Except for By/a, the
point-charge parameters for Tb and Er are insignificantly different from those for Dy and are therefore not plotted.

of B,,/B. The B,,’s divided by the corresponding Stevens factors have, for given ! and m, the same
sign for all alloys, and the ratio — Bg,/Bg, for any given alloy is approximately 10. A substantial vari-
ation in magnitude for different rare-earth impurities in the same host is observed, with Tb and Er
being most alike. The energy V. of a 4f electron in a crystalline electric field with hcp symmetry

can be written as

Ves=4(n/5)1 2V, () Y,0(6, @) + (16/3) 72V (1) Y ,0(8, @) +32(n/13)2V5o(r) Y0(6, @)
+ 32(”/3003)1/2V66(7)[Y66(9, 90) + Ye,-s(ay (p)]'

V,.(r) describes the radial part of the electric
field component with the angular dependence
Y,.(6, ¢). The connection to the Hamiltonian (2)
is given by B;,,/a;=(V,,(r,;).** The V,,’s may
contain contributions from charges both within
and outside the impurity ion. The external con-
tribution has the form A,,7»’ and is not expected
to depend very much on the nature of the impurity
ion, which however may greatly influence the in-
ternal contribution. It may therefore be concluded
that the charge residing on the magnetic ion
makes a significant contribution to the crystal
field which it experiences.

In order to obtain estimates of the crystal field
parameters for the pure rare-earth metals, we
have shown in Fig. 2 the averages of the values
for B,,/B, Be,/v, and Bg/v measured in the hosts
Y and Lu. These values are, within the experi-
mental error, equal for Y and Lu. B,,/a is seen
to vary considerably with the ¢/a ratio, which is
close to the ideal hcp value &)¥2, The depen-
dence of B,,/a on c/a is of the same order of
magnitude as estimated from high-temperature
paramagnetic measurements on the pure rare-
earth metals.”” The deviations in B,y/B, Bg,/v,
and Bg,/y observed for Sc probably reflect the
difference between this metal and Lu and Y with

I respect to atomic volume and to the width of the
d conduction band.® Crystal field parameters for
the pure rare-earth metals obtained from the ap-
propriate Y and Lu values by interpolation for B,,
and by taking the average values for B,,, Bg, and
By are given in Table I.

In conclusion the measurements of crystal
fields of rare-earth metals diluted in the hosts
Y and Lu have allowed a determination of the
crystal field parameters in the pure rare-earth
metals. The crystal field parameters seem to
vary unsystematically with the atomic number of
the rare earth, contrary to what is expected in
simple theories. This demonstrates the neces-
sity of a first-principles calculation based on
electron band structures.

TABLE I. Estimated crystal field parameters for the
pure rare-earth metals.

By By By Beg
(10" %K) (107*K) (10~ *K) (10-°K)
Th 736 621 -13+3 12812
Dy 322 —27+3 343 —336+31
Er -3223 4% 28+ 6 31713
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Polar—Faraday-rotation and magnetization measurements on evaporated amorphous
films of Ho-Co and Ho-Fe show that the principle mechanism responsible for differences
in the T of the crystalline and amorphous states is the altered electronic configuration
of the transition metal, rather than local anisotropy. Additionally we found that the

films possess uniaxial anisotropy.

That the technologically important’*? amorphous
rare-earth (RE)-transition-metal (TM) alloys
can be prepared!'3* without the need to include
“glass-former” atoms or to maintain the sam-
ples at cryogenic temperatures presents an op-
portunity to understand the fundamentals of amor-
phous magnetism. Published experimental data
on the magnetic properties of amorphous RE-

TM alloys are confined mainly to TbFe,*'® and
GdCo,.!*®*" There is considerable interest in the
fact that the Curie temperature (7¢) for TbFe, is
markedly lower in the amorphous state than in
the crystalline state, whereas T of GdCo, is con-
siderably higher in the amorphous state than in
the crystalline state. Harris, Plischke, and
Zuckermann® attribute these differences to the
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random orientation of the local anisotropy field,
in that Gd is an S-state atom whereas Tb is high-
ly anisotropic. Tao et al.,®” while not ruling out
local-anisotropy effects altogether, attribute the
differences to the fact that reduced density in-
hibits charge transfer from the RE to the d or-
bitals of the TM. Since Fe, unlike Co, has un-
filled majority as well as minority spin states,
they indicate that reduced charge transfer may
produce opposite results in TbFe, and GdCo,.
Unfortunately the data on amorphous TbFe, and
GdCo, are not sufficient to resolve the question
of the relative importance of the two mechanisms.
Additionally some existing data seem to argue
against either mechanism. For example, a re-
cent Letter by Sarkar et al.® reports Mdssbauer-



