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High-field magnetization of rare-earth ions in scandium

L. W. Roeland
Natuurkundig Laboratorium, University of Amsterdam, The Netherlands

P. Touborg
Physics Department,* University of Odense, 5000 Odense, Denmark
and Department of Electrophysics, Technical University, Lyngby, Denmark
(Received 26 September 1977)

The magnetic moments of Tb, Dy, or Er ions in dilute Sc single-crystal alloys have been measured in
fields up to 280 X 10° A/m (350 kOe). The Zeeman energies in this high field are comparable to the total
crystal-field splittings. This gives rise to characteristic features in the magnetization curves. The crystal-field
parameters obtained previously from experiments in low fields and the Zeeman interaction give a satisfactory

quantitative acount of the experimental results.

Crystal-field parameters for each of the heavy
rare-earth ions Tb, Dy, Ho, Er, and Tm in each
of the nonmagnetic hcp-metal hosts Sc, Y, or Lu
have been published earlier.'”® The parameters
were deduced from measurements of the initial
paramagnetic susceptibility of the rare earth sol-
utes as a function of temperature and crystallo-
graphic orientation. The initial susceptibilities
were generally measured in a field of 1.35x10°
A/m. Magnetization measurements in high fields
offer a powerful means of checking these crystal-
field parameters. By high fields is meant that the
Zeeman energies are comparable to the overall
crystal-field splittings, so that information is ob-
tained on the energies and wave functions of the
complete multiplet. In the present paper we re-
port on magnetization measurements in fields up
to 280%x10° A/m on the single-crystal alloys Sc,
0.561-at. % Tb; Sc, 0.562-at.% Dy; and Sc, 0.528-
at.% Er. The crystal-field splittings for rare-
earth solutes in a Sc host are smaller than, or
approximately equal in magnitude, to the corre-
sponding splittings in Y and Lu hosts. The effects
of the Zeeman interaction on the crystal-field

levels are therefore most pronounced for Sc alloys.

High-field magnetization measurements on alloys
of Tb, Dy, or Er in Y hosts have been reported
earlier.*

The experiments were performed at the high-
field magnet facility at the University of Amster-
dam. The magnetic moments of the rare earth
solutes were determined from separate measure-
ments of the magnetic moments of the alloy sam-
ples and of a pure Sc sample. The uncertainties
inherent in the magnetic moment measurements
have been discussed by Roeland et al.5'® The ab-
solute uncertainty of the magnetic moment of the
rare-earth solute is approximately + 0.5/ 5/atom
at the highest field for the samples of the present
paper. The experimental magnetic moments at

4.2 K in the magnetically hard and easy direction
of Tb, Dy, or Er solutes in Sc are shown in Fig. 1.
The Hamiltonian used for calculating the mag-
netic moments comprises the crystal-field terms

and the Zeeman term

3= B,,0,0 + B4y040 + BgyOgo + 366666 +8s1p J-H.
(1)

The B,,’s are the crystal-field parameters deduced
in Refs. 1-3 and quoted in Table I. The O,,’s are
the Stevens operator,” g, is the Landé factor, up
is the Bohr magneton, J is the angular-momentum
operator, and H is the magnetic field. Exchange
interactions have been neglected. In Ref. 3 this is
shown to be justified for the Er and Dy alloys,?
whilst for the Tb alloys a small molecular-field
parameter gives a better fit. The magnetic mo-
ment at temperature T in the direction v is given
by

M= Z Gl-grugd,|d e'Ei/"T/Z e Bi/kT (2)
! i

The energy levels E; and eigenfunctions |i) are
calculated by diagonalizing the Hamiltonian (1)
within the basis |J,dJ,) of the lowest lying multiplet
of the L, S ground term. Higher-lying multiplets
are found to have negligible effects on the mag-
netic moment. Using the crystal-field parameters
(Table I) deduced for each alloy separately the
fully drawn magnetization curves in Fig. 1 are
calculated. The experimental data are repro-
duced within the stated accuracy except for Tb

at lower fields in the c direction. For the Tb alloy
studied ordering phenomena have been observed®
at 4.2 K and discrepancies in the ¢ direction be-
tween the uncorrected experimental data and theo-
retical crystal-field predictions are therefore to
be expected. Even so the fields at which the char-
acteristic changes of shapes occur are reproduced.
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FIG. 1. Magnetization vs field for (a) Sc, 0.561-at.% Th; (b) Sc, 0.562-at.% Dy; and (c) Sc, 0.528-at.% Er. The
energy levels are plotted as a function of the field in the insets. The numbers on the curves refer to the level numbers
in Table II. The dashed magnetization curves are calculated using the average crystal-field parameters Table I. All

other curves in these figures are calculated using the individual parameter shown in Table I.
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TABLE 1. Crystal-field parameters for rare-earth
solutes in Sc divided by the Stevens factor (Ref. 7). The
average values are calculated using parameters (Ref. 1)
for all solutes Tb, Dy, Ho, Er, and Tm. For all alloys
Bgg has a value close to !E' X Bgy ag shown in Ref. 1.

Byo/a By/B Bgo/Y
Tb in Sc —31.04 13.4 5 24.4%%
Dy in Se -29.9%3 14.6 +4 20.9+3
Er in Sc —29.0+3 8.2;% 18.1+2
Average values -29.5+0.9 9.9+1.9 19.8%1.5
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The dashed magnetization curves, which are cal-
culated using the average crystal-field parameters
in Table I reproduce the experimental data less
satisfactorily.

The insets in Fig. 1 and Table II give energy
levels and wave functions for the rare-earth sol-
utes. The magnetic moment is determined by the
slope of the lowest populated levels according to
G|-g;updyli)=—-9E,/8H, in formula (2). The
origin of the features in the high field magnetiza-
tion is apparent from the insets and Table II. The

TABLE II. Crystal-field levels for rare-earth solutes in Sc. The level numbers refer to
the levels plotted in Fig. 1. The wave functions are given in the |J,J,) =|J.) representation.
The last column quotes approximate wave functions at H=280 x 105 A/m in the ¢ direction.
Approximate wave functions at this field for the levels 1’ and 2’ plotted in Fig. 1 are
| J,J3) =| 6,—6) and | 6,—5) for Th; | J,J,) =|’?5, _‘?5) and 1175,_123) for Dy; and | J,J,) =| ‘2_5,..122)

and |‘2_5,—-;L) for Er.

Level no.
energy (K) at H=0

Wave functions at H=0

Wave functions at H,=35T

Tb in Sc

1 —26.8 0.71|-3) - 0.71|3) |=3)

2,3  -18.5 0.61|¥4) — 0.79|+2) [-4),—1-2)
4 -10.9 0.71]|-3)+0.71|3) [3)

5,6 -3.5 0.79|¥4) + 0.61|+2) 12), |4)

7,8 -3.4 0.96(¥1) — 0.28|+5) |-1),~|-5)
9 2.6 0.12|-6) —0.98/0)+0.12]6) [-6)

10,11  16.8 0.96(¥5)+ 0.29]+1) 1), |s)

12 25.8 —0.71| —6) + 0.71| 6) | o)

13 26.8 0.70| —8) + 0.17| 0) +0.70| 6) [6)

Dy in Sc

1,2 -52.3 0.29] ¥) + 0.92| ¥1)+ 0.26] 1) |-, 1-
3,4  -32.7 0.09] ) + 0.94| ¥ 3) +0.33| £ 3) -, 1-3
56 -15.5 -0.95| 1) + 0.25| ¥1) +0.20] +1}) (=515
7,8  -10.9 0.53| % L) + 0.85| +£) -3, -3
9,10  10.2 0.12| ¥ — 0.31| #1) + 0.94] £1) EONE S
11,12 25.4 ~0.98] ¥4 + 0.02| ¥§) +0.20] £3) =313
13,14  35.0 0.18] ¥ —0.34| #3) +0.92| £ 2) 12,15
15,16  40.7 -0.85| ¥1) + 0.53| +5) [3),=11)
Er in Sc

1,2 -784 0.83| :‘?3) —0.48| :%) + 0.27] :!:1?‘) =81 -
3,4  —48.7 0.52| ¥) + 0.52| ¥ 1) - 0.68| +11) -3,
5,6 —30.4 0.12] ¥1) - 0.84] ¥2) + 0.53| £2) -2,1-3)
7,8 -5.3 0.63| ¥1) —0.78| +2) -3, -1 =%)
9,10 2.4 0.19] ¥ + 0.71| 1) + 0.68| £1f) EONE
11,12 31.6 ~0.96| xlzi) +0.40| :%) + 0.29] :!:-;-) -3, %)
13,14 513 0.26] ¥1) + 0.55| ¥ 2) + 0.80| £3) ML
15,16  77.6 0.78| ¥1) + 0.63] #2) 18,13




characteristic changes of slope for increasing
fields in the c-axis magnetization of Tb result
from the crossing through the ground state 1 of
the states 2 and 9. For increasing fields along the
¢ axis in Dy the level 5 moves down and mixes
with the ground state 1 changing this from mainly
|J,J0= |4, -2 to mainly |4, -4). This accounts.

for the sharp increase in the c-axis magnetization.

For fields in the c direction the ground-state
level 1 in Er is mainly |J,J) = [4,~-48). For in-
creasing fields in the a direction the ground state
1’ changes continuously towards |J,J,) = |4, ~48).
This accounts for the crossing of the a-axis and
c-axis magnetization curves for Er.

The high-field magnetization for the Sc alloys
are similar to those observed earlier for Y
alloys.*'! The characteristic features occur at
lower fields for Sc-Tb and Sc-Dy thanfor Y-Tb and
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Y-Dy. This reflects.the smaller value of B, in
Sc alloys.

The crystal-field parameters B,,/a, deduced
for the individual solutes give a somewhat better
fit to the high-field magnetization data for the Sc
alloys than do the average values for all rare-
earth solutes in Sc. This indicates that there is
a small but significant dependence of the effective
crystal field on the rare-earth ion on which it
acts.
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