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High-field magne&ration of dilute rare earths in yttrium
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Magnetization measurements have been performed on single crystals of Y containing small amounts of
Tb, Dy, or Er at 4.2 K in fields up to 295 )& 10' A/m (370 kOe). Crystal-field and molecular-field

parameters obtained from measurements of the initial susceptibility versus temperature give a satisfactory
quantitative account of the high-field magnetization. This includes characteristic features due to the
crossing and mixing of crystal-fiield levels.

The magnetic properties of rare-earth metals
and alloys are strongly influenced by the crystalline
electric fields. Magnetization measurements per-
formed at high magnetic fields, corresponding to
Zeeman energies comparable with the crystal-field
splittings, offer in principle, a powerful means of
studying these crystal fields. However, in the pure
rare-earth metals the exchange interactions are
comparable with, or dominate, the crystal-field
interactions, making observations of direct crystal-
field levels effects in the magnetization impossi-
ble, ' or difficult to interpret. 3'~ By dissolving the
rare earths in the nonmagnetic rare-earth-like
metals Y, Lu, and Sc the exchange interactions can
be sufficiently diminished to allow the interpreta-
tion of the effects in the magnetization caused by
the crystalline electric field alone. Tb, Dy, and

Er, measured in this work, form tripositive ions
when dissolved in Y having ground-state multiplets
with J=6, +~, and ~~ respectively. These multi-
plets are spli. t by the hexagonal crystal field and the
magnetic field.

In this paper we wish to report on magnetization
measurements in fields up to 295&&10S A/m (3'fO

kOe) on single crystals of Y-1.234-at. 'f~Tb, Y-
0. 898-at.%-Dy, Y-3.80-at. /O-Dy, and Y-O. QS3-
at. %-Er. The hexagonal crystal fields in these al-
loys have been deduced from measurements of the
initial susceptibility and the basal-plane anisotro-
py. ' The present experiments were performed at
the University of Amsterdam's high-field magnet, '
in which high fields are produced by passing large
currents through a copper coil cooled with liquid
Ne. During the measurements at 4. 2 K described
here, the samples were immersed in liquid He.
The magnetic moments were measured by induction
in a detector-coil system as the field was decreased
in a staircase-like form. The duration of each step
was on the order of 60 msec, which is long enough
for eddy currents to decay. The inaccuracy, which
is mainly due to the irreproducibility of the pickup

of the main field in the detector-coil system, was
reduced to 2&10 A m by fitting the high-field
measurements —through a term linear in the
field —to low-field measurements up to 40X10'
A/m. The latter measurements were performed
on a 5-Hz vibrating sample magnetometer (VSM)
described earlier. ' The magnetic moment of the
Y was measured and subtracted. Magnetization
curves at 4. 2 K in the b and c directions of the
hexagonal-close-packed structures are shown in
Figs. 1-4. The absolute uncertainty for the point
at the highest field on each isotherm is shown.

The Hamiltonian used for calculating the magne-
tization comprises the crystal field terms

+cF = &aoopo+ &4o04o + ~sooso+ &ssoss

and the effective Zeeman Hamiltonian

3Cs = gg Psel(H + X ' M) (2)

which includes the small exchange contribution in
the molecular-field model. The B, 's are the crys-
tal-field parameters obtained earlier, ' the 0, 's
are the Stevens operators. s

g~ is the Lande factor,
p~ the Bohr magneton, J the angular momentum op-
erator, H the magnetic field, X the molecular field
tensor, and M the magnetization. A contains two
independent parameters A. , and ~,. These depend on
the concentration of the alloy and have, as well as
the actual concentrations, been deterxnined earlier
from susceptibility measurements on the same
samples. ' The full curves in Figs. 1-4 are cal-
culated using the above Hamiltonian. The theoreti-
cal calculations fit the experimental data very well.
Minor deviations are expected due both to ordering
effects which are not well described by the molecu-
lar-field model and to effects arising from exchange
interactions with the conduction electrons which
have been neglected. Zero-field susceptibility
measurements have shown no signs of ordering in
Y-0. QS3-at. /0-Er at 4. 2 K, while Y-l. 234-at. /q-Tb
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shows features of incipient ordering. 7-3.60-
at.%-Dy orders below 8 K in a helix9 w'th tix mrs the mo-

n s y1.ng in the basal plane and is included here
to illustrate the effects of this ds or ering. Short-
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FIG. 2, MMagnetization versus field for Y-3.60-at. %-
Dy. VSN data O, high-field data A, Q. The full curves
are calculated using the 8 ' ' Fi .s xn g, 1 and kg=1, 0
= —4. 5 tunits of 10 (A/m)/{p/atom))
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FIG. 1. Ma ne '

VSM d
g etization versus field for Y-0 898-

Dy. M data O, high-field data+. The full curve
calculated using 8 =0 3p()= . 36, 840=-0.260' 10 8
=0.335~10~ 886= —0, 334x10 {units of K) and X =0.65

~ 80

X„=-6.02 [units of 10~ {A/m)/ /m {p, atom)]. The ener
evels are plotted against H

' th&& sn t e inset.
gX

00 100
~

200
H {10 A/'~)

300

FIG. 3. M nagnetization versus field for Y-1.234-at. %-
Tb. VSM data O, high-field data A Th f

culated using 820=0. 945, B40=0.589&&10+ 8
0 145 10" 8—

88
= 0. 100x 10 {units of K) and X = 0.15

5.97 funits of 105 {A/m)/ (p, / . rm B atom)). The ener
evels are plotted against H

' th,«an t e inset.
re

range order effects in Y-O. 898-at.%-D
o signifi. cant, and the deviations in th D

allo s Fi sy ( gs. I and 8) at lower fields in the c direc-
tion, where the m ne magnetization rises more sharply
with the field than the calculati, ons predict, are at-
tributed to these effects.

t
To illustrate how the crystal fi. lde s account foi

he characteristic features f tho e magnetization
curves, the positions of the crystal-f' ld ls - se evels of
mpo ance are calculated from the Hamiltonian

X=3Ccp +gg p, if ' HB eff (8)

and plotted versus H,« in the figures. The m
is given in terms of the slope of the

lowest populated levels according to the relation.

~"BEg ~%8]

form
In zero field, the ground states of D (F'y sg. 1

y wave unctionsa Kramers doublet spanned b f
which are mainly l J Jr~= (~, +-,). For fields in the

direction, the large matrix element of J within
this doublet ig ves rise to the high moment at small

X

the
fields. This is determined b th

e state 1, which for higher fields tends towards
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FIG. 4. Magnetization versus field for Y-0.993-at. %-
Er. VSM data 0, high-field data 6„, Q. The full curves
are calculated using B20= —0.309, B40=0.600&1(), Bso
=0.243x10+, B86=—0.279&10+ (units of K) and X~=0.71,
X„=—0.14 [units of 10 (A/m)/(p~/atom)]. The energy
levels are plotted against Huff in the inset.

I J, J&) = I~, —~~). When the magnetic field is ap-
plied in the e direction, the ground-state doublet,
2 and 3, gives rise to a small moment at lower
fields. The level 4 is an approximate I J, Jz) = l~2,
—1am) state and is therefore rapidly lowered in the
field. In the hexagonal crystal field, this level is
mixed with the level 2, thereby changing this from
mainly I J; Jz) = I~, ——,') to mainly I J, Jz) = IP, —~)
at fields above 150x10' A/m. This accounts for
the abrupt increase observed in the e-axis magne-
tization around this field.

The effects of helical ordering in Y-3.60-at. j~
Dy, illustrated in Fig. 2, are large at low fields but

insignificant at high fields. The discrepancies be-
tween theory and experiment are most pronounced
in the basal-plane directions, presumably due to
the fact that the moments order in this plane.

The crystal-field levels in Tb are highly acciden-
tally degenerate in zero field (Fig. 3). For fields
in the c direction, several states cross through the
ground state, resulting at 4. 2 K in a smooth upward
curvature at higher fields. This is clearly seen in
the experimental data. The ground states I J, Jz)
are, in order of development, the approximate
states 1, 16, -2); 2, l6, -3); 3, l6, —4); and 4,
16, —6). For fields in the b direction, mixtures of
states create the state 5, which is close to I J, J'„)
=16, —6).

In Er (Fig. 4) at zero field, the ground state is a
Kramers doublet, which is spanned principally by

I J, Jz)= I~&, +~&). When the field is in the c direc-
tion, the ground state 1 has a large moment corre-
sponding to (Jz)=- ~z. For increasing fields in the
b direction, the ground state 2 changes continuously
towards I J, J„)= I+&, -~z) due to mixing with higher-
lying states. This accounts for the crossing of the
b-axis and c-axis magnetization curves.

In conclusion, measurements i.n fields with Zee-
man energies comparable to the crystal-field split-
tings have proved to be an informative way of
studying the crystal fields. The properties of dilute
Y-based rare-earth alloys are found to be accounted
for by the crystal fields and the Zeeman interac-
tions in which a small molecular field is included.
Identical crystal-field and molecular-field param-
eters describe very well the magnetization both as
a function of temperatures' and as a function of
field, and also give a satisfactory account of the in-
elastic neutron scattering in an Y-Er alloy. '
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