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Magnetization measurements have been performed between 1.3 and 300 K in fields up to 50 X 10°
A/m in the a, b, and ¢ directions of hcp crystals of pure Y and Y doped with 0.14-at.% Dy or
0.14-at.% Er, using the Faraday method and a vibrating-sample method. The characteristic behavior of
both the isothermal and isofield susceptibility curves could be interpreted in terms of a general
single-ion anisotropy Hamiltonian and a molecular-field exchange model. In this way the following
anisotropy parameters A4,,, <r" >, with (n, m) = (2,0), (4,0), (6,0), and (6, 6) respectively, were
obtained (in units of K): Er, —122 412, +18.341.8, +11.74-1.2, —135 +13; Dy, —50.545,
+49.5+5, +4044-4, —321 432. The higher-order anisotropy parameters play an important part in
determining the crystal-field-level scheme and they are incompatible with a model assuming that the
charges giving rise to the crystal field are solely external to the magnetic ion. The exchange
interactions differ by up to a factor of 15 for ¢ and basal-plane directions.

INTRODUCTION

The crystal-field anisotropy in the rare-earth
metals and alloys plays a crucial part in determin-
ing their magnetic properties. A direct determina-
tion of the crystalline-field parameters in these
materials is difficult because of contributions from
anisotropic exchange and magnetostriction to the
magnetic anisotropy, and also because the crystal-
field splitting is generally smaller than the ex-
change energies, making exact theories of the ex-
change necessary.

To avoid these problems a program for determin-
ing crystal-field anisotropy of both light and heavy
rare earths diluted in the nonmagnetic metals Y or
Lu has been initiated. Y and Lu have been chosen
because of the similarities of these metals to the
magnetic rare-earth metals, including the crystal
structure (hcp), the matching of lattice constants
as illustrated in Table I for Dy and Er, and the
electronic structure.

Only few data on magnetic measurements on rare
earths diluted in Y or Lu are available. Sugawara
and Soga? have briefly reported susceptibility mea-
surements on polycrystalline samples of 0.5-at.%
Er, Nd, and Tb in Y. Their measurements indi-
cate a splitting between the ground state and the
first excited state of about 15 K for Er.

In the present paper we report static magnetiza-
tion measurements on single crystals of dilute al-
loys of Dy or Er in Y and fits of theoretical curves
to these measurements. Both Dy and Er are ex-
pected to be tripositive ions with a ground-state
multiplet with J=4. In a hexagonal crystal poten-
tial this multiplet will split into eight Kramers
doublets, and with the low doping actually used, a
nearly-single-ion paramagnetic behavior may be
expected.

EXPERIMENTAL PROCEDURE

Magnetization measurements in the temperature
range 1.3-300 K and the field range 0-50x10° A/m
were performed on single-crystal spheres of pure
Y, Y-0.14-at.% Dy, and Y-0.14-at.% Er, respec-
tively. The single crystals were grown using sub-
limed 99.99%-purity Y and 99.9%-purity Dy and
Er by the technique of annealing arc-melted but-
tons.%* Spheres of 102.69 mg (Y-Dy), 250.5 mg
(Y-Er), and 245.7 mg (Y) were made by spark cut-
ting and oriented by x-ray Laue techniques. Table
II lists the impurities in the Y metal, determined
from a metallographic analysis. The magnetic
contribution from the Y to the magnetic moment of
the alloy samples was subtracted, giving the rare-
earth impurity moment separately. Care was taken
that the pure-Y sample measured was representa-
tive.

To get thorough and accurate measurements in
the temperature and field ranges mentioned, it was
necessary to use two different techniques for mea-
suring magnetic moments. Both magnetometers
made use of the same cryostat with a superconduct-
ing 52x10° A/m (65 kOe) magnet with vertical field.
The accuracy of the magnetic field, which at low
fields was measured using a magnetoresistance
probe and at high fields deduced from the current
flowing in the magnet, was +0.5%.

TABLE I. Lattice constants (Ref. 1) in units of A.

a c c/a
Y 3.650 5,741 1.5750
Dy 3.593 5.654 1.5735
Er 3.561 5.593 1.5706
Lu 3.510 5.567 1.5797

2920



|©

TABLE II. Impurities in the Y metal.

Impurity ppm
Al 4
Ca 2
Cr 3
Cu 2
Fe 7
Mg <1
Pb 20
Ag 1

Rare earths not detected

The Faraday magnetometer, which was by far
the most sensitive, utilizes a null-reading electron-
ic balance and superconducting gradient coils. The
maximum gradient field was 2.5x%10* (A/m)/cm and
the minimum weight which could be measured was
0.01 pg, giving rise to a sensitivity which was
more than adequate for any magnetic moments
which we measured. To make the measurements
insensitive to gradients in the main field and to
drift in the balance, the force was measured with
the gradient field in the two opposite directions.
The instrument was calibrated with a Ni sphere
using the saturation values from Crangle and Good-
man® and the accuracy on the magnetic-moment
measurement was +0.5% at low fields and +1% at
high fields. The contribution from the empty sam-
pleholder was measured and subtracted. The tem-
perature was varied by heating the sample tube
(maximum 100 K) or by pumping on liquid He in a
Dewar around the sample tube (minimum 1.3 K).
Above 4.2 K the temperature was measured with
an accuracy of +0.1 K by a Ge resistor situated
immediately below the sample and below 4.2 K by
the pressure corresponding to the boiling point,
accuracy +0.05 K.

The Faraday magnetometer was used for mea-
suring initial susceptibilities up to 100 K in all
samples and isotherms in pure Y in both basal-
plane and c-axis directions, and for measuring
isotherms in the doped samples in the easy direc-
tions. Application of higher magnetic fields to the
doped samples in the hard directions caused the
sample to swing out to the walls of the sample
chamber, disturbing the force measurement.

For these cases and for isofield magnetization
measurements up to 300 K at 44,2x10° A/m for all
samples a vibrating-sample magnetometer (VSM)
was used. In this apparatus the sample was vibrat-
ing vertically with a frequency of 5 Hz between two
vertical pickup coils. The induced signal in these
was measured by a compensation technique. The
sensitivity corresponded to a magnetic moment of
0.5%10% 5 and the accuracy was +1%.

A Ni sphere was used for calibration. Two dif-
ferent sample holders were used: a low-tempera-
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ture sample holder made of Tufnol, in which case
the temperature was varied and measured in a sim-
ilar way as in the Faraday magnetometer, and a
high-temperature sample holder made of pure Cu

and containing a heating coil and a thermocouple
for measurements up to 300 K. The temperature

accuracy in the high-temperature sample holder
was 0.5 K. The reason for using two sample
holders was the relatively high contribution of the
high-temperature version to the total susceptibility
if used at low temperatures. The empty-sample-
holder signals were subtracted but were difficult
to reproduce and contributed about +2.5%x10%u

to the uncertainty.

EXPERIMENTAL RESULTS

Curves of magnetization vs temperature and field
are shown in Figs. 1-10 together with the theoret-
ically fitted curves. The fits will be discussed
later. In this section the experimental data with
general features and comments only are presented.
In Figs. 2-10 the unit for magnetic moment is
Bohr magnetons per rare-earth (RE) atom.

Pure Y

The initial susceptibilities in the b axis and ¢
axis (Fig. 1) follow a linear behavior at high tem-
peratures but deviate from it at low temperatures,
owing to impurities, The extrapolated high-tem-
perature polycrystalline susceptibility per Y atom
at 0 K is 3.98%x10™%,/(A/m), in agreement with
the value 3.88x10™°u /(A /m) obtained by Wohlle-
ben.® The isothermal magnetization curves deviate
slightly from linearity at low temperatures. The
subtraction of the Y contribution in the alloy-sam-
ple measurements is essential and the uncertainty
in the Y measurements gives, in some cases, rise
to relatively large uncertainties in the rare-earth
moment. The worst cases are the measurements
in the hard directions at high temperatures and in
the c direction in Y-Dy at low temperatures, where
the Y contributes up to 75% of the total moment of
the doped sample. In the former case the Y un-
certainty (+1%) gives rise to an uncertainty +3%
in the rare-earth moment. At low temperatures
the Y background is estimated to be determined to
within +2%, thus giving rise in the worst case
(Y-Dy at 13 K) to an uncertainty +6%.

0.14-at.% Dy and 0.14-at.% Er

The initial susceptibility in the basal-plane and
¢ directions (Figs. 2 and 3) measured at a constant
low field (1.35x10° A/m) show marked deviations
from a Curie—~Weiss behavior, this being most
pronounced in the c-direction curve of Y-Dy (Fig.
3). The reproducibility of these measurements
was checked by measuring the Y-Er sample twice
with several months interval (Fig. 2, first and
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FIG. 1. Susceptibilities for pure Y in the b and c di-

rections.

second run),

The isothermal magnetization curves in the easy
directions, which are the ¢ axis in Y-Er and the
basal plane in Y-Dy (Figs. 4 and 5), show satura-
tion at low temperatures at the fields available.
The isotherms at low temperatures in Y-Dy (Fig.
5) were measured in both the a and b directions but
no difference could be distinguished within the ex-
perimental accuracy. This is in agreement with
the theoretical interpretation which predicts a basal
plane anisotropy of less than 0. 8% at the highest
field.
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Isothermal magnetization measurements in the
a and b directions in Y-Er (Fig. 6) revealed an
anisotropy of about 2.2% at low temperatures and
high field with the a direction as the easy direction.

The empty sampleholder uncertainty is important
in the isotherms in the ¢ direction at low tempera-
tures in Y-Dy (Fig. 7) since this direction is mag-
netically very hard. The deviations of the low-tem-
perature isotherms from the theoretical curves will
be discussed later.

The high-field isofield curves (Figs. 8-10) show
the same general features as the low-field suscep-
tibility curves. However, the nonlinearity param-
eter ¢, defined as t=y,/xyr— 1, Where x,=dM/dH,
H=0, and xyp=M/H, H=44.2%10° A/m, deviates
considerably from zero in some cases (Figs. 8 and
10).

HEXAGONAL-CRYSTALLINE-FIELD FITS

In a hexagonal-close-packed lattice the most gen-
eral operator describing any single-ion interaction
within a manifold of given J for a 4f ion reads

Jor = Byg Oz + Byg Ogq + Byg Ogg + Bgg Ogs - (1)

0O, are Stevens operators as given by Abragam and
Bleaney.”® B, are the crystalline-field param-
eters,

In (1) it is assumed that.the ¢ axis and the z di-
rection coincide, and we take the x and y directions

T T T T T T T T T
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FIG. 2. Reciprocal susceptibility of Y-0.140-at.% Er. (Faraday measurements at 1.35 X10% A/m.) The theoretical
curves are fitted to the first-run data with a cutoff temperature Ty, =5 K. The parameters are shown in Table IIIL
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FIG. 3. Reciprocal susceptibility for Y~0.141-at.% Dy. (Faraday at 1.35x10° A/m.) The fitted curves are obtained
with a cutoff temperature Tpy,=6 K. The parameters are given in Table III.

as along @ and b axes, respectively.

When k5T is very much smaller than the distance
from the ground multiplet to the first-excited man-
ifold, as is the case for Er (9500 K) and Dy (5100 K),
the zero-field susceptibility of a 4f ion is
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FIG. 4. Isotherms for Y—0.140-at.% Er in the ¢ di-
rection (Faraday).

Here g, is the appropriate Landé factor, p g is the
Bohr magneton, kjp is the Boltzmann constant, and
Jy is the component of the angular momentum op-
erator in the direction of the field. |n) and E, are
the eigenfunctions and energies of the crystalline-
field operator ¥.p. The summation ¥, is carried
out anly over states |m) with E, =E,, whereas },,"
includes all other states. A computer program
was written which diagonalizes 3.y and computes
x°F according to (2).

For very dilute alloys, exchange-interaction ef-
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FIG. 5. Isotherms for Y-0,141-at.% Dy, basal plane
(Faraday).
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FIG. 6. Isotherms for Y-0.140-at.% Er in the basal
plane (VSM).

fects are expected to be small; they were there-
fore taken into account in the molecular-field ap-
proximation:

1 1
=——y. (3)

Xexpt XcF

A positive y means ferromagnetic coupling.

The computer program performs a least-squares
fit to the reciprocal susceptibilities in the ¢ direc-
tion (z) and in the basal plane (x), simultaneously.
The parameters used in the fit are B,,, By, Bsg,
Bgg, Vs, Yx, and c, where ¢ is the concentration.

The normalized least-squares deviation

. ((l/xmf = 1/Xegpt))
«1 Xtheor)>
was used as fitting criterion. The terms in S were
weighted appropriate to an error in 1/y proportion-
al to 1/y and, in order to get a rapid convergence
the method of steepest descents was used for the
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FIG. 7. Isotherms in the ¢ direction for Y-0.141-at.%
Dy (VSM). The inaccuracy owing to the nonreproducibil-
ity of the sample-holder contribution is +1.5x10"2 Mg.
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FIG. 8. Isofield curve at 44.2x10° A/m in the ¢ direc-
tion for Y-0.140-at.% Er (VSM). The nonlinearity param-
eter ¢ = (xo/xur) =1, Xo=dM/dH at H=0 and xgp=M/H at
H=44,2%x10° A/m.

parameters By,,.

In anticipation of short-range-order effects we
performed a series of fits in which the lowest-tem-
perature data were disregarded. As the cutoff tem-
perature was lowered, a small decrease in S was
observed until a minimum was reached at a certain
temperature T,;,, below which S started to rise
rapidly. The best fit was taken to be that giving
the smallest value of S.

For Er we obtained SL{2=0.46% and for Dy S.{2
=1.0%; these values indicate that the fits in both
cases are as good as the experimental accuracy
allows.

The parameters B, varied little as the cutoff
temperature was lowered. The stated errors of
the parameters are estimated from this variation.
These errors are one order of magnitude larger
than those obtained from the sharpness of the min-
imum in the least-squares deviation.

As we have used a zero-field expression for y,

Y -0140 at.% Er
—_ h a,b axes
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= O:a axis, low temp. holder
5 .l A:baxis, -~ - - 40
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S
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=
ol v o Ly e b e e L by ]
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FIG. 9. Isofield curves at 44.2%10° A/m in the basal
plane for Y-0.140-at.% Er.



9 CRYSTAL-FIELD MAGNETIC
T T T
a axis
EIYO- g
b
= J Y -0141 at.% Dy
- H=44.2:10° A/m
[}
& = O: ¢ axis, low temp. holder
& 05‘- O:c axs, high - -
o | A: a axis, - - -
= —. theoretical curves
w
z |
o
=
PR J - 1 1 1l
o0 50 100 150 200 250
FIG. 10. Isofield curves at 44.2x10° A/m for Y-

0.141-at.% Dy (VSM).
also shown.

The nonlinearity parameter ¢ is

we always checked that the correction for finite
field of the susceptibility measurements was neg-
ligible for 7> Ty,

Erbium

Owing to the marked deviations from a Curie-
Weiss type of susceptibility (Fig. 2) we had no dif-
ficulty in determining the crystalline-field param-
eters, contrary to the (cubic) case of Ag-Er and
Au-Er.® To avoid any ambiguity we calculated the
susceptibility in a parameter range of several
orders of magnitude for all parameters and for all
signs of By, and Bgy. The calculation indicated
three local minima in S. Each minimum was ex-
amined and it turned out that the one with the small-
est value of S,;;, was the only one which led to rea-
sonable agreement with the measured high-field
isofield curves.

The values found for B,, are given in Table III.
The higher-order terms in (1), By, Bgg, and By,
were found to be more important than expected in
the simple point-charge model. The over-all split-
ting is 130 K, the B,; term alone accounting for
52 K, Furthermore, B,;0,, alone would cause the
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FIG. 11. Energies and eigenfunctions for Y-0.140~
at.% Er.

ground-state doublet to be | +4). However, this
state (with a little admixture of | +3) and | ¥%)) is
found to lie in the middle of the multiplet. The
ground state is 0.957 | +48)+0.247 | £3)+0.156 |
F4), as shown jn Fig. 11. The g factors for this
doublet are g,=14.02 and g, =2.48. ESR measure-
ments are under preparation to confirm this as-
signment and the results will be published else-
where.

The next excited state is a doublet of the same
type as the ground state, but it is dominated by
| +34). The separation between the two lowest
pairs of states is 26 K.

TABLE III. Values of fitted parameters.

Parameter Units Dy Er
B,, K +0.321+ 10% ~0.309% 10%
By, K —-0.293x 10~2+ 10% +0,814% 1073+ 10%
By, K +0,418% 10+ 10% +0,243x 104+ 10%
B K —0.333%x 10+ 10% —0.279% 10% + 10%
6, K —0.20% 0,06 +0,15% 0,07
6, K +1.6%0,2 +0,13% 0,07
Y, 10%(A/m)/pug —3.7+30% +0, 042 + 50%
Yy 10°(A/m)/ g +0.64+15% +0,62 £ 50%
c at. % 0.141£ 0,001 0.140% 0.001
Nom. conc, at. % 0.134 0.142
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FIG. 12. Energies and eigenfunctions for Y-0.141-
at.% Dy.

Exchange interactions were found to be of little
importance in Y-Er, Expected ordering tempera-
tures are of the order of 0.1 K (Fig. 2). The y’s
are ferromagnetic in both the ¢ and b directions
with a large anisotropy but the paramagnetic Curie
temperatures are isotropic, 6, being 0.13+0.07 K
and §,=0.15+0.07 K.

The deviation below 5 K between the experimental

TABLE IV. Comparison between theoretical and different experimental values.
Refs. 10—13 are from measurements on pure Dy and Er.

measurements on Gd doped with the rare earths.

Kasuya (Ref. 15). Values are in K/(RE atom).
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points and the theoretical susceptibility curve in
the ¢ direction (Fig. 2) can be accounted for com-
pletely by the nonlinearity of the isotherms.

Isofield curves for H=44.2x10° A/m were cal-
culated in the a, b, and ¢ direction by diagonalizing
a Hamiltonian containing the Zeeman interaction
and the crystalline-field operator (1). The ex-
change interaction was treated in the molecular-
field approximation.

The anisotropy in the basal plane (Fig. 9) is
found to agree well with experiment, thus providing
a check on the value of |Bg|. The sign of Bg is
negative.

In the c direction the nonlinearity parameter ¢
defined above varies from 5.50 at 2 K to 0.17 at
30 K (Fig. 8). The isofield curve in this direction
thus provides a good check on the crystalline pa-
rameters. As seen from the figure the measured
and calculated values agree within 3%.

Isotherms were calculated in the same way as
the isofield curves. The calculated moment in the
c direction at 44.2x10° A/m is 7.60/s/(RE atom)
compared to the experimental value 7.94u;/(RE
atom), both at 1.5 K (Fig. 4). The difference is
presumably due to ferromagnetic enhancement
caused by polarization of the conduction electrons.
The enhancement factor is 1. 045.

The isotherms in the @ and b directions (Fig. 6)
show an enhancement of the same order of magni-
tude.

Dysprosium

The deviations from a Curie-Weiss type of sus-
ceptibility are even more pronounced in Y-Dy (Fig.
3). The ground state is an almost pure | +3) dou-
blet with an axial g tensor: g,=1.54 and g, =10. 05,
thus making ESR measurements possible. The next
excited doublet is an almost pure | +3) state 42 K

The values from
Those from Ref. 14 are deduced from

The column “corr for ¢/a” gives the values from
this paper corrected for the different ¢/a ratios of Y, Dy, and Er according to the formulas of

Dy Ret. 10 11 14 12 This paper corr. for c/a 15 (theory)
Ay () —-172 -320 —105 -115 -50 -51 —~115
Ay ') -6 +50 +49 -7
Agy %) +3 +40 +40 +4
Age %) 29 -321 - 321 -32
Er Ref. 13 14 This paper corr. for c/a 15 (theory)
Ay ') -162 —96 —122 -131 —114
Ayt +6 +18 +17 -6
Agy @) +2 +12 +12 +3
Age ) -135 -135 —-26
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TABLE V. Values of A, ('r;f) in units of K and ratios.

Im Dy Er Ratio
20 - 50 —-122 +0.41
40 +50 +18.3 +2.7
60 +40 +11.7 +3.4
66 -321 -135 +2.4

above the ground state (Fig. 12).

In Y-Dy exchange interactions are found to be
much more important than in Y-Er. In the easy
direction we find a paramagnetic Curie temperature
of 6,=+1.6+0.1 K, whereas in the ¢ direction we
find 6,=-0.20£0.03 K (Fig. 3).

The difference at low temperatures between the
experimental and theoretical reciprocal suscepti-
bility (Fig. 3) is equally due to exchange effects
and the nonlinearity of the isotherms. The high-
field isofield curves shown in Fig. 10 exhibit rea-
sonable agreement with experiment.

Owing to the rather high ordering temperature in
Dy the molecular-field approximation is not ade-
quate at temperatures in the range of 1 K as can be
seen from the isotherms in Fig. 5. At 4.2 K we
find an enhancement of 10.5% at H=44.2x10° A/m.
The calculated anisotropy in the basal plane is less
than 0.8%.

The isotherms in the ¢ direction (Fig. 9) give
smaller moments than calculated. Especially the
4.28-K curve deviates more than could be accounted
for by the uncertainty in the experimental points.
This deviation cannot be accounted for by any crys-
tal-field effects.

DISCUSSION

The excellent consistency between experimental
and theoretical values, except at low temperatures
where ordering effects become important, indicates
the validity of the general single-ion Hamiltonian
(1), and shows that the alloy concentrations chosen
were appropriate for this experiment. In Table III
all the fitted parameters and their accuracies are
summarized. To get more information about the
exchange constants it would be valuable to make
susceptibility measurements at different concentra-
tions. Such experiments are being planned.

The crystalline potential which acts on an elec-
tron may be written in the » representation "®;

V(%) = g A P (@) .

P,, are unnormalized homogeneous polynomials of
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degree I, and A,,, are parameters which character-
ize the potential.

The effect of the potential on a RE ion can be
accounted for by the operator of Eq. (1), where
the parameters B,,, are proportional to the poten-
tial parameters A,,,

Blm :Alm <yif> <Jl 'a,l l J> .

Here (r, ) is the mean value of the 4 f-electron
radius raised to the Ith power and (J||la;l|J) is
the Stevens factor,” which depends on the actual
quantum numbers of the RE ion.

In Table IV we first compare the A, {r{ ;) which
we obtain with those deduced from other experi-
mental data. Disagreements are attributed to
anisotropic exchange, the importance of which
Nicklow et al.® have pointed out for the case of Er,
and magnetoelastic contributions to the anisotropy.
The values calculated in a simple point-charge mod-
el also shown in Table IV differ by up to a factor
10 from the values found in this paper and even dif-
fer in sign for A,y for both Dy and Er. In Table V
the ratios of A,,(r{,) for Dy to those of Er are
shown.

If the A,,’s were specific for the Y host these
ratios should, owing to the similarities of Dy and
Er with respect to 4f radii, be approximately uni-
ty. As this is clearly not the case it seems that
charges on the impurity itself play a crucial role
in determining the potential acting on the 4 f-im-
purity electrons, Williams and Hirst, ® who have
come to a similar conclusion for rare-earth doped
in Ag or Au, have suggested a model for the crys-
tal field based on the hypothesis of a nonmagnetic
5d virtual bound state on the rare earth.

In order to check the validity of the crystal-field
parameters found from the magnetization measure-
ments we have initiated further experiments in-
cluding: (a) determination of By, separately by a
basal-plane anisotropy measurement, (b) magneti-
zation measurements up to high fields (40 T), (c)
neutron spectroscopy, and (d) ESR spectroscopy.

We are also studying dilute alloys of Lu-Re to
compare crystal fields for these alloys with those
found in Y-RE. The results of these measurements
will be presented in due course.
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