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Crystal fields at light rare-earth ions in Y and Lu
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Crystal-field parameters have been deduced for the light rare-earth solutes Ce, Pr, and Nd in Y or Lu
hosts from measurements of the paramagnetic susceptibilities. In the analysis all multiplets in the lowest LS
term were included. For a given host, crystal-field parameters divided by Stevens factors B,,/a,, are of
approximately the same magnitude for all the solutes Pr, Nd, Tb, Dy, Ho, Er, and Tm and do not scale
with { 7' >. The values deduced for Ce do not fit in with this simple picture. The higher-order parameters
By, Bep, and By, arg, within the errors in their determination, identical in Y and Lu hosts, indicating that
these values for a specific rare-earth solute in Y and Lu may give a reliable estimate for the corresponding
sites in rarve-earth metal. This is confirmed for Pr, for which these values and the value of B,, deduced from
paramagnetic-susceptibility measurements on the pure metal, correctly explain the transition observed by
neutron spectroscopy and the level crossing observed in a high-ficld experiment. A weighted average of B,
for cubic and hexagonal sites in Nd and Sm was obtained from the paramagnetic susceptibilities of these

metals at high temperatures.

INTRODUCTION

In Ref. 1, the magnetic properties of dilute
alloys of the rare-earth solutes Th, Dy, Ho, Er,
and Tm in the nonmagnetic hcp metal hosts Lu,

Y, and Sc were reported and crystal-field pa-
rameters for all these systems deduced. The
higher-order crystal-field parameters B,,, Bg,,
and By, were observed to be rather insensitive

to the host, the values being the same in Y and

Lu and only slightly different in Sc. Due to the
similarities of Y and Lu to the rare-earth metals,
it was suggested that the value of these parameters
in Y and Lu give a reliable estimate of the values
in the magnetic rare-earth metals. B,, is host
sensitive. The value of B,, in the magnetic rare-
earth metals could be determined from the para-
magnetic susceptibility of these metals measured
up to high temperatures. ¥For fixed host the
crystal-fieid parameters divided by the Stevens
factors, B,,/a;, seem to show a small variation
with solute, but this does not follow the (') varia-
tion with the radius of the solute 4/ wave function
predicted from simple theory.

To elucidate these results and also to determine
the crystal-field parameters in the light rare-
earth metals, we have studied dilute single-cry-
stal alloys of the light rare-earth solutes Ce,

Pr, Nd, and Sm in Lu and Y hosts, and also
single crystals of pure Pr, Nd, and Sm in their
paramagnetic phases.

A comparison between crystal-field parameters
for light and heavy rare-earth solutes will clarify
whether there is any variation with 4/ radii of the
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solute (e.g., the ratios of (»*), &%), &%) for Pr
to those for Ho are 1.6, 2.1, and 3.1, respec-
tively?). Magnetic measurements in the paramag-
netic range of the pure rare-earth metals can be
related in a simple way to their crystal-field pa-
rameters. In the light rare-earth metal Pr, ex-
change interactions are small and Pr shows no
ordering even at low temperatures.® Pr thus
offérs a unique opportunity to verify whether the
parameters for dilute alloys are also representa-
tive for pure rare-earth metals. Furthermore,
detailed information about the crystal fields in Pr
is available from inelastic neutron diffraction?
and high-field-magnetization measurements,®

We have performed susceptibility measure-
ments on Pr, Nd, and Sm. Pr and Nd possess
the double hep (dhep) structure and Sm possesses
a rhombic structure. The dhcp structure and the
Sm structure have lattice sites with both local
hexagonal and—for ideal ¢/a ratio—local cubic
symmetry. The values of B,,/8, Bs,/y, and
Bg,/v, deduced from dilute alloys, may also be
valid for the hexagonal sites in the pure metals,
since these parameters are probably dominated
by the local surroundings.

BASIC THEORY

- The spin-orbit coupling in the light rare-earth
metals is weaker than in the heavy rare-earth
metals and the entire lowest LS term therefore
has to be considered in accurate calculations of
light rare-earth magnetic moments. (The in-
clusion of the higher-lying J multiplets gives a

4454 © 1978 The American Physical Society
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correction of max~3% for Pr, Nd, and Ce in the
temperature ranges studied.) We thus work in

the basis |LM SMs), where L and S are the
ground-term angular momentum quantum numbers
given by Hund’s rules. With this basis the
Hamiltonian for a single rare-earth ion in the
crystalline electric potential and in the applied
magnetic field H has the general form

e =A% -§+BE 0D + BE 09(T)
+BEOXUD) + BLOSD) + 1L +38)-H (1)

for hexagonal symmetry. The O, are Stevens
operators.® For ions on cubic sites we use the
approximate Hamiltonian

5 =T, -8+ BE 09(F) + BE [09(1) - 203 03(T)]
B, [02() + (35/V8)0YL) + F-08(D)]
+ug(0+2%)-H, (1b)

where the form of the higher-order crystal-field
terms is valid for perfect cubic symmetry. Ex-
change interactions, which are easily treated in
the molecular-field model, have been omitted in
(12) and (1b). In the dilute alloys with Pr and Nd
the molecular-field exchange parameters y,
(=v») and y, turned out to be neglectable (compare
Ref. 1). For Y-8.7-at.% Ce and Pr crystal-field
parameters were deduced in a way not affected by
the exchange interactions, which are significant
in these metals. The reduced matrix elements
oy, Bz, and vy, entering as multiplicative factors
when going from Y,;01(F;) to O (T) are given in
Table I. The relation between the crystal-field
parameters B,,,, used in Ref. 1 and the present
parameters B,% is BY, /a; = B,,/a, etc. a, B, and
vy are Stevens factors used in Ref. 1. Also included
are the spin-orbit constants X as calculated from
the experimental energy splitting between the
ground and first excited multiplets.®

For a given set of crystal-field parameters the
zero-field susceptibility per atom in the direction
of the applied field x, is calculated from the
formula

Xu= ! J<71'Lf{+2sﬂlm>]2

Xe—En/kBT/ e En/kBT
124
203 0 3 ] Ly + 28yl ) B(E, - E,)™

xg;gn/ksr/z e—E,,/kBT’ @)
= .

where |n), lm) and E,, E,, are eigenfunctions and
corresponding eigenvalues of the operator JC -,
in (1). The summation ), is carried out over

TABLE 1. Spin-orbit coupling constants and multipli-
cative factors for the light rare-earth metals studied.

A K) 10" 2y 1074, 106,

Ce 628.6 —4.,444 40.40 —~1036.00
Pr 6048  -1.481 —3.848 24.67
Nd 497.4 —0,404 -1.224 -11.21
—24.67

Sm 285.7 1.481 3.848

states |m) with E,,=E, and J,,’’ over. all other

~ states, The zero-field susceptibility is isotropic

in the basal plane. v
The magnetic moment M, per atom in the di-
rection of the applied field is calculated from

My=itp 2 1Ly +28lise="/07 [ 32 o=irtar,
i T
(3)

where Ii) and W; are eigenfunctions and eigen-
values of the entire operator in (1) and thus depend
onH.

For the structures with both hexagonal and cubic
sites the susceptibility is calculated as a weighted
average over the two types of sites (x dhep

L(1) L, . [©3)
=2 Xeubic T 2X hex XSmsu-ucu“g 3Xcublc +3thx,

i=a, b, orc).

RESULTS FOR DILUTE ALLOYS

Figures 1-5 show the experimental initial sus-
ceptibilities of Pr and Nd ions in Y and Lu and of
Ce ions in' Y, in the basal plane and along the ¢
axis. The measurements were performed in fields
up to 8 X10° A/m (1T) using the Faraday method.*
The data were determined from separate mea-

80
Y~ 173at% Pr

50 |

40
¢ c-axis

30 |-

X7'(10°(A /m)/pig)

.......

P P S S S S S S S S S S
20 40 60 80 100 120 140 160 180 200

T(K)

FIG. 1. Reciprocal initial susceptibilities of Pr in
Y. The curves are calculated using the fitted parameters
in Table II. In this and all subsequent figures, the
theoretical curves are calculated with the assumption
that B /BE =X .
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FIG. 2. Reciprocal initial susceptibilities of Pr in
Lu. The curves are calculated using the fitted para-
meters in Table II.

surements of the susceptibilities of the alloy
samples and of pure Y and Lu samples. The in-
accuracies—which are mainly due to the irre-
producibility of the susceptibilities of the host
materials—are approximately 5% at the highest
inverse susceptibility data in the figures. In order
to obtain a reasonably accurate determination of
the small susceptibilities of Ce and Sm solutes,
rather concentrated (5%-10%) alloys had to be
studied, For Sm alloys of this concentration the
relatively large exchange interactions between Sm
ions will cause ordering effects.

Preliminary measurements on an Y-2,73-at. %-
Sm alloy showed susceptibilities of Sm of the same
order of magnitude as for pure Sm in the paramag-
netic phase. The susceptibilities were only
slightly temperature dependent in the temperature
range 20-200 K.

The experimental susceptibilities in Figs. 1-5
were analyzed using the Hamiltonian (1a). The

s0F Y—1.62 at % Nd

40}

X (10%a/m) /pg)

L

' 2‘0 * 4‘0 * G‘O * 810 L|6LOL1210‘14‘0 ' Ié()l 1éOI26O
T(K)
FIG. 3. Reciprocal initial susceptibilities of Nd in Y.
The curves are calculated using the fitted parameters in
Table II.
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FIG. 4. Reciprocal initial susceptibilites of Nd in
Lu. The curves are calculated using the fitted para-
meters in Table II.

parameters to be adjusted are BE, BL BL Bk,
and the concentration ¢. (Inclusion of exchange
interactions in the molecular-field model did not
change the fitted crystal-field parameters more
than their final quoted uncertainties). The concentra-
tionis determined mainly from the slopes of the 1/y
vs T curves at high temperatures. Evaporation
of the rare-earth solute during the preparation
of the alloy samples was detected in all cases.
The fitted crystal-field parameters are given
in Table II. Crystal-tield parameters with values
in the ranges quoted in Table II reproduce the
experimental susceptibilities within their un-
certainties. As also found for heavy rare-earth
solutes,! the fitted ratio Bj/Bg (= Bgy/Bs,) for
the Pr and Nd alloys is close to the value ¥ valid
for ideal ¢/a ratio in the nearest-neighbor-super-
position model.” For the Y-Ce alloy the effect
on the susceptibilities of B and B is small (the

140 Y—874 at, Ce

X (10%(A/m) /ug)

e

PR

S S S S S S S P S S S S
20 40 60 80 100 120 140 160 180 200

T(K)

FIG. 5. Reciprocal initial susceptibilities of Ce in Y.
The curves are calculated using the fitted values of
BL, /o, and BL, /B, given in Table II and the arbitrary
values:B%, /v, = 22 K. (Exchange parameters v, = ¥%=0.)
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TABLE II. Values of fitted crystal-field parameters. B%, Bfo, and B are deduced for a
fixed ratio B/B§="717/8. A simultaneous fit of Bf;, BY,, Bf;, and Bf;/B} gives approxi-
mately the same values of BY, B, and B and the Bf,/B¥ values given in the table.

Alloy B/, (K) B/ By (K) BE/vi, ) B/Bh
Y-1.73-at.% Pr —95+ 10 4,0+2 15.4+1.5 10.6+3
Lu-0.84-at.% Pr —40 %7 5.0+3 18.5+ 1.5 10.3+3
Y-1.62-at.% Nd —-90+10 15.5+6.5 22.0+3 11.0+2
Lu—-0.45-at, % Nd -32+12 13.0+6 23.5+4.5 10.0£2
Y-8.74-at. % Ce —190 +30 —-7.0%5

effect vanishes, when higher-lying multiplets are RESULTS FOR PURE METALS

neglected) and the parameters could not be de-
termined uniquely from the measurements. Due
to the exchange interactions present in the Y-Ce
alloy (Fig. 5) the two parameters B, and B
were determined solely from the position in tem-
perature of the maximum and minimum of the
c-axis susceptibility. The susceptibilties of Ce
in a Lu-2.6-at. %-Ce alloy showed the same gen-
eral features as that of Y-Ce. The extrema in
the c-axis susceptibility were, however, not suf-
ficiently well defined to allow determination of
the crystal-field parameters.

The parameters for Pr and Nd solutes resemble
those for the heavy rare-earth solutes Tb, Dy, Ho,
Er, and Tm (Figs.3-5inRef. 1). For fixedhostthe
parameters divided by the Stevens factors have
approximately the same magnitude for all these
seven solutes, although some variation with solute
is observed. The higher-order parameters are
the same in Y and Lu hosts, while B,, decreases
with host in the order Y, Lu, (Sc).

Crystal-field parameters for Ce solutes have
values significantly different from those for the
other rare-earth solutes.

TABLE III. Crystal-field parameters for hexagonal
sites in the-light rare-earth metals. Within the uncer-
tainty of its determination the parameter B, has the
value 77/8xB¥. B%/a; for Nd and Sm is deduced from
Figs. 9 and 10 assuming Bé’o/a,; to be identical on cubic
and hexagonal sites, and assuming isotropic exchange.
The parameters for Pr in parenthesis (from Ref, 14) are
deduced from the excitation spectra for Pr and may in-
clude contributions from two-ion coupling.

Metal B/ (K) Biy/BL(®)  Bip/vp ()
Pr -70+25 4.3+1.7 17.0+1.1
(—=105+22) (9+8) (19+2)
‘Nd -32+6 14.2+4.4 22.5+2.5
Sm —90+£30 s e

As indicated by the results for the dilute alloys
the values of BY, Bg, and BX for the hexagonal
sites in Pr and Nd metals are expected to be simi-
lar to the values found when they are dissolved in
Y and Lu (Table III). B[ is a host-sensitive pa-
rameter which may also be expected to depend
on more distant neighbors in the lattice. This
parameter therefore has to be derived from mea-
surements on the pure rare-earth metals. Bz";,
for the hexagonal sites in Pr can be extracted
from the reciprocal initial susceptibilities shown
in Fig. 6. The relatively high temperature, about
30 K, at which the minimum in the reciprocal
c-axis susceptibility occurs, is expected to be
approximately independent of exchange inter-
actions. From this temperature, and the qualita-
tive features of the susceptibility curves at higher
temperature, the value of BJ for the hexagonal
sites in Pr was extracted (Table III). All crystal-
field parameters on the cubic sites were treated
as unknown parameters. The illustrative curves

X' (10°(A /m)/pig)

1 1
10 20 30 40 50 60 70 80 90 100

T(K)

FIG. 6. Reciprocal initial susceptibilities of Pr.
(Experimental data from Ref. 8.) The curves are cal-

‘culated using the parameters given in Table III assum~

ing identical parameters on cubic and hexagonal sites
and neglecting exchange.
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2,0

MOMENT PER HEXAGONAL SITE(pg)

40 50 60
H(TESLA)

FIG. 7. Theoretical magnetization curves for hexa-
gonal sites in Pr. The crystal-field parameters given
in Table III and the exchange parameter v, =0, have
been used.

plotted in Fig. 6 are calculated using identical
values of parameters for cubic and hexagonal sites
and neglecting the exchange interactions.

It is generally accepted?' 5:°:1° that the four
lowest states of Pr ions on the hexagonal sites
are a singlet ground state |M;=0), a singlet.mixed
state (1/V2)(|3) - | = 3)) and a doubly degenerate
state [+1). From the dispersion relation for mag-
netic excitations as determined by inelastic neu-
tron scattering? it is deduced that the splitting
between the states |0) and |+1) is about 37 K.

Another aspect of particular interest is observed
in the high-field magnetization measurement®
along the ¢ direction at 4.2 K: The magnetization
increases smoothly by about 14 g per 30 7'and per
atom but at 31.5 T it jumps abruptly by 1.04u,
per atom (2.081, per hexagonal site). ‘The smooth.
increase is believed to originate from ions on

Nd

2001
180f
160

o
B
<

X7 (10°(A/m)/pis)
N
o

120+
0.902(4) +0.431|-2) 29
.0.802|-4y +0.4312)

100

0.70713)+0.7071-3) 80|

0.43114) - 0.902|-2)
0.431]-4)-0.90212) 60

i 40|
=]
0.707[3)-07071-3) |

- 10 0

—20r- B

—40 L L L
[o] 10 20 30 40

H (TESLA)

FIG. 8. Energy levels at zero field and as a function
of field for ions on hexagonal sites in Pr. In the listing
of wave functions, admixing of functions from higher-
lying multiplets has been left out. Crystal-field para-
meters are -given in Table III.

cubic sites, whereas the abrupt transition is at-
tributed to the crossing at this field of an approxi-
mate | - 3) state through the singlet ground state
|0) for ions on hexagonal sites.

Applying the values in Table III, all the experi-
mental data for the hexagonal sites in Pr are re-
produced within the experimental uncertainties.
The theoretical c-axis magnetization curves as a
function of field for the hexagonal sites are shown
in Fig, 7. These curves exhibit the same charac-

FIG. 9. Reciprocal ini-
tial susceptibilites of Nd.
The curves are calculated
using the parameters in
Table III assuming identi-
cal parameters on cubic
and hexagonal sites, and
neglecting exchange.

700 200 300 400 500 600
(K

700 800 900
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FIG. 10. Reciprocal ini-
tial susceptibilities of Sm.
(Experimental data from
Ref. 12.) The curves are
calculated using the para-
meters Bf)/a;=-90 K,
Bfy/B=6.8 Kand BL/v
=13.6 K, for both cubic
and hexagonal sites, and
neglecting exchange. The
higher-order parameters
\,!.\ used are average values for
heavy rare-earth solutes in
Y and Lu. Note the sup-

. pressed zero on the 1/y
axis.

> 300F b-axis * ,
290r
_C-axis
280r
270F b-axis
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teristics as the experimental data.. The jump is
of the same magnitude and the experimental transi-
tion field at 31,5 T is reproduced within the pa-
rameter ranges given in Table IIL (A change of
Bjy/ay, from 70 to 78 K shifts the transition field
from 28 to 31.5 T.) The abrupt increase observed
experimentally, in contrast to the continuous be-
havior in Fig. 7, cannot be reproduced theoret-
ically without including exchange interactions.

Also, the theoretical energy level scheme (Fig.
8) for the hexagonal sites is consistent with the
experimental evidence. The parameters in Table
III predict a splitting of 33 +2 K between the |0)
and |+1) states at zero field. This agrees well
with the experimental value of about 37 K. Within
the uncertainty limits in Table III the order of the
[+1) doublet and the (1/¥2)(|3)~ | -3)) singlet in
the level scheme is undetermined. Figure 8 also
shows the energy levels as a function of field. The
mixing in the field of the two states [3)+|-3) and
[3) = | - 3) changes the lower energy state con-
tinuously towards an approximate | — 3) state,
which crosses through the [0) ground state,

The susceptibility of Ce has not been studied,
due to the severe difficulties in producing single
crystals of this metal.!' Figures 9 and 10 show
high temperature susceptibilities of Nd and Sm.
The magnetic ordering in Nd (below 19 K) and
Sm (below 106 K) and the relatively featureless
paramagnetic susceptibilities of these metals pre-
vent a separate determination of B,, for the hexa-
gonal sites, Assuming isotropic exchange,
weighted-average values (Table III) of B,,/a; for
cubic and hexagonal sites can be extracted from
Figs. 9 and 10. The effects of the higher-lying

900 1000

multiplets, especially on the Sm susceptibilities,
are noteworthy. A crystallographic phase transi-
tion (Sm structure-hcp or dhcp structure®®) is
revealed in the susceptibility data in Fig. 10,

CONCLUSION

We have determined the crystal fields acting
on light rare-earth ions dissolved in Y and Lu and
in some light rare-earth metals. For a fixed
host the crystal-field parameters divided by
Stevens factors, B,,/a;, are of approximately
the same magnitude for Pr, Nd, Tb, Dy, Ho, Er,
and Tm solutes and do not scale with (*'). The

_ crystal fields deduced for Ce do not fit in with

this simple picture.

The higher-order parameters for Pr, Nd, and
the heavy rare-earth metals are identical in Y
and Lu hosts, indicating that these values may
give a reliable estimate of the crystal-field aniso-
tropy of the magnetic metals. Due to the rela-
tively small strength of the exchange interactions
in Pr, contributions from two-ion couplings to the
anisotropy are expected to be small. The crystal-
field parameters for Pr therefore agree with those
determined from the excitation spectra for Pr
(Table III) and give a satisfactory account of the
experimental data for the hexagonal sites in Pr,
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