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The presence of a large nuclear quadrupole coupling of the Al nucleus, as measured with
NMR, in the cubic rare-earth aluminum intermetallic compounds 8-ErAl;, TmAl;, and YbAlg
indicates that the net charges at the rare-earth and aluminum sites differ by as much as 3
to 4 unit charges. Data on the magnetic susceptibility and this result have been used to
analyze crystal-field effects in TmAl;. The ground state appears to be a nonmagnetic doublet
T3, the next higher level being the triplet I‘é“ at a distance of 45 °K. In addition, from the
Knight shift, exchange constants between conduction electrons and 4f electrons have been

derived to be ﬂsf=-— 0.24 eV.

I. INTRODUCTION

The intermetallic compounds B-ErAl;, TmAl;,
and YbAl, have the cubic CusAu structure.! The
rare-earth ions are located at the corners of a
cube, while the aluminum ions are at the centers
of the faces. The point symmetry at the rare-
earth site is essentially cubic.

The nature of the crystal field at the rare-earth
site may well be discussed in terms of the point-
charge model. The point charges, positioned at
the lattice sites, do not merely represent the ef-
fective charges of the ions, as in insulators, but,
to the extent that the conduction-electron charge
densities are radial about the lattic positions, also
the spatial distribution of the conduction electrons.
From measurements of the magnetic susceptibility
of CeAl,, White et al.? concluded that in the me-
tallic rare-earth aluminides the aluminum is nega-
tively charged and the rare earth positively. In
Sec. I further and direct evidence for this conclu-
sion is presented by examining the nuclear quad-
rupole coupling of the Al nucleus in the cubic RAl;
compounds, whichfor this particular lattice struc-
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ture is directly related to the charge diffevence
between rare-earth and aluminum sites.

From the magnetic point of view, the most inter-
esting of the compounds is TmAl;. The free Tm?3*
ion has an integral J ground-state multiplet (J = 6),
and in this case the crystal-field splitting usually
leaves a Van Vleck-type state as the ground state.
That is to say, the moment induced by an external
magnetic field and/or exchange field arises exclu-
sively from admixtures of the wave functions of
excited crystal-field states into the wave functions
of the crystal-field ground state, whereas no mo-
ment is induced by redistribution of the ions over
the Zeeman states of the crystal-field ground state.
This situation occurs if the ground state is a sin-
glet. For the intermetallic compound TmSb, for
example, where, as in TmAl;, the Tmion is at a
site of cubic symmetry, Cooper and Vogt® have
recently demonstrated unambiguously that the sin-
glet T'; is the ground state by analyzing the mag-
netic susceptibility and anisotropic magnetization
of a single crystal. It is less well known that pure
Van Vleck paramagnetism of Tm?3* will also occur
in the case where the crystal-field ground state is
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the doublet I';. The sublevels of I'; do not have a
magnetic moment, and therefore do not show Curie
paramagnetism. In Sec. III, it is shown that the
magnetic susceptibility as a function of the temper-
ature and the conclusions arrived at in Sec. II are
appropriate for the latter situation to occur in
TmAl;.

In addition, in Sec. IV exchange constants be-
tween conduction electrons and 4f electrons are
derived from the isotropic Knight shift.

II. NUCLEAR QUADRUPOLE COUPLING AT Al
SITE

Nuclear magnetic resonance (NMR) of the 27Al
nucleus (I=%), observed between 100 and 300 °K
with a crossed-coils induction spectrometer at fre-
quencies of 8, 6, and 4 MHz, showed a strong nu-
clear quadrupole coupling (Table I).

The point symmetry of the Al site being axial,
the NMR line of the 27Al nucleus is split into five
transitions. For a powder this results, after av-
eraging over all orientations of the field gradient
axis relative to the magnetic field,* in a central
line (m;=+%+- —1), unshifted in first order, and

four satellites at mutual distances 3¢2qQ/4I1(2I —1).

The shape of the central line of the powder spec-
trum is split in second order, and in addition is
affected by anisotropy in the Knight shift. Theoret-
ical line shapes for various ratios of these two ef-
fects have been calculated ingreat detail by Barnes
et al.’ In the compounds under study, quadrupole
effects appeared to give by far the largest contri-
bution to the splitting of the central line. An esti-
mate of the anisotropic Knight-shift linewidth pa-
rameter® resulted for TmAl, in ¢ ~ 0. 005, where-
as in the other compounds no anisotropy could be
detected. Values for |e?qQ| were derived from
the splitting of the central line, and in some cases
also from the spacing between the first-order sa-
tellites with results identical within the experimen-
tal error. In TmAl;, le?)Q| increases slightly
towards lower temperatures; in the other com-
pounds, it is a constant within the experimental
accuracy.

On the basis of the point-charge model, the elec-
tric field gradient ¢ at a site of axial symmetry
can be written as

g=1-v.)2;Z;(3cos?9,-1)/73, (1)

where Z; is the charge at the ion at ¥;, 9; is the
angle between the ¢ axis and ¥;, and ¥, is the
antishielding factor. If the rare-earth and alumi-
num sites would carry equal points charges, the
aluminum would be situated, as far as charges are
concerned, at a point of cubic symmetry with a

DE WIJN, VAN DIEPEN, AND BUSCHOW 1

TABLE I. Nuclear quadrupole coupling constants of
the ¥'Al nucleus at 300 °K and exchange constants between
conduction and 4f electrons in cubic RAl; compounds.

1e%qQ/n) /"

Compound (MHz) V)
B-ErAl; 8.3+0.5 -0.24
TmAl, 7.6+0.2 -0.24
YbAlg 7.2+0.2 —-0.23

twelve -fold nearest-neighbor coordination and no
electric field gradient would be present. By vir-
tue of this, the experimental ¢ is directly related
to the charge difference betweenthe rare-earth and
aluminum sites. Using the theoretical value y.
=-2.36, ® and the lattice parameter q=4.200 4, !
lattice summation with an Al site in the origin over
unit charges at the other Al sites in TmAl; results
in a total of g=+0.393%x10** cm"% lattice summa-
tion over unit charges at the Tm sites yields ¢
=-0.393X10** cm~®. With the experimental
le?qQ/h| ="7.6 MHz and Q(*'Al)=0.149x10"% cm?, "
we have an experimental ¢ =1.41X10* cm™3, which
indicates that the charges at the Al and Tm sites
differ by 3.7 unit charges. The experiment gives
the absolute value only, but because the electron
work function of aluminum is larger than those of
the rare-earth metals, it is obvious that the Al
ions attract more electrons than the rare-earth
ions. Both Al and Tm being trivalent, the upper-
limit set for the net charge at an Al or Tm site is
+3e. The observed charge difference therefore
indicates that the net charges at the Al and Tm
sites are of opposite sign.

The crystal field at the Tm ion, like the electric
field gradient at the Al nucleus, is the result of
charges at the lattice sites. In Sec. III, we will
undertake an analysis of crystal-field effects in
TmAl; by using data on the magnetic susceptibility
in addition to the results of this section, which
may be summarized as follows: The Tm sites car-
ry a positive charge, close to +3e¢, while the Al
sites carry a negative charge of about —e.

III. CRYSTAL FIELD AT Tm SITE

For the cubic point symmetry at the Tm®* ion
(J=86), we have the crystal-field Hamiltonian, tak-
ing the axis of quantization parallel to one of the
cube axis,®

¥eryst =B4 (0] +50%) +B4 (03 - 21 0F), (2)
with

0% =35J; - 30J (J +1)J2% +25J2 - 6J(J +1) + 3J%J +1)%.



[Lad

0} =34 +JY),
09 =231J% ~315J(J +1)J% +735J%+105J%(J +1)%r2
—525J( +1)J2 +294J2 - 5J%J +1)° @)

+40J%(J +1)2 - 60J(J +1),

04 =1{[11J% —-J(J +1) - 38](1+J*)

+@4+d4)[1192 - +1) - 38]}.

The fourth- and sixth-order crystal-field intensities
B, and B, are usually expressed as®

B4= Wx/F4,

(4)

Beg=W{1 -1x|)/Fg, Ixl<1,

where x is the relative strength of the fourth- and
sixth-order crystalline-field potentials and W is
an absolute scaling factor of the over-all crystal-
field splitting having the dimension of an energy.
F,4 and Fg are numerical constants specified for a
given J (for J=6, F,=60, and Fg¢="7560).

The thirteen-fold degenerate ground multiplet of
the free Tm3* ion is split by the cubic crystal field
into two singlets I'y and I';, having different sym-
metry, one doublet I'y, and three triplets 'y, I'‘),
and T' ‘§’, the latter two having identical symmetry
properties. Their energies and eigenfunctions
have been calculated by diagonalization of the sec-
ular determinant of 3C.y for various values of x,
and have subsequently been used to calculate the
susceptibility as a function of the temperature.

The susceptibility was obtained by introducing
the Zeeman energy of the rare-earth ion’s magnet-
ic moment in an external applied field H and an
exchange field H,,, the latter acting on the spin
only, as a perturbation on the crystal-field prob-
lem,

Gcnert‘_‘ua[gH"'z(g"l)Hex]Jz- (5)

We proceed by calculating the expectation values
(J,) and averaging them over the crystal-field
levels and their Zeeman sublevels according to the
Boltzmann statistics to obtain (J,) ,,, which is
linearly proportional to the induced moment, in
terms of H and H,,. We retain only terms linear
in H and H,,, and in doing so obtain a Curie-type
term inversely proportional to the temperature,
and a Van Vleck-type term independent of the tem-
perature, as pointed out in Van Vleck’s book.°
That is,

(Jz>av= 1] [gH+2(g - 1)}‘Iex]
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in which the summations are over the crystal-field
levels |m) with energy E,, and Boltzmann statisti-
cal weight P(m). To eliminate H,, we substitute
its value on the basis of the linear molecular field
approximation,

2upgHy=~g (g -1) <Jz>a.v: (M

and obtain!!

gugH _ _|<m|lem>|2
(A -

m

-1
2 KAL) sy | g(e-12, @

which is proportional to the reciprocal susceptibil -
ity, at low fields, through

X=—-Ngip(J,)a/H. (9)

Figure 1 shows the results of the calculation for
W>0and W<0, and various values of x in the ab-
sence of exchange. According to Eq. (8) the effect
of exchange is simply to shift the curves in Fig. 1
in the vertical direction by g (g — 1)2/W, and that
upward for antiferromagnetic exchange. These
curves are to be compared with the experimental
x~!-versus-T curve (Fig. 2), which follows a
Curie-Weiss law above approximately 40 °K and
becomes temperature independent at low tempera-
tures.'® In fact, quite a number of theoretical
curves can be fitted to the experiment within the
experimental accuracy, each of which determines
values for W and ¢ for a given value of x. The
possible sets of values for x and W are collected
in Fig. 3 after being converted to the fourth- and
sixth-order crystal-field parameters A,{(»*)=B,/8
and A4(7%)=Bg/y by use of Eq. (4) and the Stevens
multiplicative factors B and ¥ (for Tm?* B
=+8/49005 and Y= - 5/891 891). Within the experi-
mental error, § turned out to be a constant for all
possible combinations, corresponding to a paramag-
netic Curie temperature
6,=9(g-1)%J(J+1)/3k=-6°K. (10)
An answer to the problem which set of values of
Wand x in Fig. 3 constitutes the actual set can be
given by means of the point-charge model, which
offers,a gauge for A4 and Ag.”® A serious handicap
of this procedure usually is uncertainty in the signs
of the charges at the different lattice sites.” In
the present case of TmAl; we use the results of
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RECIPROCAL SUSCEPTIBILITY (10°g/cm®)
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FIG. 1. Calculated values of
lgupH/J oy W) =Nubg?/x as a
function of |2T/W| for J=6 in the
absence of exchange between the ions.
The dashed lines, having a slope of
3/J(J+1), represent the free-ion be-
havior.

FIG. 2. Experimental reciprocal
susceptibility versus the tempera-
ture for TmAl;. Insert shows two
of the possible level schemes for
Tm® in the cubic crystal field in
this compound. (a) W/k=+3.23°K,
x==10.90; (b) W/k=+3.24°K,
x=-0.80.
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FIG. 3. Crystal-field parame-
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Sec. II, representing the Tm and Al sites by +3e
and -e, respectively. The Tm®* has a twelve-fold
cubic coordination of nearest-neighbor Al and a
sixfold coordination of nearest-neighbor Tm, which
produce - the charges at the Al and Tm being op-
posite —additive contributions to both A,{7*) and
Ag(7®). These parameters are found to be nega-
tive with a ratio of 25, which implies that W is
positive and x negative, close to —0.85. The in-
sert of Fig. 2 shows two possible level schemes.
In all cases of the lower left-hand quadrant of Fig.
3, the nonmagnetic doublet I'; is the lowest level.
The distance to the next level, the triplet I“é), as
derived from the analysis of the susceptibility, is
very much independent of x, and amounts to 45 °K.
For Tm3*in TmSh, the order of the crystal-field
levels is just reversed.® Interestingly, also ac-
cording to the point-charge model the signs of A,
and A4 are reversed, since the coordination of
Tm3* by the first neighbor Tm in TmSb is twelve-
fold, instead of sixfold as in TmAl;, and the co-
ordination by the nonmagnetic ion sixfold, instead
of twelve-fold. The level schemes depicted in

Fig. 2 are essentially different from those obtained
under the assumption of a positive charge at the

Al sites. In the latter case the Van Vleck-type
temperature -independent paramagnetism observed
for TmAl; below 20 °K would be due to a magnetic
singlet rather than a nonmagnetic doublet.

1
200 300

IV. g,, EXCHANGE CONSTANTS

In addition, phenomenological exchange constants
Jst of the interaction between conduction electron
spins and rare-earth ion spins, 3= —gg 5 - §, have
been derived from the temperature dependence of
the isotropic Knight shifts as compared with the
susceptibilities (Table I). Both the Knight shift
and the susceptibility'? follow Curie-Weiss be-
havior in the temperature range in which the
Knight shift was observed (100-300 °K). The con-
tribution to the Knight shift from magnetic dipole
fields'® of the rare-earth moments is quite sub-
stantial, and the J4 values were derived after the
correction for the dipole fields had been applied.
The values are close to those derived for the non-
cubic RAl,; compounds, !® which have a number of
different crystal structures.’ For B -ErAl; and
TmAl; an interpretation in terms of the Ruderman-
Kittel-Kasuya-Yosida theory leads to the same re-
sults as for GdAly," primarily because the func-
tions Ty and Z,, calculated in Ref. 17 for the hex-
agonal compound GdAl; are practically identical to
those calculated for the cubic compounds in the
present investigation. Also those calculated for
the complicated structure of HoAl; are very close
to them. YbAl; is a different case because its
4f 14 Jevel is situated close to the. Fermi level.
Knight shift and susceptibility are still proportion-



4208 DE WIJN, VAN DIEPEN, AND BUSCHOW

al, but their values are smaller by an order of

|

magnitude than in, for example, TmAl;.
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The transfer of energy from Yb 2F5/2 to Tb 3D, by the cooperative action of two Yb* ions has
been observed in YF;. The correlation between the Tb °Dy intensity and the Yb *Fy/y and Tb °D,
lifetimes as a function of Tb concentration supports the conclusion that cooperative transfer
has taken place. At an exciting (9300 &) intensity of 1 Wem™2 the emitted Th®D, (4900, 5460,
5850, and 6200 A) power from a thin layer of powdered material was 0.8X10™® Wem™2,

Emission of radiation from the Tb °D, manifold
in YF; doped with Yb* and Tbh** has been observed
under 9300-A excitation. Our experiments indi-
cate this is due to two excited Yb ions coopera-
tively transferring their energy to one Tb ion
exciting it from the ground state to the °D, mani-
fold.

Figure 1 shows the emission spectrum of Yg g
Ybg,s Thy . Fs. The lines at 4900, 5460, 5850,
and 6200 A agree with emissions from Tb®D, to "F,

"Fs, "F,, and "F,, respectively. The intensities
of these lines vary as the second power of the
excitation intensity as shown in Fig, 2 for the
5460-A line. This indicates that the absorption
of two photons by the phosphor is required to
raise one Tb ion to the *D, manifold.

As the effect is quite weak, in order to have
sufficient excitation intensity and to be sure no
shorter wavelengths are present which could
excite Tb 5D, directly, we placed the material



