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face thermal motion which will tend to mask the
rainbow. The high energies used here tend to
minimize this averaging effect. Trajectory cal-
culations on model systems are underway to help
in the interpretation of this phenomenon.

From a variety of evidence presented above we
conclude that for the conditions employed in this
study NO undergoes direct inelastic scattering.
Qualitatively the results are consistent with a
picture based on a strong attractive interaction,
a small surface corrugation, and a highly aniso-
tropic repulsive interaction. Further work is re-
quired on the role of anisotropy in the attractive
potential as well as quantitative comparison of
the results with theoretical calculations. By such
comparison, measurements of the type presented
here can provide detailed information on the po-
tentials and dynamics of molecular interactions
with surfaces.

It is our pleasure to acknowledge the expert
technical assistance provided by J. E. Schlaegel
and V. T. Maxson during the course of these
measurements,
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Measurement of the Anomalous Nuclear Magnetic Moment of Trivalent Europium
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An order-of-magnitude reduction of the nuclear magnetic moment of trivalent europium
due to hyperfine-induced magnetic shielding was predicted by Elliott in 1957. With use of
optical hole burning and optically detected nuclear quadrupole resonance in YAlOg:Eu“,
this shielding has been measured for the first time. We find that the ground-state mo-
ment is reduced to 21% of its intrinsic value, while the moment in the excited °D, state

is unaffected.

PACS numbers: 76.70.Hb, 35.10.Di, 35.10.Fk

More than twenty years ago Elliott" predicted
that the nuclear magnetic moment of the trivalent
europium ion in its ground "F, state would be
anomalously small., The reason for this is that
the electronic contribution to the moment due to
second-order hyperfine coupling with the F, lev-
els ~400 cm™! higher in energy is of opposite
sign to, and almost cancels, the intrinsic mo-
ment of the Eu nucleus. Since the "F,-"F, split-
ting is spin-orbit in origin and does not vary
greatly from host to host, this cancellation is ex-
pected to be a general phenomenon with small
modifications depending on the crystalline en-
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vironment. As Elliott pointed out, this effect
makes conventional NMR or nuclear quadrupole
resonance (NQR) observations of trivalent europi-
um very difficult and no such experiments have
yet been reported. For this reason Elliott’s pre-
diction of the small Eu®** moment has, until now,
remained unconfirmed.

In YAIO,:Eu®* we have used hole burning and
optically detected NQR in an external magnetic
field parallel to the b axis to measure the effec-
tive nuclear moment of *'Eu and 5*Eu in both the
ground F, and the excited °D, states. In the F,
state we obtain values of 0.743u for *'Eu and
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TABLE I. Quadrupole splittings of Eu®* in YALO,
(MHz).

F, D,

Blpy 45.99 89
23.03 61

<1P1=11.5 MHz> |P|=23.4 MHZ)

71=0.03 7=0.55

153gy 119.20 226
59.65 156

|Pl=29.9 MHz |Pl=59.6 MHz
1=0.04 1=0.57

0.314u, for '**Eu corresponding to 21% of the in-
trinsic moment. These values are used to derive
a radial hyperfine parameter (» % =49.6+1A"3
which compares well with the best available theo-
retical value? of 49 A%, The °D, state, on the
other hand, shows splittings corresponding to the
bare Eu nuclear moment. This is expected since
the J =1 level in this case is much further away
(~2000cm™1), We also find that the quadrupole
spin Hamiltonian parameters for the D, and F,
states are quite different, reflecting the different
contributions of excited f and p electron configu-
rations to the quadrupole coupling.®*

Recently we reported® the observation of hole
burning in EuP,0,,. This involved optical pump-
ing of the ground-state nuclear quadrupole levels,
similar to that recently observed in Pr®* sys-
tems.*” We have chosen YalO,:Eu®* for the cur-
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rent study because the much better resolution ob-
tained in the hole-burning spectrum allowed the
quadrupole splittings to be unequivocally assigned
and thus the effective magnetic moment to be
more readily determined.

Holes were burned in the inhomogeneously
broadened "F,+~ °D, transition of YAIO,:Eu®* at
5818 A by irradiating for ~0.1 sec with ~50 mW
of single-frequency laser light in a 1-mm-diam
beam. The lifetime of these holes is determined
by Eu nuclear spin-lattice relaxation and is >1 h.
The holes were recorded by attenuating the laser
¢< 10"%) and scanning through the spectrum while
monitoring ®D,—~ "F, fluorescence (see Fig. 1). In
addition to the hole at the original burning fre-
quency, side holes appear at frequencies corre-
sponding to transitions from the pumped ground-
state levels to all excited-state levels. Thus,
the positions of the side holes directly give the
two °D, quadrupole splittings and their sum for
each Eu isotope. These results are shown in Ta-
ble I. As expected, the ratio of the splittings for
the two isotopes is equal to the ratio of the quad-
rupole moments determined by Krebs and Wink-
ler®i.e., Q(*°*Eu)/Q(***Eu)= 2.54. The asym-
metry parameter describing the strength of the
nonaxial component of the quadrupole tensor is
1n=0.56. The enhanced absorptions or antiholes
correspond to sums and differences of ground-
and excited-state splittings and will be discussed
below.

The splitting of the quadrupole levels in an ex-
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FIG. 1. Hole-burning spectrum of YAIO;:Eu®* at 1.5 K. The solid-colored peaks are assigned to '*Eu and the
cross-hatched peaks to !'Eu. The lower part of the figure shows the positions of the holes and antiholes predicted
from the quadrupole splittings shown in Table I. The inset shows hole splittings for 153Eu produced by an external

magnetic field.
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FIG. 2. Curve ¢, ODNQR spectrum in the 7F0 level of
18Ry, Curve b, splitting in 2.2-kG external field.

ternal magnetic field perpendicular to the mirror
plane of the C, point group at the Eu site (i.e.,
parallel to the b axis) was measured for **Eu in
the excited °D, state by monitoring the splitting

of side holes (see inset in Fig. 1). The splitting
factors for the + 5, +3, and +3 levels were 0.45,
0.74, and 0.08 kHz/G, respectively. From the
153Eu moment of 1.52u,,° one predicts 0.49, 0.84,
and 0.06 kHz/G for fields parallel to the x’ prin-
cipal axis of the quadrupole tensor, while for
fields along the ¥’ or z’/ principal axes, the calcu-
lated splittings were much different and not in
agreement with those observed. This established
that the principal axis perpendicular to the mir-
ror plane is the x’ axis, and that the splitting fac-
tors in the ®D, state are well accounted for by the
intrinsic nuclear moment. (The primed coordi-
nate system is chosen with one axis perpendicu-
lar to the mirror plane such that the largest quad-
rupole splitting is between the nominally . =+3
and + 5 levels.)

The ground-state splittings were obtained by
monitoring the increase in fluorescence accom-
panying hole refilling when rf is applied at one of
the ground-state frequencies.'® The signal ob-
tained for the 59.65-MHz splitting of **Eu is
shown in Fig. 2, curve ¢. This double-resonance
technique is very sensitive, and it was possible
to locate all four "F, quadrupole resonances |
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FIG. 3. Level diagram of the 7F0(1‘1) ground state and
the three components of 7F1 showing the interactions
responsible for the electronic contribution to the nu-
clear moment.

which are listed in Table I. The results are
again consistent with the known ratio of the nu-
clear electric quadrupole moments of *'Eu and
58Ky, i.e., 1:2.54.° From these frequencies and
the ®°D, frequencies, one predicts 21 antihole fre-
quencies for each isotope. However, the overlap

_factors between the ground-state and excited-

state nuclear-spin wave functions indicate that on-
ly six of these have significant intensity. The cal-
culated positions of these six are shown for each
isotope in the lower part of Fig. 1, and the agree-
ment with the observed spectrum is very good.
Although not required by symmetry, the "F,
quadrupole tensor is very close to axial (n=0).
Thus, for fields along x’, only the + 3 levels will
split significantly. This was verified by observ-
ing that the +3 «— + 3 transitions did not show
measurable splittings for fields < 50 kG. In Fig.
2, curve b, we show the splitting of the + 3—+3
transition for **Eu. The frequency of the +3
~ — % transition was also measured as a function
of field by the same technique. These measure-
ments gave 0.666 and 0.283 kHz/G for the +3 to
- % splitting for '%'Eu and **Eu, respectively.
This corresponds to effective nuclear moments
of 0.743uy and 0.314uy, respectively, which are
0.21 of the intrinsic values (3.441j, and 1.52).°
To analyze this result, we consider the Hamil-
tonian as given by Elliott':

1

where the first term is the electronic Zeeman energy, the second is the magnetic hyperfine interac-
tion, and the third is the nuclear Zeeman energy. H is the external field, L. and § the electronic or-
bital and spin angular momenta, y the gyromagnetic ratio of the Eu nucleus, and 2uz{r~ %N is the field
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at the nucleus due to the f electrons, where ("3 is the average inverse cube of the distance between
the electrons and nucleus. As shown in Fig, 3, second-order perturbation theory predicts an admix-
ture into the ground state of the I'; component of “F,, For magnetic fields perpendicular to the mirror
plane, the two I', components are not involved (for discussion of the hyperfine interaction we now use
an unprimed coordinate system with the z axis perpendicular to the mirror plane, i.e. =x’). Since this
admixture depends on the operator I,, a contribution to the nuclear splitting appears, leading to an ef-
fective moment given by i ¢ =7%ly(1 —a). The reduction factor a is given by

a =[- 4y~ (T, ('F,)| L, +2S,| T, (F )XT,(F )N T, (Fo ) )/ &

=[40ur ]/[3a],

where A =362 cm™! is the energy of the I',("F,)
level. Therefore, our measurement of 1-q«
=0.21 leads to the result (»3=49.6 A% with an
estimated error of + 1 A~3, This is in agreement
with the best available theoretical value® of 49
Ad.

We note that the two in-plane principal axes of
the quadrupole tensor, y’ and z’, do not necessar-
ily correspond to the x and y axes which are de-
fined by the "F,(T",) wave functions. Thus, there
are two contributions to the anisotropy of the low-
field splitting factors, corresponding to the ori-
entation of the external field with respect to the
quadrupole tensor and to the two I', components
which contribute with different energy denomina-
tors in Eq. (2b). For fields oriented parallel to
the mirror plane, the rotation pattern would have
to be carefully analyzed to separate these two ef-
fects. Since the z axis is required by symmetry
to be a principal axis of the quadrupole tensor,
these complications do not arise for fields in this
direction.

The large difference in magnitude and anisot-
ropy of the quadrupole tensor between °D, and F,
states is attributed to the contribution to the elec-
tric field gradient of two important mechanisms,
as discussed by Judd, Lovejoy, and Shirley® and
by Edmonds.* Since no quadrupole coupling ex-
ists for a pure J =0 level, the observed field gra-
dients are due to admixture of excited states into
the "F, or °D, wave function by the crystal field.
The two contributions are of opposite sign®** and
are from the excited states of the 4f° configura-
tion, and from configurations involving excitation
of a 5p electron. Elliott' estimated the former
for europium ethyl sulfate where the crystal field
is weaker than in YAlO, and found P (***Eu)~ 10
MHz. This contribution is essentially absent for
D, which has no nearby J =2 level. The 5 con-
tribution should be quite similar for both states.
Therefore, it is reasonable to attribute the small-
er quadrupole coupling for “F, to partial cancella-
tion of the 5p contribution by the F, admixture.

(2a)
(2b)

| The two contributions accidentally result in a net
quadrupole coupling which is close to axially sym-
metric, with the 2z’ principal axis lying in the
mirrQr plane.

In conclusion, the magnetic shielding of the nu-
clear magnetic moment of trivalent europium has
been measured and is in agreement with a calcu-
lation that uses a second-order perturbation for-
malism as discussed by Elliott.> The effective
moment is reduced to 21% of its intrinsic value,
making its measurement by conventional reso-
nance techniques very difficult. Optically detect-
ed nuclear quadrupole resonance provides a sen-
sitive measurement technique and provides in-
formation about the excited-state quadrupole
coupling as well as that in the ground state. A
comparison of the "F and °D, quadrupole coup-
lings indicates that the contribution of the 4 f
electrons is substantial for “F,,.
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