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Hole burning, which is attributed to optical pumping of nuclear-quadrupole levels, has been observed in the stoi-
chiometric rare-earth compound, EuP504. The long lifetime of these holes (~60 min) implies slow nuclear-spin
flip-flop rates. The small magnetic moment of Eu3* has prevented conventional magnetic-resonance measure-
ments on Eu3* compounds, but hole burning provides a sensitive method for the optical detection of nuclear-mag-
netic resonance and nuclear-quadrupole resonance. We have used hole burning and optically detected nuclear-
quadrupole resonance to determine quadrupole splittings in the ground (7Fy) and excited (°Dy) states.

Optical hole burning arising from the transfer of pop-
ulation between nuclear hyperfine levels by means of
an optical pumping cycle has recently been demon-
strated.! This technique is proving to be a powerful one
for high-resolution spectroscopy in solids with appli-
cations to the measurement of ground- and excited-
state hyperfine splittings,:2 to Stark? effects, and to
Zeeman? effects. In addition, it provides a sensitive
optical probe of nuclear-spin states, which leads to op-
tical detection of nuclear-spin resonance,? coherent
transients,’ and nuclear-spin-lattice relaxation.? Inall
cases reported so far, this effect has been restricted to
transitions of optically and magnetically dilute impurity
ions. In LaFs:Pr3+, for example, it was found® that
nuclear-spin diffusion, which was caused by Pr3+—Pr3+
interactions, causes recovery of the holes and limits the
observation of optical pumping to Pr3* concentrations
of a few percent or less.

We report here the observation of hole burning in a
stoichiometric, undoped system, EuP5014, which has
long hole lifetimes of ~60 min. This result sets a sur-
prisingly small upper limit to the europium nuclear-spin
diffusion rate. We conclude that Eu-Eu nuclear flip-
flops are quenched by several factors, which include the
anomalously small ground-state nuclear moment and
inhomogeneously broadened quadrupole levels. Hole
burning also provides a direct measurement of the
quadrupole splittings of the two isotopes of Eu3* in the
excited electronic state and permits sensitive nuclear-
quadrupole-resonance measurements of the ground-
state splittings. Whereas conventional nuclear-mag-
netic-resonance (NMR) or nuclear-quadrupole-reso-
nance (NQR) measurements of 5L153Eu3+ have not
been reported because of limited sensitivity, the present
technique should be applicable even to dilute Eu3*
systems.

Crystals of EuP5014, which were grown by . Lutz,
were kindly provided by G. Huber and H. Danielmeyer
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of the University of Hamburg. These crystals were in
the form of platelets ~2 mm X 2 mm X 2 mm with the
ab plane in the plane of the platelet.” The samples were
immersed in liquid helium at 1.6 K and irradiated for
~0.1-1 sec with ~1 W/cm? of cw laser light into the 5Dy
< TF transition at 5785 A. The resulting holes were
detected by scanning the frequency of an attenuated
(1073) laser beam while monitoring the change in 3Dg
— 7TF; fluorescence.

The laser-induced redistribution of spin population
in the ground-state quadrupole levels results in a de-
crease in population for some levels and an increase for
others. Transitions from the former to all excited-state
levels lead to decreased absorption (holes) and from the
latter to increased absorption (antiholes). Thus, as
found in previous examples,12 one expects side holes to
appear at frequencies corresponding to excited-state
quadrupole splittings and antiholes to appear at
frequencies corresponding to sum and difference com-
binations of ground- and excited-state splittings. For
EuP5014, the hole-burning spectrum is shown in Fig. 1.
A striking characteristic of the hole pattern is that the
ratio of the splittings of the two strongest side holes
(2.6:1) is equal to the ratio of the nuclear-electric-qua-
drupole moments of the two naturally abundant I = 5/2
Eu isotopes, i.e., @ = 0.95 X 10724 ¢m? for 151Ku and @
= 2.42 X 10724 cm? for 153Eu.8 This indicates that the
splittings are due to the interaction of the quadrupole
moments with the field gradient produced by sur-
rounding ions, which is in accord with the absence of
first-order hyperfine interaction for J = 0 states and
with the relatively large quadrupole moments. For an
I = 5/2 nucleus, three side holes are expected on each
side of the central » = 0 hole, which gives the two ex-
cited-state splittings and their sum. The intensities of
the side holes depend on the population distribution
produced by the optical pumping cycle and on the rel-
ative probabilities of the transitions involved, as de-
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Fig. 1. (a) Nuclear-quadrupole hole-burning spectrum of the

7Fo — 5Dy transition in EuP5014. The positions of the holes
(corresponding to decreased absorption) give the excited-state
quadrupole splittings. (b) The predicted positions of holes
(upward) and the 12 strongest of the 21 antiholes (downward)
based on the energy-level scheme of Fig. 2 for 5'Eu and
153Ry.
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Fig. 2. Ground- ("Fy) and excited- (3D¢) state quadrupole
splittings for 151Eu3+ and 133Eu3* obtained from hole burning

and optically detected magnetic-resonance measurements in
EuP5014.

termined by the overlap of ground- and excited-state
nuclear-wave functions.! For EuP5014, this leads to
one dominant side hole and two weaker holes for each
isotope. Since no features appear at frequencies greater
than 135 MHz, the two prominent side holes correspond
to the sum of the excited-state splittings for the two
isotopes. Assignment of the weaker holes at +£80 and
+31 MHz to one of these splittings for 151Eu and 153Ky,
respectively, leads to the Dy excited-state-level di-
agrams shown in Fig. 2. The features at 103 MHz are
most likely due to nearby antiholes (see below). Be-
cause the assignments of individual excited-state
splittings are based on fairly weak features, the nu-
merical values of these splittings are less reliable than
their sums.

The spectrum of antiholes is expected to consist of
21 enhanced absorptions for each isotope on each side
of the center frequency. The assignment of these an-
tiholes is difficult, however, because of this complexity
and because the baseline for absorption changes is dif-
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ficult to determine accurately. Therefore the
ground-state splittings are not easily derived from the
hole-burning spectrum. Furthermore, because of the
hyperfine cancellation of the ground-state nuclear
moment, the inhomogeneous broadening of the NQR
line, and the long spin-lattice relaxation time, the sen-
sitivity of conventional magnetic-resonance techniques
is insufficient to measure these splittings, and there
exist no NMR or NQR data for Eu3* in solids.® How-
ever, these same factors quench nuclear-spin diffusion
and make possible the observation of long-lived holes
created by transfer of population between the ground-
state quadrupole levels, which provides a sensitive
means for detecting changes in these populations. As
has been shown,? in LaF3:Pr3+, the application of res-
onant rf radiation fills in the holes by inducing transi-
tions between the ground-state quadrupole levels. This
effect was detected by monitoring the increase in fluo-
rescence on application of the rf pulses (~8 G for 25
msec). Signals were found at all four ground-state
frequencies shown in Fig. 2, and somewhat weaker sig-
nals were found at 106.5 and 40.4 MHz, corresponding
with the sum of these splittings for 158Eu and 151Eu.
The linewidth of these transitions was ~100 kHz and
is attributed to the perturbation of the field gradient by
random strains since the Eu-3!P dipolar width is esti-
mated to be only ~100 Hz. This optically detected
magnetic-resonance technique thus serves to confirm
the hole-burning mechanism, as well as providing an
accurate determination of the ground-state splittings
(Fig. 2). It will also be useful for further magnetic-
resonance studies of Eu?*, even in dilute spin sys-
tems.

The quadrupole splittings shown for EuP5014 in Fig.
2 can be described by the spin Hamiltonian:

H=PIZ2—%I(I+ p+lw-19.

The parameters P and 7 are given for the two electronic
states and two isotopes in Table 1. Since the field
gradient is determined essentially by the arrangement
of ions around the Eu3™ site after taking into account
the different antishielding factors in the two electronic
states,! one obtains essentially identical values for the
asymmetry parameter 1 in ground and excited states.
The ratio of P values for the two isotopes is very close
to the quadrupole-moment ratio of 2.6, and the ratio of
P values for Dy and 7F is the same for both isotopes.
From the splittings one can calculate the expected
frequencies of holes and antiholes. The resulting cal-
culated spectrum is consistent with the experimental
data as shown in Fig. 1.

The lifetime of the holes was measured by probing
with an attenuated laser beam at 5-min intervals and

Table 1. Spin Hamiltonian Parameters
Corresponding to the Energy Level Scheme in Fig. 2

1511y 53Ry
5Dy P(MHz) 8.0 21

n 0.59 0.59
"Fo P(MHz) 6.26 16.6

n 0.620 0.595
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was found to be 60 min at 1.6 K. This lifetime is de-
termined by both nuclear-spin-lattice relaxation (7)
and mutual spin flips. These T processes lead to hole

filling because nuclear-spin flip-flops occur between -

ions that can have different optical splittings.6 If the
optical inhomogeneous broadening in EuP50;4 is mi-
croscopically random or approximately so, one is forced
to conclude that the average flip-flop is =60 min.
Several important factors contribute to this quenching
of spin diffusion. In the EuP;014 crystal structure,’!!
each Eu3* has only two near Eu3* neighbors at rela-
tively large distances of 5-6 A. Using the intrinsic
nuclear moments!? of 3.46 uy (131Eu) and 1.53 uy
(153Eu), one estimates the homonuclear—dipolar inter-
action (Av)q to be u2/r3 = 30-150 Hz. However, as
originally pointed out by Elliott,13 the second-order
hyperfine interaction with the 7F level, which is ~400
cm™! (Ref. 8) above the ground state, gives a contribu-
tion to the nuclear g value whose sign is opposite that
of the intrinsic moment and which reduces the net
magnetic moment by about a factor of 10. The corre-
sponding reduction in the dipolar interaction gives
(Av)g =~ 1 Hz. In addition, the quadrupole levels are
inhomogeneously broadened by random variations in
the electric-field gradient caused by crystal strains. In
the optically detected NQR measurements discussed
above, we found that the inhomogeneous linewidth
(Av); of the NQR transitions was ~100 kHz. The rate
of mutual spin flips Ty~! may be estimated by using
Fermi’s golden rule, by taking 1/2(Av); as the density
of states in the center of the line: Ty~ =~ (Av)42/(Av);
=~ 107% sec™l. Because the homonuclear interaction
(Av)4 is so weak, it may be important to include a
higher-order process in which energy is exchanged with
the 31P dipolar reservoir. The presence of the two
equally abundant isotopes (48% 51Eu and 52%
153Ku) and the multilevel I = 5/2 spin system further
reduces the probability that neighboring ions are in the
right constellation to flip flop. The observed hole-
filling rate of 3 X 10~* sec™! is consistent with these
considerations. This rate also contains contributions
from nuclear T processes. Our present measurements
cannot determine which of these limits the hole life-
time.

For shallow holes, the width of the central hole might
be expected to give the optical homogeneous linewidth.
As recently demonstrated using photon echoes, the
optical homogeneous linewidth of this transition (~30
kHz) is very narrow for a stoichiometric material.14

However, the narrowest holes we observed in our mea-
surements were limited to ~2 MHz by the laser-fre-
quency stability over the time scale of the experiment.
(The holes in Fig. 1 were further broadened by the need
to burn deep holes to obtain a good signal-to-noise ratio
over the entire spectrum.)

In conclusion, we have observed optical hole burning
in the undoped stoichiometric material EuP;044 that
is due to optical pumping of the nuclear-quadrupole
levels. This provides a means for sensitive optical de-
tection of NQR and NMR transitions in Eu3* systems,
systems in which the anomalously small magnetic mo-
ment and the large inhomogeneous broadening have
prevented conventional detection of magnetic reso-
nance. Using these techniques, we have obtained the
quadrupole splittings for both abundant isotopes of
trivalent europium in ground- “Fy and excited- Dy
states of EuP5014. The holes have anomalously long
lifetimes of ~60 min, showing that the homonuclear T
of 15L.153Ky is of this order or longer.
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