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We demonstrate a new mechanism for optical spectral hole burning in which population is stored
in electronic Zeeman sublevels. This is shown by optical pumping the ground-state Kramers doublet
of the *Iy,,«<>2H,;,, (6248.9 A) and “Iy/,<>*Gs,, (5777.1 A) transitions of LaFy;:Nd’* with a
narrow-band cw dye laser. Experiments were carried out at 1.6 K in external fields of ~100 G. The
Zeeman shift of the resulting antiholes and holes makes an assignment of these structures possible.
Hole recovery times of hundreds of milliseconds are shorter than expected at these low temperatures
and fields and provide evidence for optical spectral diffusion caused by mutual spin flips in the

ground state.

I. INTRODUCTION

Spectral hole burning, or selective bleaching of inho-
mogeneously broadened absorption lines, is now known
to occur by a number of different mechanisms. On one
hand, there are mechanisms such as selective photo-
chemistry involving the breaking of chemical bonds,'
photoionization,? or photoinduced modifications of local
structure in glasses.’ These lead to persistent holes
which, in addition to their great utility for high-
resolution spectroscopy, have been proposed as the basis
for frequency-domain optical storage.* On the other
hand, there are mechanisms in which optical pumping of
metastable population reservoirs occurs. Population
may be stored in metastable optical levels,” or in
hyperfine,® or superhyperfine levels.” In these cases the
holes are rather short lived (ranging from milliseconds to
minutes) but provide the means to carry out a new and
powerful form of high-resolution laser spectroscopy in
which electric, magnetic, and hyperfine interactions as
well as numerous relaxation phenomena,® can be studied
with new precision.

We report here the use of population storage in Zee-
man levels of a Kramers doublet (‘“Zeeman storage’) to
observe spectral hole burning. It is known from ESR
(Refs. 9-13) and optical'* measurements that the spin-
lattice relaxation time TX between the two components
of a Kramers doublet ¢, and ¢¥_ can be as long as
several seconds. It is also known that this relaxation
time is a strong function of magnetic field (H) since Zee-
man mixing of different Kramers doublets is required to
break the exact time-reversal symmetry between ¥ and
¥_ and thus allow direct phonon relaxation between
them. The density of phonon states at the Zeeman split-
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ting frequency A(H), in the Debye approximation, is
proportional to H2. This leads to an H ~—* dependence of
the spin-lattice relaxation time for A <<kT. "

In hole-burning spectroscopy, unlike ESR, it is possible,
in fact preferable, to work at lower fields and smaller
values of A(H), where it is expected that even longer pop-
ulation storage times will be available. The realization of
very long spin-lattice relaxation times in Kramers-doublet
systems depends, however, on the absence of relaxation
mechanisms other than the one-phonon ‘“‘direct” process.
Sabisky and Anderson'* and Hutchison et al.'’° have
shown, for example, that TX can be very sample depen-
dent and much shorter than that expected from the direct
process, presumably reflecting the role of other paramag-
netic impurities. This emphasizes the need for careful at-
tention to sample purity in experiments involving Zeeman
storage.

Another factor which must be considered is spectral
diffusion in the ground state due to electron spin-flip-flop
processes which contribute to the transverse relaxation
time TX rather than T and will lead to decay of the op-
tical spectral hole. This is because the frequency selec-
tivity of the hole-burning process applies only to the ini-
tially excited ions. If spectral diffusion occurs in the
ground state, the optical probing step will involve ions
sitting in different crystal environments from those origi-
nally burned and inhomogeneous broadening effects will
fill in the hole.® For this reason low doping levels are
desirable.

II. THE ZEEMAN STORAGE PROCESS

Hole burning is produced by optical pumping of the
ground-state Zeeman levels. In other words, a narrow-
band laser transfers population from one Zeeman sublev-
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el of the ground state to another via excitation to an ex-
cited state and subsequent relaxation to a different
ground-state component. The characteristic signature
which one would predict for the Zeeman storage mecha-
nism, is the appearance of antiholes, or increased absorp-
tion, shifted by the Zeeman splittings from the central
hole at the laser frequency. Figure 1 shows the pattern
of holes and antiholes expected for an optical transition
between two Kramers doublets. The intensities were cal-
culated under the reasonable assumption that the transi-
tion strengths between the levels g e, =g _e_ and be-
tween g , e _ =g _e, where g and e label ground and ex-
cited states and + and — the Kramers-doublet com-
ponents (see Fig. 1). This is certainly true at low fields.
The features to note are the following.

(i) Holes occur at the laser frequency w; and side holes
at w; £g,upH, where g, is the excited-state g value.

(i) Antiholes occur, shifted from the central hole by
the ground-state Zeeman splitting g,upH and by the
sum and difference of ground and excited state g values.

Four sets of ions need to be considered in constructing
the hole and antihole pattern—these sets having
different transitions resonant with the fixed laser fre-
quency, the shift being produced by the inhomogeneous
broadening. Some modification of the intensities in these
patterns clearly occurs if the Zeeman splittings are
greater than the inhomogeneous linewidth of the optical
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FIG. 1. (a) Optical transitions between Zeeman-split com-
ponents of two Kramers doublets with intensities @ and b. (b)
Hole (upwards) and antihole (downwards) pattern expected for
Zeeman storage hole burning following optical pumping of the
sublevels of the ground Kramers doublet. The pattern is symme-
trical with relative intensities shown on the left and splittings on
the right.

R. M. MACFARLANE AND J. C. VIAL 36
2
P1/2
2G5/
FIVE — 17305 cm™!
11/2
~~———115998 cm™!
4
Fap
o | e
N —
|~
< |~
AN P~
[(o} ¥o]
4
]9/2
Nd3* N
free ion LaF3.Nd

FIG. 2. Energy-level diagram for the Nd** ion. The two
transitions studied in this paper are shown by the vertical ar-
TOwsS.

transitions or if the ground-state Zeeman splitting is
larger than k7. The intensities of holes and antiholes
also depend on the strength of the transitions (a,b) be-
tween the individual Zeeman components. This depends
on the crystal site symmetry and on the particular opti-
cal transition involved, so that very different hole-
burning patterns can be observed in practice.

Our measurements were made at 1.8 K on a sample of
LaFy:Nd** containing 0.005 at. % Nd’*. The overall
energy-level diagram for Nd** is shown in Fig. 2. Two
transitions were studied in this work—those from the
ground state to the lowest component of *H, ,, at
6248.9 A and to the lowest component of ‘Gs,, at
5777.1 A. The site symmetry of Nd** in LaF; is C,
(Ref. 16) and the external magnetic field was always ap-
plied parallel to the crystal ¢ axis, i.e., perpendicular to
the three C, axes. In this case, no strict selection rules
control the intensities a,b of Fig. 1 and the different
hole-burning patterns observed for different transitions
reflect the different intensity ratio a /b.

III. THE *Iy,,«<> *H,, ,» TRANSITION

For this transition, at 6248.9 A, a fluorescence excita-
tion spectrum was measured using a cw dye laser of width
~2 MHz (see Fig. 3). The inhomogeneous linewidth is
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FIG. 3. Zeeman splitting of the 6248.9-A absorption arising
from the transition from the lowest component of *Iy,, to the
lowest component of 2H,,,,. Note the large difference between
the intensities of the four Zeeman components, which are
marked by the vertical arrows.

2.4 GHz and a conventional Zeeman effect measurement
for H|lc showed that for this transition a /b~7 (Fig. 3).
The ground-state g tensor has been measured by Schulz
and Jeffries® and for H|c their results give g; =2.41.

Hole-burning measurements were carried out using two
single-frequency cw dye lasers each with a frequency jitter
width of ~2 MHz. One laser was tuned to the center of
the inhomogeneous line profile and weakly focused to pro-
duce a hole about 25% deep. Simultaneously the second
laser at lower intensity was used to probe the hole in a
fluorescence excitation spectrum, monitoring the emission
from *F, 2

A typical spectrum of holes and antiholes for
| H(Jlc)| = 97 G is shown in Fig. 4. Also shown is the
pattern of holes and antiholes expected using the intensi-
ty ratio a /b =7 obtained from Fig. 2. Although this ra-
tio was measured at high fields (1.1 kG), there will be no
field dependence of this ratio at such low fields. Zeeman
antiholes are seen only for the transitions corresponding
to the sum of ground and excited state of g values, the
intensity of the other two pairs of antiholes being too
small to observe. The assignment of the antihole was
made from the measurement of its frequency shift with
magnetic field shown in Fig. 5. From Fig. 3 we see that
the sum of the ground- and excited-state g values
g1+8,=09.6 and this is the value obtained also from Fig.
5. In addition to the Zeeman antiholes, a symmetrical
pair of antiholes is observed close to the central hole.
They are assigned to antiholes arising from optical
pumping of superhyperfine levels, i.e., those due to cou-
pling between the electronic magnetic moment of Nd3+
and the nuclear moment of the fluorine neighbors. Hole
burning due to this mechanism has been observed in
CaF,:Pr**.” Pumping into this reservoir, of course, de-
pletes intensity from the Zeeman antiholes. This may
account for the fact that the antihole at g,uz H and the
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FIG. 4. Hole-burning spectrum of the 6248.9-A transition in
an external magnetic field of 97 G at 1.6 K. The splitting of 1.3
GHz demonstrates that population storage occurs in the Zeeman
sublevels. The antiholes adjacent to the central hole are assigned
to superhyperfine storage. The stick pattern below is that ex-
pected from the Zeeman intensities in Fig. 3.

hole at g,upH are not observed, but quantitative agree-
ment has not been obtained.

The appearance of sharp side holes is known from
numerous studies of the optical pumping of hyperfine
components of electronic singlet levels.® In general,
however, inhomogeneous broadening of the sublevel
transitions can broaden the side holes. In the present
case, crystal strains do not contribute to the separation
between the two Kramers levels and sharp side holes are
also seen. This may not always be the case for non-
Kramers levels.

IV. THE %I, *Gs,, TRANSITION

The transition to the lowest component of 4G, ,2 occurs
at 5777.1 A and has an inhomogeneous width of ~3
GHz in this sample. Hole-burning measurements were
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FIG. 5. Shift of the Zeeman antihole as a function of field
showing that it corresponds to the sum of the ground- and
excited-state g values. This is expected to be the strongest an-
tihole (see Fig. 4).
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carried out in a slightly different manner from those of
Sec. III in that one laser was used for hole burning and
probing. The frequency of the laser was scanned repeti-
tively to probe the hole with a period of ~200 ms in be-
tween for hole burning. Multiple burn and probe cycles
were averaged—again, using a fluorescence excitation
method and monitoring emission from *F;,,. No attenua-
tion was used between the burn and probe parts of the cy-
cle. The delay between burning and probing was kept
small compared to the lifetime of the sideholes which was
approximately hundreds of milliseconds.

Several features of the hole-burning spectrum (Fig. 6)
are different from those of the *H,,,, line. In the
present case H, was still parallel to the ¢ axis but the
laser polarization was perpendicular to c.

For this geometry, conventional Zeeman measure-
ments'’ show that the intensity of the four components of
the 5777.1 A line are approximately equal, i.e., a /b~ 1.
The pattern of holes and antiholes expected in this case is
also shown in Fig. 6. The side hole at the excited-state
Zeeman frequency is now clearly seen and the g value ob-
tained from this, g, =1.07, is in good agreement with the
value of 1.12 obtained by Buisson er al.!” using fluores-
cence excitation spectroscopy at high fields (26 kG). In
addition, there is an antihole due to Zeeman storage, this
time corresponding to the ground-state g value. In Fig. 7,
the magnetic field dependence of the hole and antihole po-
sitions are plotted, yielding the ground- and excited-state
g values. Although there is generally reasonable agree-
ment with the expected intensity pattern, some discrepan-
cies remain. Again, the spectrum is complicated by the
presence of superhyperfine structure associated with the
holes and antiholes, and the antihole at the difference be-
tween ground and excited Zeeman energies is close to the
hole at the excited-state splitting. Another note of caution
is that since the site symmetry is not axial, the o spec-
trum can show some anisotropy for different orientations
of E; in the plane perpendicular to the ¢ axis and the
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FIG. 6. Hole-burning spectrum of the 5777.1-A *19,,>Gs )y
transition in a field of 160 G at 1.6 K. The pattern of holes and
antiholes expected for a ~b (see Fig. 1) is shown below. Again,
the presence of optical pumping of superhyperfine levels is
shown by the antiholes adjacent to the holes.
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FIG. 7. Hole and antihole shifts for the pattern of Fig. 6 as a
function of the external magnetic field. This shows that the
main side hole shifts at a rate given by the excited-state g value

and the antihole like the ground-state g value. This is expected
fora/b~1.
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Zeeman pattern of Buisson et a may have been at a

different angle than for our geometry.

V. DISCUSSION

We have shown that population storage in the Zeeman
components of a Kramers doublet can be a very useful
mechanism for the production of rather long-lived holes
(here approximately hundreds of milliseconds). This
mechanism is probably rather widespread especially at
low temperatures where spin-lattice relaxation rates are
long. In many cases it may be the only mechanism avail-
able for hole burning although here we find evidence for a
competing process involving optical pumping of
superhyperfine levels resulting from Nd-F coupling. The
Zeeman coefficients of the pattern of holes and antiholes
were used to assign the transitions contributing to this
pattern. The hole recovery times are significantly shorter
than the many seconds expected from spin-lattice relaxa-
tion of the Nd** ground levels’ extrapolated to our
measuring fields. This effect has been noted before in
ESR (Ref. 9) and optical'* measurements and has been at-
tributed to the possible presence of low concentrations of
other paramagnetic impurities. An additional contribu-
tion is expected here due to spectral diffusion involving
mutual Nd** spin-flip-flops in the ground state. This
leads to hole filling because the depleted population con-
tains ions other than those which were selectively excited.
In fact, the hole-burning method described here provides
a new tool for studying this effect. One advantage that
Zeeman storage hole burning has is the ability to measure
over a wide range of magnetic fields. In addition, it pro-
vides a mechanism for detection of electron-spin coherent
transients in a similar manner to that demonstrated for
nuclear-spin transients.'®
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