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ESR signals of Tm?*:SrF, are observed in the ground (*F,,,Es,,) and metastable (*Fs,;,Es ;)
states in low magnetic fields (0—300 Oe) at liquid-helium temperatures. We achieved a very high
detection sensitivity (~ 10° spins in the ground state) using optical means; the population differences
are created by circular dichroism and spin memory, and the change of the Faraday rotation is
detected by a polarimeter. Several interesting phenomena were observed. The signals in the ground
and metastable states appeared with opposite polarities. The preferential pumping from the meta-
stable state was examined by a double pumping experiment. We also measured the Faraday rotation
between 4000 and 7000 A. The experimental results suggest that the magnetization in the metasta-
ble state created by the preferential pumping from the ground state followed by the spin memory is
in the opposite direction to that in the ground state. Anomalous behavior of the metastable-state
signals was observed both in frequency and time domains. These are explained as an effect of the
metastable-state—ground-state cross relaxation enhanced by the ground-state—ground-state cross re-
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laxation.

I. INTRODUCTION

Impurity-ion-containing solids with the divalent thuli-
um ion Tm?? in alkaline-earth fluoride hosts, CaF,, SrF,,
and BaF,, have attractive properties. Several interesting
experiments on spin-orientation memory,' enhancement of
nuclear polarization by optical pumping,®> and spin-
phonon interactions® have been performed on Tm2* in
CaF,. The optical*~!° and magnetic'!=?° properties of
Tm?* in CaF,, SrF,, and BaF, have been extensively
studied. The ground-state configuration of the Tm?* ion
is best pictured as a single hole in the filled 4/ shell. This
ion has strong absorption bands in the visible region with
large paramagnetic circular dichroism in these host crys-
tals.”>?! The g factors and hyperfine constants were mea-
sured both in the ground'"* (°F,,,,Es;;) and metasta-
ble!>!6 (*F; ;,,E; ;) states by paramagnetic resonance ab-
sorption. Superhyperfine interactions with fluorine nuclei
were also studied by using the electron-nuclear double res-
onance technique.'?!%%° Recently we observed ESR free-
induction decay in the nanosecond time region by purely
optical means in Tm?*:SrF,.?

In this paper we report on the observation of low-field
ESR in the metastable state as well as in the ground state
of Tm?* in SrF,. We achieved a very high detection sen-
sitivity (~ 10° spins) by using optical pumping and moni-
toring with cw lasers. The optical pumping with circular-
ly polarized light creates population differences in the
ground state through preferential depopulation due to the
circular dichroism. It also creates population differences
in the metastable state through the preferential pumping
to the band and the spin memory from the band to the
metastable state. Faraday rotation due to these popula-
tion differences are monitored by a polarimeter. This
method proves to be very sensitive, and convenient espe-
cially for a low-field ESR in the ground and optically ex-
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cited states. Optical pumping creates a large population
difference even in low magnetic fields where the thermal-
equilibrium population difference is small. The detection
making use of Faraday rotation substantially improves the
sensitivity through the scaling up of the detection from
the microwave or rf to the optical region.

Several interesting features of the low-field ESR signals
were observed. We found that the ground and metastable
state signals appeared with opposite polarities. The effect
of preferential pumping from the metastable state was
demonstrated by a double pumping experiment. It was
found that the preferential pumping from the metastable
state creates magnetization in that state in the same direc-
tion as that in the ground state. We deduced the signs of
the population differences responsible for the signals us-
ing the result of the double pumping experiment or the
measurement of Faraday rotation at a high magnetic
field. Experimental results suggest that, for the single
pumping, the magnetization created in the metastable
state by the preferential pumping from the ground state
followed by the spin memory effect is in the opposite
direction to the magnetization in the ground state for the
optical pumping at 5800 A. The competition of the ef-
fects of spin memory and the preferential pumping from
the metastable state was also observed.

We found anomalous behavior of the metastable-state
signals when the frequency of the rf field was changed
from 135 to 155 MHz. The effect became significant at
167 Oe, which is in the middle of the two crossing fields,
161.2 and 171.5 Oe; the former is for the metastable-
state—ground-state cross relaxation and the latter for the
ground-state—ground-state cross relaxation.  These
behaviors are explained as a result of the metastable-
state—ground-state cross relaxation enhanced by the
ground-state—ground-state cross relaxation.

Experimental results and a qualitative interpretation are
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presented in this paper. The signs of the g factor and the
hyperfine constant are determined in the following paper
(part I1).>* The detailed analysis of the spin memory ef-
fect 2iss planned to be given in a forthcoming paper (part
I1D).

1. ENERGY LEVELS OF Tm?*:SrF,

The divalent thulium ion with a 4! configuration has
two spin-orbit states 2Fs, and 2F;,, with the latter lower.
A cubic field (0O,) splits these states as shown in Fig.
1.41% Electric dipole transitions from the ground state
(*F;,3,Es ;) to the 4f'25d configuration form a broad ab-
sorption band starting at about 7000 A. These transitions
show magnetic circular dichroism?! (MCD) and Faraday
rotation (FR). The excited state (*Fs,,,Es/;) is metasta-
ble and the fluorescence lifetime is about 13 msec at 1.6 K
(in our case). Transitions from the metastable state to the
band also exhibit MCD and FR, although no detailed
measurement has been made.

The ground and metastable states are Kramers dou-
blets. They have hyperfine splittings due to the interac-
tion with Tm nuclei (I =+ ) and the spin Hamiltonians in
the magnetic field H (neglecting the nuclear Zeeman in-
teraction) can be written as

¥ =gupS-H+ASI, (1)

with effective electron spin S =+ and hyperfine constant
A. Energy eigenvalues are of the same form in the
ground and metastable states and are obtained from Ham-
iltonian (1) as
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FIG. 1. Energy levels of Tm?*:SrF,.
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The eigenfunctions are also of the same form in the
ground and metastable states and given by

[D=]|-=),
[2)=a|—+)+b|+—),

3)
13)=|++),

|)=a|+-)—b|—+),

where a =cos(8/2), b =sin(6/2), 6=tan~"'| A /gugH |,
and | ++) represents | S,=++,I,=+3). In the fol-
lowing we use asterisk (*) for the expressions in the meta-
stable state to distinguish them from those in the ground
state. The g factors and the hyperfine constants of the
ground and metastable states are isotropic and known to
be | g | =3.445 and | 4 | =1102.5 MHz (Ref. 22) for the
ground state and |g*|=1.449 and | 4*| =1163 MHz
(Ref. 16) for the metastable state. The energy-level dia-
grams in low magnetic fields are shown in the insets of
Fig. 1. The signs of g and A4 used in Fig. 1 (g >0, 4<0
and g* <0,4* >0) are determined as described in paper
I12* Since the signs of g and A are different in the
ground and metastable states, the patterns of the energy
levels are different.

III. EXPERIMENTAL PROCEDURE

The setup for the ESR experiment is schematically
shown in Fig. 2(a). The pump and probe lights are pro-
vided by an Ar-laser-pumped dye laser and a He-Ne laser
(6328 A, 1 mW), respectively. The pump (circularly po-
larized) and probe (linearly polarized) beams are nearly
collinear (parallel to the [111] axis) and focused on the
sariple (0.02 at. % Tm?*, 2 mm in thickness) immersed in
liquid helium (1.6 K). The waist sizes of the beams at the
focus are about 100 pm, The wavelength of the pump
beam is ~5750—5950 A, and the maximum power in
front of the cryostat is about 30 mW. A static magnetic
field up to 300 Oe is applied parallel to the laser beams.
Population differences in the magnetic sublevels are creat-
ed by the pump beam. An rf field of 120—220 MHz,
which is turned on and off at 26 Hz, is applied perpendic-
ular to the static magnetic field. When the rf field is
resonant on one of the transitions, the population differ-
ence, and therefore the FR, is changed. This change (ESR
signal) is detected by a polarimeter and recorded on a
chart recorder after lock-in detection and amplification.

The construction of the polarimeter’®?’ is shown in
Fig. 2(b). A linearly polarized probe beam is split by a
Glan prism and incident on the two photodiodes whose
photocurrents are subtracted at a resistor. The Glan
prism and the photodiodes are compactly and solidly as-
sembled and can be rotated together. When the Glan
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FIG. 2. (a) Setup for the ESR experiment and (b) construc-
tion of the polarimeter.

prism is mounted at an angle of 45° to the plane of polari-
zation of the probe beam, the two photocurrents cancel.
If the plane of polarization of the probe beam rotates, the
two currents do not cancel and the voltage appears at the
resistor.

The output P of the polarimeter can be represented as

P=K[Eysin(7/4+6)]*—K [Eqcos(7/4+6)]?
=KE}sin(26)
~2KE3}0 (6<<1), (4)

where 0 is the FR angle, E is the amplitude of the probe
beam, and K is a constant. The ESR signals are detected
through the change of the output P. The output linearly
responds to the FR angle, when the angle 0 is small.
From Eq. (4) we obtain

6~P/(2KE})
=P/(4P,) , (5)

where Py=KE3/2. At zero magnetic field (6=0), the
output P given by Eq. (4) becomes zero, but if one of the
photodiodes in the polarimeter is blocked the polarimeter
output gives the value of P,,.

The polarimeter has a very high sensitivity and has the
following advantages over cross polarizers. (1) It is not
affected by disturbance of the polarization of the probe
beam at the windows of the cryostat, etc., as long as the
disturbance is static. (2) The output linearly responds to
the population difference when the angle of FR is small.
(3) The fluctuations of laser intensity are compensated by
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the balancing circuit. (4) It is very compact and easy to
handle. The drawback is that it is sensitive to the position
of the probe beam at the detector.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Typical ESR signals

Typical ESR signals obtained at the frequencies 120,
160, and 200 MHz under the pumping with o~ light
(5800 A, 30 mW) are shown in Fig. 3. In our low-
frequency experiment, ground-state ESR signals for the
transitions 2-3 and 1-2, and metastable ones for 2*-3* and
1*-2* (Fig. 1) are expected. The upward two peaks in 3(a)
and 3(b), which overlap in 3(c), are ground-state signals
for the transitions 2-3 and 1-2. The small peak at the left
is due to the forbidden transition 1-3. This peak became
comparable to the other peaks when the intensity of the rf
field was increased. The downward signals in higher
magnetic fields are those in the metastable state corre-
sponding to the transitions 2*-3* and 1*-2*. For these
signals the amplifier gain is increased by 20. All signals
appear at the positions expected from known values of
| g | and | 4 | within experimental errors.

The ESR signals were detected through the change of
FR of the probe beam. The changes of FR angles for the
ground- and metastable-state signals obtained from Eq. (5)
were ~2 and ~0.1 mrad, respectively. The number of
spins contributing to the ground-state signal can be es-
timated to be 10'* by using the values of the optical
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FIG. 3. ESR signals obtained at the frequencies (a) 120 MHz,
(b) 160 MHz, and (c) 200 MHz under the pumping with o~
light (5800 A, 30 mW). For the metastable-state signals (on the
right-hand sides) the amplifier gain is increased by 20.
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pumping time (3 msec), the circular dichroism [~0.2 at
5800 A, Fig. 5(b)], the density of Tm?* ion [4Xx 10"
ions/cm® for 0.02 at.% (Ref. 14)], and the pumped
volume [ ~ (100 gm)*x 2 mm]. A few percent of the Tm
ions in the pumped volume contributes to the ground-
state signal. The derivation of the number of spins contri-
buting to the metastable-state signal is difficult, since we
do not have enough information about the metastable
state. The minimum detectable FR angle is 2 urad and it
corresponds to 10° spins in the ground state.

The ground-state signals were detected even without
dye-laser pumping, but the optical pumping enhanced the
signals by a factor of ~10%. The metastable-state signals
were detected only in the presence of the optical pumping.

The linewidths of the ground- and metastable-state sig-
nals are 13 and 11 Oe, respectively, and can be attributed
to the superhyperfine interaction between the Tm?* ion
and neighboring fluorine nuclei.!%2%23

Intensities I, and I,; of the ground-state signals for
the transitions 1-2 and 2-3 should be proportional to
b¥n,—n,) and a*(n, —n;), respectively, where n; indi-
cates the population in the level |i). The population
difference in the ground-state sublevels is determined
mainly by circular dichroism of the optical transitions
from the ground state to the band, i.e., by the preferential
depopulation with circularly polarized pump light. The
values of n; under the optical pumping are obtained from
the steady-state solution of the rate equations. Only a
small fraction of the pumped ions decays back to the
ground state via the metastable state.* When the optical
pumping time ( ~3 ms in our experiment) is much shorter
than the spin-lattice-relaxation (SLR) time (order of a
second'®), and the complete nuclear spin memory in the
repopulation to the ground-state sublevels?® is assumed,
we have 112:123=b2u+:a2u__, where uy [u :_~3:2
f;or the ot pumping or 2:3 for the o~ pumping at 5800
A, Fig. 5(a)] represents optical pumping rates from the +
electron-spin state. This ratio is consistent with the ob-
served relative intensities both for the o+ and o~ pump-
ing (a?~0.7, b>*~0.3 at ~ 100 Oe). If the randomized nu-
clear and electron spin return to the ground-state sublevels
is assumed, we have I,:I,3=b*u_ :a*u_.

B. Signs of ESR signals and double pumping experiment

A remarkable experimental fact is that the metastable-
and ground-state signals appear always in the opposite
directions. When the sense of the circular polarization of
the pump beam was inverted, all ESR signals were invert-
ed, though the relative intensities of the signals were
slightly changed because of the asymmetry of pumping ef-
fects for the ot and o~ lights. From this fact and the re-
sults of the double pumping experiment described below,
we deduce the signs of the population differences respon-
sible for the ground- and metastable-state signals.

We irradiated the sample with a linearly polarized light
from the dye laser (5800 A, 30 mW). No metastable-state
signal was observed. However, an introduction of the
second pumping with a circularly polarized o~ light from
another He-Ne laser (6328 A, 50 mW) produced ESR sig-
nals as shown in Fig. 4. In contrast to the signals in Fig.
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FIG. 4. ESR signals obtained from the double pumping ex-
periment at the frequency 160 MHz under the pumping with
linearly polarized (5800 A, 30 mW) and circularly polarized
(6328 A, 50 mW) lights.

3, the metastable-state signals appear in the same direc-
tion as in the ground-state signals. For the o pumping
all signals were inverted. The metastable-state signals
disappeared when the pumping at 5800 A was off. These
features and the fact that the absorption coefficient for
the transition from the ground state is small at 6328 A,
indicate that the metastable-state signals in Fig. 4 are due
to the population differences created mainly by the pre-
ferential pumping from the metastable state.

The absorption and MCD spectra for the ground state
measured by Anderson and Sabisky?® are shown in Figs.
5(a) and 5(b). The sign of the MCD for the metastable
state can be inferred as follows. Since the ground and
metastable states belong to the same irreducible represen-
tation Es,, of the point group O, and electric-dipole
transitions are allowed between the band and these states,
the transitions from the ground and metastable states to
the band should have essentially the same optical proper-
ties. Therefore, the sign of the MCD for the metastable
state may be obtained from the MCD curve [Fig. 5(b)] for
the ground state by shifting the origin of the energy (or
wavelength) by an amount equal to the metastable-state
energy [8928.6 cm ™! (Ref. 16)]. This procedure gives the
same signs of the MCD’s for the ground and metastable
states. [The wavelength 6328 A from the metastable state
corresponds to 4043 A in Fig. 5(b)]. This means that the
MCD creates spin orientations in the same direction both
in the ground and metastable states. Thus the population
differences n{ —n3, n3 —n3, ny—n,, and n,—ny re-
sponsible for the signals in Fig. 4 are of the same sign. It
becomes clear that, when the changes of the magnetiza-
tion are in the same direction in the ground and metasta-
ble states, we have signals of the same sign.

From this result and the comparison of the signals in
Figs. 3 and 4, we conclude that the population differences
ny—n, and n,—nj; in the ground state and n} —n3 and
n3 —n3 in the metastable state for the signals in Fig. 3
are of opposite signs. In other words, when n;>n, >n;
is achieved for the o+ pumping (or n; <n, <n3 for the
o~ pumping) in the ground state, we have n} <n3 <n3
(or nT >n3 >n}) in the metastable state. We also ob-
served that the (absolute value of) FR angle due to the op-
tically induced magnetization in the ground state was de-
creased by the rf field. This indicates that the total mag-
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FIG. 5. (a) Absorption and (b) magnetic circular dichroism
(MCD) spectra of Tm?*:SrF, obtained by extrapolation to
upH /KT — o (Ref. 27). D% in (a) refers to absorption for o+
light and D~ refers to o~. The fractional change is shown in
(b). (c) Faraday rotation (FR) spectrum of Tm2*:SrF, (0.02
at. % Tm?*, 1 mm in thickness) obtained at 4.7 kOe and 1.9 K.

netization in the ground state is along the direction deter-
mined by n,, n,, and n;. We have no experimental data
for the population n;. However the theoretical considera-
tions in paper III (Ref. 25) suggest that n} is not so irreg-
ular as to upset the magnetization determined by n}, n3,
and n3}. Thus we can say that the 0 pumping creates T
and * magnetizations in the ground and metastable
states, respectively.

The mechanism for establishing population difference
in the metastable state is complicated. For the pumping
at 5800 A, the dominant mechanism is considered to be
preferential pumping from the ground state to the band
and the spin-orientation memory from the band to the
metastable state. The SLR in the metastable state has lit-
tle effect because the SLR time is longer than the lifetime
of the metastable state.'> The spin memory effect was ex-
tensively studied in Tm2*:CaF, by Anderson and Sabi-
sky! in high magnetic fields under an optical pumping
with linearly polarized light incident perpendicular to the
magnetic field. Our experiment is performed in low mag-
netic fields under an irradiation with circularly polarized
light incident parallel to the magnetic field. In contrast to
the case of Anderson and Sabisky the magnetization

(a) o~ pumping (b) o* pumping

metastable
state
+ +
+ +
ground

FIG. 6. Schematic spin polarization established in the ground
and metastable states by the optical pumping and the spin
memory.

created in the metastable state is in the opposite direction
to that in the ground state. Figure 6 schematically shows
the spin orientations established in the ground and meta-
stable states by the optical pumping and the spin memory,
where g* <0 is taken into account. The spin memory ef-
fect will be discussed in detail in paper ITI. We will exam-
ine the spin memory in the transition from the G/, states
in the band to the metastable state assuming three possible
symmetries of the decay, and show that the experimental
results can be explained if the band has J = %, G3/, char-
acter and the decay has T, symmetry. The intensities of
the metastable state signals (compared at the same mag-
netic field) in Fig. 3 are nearly equal. This shows that the
population distribution in the metastable state is clearly
different from that in the ground state. We will try to ex-
plain this point also in paper III.

The preferential pumping from the metastable state
also affects the population distributions in that state.
This effect will be described in Sec. IV D.

C. Measurement of Faraday rotation

The signs of the signals can also be analyzed by using
the data of Faraday rotation (FR). We measured the FR
spectrum between 4000 and 7000 A at a high magnetic
field (4.7 kOe) and a low temperature (1.9 K). In this sit-
uation FR was due to the thermalized ions in the ground
state, and the contribution from the population in the
metastable state was negligible. FR spectrum was mea-
sured in Tm2*:CaF,,® but no detailed measurement was
made so far in Tm?™*:SrF,.

We used a dc xenon arc as the light source. The radia-
tion from the lamp, after passing through a monochroma-
tor, was collimated along the [111] axis, linearly polarized
by a Glan prism, and focused on the sample (0.02 at. %
Tm?2*, 1 mm in thickness) immersed in liquid helium (1.9
K). A static magnetic field was applied parallel to the
[111] axis. The rotation angle of the polarization plane
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was measured by a polarimeter. Figure 5(c) shows the ob-
served FR spectrum. The spectral resolution is ~50 A.
The windows of the cryostat also show FR but this effect
is subtracted in Fig. 5(c).

MCD and FR should be related through the Kramers-
Kronig relationship. It is recognized that the FR spec-
trum [Fig. 5(c)] is nearly the dispersion of the MCD
(D*—D ™) obtained from Fig. 5(a).

The sign of the FR angle at 6328 A (wavelength of the
probe beam used in the ESR experiment) is positive. It
shows that if we apply an rf field when n, >n, > nj, the
FR angle is decreased.

The shape of the FR spectrum for the metastable state
can be inferred by using an argument similar to that used
for MCD in Sec. IV B, i.e., by shifting the origin of the
energy (or wavelength) of Fig. 5(c) by an amount equal to
the metastable-state energy. The sign of the FR angle at
6328 A due to the metastable state is the same (positive)
with that at 4043 A in Fig. 5(c). Therefore the
metastable-state ESR, when n} >n3 >n}, results in a de-
crease of the FR angle. These results lead to the same
conclusion about the population distributions as Sec. IV B.

D. Effect of preferential pumping
from the metastable state

The effect of preferential pumping from the metastable
state has been demonstrated in the double pumping exper-
iment. This effect exists even in the single pumping ex-
periment where the population distributions in the meta-
stable state are mainly determined by the preferential
pumping from the ground state followed by the spin
orientation memory.

We observed ESR signals by changing the wavelength
of the pumping light from 5750 to 5950 A (Fig. 7). The
metastable-state signals became smaller as the wavelength
became longer. The lower-field line of the metastable-
state signals disappeared at 5900 A and then reappeared
in the opposite direction at 5950 A, or in the same direc-
tion as the ground-state signals. These can be explained
as an effect of preferential pumping from the metastable
state.

As described in Sec. IV B, the sign of the MCD of the
transition from the metastable state is the same as that of
the ground state between 5750 and 5950 A. [The wave-
lengths 5750 and 5950 A from the metastable state corre-
spond to 3799 and 3885 A in Fig. 5(b)]. The preferential
pumping from the metastable state tends to create spin
orientations in the same direction both in the ground and
metastable states, whereas the preferential pumping from
the ground state followed by the spin memory creates spin
orientations in the opposite directions in the ground and
metastable states. The results in Fig. 7 can be understood
as the competition of these effects. As the wavelength be-
comes longer, the effect of preferential pumping (MCD
and absorption coefficient) from the metastable state be-
comes larger. At 5800 A, where most of our experiments
were made, the contribution of the spin memory is dom-
inant. The dispersion shape of the higher-field line at
5950 A is due to the magnetic cross relaxations discussed
in the next section.
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FIG. 7. Dependence of the ESR signals on the wavelength of
the pumping light (6~, 30 mW) at the frequency 160 MHz. For
the ground-state signals the amplifier gain in (c)—(e) is 2.5 times
smaller than that in (a) and (b).

V. CROSS RELAXATION

A. Anomalous behavior of the ESR signal

We found that the ESR signals in the metastable state
exhibited anomalous behavior as shown in Fig. 8 when the
frequency of the rf field was varied between 135 and 155
MHz. At 135 MHz two downward (negative) signals
similar to those in Fig. 3 are observed. As the frequency
is increased the higher-field line (1*-2* line) changes its
shape in a complicated manner and becomes positive at
145 MHz (at H=167 Oe), while the lower-field line (2*-
3* line) remains unchanged except for the shift. Figure
9(a) shows the dependence of the signals at 145 MHz on
the pumping power of the laser. As the power is in-
creased the signal at 167 Oe grows and after passing
through the maximum it becomes smaller. Figure 9(b)
shows the dependence of the signals at 145 MHz on the
chopping frequency of the rf field. As the frequency is
increased both lines become small. The higher-field line
decreases more rapidly than the lower-field line, indicat-
ing that the time response of the higher-field line to the rf
field is slower than that of the lower-field line.

In order to examine the behavior more directly, we ob-
served the time dependence of the ESR signal. A rf field
(150 MHz) was applied for 10 msec at a repetition fre-
quency of 20 Hz and the output of the polarimeter was
amplified and then accumulated by an averager. Figure
10 shows the time evolution of the polarimeter output.
The three magnetic fields in Fig. 10 correspond to the
maximum (167 Oe), the center (172 Oe), and the
minimum (177 Oe) of the higher-field line at 150 MHz in
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FIG. 8. Frequency dependence of the metastable-state ESR
signals bet\\zeen 135 and 155 MHz under the pumping with o~
light (5800 A, 15 mW).

Fig. 8. At 177 Oe the polarimeter output decreases while
the rf field is on and then recovers. This can be regarded
as a normal time dependence of the ESR signal, since
similar dependence was observed for the lower-field line;
the population difference is destroyed by the rf field and
then created by the optical pumping. At 167 Oe, on the
other hand, the output shows anomalous behavior; the
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FIG. 9. Dependences of the metastable-state ESR signals (a)
on the pumping power of the laser and (b) on the chopping fre-
quency of the rf field at 145 MHz under the pumping with o~
light at 5800 A. The chopping frequency in (a) is 26 Hz and the
pumping power in (b) is 20 mW.
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FIG. 10. Time dependence of the metastable-state ESR sig-
nal (the higher-field line) at the frequency 150 MHz with circu-
larly polarized light (5800 A, 15 mW). The rf field is applied
for 10 msec and the rf pulses are repeated at 20 Hz. The three
magnetic fields correspond to the maximum (167 Oe), the center
(172 Oe), and the minimum (177 Oe) of the higher-field line at
150 MHz in Fig. 8.

direction of the change is opposite, and the time constants
are longer than those at 177 Oe. The behavior at 172 Oe
is a mixture of those at 177 and 167 Oe.

B. Explanation of the anomalous behavior

In this section we will give a qualitative explanation of
the anomalous behavior as an effect of the metastable-
state—ground-state cross relaxation enhanced by the
ground-state—ground-state cross relaxation. Calculations
show that the frequency of the transition 1*-4* in the
metastable state coincides with that of 2-4 in the ground
state at 161.2 Oe (Fig. 1). If the cross relaxation
[metastable-state—ground-state (MS-GS) cross relaxation]
occurs at this field, the populations in the levels 1* and 4*
are changed, while the populations in the other levels in
the metastable state are unchanged. Therefore it is ex-
pected that the anomalous behavior which is observed
only for the higher-field line (1*-2* line) is related to this
MS-GS cross relaxation.

However, the explanation is not straightforward. We
have to explain why the positive peak appears at 167 Oe
which deviates from the expected cross relaxation field of
161.2 Oe. Our explanation is as follows. Calculation also
shows that another cross relaxation (GS-GS cross relaxa-
tion) in the ground state is expected to occur at 171.5 Oe
where the frequencies of the transitions 1-3 and 3-4 be-
come equal (Fig. 1). The crossing fields for the MS-GS
and GS-GS cross relaxations are separated by ~ 10 Oe.
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However, the linewidths of the cross relaxations are con-
sidered to be comparable to the separation, the MS-GS
and GS-GS cross relaxations may occur simultaneously,
most frequently in the middle of the crossing fields
(~167 Oe). We consider the case of 0~ pumping as in
Fig. 8, where ny <n, <nj and ni >n3 >n3 are achieved,
and the net magnetization is positive in the ground state
and negative in the metastable state. From a brief inspec-
tion of the optical pumping process, we can safely assume,
in the following, that polarizations (|n*—n/|/
Inf+n j* | ) in the metastable state are smaller than those
in the ground state, and that n; is larger than n,. If the
GS-GS cross relaxation occurs, the population difference
n4—n, is increased because n, is increased leaving n, un-
changed. Therefore, n* is increased as a result of the
MS-GS cross relaxation. This means that n] —nj; be-
comes larger at 167 Oe, and a negative enhanced signal is
expected at this field. However, the observed signal is
positive in contradiction to the prediction.

The apparent discrepancy can be resolved as follows.
Our optical detection scheme detects the changes of popu-
lation differences both in the ground and metastable
states. The rf field decreases the population difference
ni —n3 and therefore also decreases n —nj in the meta-
stable state. At the crossing point, this accompanies the
decrease of the population difference ny—n, in the
ground state through the MS-GS cross relaxation. This
also decreases n3; and increases n; through the GS-GS
cross relaxation, i.e., decreases the magnetization in the
ground state. The observed signal represents the sum of
the contributions from the ground and metastable states.
If the contribution from the ground state is dominant, the
ESR signal may be positive. Since |1) and |3) are
| ——) and | + + ) states, it is expected that the decrease
of n3 and the increase of n; results in the decrease of the
magnetization in the ground state and gives a strong posi-
tive signal which overcomes the negative signal due to the
decrease of n} —n3 or the increase of the magnetization
in the metastable state.

A signal of similar nature was also observed at about
220 Oe in the middle of the crossing fields 205.5 Oe
(E},=E,;) and 228.7 Oe (E,3;=E3,;). But the anomaly
of the signal was small because the separation of the
crossing fields is large.

At the MS-GS crossing field 161.2 Oe, the effect of
GS-GS cross relaxation is not significant. Therefore no
efficient population redistribution or change of magneti-
zation in the ground state accompanied by the
metastable-state ESR is expected. Actually, the effect due
only to the MS-GS cross relaxation was recognized in Fig.
8 as a small decrease of the signal intensity of the higher-
field line at 135 MHz near the crossing field (161.2 Oe).
The intensity of the higher-field line is usually stronger
than the lower-field line as in Fig. 3.

The pumping-power dependence in Fig. 9(a) can be ex-
plained by the change of the population in the ground
state, and supports the above model for the positive signal
at 167 Oe. When the power is too strong the higher-field

line becomes small. This can be understood as a result of
the competition between the optical pumping time and the
MS-GS cross relaxation time. The effect of the cross re-
laxation which gives the positive signal is decreased when
the pumping time becomes shorter than the cross relaxa-
tion time.

The ESR line is inhomogeneously broadened and the rf
field directly excites a narrow part of the line. However,
the spectral diffusion is fast enough to transfer the excita-
tion over the whole line before the cross relaxations take
place. The spectral-diffusion time measured by the
stimulated-spin-echo experiment® is 3 pusec/4.5 MHz
(712,=220 nsec) in 0.0026 at. % Tm?*:CaF,.

Generally, there are three types of metastable-state sig-
nals: (1) pure (negative) ESR signal due only to the popu-
lation change in the metastable state, (2) ESR signal af-
fected by the MS-GS cross relaxation whose intensity is
reduced by the population change in the ground state, and
(3) positive ESR signal due to the effect of the MS-GS
cross relaxation enhanced by the GS-GS cross relaxation.
When the frequency of the rf field, or the resonance field
for the transition (1*-2*) is far from the crossing field,
only pure ESR signals are observed. When the resonance
field is near the MS-GS crossing field, the signal of type
(2) is observed. The signal of type (3) has a peak in the
middle of the MS-GS and GS-GS crossing fields. Gen-
erally a superposition of these types of signals is observed.
If we use an optical detection scheme sensitive only to the
magnetization change in the metastable state, for instance,
probing with infrared light, the observed pattern of the
signal should be different.

According to the model described above, the growth
and decay times of the signal at 167 Oe in Fig. 10 are re-
lated to the GS-GS and MS-GS cross-relaxation times. In
addition, optical and rf pumping times and the lifetime of
the metastable state must be taken into account. We mea-
sured the ground-state cross-relaxation times by another
experiment using a pulse pumping with a nitrogen-laser-
pumped dye laser. The details are planned to be published
later. The cross-relaxation time at 171.5 Oe (E;3=E3,)
was ~2 msec. The observed time constants are much
longer than this cross-relaxation time and the optical and
rf pumping times. Therefore it is considered that the
growth and decay times are mainly determined by the
MS-GS cross relaxation time and the lifetime of the meta-
stable state. The observed time constants are all compar-
able to the lifetime of the metastable state, whose value of
13 msec was obtained from the fluorescence. Therefore
the MS-GS cross relaxation time should not be signifi-
cantly different from the lifetime of the metastable state.
Since the magnetic-dipole transition is forbidden for the
transition 2-4, such a long time constant is reasonable.

The chopping-frequency dependence in Fig. 9(b) is ex-
plained by the difference of the time response. The time
response of the lower-field line is determined by the rf
pumping time and the optical pumping time, while that of
the higher-field line is determined by the MS-GS cross-
relaxation time and the lifetime of the metastable state.
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