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Abstract

Electron spin relaxation times T, and T, of Tb** and Tm>" in 1:1 water:ethanol and
of Tb>* doped (2%) in crystalline La,(oxalate), decahydrate were measured between
about 4.2 and 10 K. Both cations are non-Kramers ions and have J=6 ground states.
Echo-detected spectra are compared with CW spectra and with field-stepped direct-
detected EPR spectra. Due to the strong temperature dependence of 7|, measure-
ments were not made above 10 K. Between about 4.2 and 6 K T} is strongly con-
centration dependent between 1 and~50 mM. T values at 4.2 K are in the us range
which is orders of magnitude faster than for 3d transition metals. Phase memory
times, 7T,,, are less than 500 ns, which is short relative to values observed for 3d
transition metals and organic radicals at 4 K. T, is longer in the oxalate lattice which
is attributed to the lower proton concentration in oxalate than in the organic solvent,
which decreases nuclear spin diffusion. The rigidity of the crystalline lattice also
may contribute to longer 7,

1 Introduction

Lanthanides are of on-going interest because of their wide range of optical and mag-
netic properties, possible applications in biomolecular structural studies, and unique
uses in quantum devices [1-3]. Although lanthanides have been studied extensively
by CW EPR, there are a few reports of pulse measurements of electron spin relax-
ation times, which are fundamental to the performance of some devices. In addi-
tion, most prior studies of lanthanides have been in single crystals, and it is of inter-
est to see what information can be obtained from glassy samples. Two ions with
non-Kramers J=6 ground states, Tb3* and Tm3*, were selected for comparisons,
because there is little known about the relaxation times of these ions.

< Gareth R. Eaton
geaton@du.edu

Department of Chemistry and Biochemistry, University of Denver, 2101 E. Wesley Ave, Denver,
CO 80208, USA

School of Pure and Applied Physics, Mahatma Gandhi University, Kottayam, India

@ Springer


http://orcid.org/0000-0001-7429-8469
http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-020-01262-6&domain=pdf

962 J. McPeak et al.

The Tb>* ion has a 4f% electron configuration and S=3. The term with the lowest
energy is 'F with L=3. Strong spin—orbit coupling results in a J=6 ground state.
The full energy-level diagram is shown in Fig. 11.1 of [4]. Tm>" has a 4f'? elec-
tron configuration with S=1, L=35, and the ground state, 3H6, has J=6. For both
ions, the splitting of the M, levels is symmetry-dependent, but for axial symmetries,
M ;= +6 is the ground state.

These 3% cations are non-Kramers ions, so to first approximation, one does not
expect to observe EPR spectra in octahedral sites with the usual excitation mode in
which B, is perpendicular to B,. It is predicted that the resonance of a non-Kram-
ers ion could be observed in the ground state when B, is parallel to B, [5-7]. EPR
spectra have not been observed for these ions in cubic crystal fields. However, in
lower symmetry environments, EPR spectra have been observed that are attributed
to energy levels that are admixtures of M,;= +6 [8—10]. When the ground state
is a nearly degenerate pair of closely spaced singlets, with other energy levels far
removed, the system can be treated as a doublet with effective S='2 and energy
splitting 6 [11-13]. The Hamiltonian is shown in Eq. (1):

H =g pHS, +ASI +6S,. (1)

Observation of an EPR signal requires that the EPR quantum (/) is larger than 6.

Baker and Bleaney [11] observed resonance for Tb** in sites with C5, symmetry
in a single crystal of yttrium ethylsulfate, and described it as an effective spin-Y2
system with g,=17.7, using the Hamiltonian in Eq. (1). Abragam and Bleaney [5]
reported that no resonance had been found for Tm®* in the Cs, site in either the
chloride or the ethylsulfate salts, and that the ground state should be a singlet [5].
Moll et al. subsequently showed that EPR spectra for Tm** in Tm ethylsulfate or Tm
doped into Ln ethylsulfate could be observed with high-field EPR and frequencies
in the range of 1000-1600 GHz [14]. The g values depend strongly on the environ-
ment. For Tb>*, gy 1s predicted to be 17-18, and for Tm3*, g 1s predicted to be 13.8,
and g, is about 0. The g values of Tb>* and Tm>* ions in several environments have
been reported [15-17].

2 Experiment

La,(oxalate); decahydrate crystals doped with Tb** were grown as previously
described [18, 19]. The doping level was 2%, which corresponds to about 50 mM.
Multiple crystals were placed in a 4 mm-diameter quartz tube, evacuated, back filled
with He gas to about 200 mtorr, and then flame-sealed. TbCl;-6H,0 (99.999% met-
als basis) and TmCl;-xH,O (99.99%) were purchased from Alfa Aesar for the spin-
echo measurements. Because of the similarity in the CW EPR spectra that were
obtained for Tb? and Tm>* with salts of lower purity, the high purity salts were used
for the relaxation measurements to ensure that the results were not due to impuri-
ties that arise from imperfect separation of the lanthanides. TbCl; or TmCl; was
dissolved in 1:1 water:ethanol with pH adjusted to 2.5 with HCI. Air was removed
by several freeze—pump-thaw cycles on a vacuum line and flame-sealed. For the
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pulse measurements of T, and 7,,, the sample tubes were backfilled with He gas to
a pressure of about 100 mtorr prior to flame sealing. The low pressure He provides
thermal contact between the sample and the walls of the tube to facilitate thermal
equilibration.

CW and pulsed EPR measurements were performed on a Bruker E580 spec-
trometer using an ER4118XMSS5 split ring resonator or an ER4118XMD5-W1 die-
lectric resonator in a CF935 cryostat. Temperature was controlled with a Bruker/
ColdEdge Stinger closed cycle He system. An Oxford ITC503 controller was used
to control heating at the bottom of the cryostat to establish the desired temperature.
Sample temperature was measured with a Lakeshore Cernox sensor located near the
sample, external to the resonator. The He gas flow was fast enough that the sam-
ple temperature equilibrated with the cryostat inlet temperature in less than 15 min.
T,, was measured using a m/2—t—n-echo sequence and time constants were calcu-
lated by fitting to the peaks of the modulation, using locally written software. T
was measured with a n-7-n/2-t-n-echo inversion-recovery sequence. The instru-
ment dead-time prevented using inter-pulse spacings of less than about 160 ns. The
inversion-recovery curves were not single exponential decays, which is attributed to
a distribution of relaxation times, and is common for metal ions [20]. 7 also was
measured with a picket-fence saturation recovery sequence that can be represented
as (p—d,),,— (d, + dx) followed by two-pulse echo detection, where p is a pulse with
arbitrary turning angle and dx is incremented to record the recovery curve. Most of
the data for this study were acquired with p set to n/2. The delay d; was increased to
decrease the contributions from spectral diffusion. The inversion-recovery and the
picket-fence data were analyzed as the sum of two exponentials, as stretched expo-
nentials [20, 21], and with a model-free distribution of exponentials (UPEN) [22,
23] to characterize the distributions. The numbers in the tables and in Fig. 5 were
calculated from the peaks at longer times in the UPEN distributions. For the high
concentration Tb,(oxalate); sample, the recovery curves were dominated by spectral
diffusion, so T, estimated from the UPEN distributions is shorter than the ‘true’ 7.

CW and field-stepped direct-detected spectra were acquired on a modified Bruker
ES00T using previously described methods [24]. This methodology is similar to
‘rapid scan’, but the rapid scan designation is not used in this report, because the
rates of scan are slow relative to the fast relaxation rates for the lanthanides even at
4.2 K. The field-stepped direct-detected EPR method was applied to avoid the pas-
sage effects that can be observed due to magnetic field modulation when the relaxa-
tion times are too long. In addition, given the few EPR studies of Tb3* and Tm>*
ions, we consider it important to use the new stepped-field direct-detected method
in parallel with CW and pulsed EPR to demonstrate its applicability to spectra with
very wide lines.

The sample for field-stepped direct-detection was in an ER4118XMD5 dielectric
resonator in a substantially metal-free cryostat designed to minimize eddy currents
from the rapid magnetic field scans. Temperature was controlled with the Stinger
system. The temperature at the sample was measured with a calibrated Lakeshore
Cernox sensor. Spin echo intensities show that signal extends beyond the magnetic
field range of the direct detection measurements, and the data do not include a base-
line at high field. Relative intensities of the field-stepped direct-detected spectra in
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Figs. 1b and 2b were increased in scale to match the observed intensity in the echo-
detected experiments.

3 Results

CW, field-stepped direct-detected, and field-swept echo-detected spectra for Tb**
and Tm>" in water:ethanol are shown in Figs. 1 and 2, respectively. The CW spectra
of Tm>* (Fig. 2) are similar to X-band spectra for Tm** in a fluorozirconate glass
reported by Harris and Furniss [9], attributed to a IM;>= |+ 6> ground state, and
simulated with effective S=%2 and the Hamiltonian, as shown in Eq. (1). There is
considerable similarity in the spectra of Tm>* and Tb>" in the fluorozirconate glass.

Relative intensity

-0.4

T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Magnetic Field (Gauss)

Fig. 1 Spectra of Tb** in 1:1 water:ethanol. a Field-swept echo-detected spectrum at 4.2 K obtained with
40 and 80 ns pulses and a constant pulse spacing of 180 ns. b Field-stepped direct-detected spectrum at
6 K obtained with a scan frequency of 3.6 kHz and scan segments of 25 G. ¢ Derivative of the spectrum
in part B. d CW spectrum at 5.4 K obtained with 4 G modulation amplitude at 100 kHz. Sharp signals
at about 1800 G, 3500 G, and 4000 G in the CW and direct-detected spectra are from impurities in the
dielectric resonator and are not observed in the pulse experiments, because the experimental parameters
were not optimized for the impurity signal
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Fig.2 Spectra of Tm>* in 1:1 water:ethanol. a Field-swept echo-detected spectrum at 4.2 K obtained
with 40 and 80 ns pulses and a constant pulse spacing of 180 ns. b Field-stepped direct-detected spec-
trum at 4.5 K obtained with a scan frequency of 3.6 kHz and scan segments of 25 G. ¢ Derivative of the
spectrum in part B. d CW spectrum at 4.5 K obtained with 4 G modulation amplitude at 100 kHz. Sharp
signals at about 1800 G, 3500 G, and 4000 G in the CW and direct-detected spectra are from impuri-
ties in the dielectric resonator and are not observed in the pulse experiments, because the experimental
parameters were not optimized for the impurity signal

The field-swept echo-detected spectra sometimes had an artifact near zero-field
because of limitations in the mechanical sweep of the magnet power supply of the
E580 system. The shape of the field-swept echo-detected spectra depends on the
time between the two pulses used to create the echo. In two-pulse echo decays,
echo envelope modulation from protons in the solvent is very deep at low magnetic
fields (Fig. 3). Since the period for the modulation varies with field, the time for
the maxima in the modulation varies with field, which causes variation in the inten-
sity of the echo at constant spacing between the two pulses. This variation is con-
spicuous in the field-swept echo-detected spectra for both Tm** and Tb** at fields
below about 3000 G. The combined information from the three detection modalities
is that the EPR signals for these ions extend from almost zero field to relatively high
field, consistent with large g anisotropy, and are similar for Tb** and Tm**. Both
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Fig.3 Field dependence of two-pulse spin-echo decay curves for 10 mM Tm>" in 1:1 water:ethanol at
4.2 K at 200 G, 1100 G, and 4000 G. The red-dashed lines are single exponential fits to the data, shown
in black. Data recorded at 200 and 1100 G were fit to a single exponential by selecting the maximum
of the modulation peaks present using 7,, of 0.25 and 0.17 ps at 200 and 1100 G, respectively. Data
recorded at 4000 G was fit to a single exponential model without peak-picking using a T, of 0.33 ps (col-
our figure online)

the field-swept echo-detected spectra and the field-stepped direct-detected spectra
highlight the fact that there is substantial signal intensity extending beyond 8000
G. This fact is less obvious in the CW spectra and in the first-derivative of the field-
stepped direct-detected spectra, because the slope of the absorption signal is small at
high field. These results are consistent with the prediction of g, ~0. The field-swept
echo-detected spectra for Tb,(oxalate); in La,(oxalate), are similar to the spectrum
shown in Fig. 1a for Tb** in water:ethanol. In the La,(oxalate); decahydrate crystal,
the Tb>* presumably is coordinated by nine oxygen atoms [25], possibly with some
distortion, because the Tb>* is smaller than La**. The coordination environment
may have similar symmetry (or lack thereof) in the glassy frozen water:ethanol, so
it is not surprising that the EPR spectra are similar in the crystal and in the frozen
solution.

3.1 Pulse Turning Angles

Although the spectrometer is equipped with a 1 kW TWT amplifier, very low exci-
tation powers are needed for n/2 pulses, because J=6 and the g value is large. The
degree of over-coupling of the resonator that was used for the pulse experiments
would normally require about 6-10 dB attenuation of the TWT output for a spin-%2
at g ~ 2, using 40 ns n/2 pulses. For the Tb**-doped La,(oxalate); sample, the echo
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maximum was at about 27 dB attenuation. The Tb*" and Tm** water:ethanol solu-
tions required about 18-23 dB attenuation, depending on the degree of over-cou-
pling [26].

Turning angles for various spins S at the same B; depend on the raising and low-
ering operator. Less incident microwave power is required to produce a /2 pulse
for larger S. Note that this is true for high-spin systems even if the transition being
observed is mg= +%2 < -%2. To include the dependence on S, the flip angle equa-
tion, ®, can be written as:

1/2

© = cyB,1, where ¢ = [S(S+ 1) = mg(mg + 1)] )

for the transition between mg and m + 1 for a system with spin S.

For Tb** and Tm** with strong spin—orbit coupling that is typical for lanthanides,
J is a good quantum number, so it is used in Eq. (2) in place of S. Substitution of
J=6 and m;=—"2 into Eq. (2) gives c for these samples that is 6.5 times larger than
for S=Y2. Since B, is proportional to the square root of power, this increase in c pre-
dicts that about (6.5)>= ~42 times less incident power is required to achieve a 1/2
pulse for a J=6 spin system than is required for an S="2 spin system. This predic-
tion is consistent, within the reproducibility of over-coupling, with the~16 dB (fac-
tor of 40) larger attenuation levels used for the lanthanides than for S=%2 systems in
the same resonator.

The shape of a field-swept echo-detected EPR spectrum depends on the B, of the
pulse, the separation between the pulses, and the portion of the echo that is detected.
The pulses excite only a very small portion of the spectrum, so relaxation times
may include spectral diffusion in addition to longitudinal and transverse relaxation
processes. Checks of the effects of B, and pulse length did not reveal evidence of
instantaneous diffusion or spectral diffusion in the 2-pulse echo for the water:ethanol
solutions.

3.2 Relaxation Times

Examples of spin-echo decays as a function of position in the spectrum at 4.2 K are
shown in Fig. 3. At 200 G, the proton echo envelope modulation is so deep that there
is only a single low intensity peak of the first modulation cycle, which might not
have been detected if the signal-to-noise were poorer. Modulation depth decreases
with increasing field, consistent with theory [27].

A comparison of T, obtained by inversion-recovery and picket-fence saturation
recovery experiments is shown in Fig. 4. The inversion-recovery data (Fig. 4a) can
be fit well with a stretched exponential of 16.3 ps and an exponent of 0.63 or as
the sum of two exponentials with time constants of 24 and 4 ps. The UPEN analy-
sis of the inversion-recovery curve shows a broad distribution of relaxation times
(Fig. 4d). The value at the peak in the distribution at long relaxation times is similar
to, though less well defined than, the value obtained in the picket-fence saturation
experiments (Fig. 4e, f). Standard 3-pulse echo measurements of 7| may include
contributions from spectral diffusion, Tgp, as well as T, if the spectral diffusion is
neither very fast or very slow relative to 7, [28-30]. Consequently, it is reasonable
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Fig.4 Measurements of T, for Tb**in 1:1 water:ethanol at 5 K obtained by a inversion recovery, b
picket-fence saturation recovery with 2 us spacing of the pickets, ¢ picket-fence saturation recovery with
12 ps spacing of the pickets, and the corresponding distributions of relaxation rates in 1/us obtained with
UPEN shown in d—f. The fits to the recovery curves using the parameters obtained with UPEN are shown
with red-dashed lines

to attribute the faster-relaxing components of the inversion-recovery results to spec-
tral diffusion. Because of the very large g anisotropy and unresolved nuclear cou-
pling in the spectra of Tb** and Tm**, spectral diffusion is a reasonable expectation.
As discussed below, long-pulse saturation recovery, the usual way to separate Tgyp
from T, is not practical for Tb>* and Tm>*. A close approximation can be achieved
with the picket-fence multiple-pulse saturation of spectral diffusion, followed by
two-pulse echo-detected recovery. A method of saturating a resonance with a series
of short pulses (a ’saturating comb’) and then monitoring the magnitude of M, with
an FID was reported in the NMR review by Narath [31]. This "picket’ method was
adopted in EPR with spin-echo monitor of M, by Dalton et al. [32]. Guidance on
performance of the picket method was presented by Bowman [33]. In this method,
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many pulses are used to drive magnetization away from the z-axis, equilibrating any
spectral diffusion in the excited spin packets during the pulse sequence. The Bruker
Xepr PulseSPEL software on the E580 permits a sequence of up to 30 pulses of
arbitrary length and with a wide range of times between pulses. UPEN analysis of
data from a picket-fence measurement with 30 picket-pulses and a 2 ps pulse spac-
ing (Fig. 4b) has a well-defined T of 56 us and a small contribution from a faster
process that is attributed to spectral diffusion (Fig. 4e. Analysis of this data set as the
sum of two exponentials gives a long component with time constant of 51 ps. Fitting
with a stretched exponential gives a time constant of 48 us, which is approaching the
UPEN value, and an exponent of 0.94 which is approaching 1 consistent with nar-
rowing of the distribution. When the pulse spacing was increased to 12 ps (Fig. 4c),
the most probable 7 is 55 us and there is negligible contribution from spectral dif-
fusion. Fitting of these data as the sum of two exponentials gives a long time con-
stant of 56 us, demonstrating that analysis of the picket-fence recovery curves as
the sum of two exponentials gives a time constant for the long component that is
in good agreement with the results from the UPEN analysis. Fitting these data with
a stretched exponential gives 7, =53 ps and an exponent of 0.99, consistent with a
relatively narrow distribution. The UPEN analysis has the advantage that the con-
tributions from multiple components can be visualized [20]. We conclude that the
picket-fence saturation recovery measurements at 5 K permit separation of the con-
tributions to the experimental recovery curves and support the assignment of the
faster components as spectral diffusion.

The temperature dependence of relaxation rates for Tb>* and Tm?* in
water:ethanol is shown in Fig. 5. The time-domain data were too weak and
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Fig.5 Temperature dependence of relaxation rates. 1/7,, for (green square) 10 mM Tb** in 1:1
water:ethanol, (green diamond) 1 mM Tb>* in 1:1 water:ethanol, (blue circle) Tb,(oxalate); in
La(oxalate)s, (red triangle) 10 mM Tm?* in 1:1 water:ethanol, (red horizontal triangle) 1 mM Tm’* in
1:1 water:ethanol; 1/T; for (green filled triangle) 10 mM Tb** in 1:1 water:ethanol, (green filled dia-
mond) 1 mM Tb>* in 1:1 water:ethanol, (blue filled circle) Tb,(oxalate); in La(oxalate);, (red filled tri-
angle) 10 mM Tm** in 1:1 water:ethanol, and (red horizontal triangle) 1 mM Tm** in 1:1 water:ethanol.
The solid lines are fits to the temperature dependence of 1/7 including contributions from the direct and
Raman processes
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relaxation rates too fast to obtain reliable relaxation times above ca. 10 K. T
for Tb3* and Tm>* in water:ethanol are shown for 1100 G, which is the maxi-
mum in the field-swept echo-detected spectrum. Values of T, for Tb,(oxalate),
in La,(oxalate); crystals are reported for 650 G. Spin—lattice relaxation rates are
consistently faster for Tb3* than for Tm>*. For both ions, the relaxation rates
increase rapidly with increasing temperature with about a T* dependence. At tem-
peratures between 4.2 and 6 K, T is concentration-dependent. The shorter T, for
the 10 mM solutions than for the 1 mM solutions demonstrates that metal-metal
dipolar interactions and cross relaxation dominate relaxation at the higher con-
centration. This might seem surprising for a spectrum that extends over the entire
accessible magnetic field range at X-band, such that the spins/gauss is small,
but the magnetic moments are large. For the high concentration Tb,(oxalate); in
La,(oxalate), crystal 1/T is weakly temperature-dependent between about 4 and
6 K, which is characteristic of samples with very high-spin concentrations. The
high concentration (~50 mM) results in cross relaxation that makes 1/7 faster in
the crystal near 4 K.
The temperature dependence of 1/7; was modeled using Eq. (2) [34]:

9 3
1 T 0p Aorb
T_1 _AdirT+ARam<%> ‘]8<7> +Aorb |‘errb/T_ k 2)

where Ay, is an experimentally determined adjustable parameter, 7 is temperature,
ARgam 18 an experimentally determined adjustable parameter that scales the contribu-
tion from the two-photon Raman process [35, 36], and J; is the transport integral
Eq. (3), that was developed to model heat capacity, A, is an experimentally deter-
mined adjustable parameter that scales the contribution from the Orbach process,
and A is the energy of the low-lying excited state for the Orbach process [37]:

, 0,/T
J LA / S—CX dx 3
8<T> / x(ex_l)2 3)

Above about 6 K, the echoes for the 1 mM samples were too weak to acquire data
with acceptable signal-to-noise, so the modeling was based on 7, for I mM samples
at 4.2 to 6 K and for 10 mM samples at 6.9-9.9 K. The concentration dependence
of T} between 1 and 10 mM at 4 to 6 K is evidence for a substantial contribution
from cross relaxation at the lowest temperatures and higher concentrations, which
has the same temperature dependence as the direct process. The strong temperature
dependence of T is characteristic of the Raman process at temperatures well below
the Debye temperature. The fits to the experimental data shown in Fig. 5 were cal-
culated as the sum of contributions from the direct process and the Raman process.
A small contribution from an Orbach process cannot be ruled out, but this process
predicts a weaker temperature dependence, so it cannot be the dominant contribu-
tion. The fit parameters for Tm*>" are A, =320 s™!, Debye temperature =54 K, and
Agam=3.2x10% s7' K71, For Tb** A, =0 s™! K™!, Debye temperature =54 K, and
Agam=1.4x10"s7' KL,
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Table1 T, (us)in 1:1

Fiel 2 11 4
water:ethanol at 4.2 K ield (G) 00 00 000
Tm** 118 159 125

For 10 mM solutions. Data were fit with UPEN. The values shown
are the peaks in the distribution at long relaxation times. Uncertain-
ties are about 20%

Table 2 Relaxation times for

Field (G) 220 650 800 950 2000
Tb,(oxalate), at 4.2-4.3 K

T, (pus) 11 15 14 22 22

T,, (ns) 0.31 0.33 0.36 0.35 0.44

Values of 7| were estimated from the peaks in UPEN distributions
at long relaxation times. Uncertainties are about 25% for 7 and 10%
for T,

T, is weakly dependent on the position in the spectrum as listed in Table 1 for
the 10 mM solutions at 4.2 K and in Table 2 for the Tb,(oxalate), in La,(oxalate),
at 4.3 K. These T, values in the us range at 4.2 K are orders of magnitude
shorter than for typical transition metals [30, 38, 39]. Matrix elements for transi-
tions between states of non-Kramers ions are non-zero, making modulation of
spin—orbit coupling by vibrations more effective, and thereby making relaxation
times shorter [40]:

The Tb** ions in the doped La,(oxalate); decahydrate crystal and in the
water:ethanol solutions exhibit strong '"H modulation in the spin-echo measure-
ments at the low magnetic fields that correspond to the large g, values (Fig. 3).
Deep modulation at low fields adds uncertainty to values of 7,,. The T,, values
plotted for the water:ethanol samples (Fig. 5) were measured at 4000 G, where
nuclear modulation was not observed and single exponentials fit the data well
(Fig. 2). T, values for Tb>* in Lay(oxalate), crystals are reported for 650 G,

m
although there is substantial echo modulation. Values of 7,, for the 10 mM 1:1
water ethanol solutions are similar for Tm** and Tb*" and much shorter than
the~4 ps that is typical for organic radicals and transition metals in organic
solvents at 4.2 K [30]. At these low temperatures, phase memory dephasing for
organic radicals and 3d transition metals is attributed to nuclear spin diffusion
that modulates the electron—proton dipolar interaction [41, 42]. The large spins of
the Tb>* and Tm>* ions increase the dipolar interaction which makes the nuclear
spin diffusion a more effective dephasing mechanism and shortens 7,,. The pro-
ton spin concentration in the oxalate salt is lower than in 1:1 water:ethanol, so
T,, is longer for the terbium oxalate crystal, in spite of the higher electron spin
concentration. Because of the large g anisotropy, even very small motion takes
the spin off resonance and may provide additional explanation for the very short
values of T,,. For the Tb,(oxalate); crystals, there was a trend toward shorter T,

(493-422 ns) as the /2 pulse was increased from 16 to 160 ns, suggesting signifi-
cant spectral diffusion.
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4 Discussion

CW EPR of integer-spin species usually yields stronger signals when obtained in
parallel mode (B, |l to B) rather than in the usual perpendicular mode (B, L to B).
Thus, it might be a surprise that normal perpendicular mode B; was used in the CW,
pulse, and direct-detected spectra reported in this paper. Abragam and Bleaney [5]
report that EPR of these ions is observed in parallel mode, and explain the g;=17.72
as due to mixing of the state |M,>=I0>with IM,>=I+6>. Relaxation in zero
magnetic field was measured by Larsen and Jeffries [43]. The spin selection rule is
AM ;= +1. The g value depends strongly on the symmetry of the environment of the
Tb** ion in doped solids. The values for g, range from ca. 17.8-10.44 and 4.66 in
sites of C,, symmetry [17]. The samples studied in this paper are consistent with the
larger g value reported previously.

As several cited papers, and Abragam and Bleaney [5], explain, since 4f'>2 Tm**
is a non-Kramers ion with *H, multiplet, one does not expect to have doublet ground
states and, hence, EPR spectra are not expected. However, it has been shown that
mixing excited states into the ground state makes transitions in the ground state
allowed [5, 44]. If the degeneracies are removed by the environment of the ion,
only singlet states will occur. However, if some degeneracy remains, then the ion
can have an effective S=1 state. The same argument applies to the 4f5 Tb** "F,
ion. Baker et al. [8] stated that the spectra observed in lanthanum nicotinate dihy-
drate could not be attributed to isolated Tm>* ions, but instead are from pairs of
Tm>*. They show good agreement between line intensities for Tm** in lanthanum
nicotinate dihydrate and predictions that the intensities should be proportional to the
square of the matrix elements of g ugB,.(S;.+S,,). These transitions involve B par-
allel to the magnetic field. Baker et al. describe the Tb** analog as exhibiting “prop-
erties as strange as those of Tm**” [45].

4.1 Comparison with Prior Work

The books by Abragam and Bleaney [46], Orton [6], and Standley and Vaughan
[39], and the 1994 review by Bertini et al. [38] provide comprehensive reviews of
the literature up to their publication dates. There is precedent for observing EPR
of the non-Kramers ions, and for measuring relaxation times in some lattice envi-
ronments. Field-swept echo-detected spectra of Ce**, Nd**, Er**, and Yb*" ions
dissolved in water:glycerol and in water:ethanol were reported by Mims and Davis
[47], but we have not found reports of Tb** or Tm>* dissolved in these solvents.

Tm>* EPR signals were observed in single crystals of thulium ethylsulfate [48].
Previously, EPR had not been observed for Tm>* diluted in yttrium ethylsulfate. The
signals were attributed to Tm>* at sites of C,, or lower symmetry.

The description of Tb>* as “characterized by narrow resonance lines” [49] appar-
ently refers to the CW X-band transition near 600 G, which, under certain incident
power conditions, can look like a narrow line. However, the spectra extend over
more than 12,000 G in both CW and pulsed EPR, with about 40% of the maxi-
mum intensity still present at 12,000 G in pulsed EPR spectra. Because of the long
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relaxation times at 4.2 K, the CW spectra depend strongly on incident microwave
power and modulation frequency and amplitude.

Other reports of CW spectra in various crystal environments include for T
[16, 17,45, 50, 51] and for Tm** [1, 2, 8, 10, 16, 40, 44, 52-57].

No prior measurements of T, have been found for Tb**. The only prior meas-
urements of 7, for Tm?* are by Solovarov and coworkers [1] and Sukhanov and
coworkers [40]. Tm*" in synthetic Forsterite exhibited 7,,=500 ns with B, paral-
lel to the magnetic field at 4.2 K [1]. Relaxation of Tm*>" in Y,SiOs was measured
by pulse methods at W-band (94 GHz) from 5 to 15 K [40]. A Carr—Purcell-Mei-
boom-Gill sequence gave longer 7, than did the two-pulse Hahn echo decay, and 7,
was concentration dependent. The host lattice contained 2831, to decrease the nuclear
spin concentration. For the 0.001% Tm>* sample, T, was about 10 ps at 7-12 K.
The relatively long value of T,, is attributed to the combined effect of the low con-
centration of nuclear spins which decreases nuclear spin—spin diffusion and the low
concentration of paramagnetic species which decreases electron—electron dipolar
interaction. 7', was about 90 ps at 5 K and decreased to about 10 ps at 15 K, which
is a dependence of ca. T®2 [40] that can arise from the Raman process. The splitting
between the ground state and the first excited singlet electronic level was found to be
50.6 GHz. An echo-detected spectrum of Tb** was measured at 1.5 K and 94 GHz
with inter-pulse spacing of 400 ns [58].

Prior work generally found shorter 7| with increasing lanthanide spin concen-
tration, especially near 4 K [59]. Our observations of concentration dependence
(Fig. 5) are consistent with that pattern. Consequently, the T values reported here
are not the low-concentration limit, nor are they free of spectral diffusion contribu-
tions. T, of Tb>* and Tm** depends on the crystal environment, spin concentration,
microwave frequency, and magnetic field, in addition to temperature. Several studies
observed T at X-band near 4 K similar to the values reported here [60-63]. Sev-
eral relaxation measurements of Tb>* in various solids at X-band were tabulated by
Standley and Vaughan [39]. A direct process and T’ dependence were observed in
the helium temperature range.

b3+

4.2 Difficulties in EPR of Lanthanides in Powders or Glasses

Lanthanides with spectra over the entire accessible magnetic field range pose an
extreme challenge. There is no baseline data; no place at which the EPR signal is
zero. Regions without signal are normally relied upon to define baseline corrections
for CW spectra and phasing of direct-detected spectra. The presence of signal at
high field could easily be missed in the first-derivative CW spectra, because a slowly
changing intensity has near-zero derivative, which can incorrectly be interpreted as
a region of no EPR transitions. Relaxation time measurements of lanthanides also
present challenges. Spin echo measurements can provide T, by two-pulse echo
decay, and an estimate of 7, by inversion recovery, but both measurements may be
dominated by spectral diffusion. Saturation recovery spectra are a special problem,
because they almost always require subtraction of off-resonance signals. In these
Tm** and Tb>* data where EPR intensity is present at all accessible fields, there is
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no way to subtract out instrumental artifacts. If the EPR signal is known to be much
more intense than instrumental artifacts, the pulse method results may be a good
approximation to the relaxation times. Some spectral diffusion can be obviated by
pulse methods that suppress the effects of diffusion, such as the “picket fence” of
repetitive preparation pulses that approximate long-pulse saturation recovery. No lit-
erature reports have been found that discuss this problem.

4.3 Signal Quantitation

Determining the absolute intensity of CW or pulsed EPR is difficult, but with good
characterization of the resonator B; and modulation field distributions, it has been
demonstrated that EPR spectra can be quantitatively compared with good preci-
sion and accuracy [64]. Inherent in these quantitative measurements, however, is
the often unstated assumption that there is well-defined baseline on the low-field
and high-field extremes of the spectra. For many of the X-band lanthanide powder
spectra, there is intensity over all accessible magnetic fields—roughly 0-13,000 G
on a standard commercial magnet, and beyond. It is almost impossible to have a
well-defined, linear, baseline over the full magnetic field range of the spectrometer.
Consequently, it is not possible to define the integral of the lanthanide spectra. How-
ever, each of the lanthanides is available in very high purity—99.99 or 99.999%—so
one can make quantitative standards with whatever environment is appropriate for
comparisons with samples of unknown concentration, and measure the intensity at
a defined field, rather than an integral over the full spectrum. This is a general prob-
lem for any spectrum that extends beyond the magnetic field range of the spectrom-
eter used, and not limited to lanthanides.

4.4 Spectral Diffusion

Processes that take spins off resonance on the timescale of the pulse experiments
are designated as spectral diffusion [30]. This may include motion which is con-
centration independent, cross relaxation which depends on the concentration of the
paramagnetic species, and mutual flips of nuclear spins in the environment which
depends on the concentration of the nuclear spins. For the samples studied here, the
spectral diffusion contribution is substantially greater for the higher concentration
samples.

5 Summary

First derivative, magnetic-field-modulated EPR spectra of Tb>* or Tm** have the
appearance of a peak at low magnetic field due to the high g, value. Slowly chang-
ing amplitude as a function of magnetic field results in near-zero slope at higher
field. The CW signal saturates and displays passage effects readily near 4.2 K and
becomes weak and difficult to observe near 10 K. The phase memory time is very
short, which we attribute to the very large change in field that occurs due to very
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small angular motions of the ion and to the enhanced effectiveness of nuclear spin
diffusion because of the large spins of the paramagnetic ions and resulting increase
in dipolar interactions. Field-swept echo-detected spectra exhibit considerable struc-
ture and are not simply analogs of the integral of the CW spectra, due to nuclear
modulation and field dependence of T,,. Pulse spectra show strong signals where the
CW spectrum looks negligible, because the slope is near zero. Field-stepped direct-
detected spectra combine important features selected by CW and pulsed spectra. T
depends strongly on temperature.
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