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Abstract. We report the first observation of nuclear quadrupole resonances in Sm**, detected
optically for both natarally occurring isotopes with nuclear spin (Sm™7 and Sm™) in SIFCI
and BaFCI crystals. Quadrupole coupling constants P are determined in- the 7Fp electronic
ground state and estimates are given for the ratios of shielding parameters (1 — y0}/(1 — o2).
Comparison of the two crystals demonstrates the sensitivity of quadrupolar coupling to Sm**—
ligand interactions. Anomalously small splittings in BaFCl (|#| < 0.05 MHz) are ascribed to
the mutual cancelling of two electric field gradient components (4f shell and direct crystal field
terms). -

The detection of hyperfine or nuclear quadrupole resonances {NQRs} based on the pumping of
the electronic ground state sublevels with narrow-band tunable lasers has been successfully
applied to study trivalent rare earth ions in solids [1]. In particular, NOR in Ev*, which is
isoelectronic to Sm?*, has been observed by optical methods [2,3]. Optical detection has
been noted to be especially advantageous under those circumstances where nuciear magnetic
moments are strongly shielded by the environment. The latter peint was first analysed by
Elliott in a theoretical paper [4] dealing with magnetic and quadrupolar interactions in
Eu?*. For Sm** the situation is probably even worse for conventional NMR, as the nuclear
gyromagnetic ratios themselves are three-six times smaller than for Eu®*. In the present
article, ODNQR measurements are described for the first time for Sm>*+.

The study is based on the finding that the ground state sublevels of Sm** in MeEX .
type crystals can be optically pumped via degenerate Dy (E) excited states [5]. Sm**
enters substitutionally into these crystals by occupying the cationic site with Cyy, symmetry.
Structural data [6] as well as crystal field parameters determined from optical spectra [7, 8]
are available for BaFCl and SrFC! hosts, which gives the possibility of comparing the
shielding effects in crystals of the same structure (P4/nmm, Dy point symmetry) and
close composition. Single-crystal species with 2 nominal Sm doping level of 0.02-0.3 at.%
were grown as described in [9]. _

Optical pumping of the ground state sublevels was performed at the centre of the
SDy(B)-"Fy(A;) transition (near 630 nm) using a single-frequency dye laser (CR 699-21,
linewidth < 2 MHz). Irradiation on this transition (typically 1 s at 0.1 mW c¢m™2) produced
a narrow and stable hole in the inhomogeneously broadened spectrum. Figure 1 shows two
holes, burned successively at two different frequencies, and detected in the fluorescence
excitation spectrum. The holes, which showed characteristic antiholes on both sides, could
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be burned at temperatures T < 22 K. Below T = 8 K, the hole decay time was determined
to be longer than 1 h. Maximum relative hole depth (23%) was close to the total natural
abundance of stable Sm isotopes with nuclear spin (15.0% for Sm'¥’ and 13.8% for Sm'*,
I = % for both isotopes [10]). As will be shown below, all the ground state quadmipole
splittings are smaller than 2 MHz. The appearance of antiholes at 2040 MHz distance is
therefore related to the hyperfine splittings in the excited E state (figure 1, inget). Further
details concerning optical hole burning will be given elsewhere. We simply add here that
the hole burning (i.e. optical pumping) yield was estimated to be relatively high, greater
than 10%.
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Fipure 1. Spectral holes in the fluorescence excitation spectrum of Sm?*:SrECL  Inset:
simplified scheme of optical pumping. Only three of eight excited state hyperfine levels and
only the pumping from an [; = :i:% ground state level are shown (1155 is the laser frequency).

Increased population in the ground state i% and :I:% levels leads to the appearance of antiholes
at the probe frequencies vgn ™ (Vs == Avpg).

Ground state NQRs were detected by RF-induced hole filling [11]. At the fixed laser
frequency the intensity of non-resonant fluorescence (A > 690 nm) was monitored during
the RF scan. When the resonance occurs between ground state sublevels, then the Sm?t
ions pumped to another sublevel during initial optical irradiation {hole burning) will be
partly returned to the original optical frequency. As a result, the absorbance at the laser
frequency, and the fluorescence intensity, will be increased. An RF field was provided by
a computer controlled synthesizer, 200 W amplifier, and three-turn coil around the sample.
The following measurement method was used: between two signal count periods (A and B)
of equal length an RF pulse {(~ 100 W) was applied, and the difference spectrum (A — B)
was recorded. Typical RF pulse lengths were 0.1-0.3 s at a duty cycle of 20%. Before the
synthesizer output frequency was turned to a new value, the light intensity on the sample
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was increased for a short time (from 0.01 to 5 mW cm™2 for 0.2 s) in order to keep the
difference in sublevel populations at 2 maximum level. In all measurements the samples
were held in liquid He at T =2 K.

The sublevel energies in a "Fy state should be determined by similar factors as for the
isoelectronic Eut [4, 12]. For a C4y symunetry site,

E =P — I +1)/3] . (1)
2
P = P+ Py’ + Py 7 2)

where Py 1s the direct crystal field gradient term, P‘ffz) is the second-order contribution
from 4f electrons (arising from J # 0 states mixed to the ground state by the crystal field), .
and P, is the second order hyperfine (pseudo-quadrupole) term.

Experimental spectra for Sm?*: S1FCI are shown in figure 2. One observed two sets of
lines (corresponding to two jsotopes) with the frequencies of one'set in the ratio of 1:2:3.
The latter ratios are fulfilled exactly within experimental error limits, which shows that the
spectra are characteristic for an I = % spin under axial symmetry, thus confirming our
initial assignment of the hole burning mechanism. Figure 3 presents corresponding spectra
in the BaFCl host, where the resonances were found at markedly lower frequencies. The
lines are broader and only two Sm'* transitions (% < % and % <« %) are clearly resolved.
The absolute values of the coupling constants, determined in StFCl and BaFCl at T = 2 K,
are given in table 1. '

The lines could be fitted with Gaussian or Voigt profiles. This difference was not
investigated in detail, but it probably arose due to slightly different degrees of saturation.
To avoid significant distortions, the RF pulse areas were adjusted so that the difference
signal was below its maximum (fully saturated) value. In addition, the coincidence of
the resonance peak positions at two different directions of RF. sweep was checked. The
linewidths are almost equal for all the transitions of cne isotope in a given host: 1.7-
1.9 kHz for Sm"?: S1ECI, 5-7 kHz for Sm'*": SIFC}, and 25 kHz for Sm'¥: BaFCl. As the
ratio of the linewidths for two isotopes in SrFCI is approximately equal to the ratio of the
corresponding quadrupole moments, one can ascribe the broadening to the (strain induced)
random field gradients. The violation of 1:2:3 ratio for the linewidths of one isotope can
then be explained by the influence of low-symmetry field gradients, as their contributions to
the linewidth, if taken in the order of increasing I,. are gradually decreasing. Regarding the
relatively strong broadening in BaFCl, we note that the inhomogeneous widths of optical
transitions were also bigger in this host. In addition, for perturbing uniaxial fields the ratio
between 4f and lattice contributions to P may be different from that for the C4, main field,
and thereby, the cancelling between these two contributions (which actually leads to small
resonant frequencies in BaFCl, see below), may not take place for the linewidths.

Table 1. Quadrupole coupling constants | P} (kHz).

Isotape

Host Sm!¥ sm!#

SIFCE  79.63(3)  27248(6)
BaFCl — 41.5(2)
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) Figure 2, 0pNGR in the TFy ground state of Sm?*: StFCL T = 2 K, nominat Sm concentration
= 0.02%.

In order to clarify the dependence of the field gradient on the host crystal, a detailed
inspection of different contributions to P should be undertaken. The magnetic Py, term can
be shown to be negligible in a first approximation (analogously to Eu** {4, 13]). Substituting
the values of Sm nuclear magnetic moments [10] and the required spectral data [7, 8] into
the appropriate formula in [13], one obtains that |Pq| < 1 kHz for all cases. For example,
Po(Sm'*") = 0.39 kHz and Ppq(Sm'*) = 0.27 kHz in SrFCl. The main terms in (2) can
be written as [12, 14]

PP =162 QBHr a1 — Ro)/ 12T — 1)]Mpa/ Age 3)
Pun = —3Q(BE — Ba)(1 — yeo) /12E — DrYar(l — o) “

where Mo, is the squared module of the reduced matrix element (7F,]je||"Fy} (== 0.231
[4]), and Agp is the difference between the energies of corresponding levels: Agy(SrFCL) =
834 cm™" [8] and Agy(BaFCl) = 820 cm™' [7}]. The crystal field parameters BZ, determined
from optical spectra, are equal to 58=x4 cm™! and —93 cm™, respectively [7,8]. BZ, is the



Detection of Sm** nuclear quadrupole resonances 5925 -

T 1 b osm™ 7
0.1 O.I2 0.3
frequency [MHz]

Figure 3. Sm®" opngr in the BaFCI host at T = 2 K. Sm concentration = 0,3% (a, &) or 0.1%
(c). Spectrum (b} was recorded at a two times smaller RF power than spectrum (a).

contact interaction part of the quadrupolar crystal field parameter, arising from 4f and ligand
wave functions overlap, covalency, and charge interpenetration [14]. For free ion radial

integrals we will use the values calculated by Freeman and Desclaux [15]: (r%)4 = 0.33 Az,

{r—3. =425 A%, The values of quadrupole moments, Q(Sm'*7y = —0.259(26)6 and
Q(Sm"?) = 0.075(8)b, are taken from [10].

Yoo 15 the lattice Sternheimer factor describing the enhancement of crystal field at the
nucleus due to the polarization of closed shells, Rq describes the screening of the field
gradient set up by the partly filled 4f shell (atomic Sternheimer factor), and o, is the
shielding factor for the crystal field at the position of 4f electrons. Shielding factors for
the Sm>t free ion have been calculated by Gupta and Sen [16]: Rg = 0.124, y,, = —73,
oy = 0.58. The value of (1— Rg) can be assumed to be relatively precise, as all the reported
values for rare earths are situated in the range of 0.7 < (1 — Rg) < 1.0 (moreover, the
coincidence of different results for a given atom or ion js better than £5%) [16-18]. The
values of y.,, calculated for free ions, lie near —70 for the whole lanthanide series, and oy,
as a rule, is between 0.5 and 0.7 [16, 17, 19,20]. -

On the basis of the data given above one can evaluate the theoretical values of the
41 electron term (3), which, when subtracted from the experimental coupling constants P,
yield the values for Pie. The results for Sm'#’ are collected into table 2. As the sign of P
was not determined from the experiment, two possibilities are shown.

It has been the usual practice to calculate the rafio ag = (1 —-¥x)/(1 — crz) from the
expression (4) (by assuming implicitly that Bo describes adequately the electrostatic field at
the position of 4f electrons). The values of ay,, determined by this procedure for 4f trivalent
ions and summarized in [16], are al} between 130 and 300. Newman and Price [14], by
including the crystal field contact terms on the basis of a superposition madel analysis, have
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Table 2. 4f and latiice contributions to P (for Sm*7), and the vatues of o,

Host P® (Hz)  signof P Py (KHZ) (1~ yeo)/(1 — 02)

SIFCl  —-356 . -+ 628 320
- . 84 40

BaFCl 581 + —~539 170
- - —623 200

Theoretical value for Sm?* free ion [16] 180

found that the value of e, should actually be 670 for Gd**. The difference from the free
ion theoretical value was ascribed to the greater 4f shielding (o, = 0.9 instead of on = 0.6).
Whatever the reason for the latter discrepancy, it is evident that for Sm?*: StFCI only the
case P > 0 is consisient with previously reported data on rare earth systems. Also, if we
exclude the case P(SrFCI) < 0, then the values of oy, given in table 2, are not so far from
the theoretical one.

It further follows from table 2 that the anomalously small quadrupolar coupling in BaFCl
results from the mutual cancelling of two field gradient components. The sign of P cannot
be determined in this case. Nevertheless, the mean value of ¢, can be given with relatively
high precision: oy, = 185 == 35 (the uncertainties of @ and B} will not be transferred into
the value of oy at Py = Pg) ). For the SrFCI host the following final value can be given:
ofsh = 320 50. Note that a quite similar material dependence has been found for Tm>* in
stoichiometric compounds: &g = 250 in Tm ethyl sulphate and ag = 130 in TmyQ4 [21].

Alternatively, by adopting the assumption of [14] (the effect of 4f contact terms
should be taken into the account in the first order; shielding factors do not depend on
the environment), it follows from table 2 that the pure electrostatic field (B2 — B2.) is
nearly equal by its absolute value but has opposite sign in the two studied compounds.
Consequently, under this assumption the contact parts of the gquadrupolar crystal field
parameters should fulfill the relation BZ (BaFCl) + B2 (SrFC}) o —35 em™, which means
that at least ~ 25% of the BZ value is due to unshielded 4f-ligand interactions. This relative
size of BZ, is indeed rather common in different types of crystal [22]. For Sm?* in StFCl
and BaFCl the crystal field has been parametrized within the frame of the angular overlap
maodel 7,8], but the role of contact-type interactions has not been separated. Still, these
interactions are probably not negligible, as the ratios Bf/Bf and BS/BS were shown to be
markedly different from corresponding electrostatic model ratios. It is also worth noting
here that the ligand contributions to the B} parameter tend to be extremely sensitive to
small angular changes in the present crystals [23].

Regarding the possible host dependence of the (anti)shielding factors, the necessity of
considering the 5p,6s-ligand overlap has been suggested for both o2 and e [16,19,24].
At the interpretation of experimental data it has been most frequently assumed that only the
shielding of the 4f shell is sensitive to the chemical bonding (see, e.g., [12,21]). Model
calculations of the Sternheimer antiscreening in the Pr°+-CI™ system showed that the charge
redistribution in the overlap region leads to the reduction of the ¥, value (by 20-40%), but
only a weak radial dependence of yo, was found at typical ionic distances [24]. A crude way
to estimate the sensitivity of shielding factors to the expansion of the wave function is to
compare the different results obtained with the same calculation method but using different
free ion wave functions. For the most studied ions, Tm*" and Pr*t [16, 17,19, 20, 251, we
actually found that the results differ by ~ 10% for 3, and by ~ 20% for yu ({r?} variations
being also about 20%). In the light of these data sizeable effects due to the (anti)shielding
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factors cannot be excluded. However, in order to give any estimates for these factors in the
studied compounds, detail theoretical modelling is needed, especially with respect to the
angular dependence. .

To summarize, we conclude that, although no final mechanism can be indicated at -
the present stage, the host dependence of quadrupolar coupling is essentially determined
by Sm**-ligand interactions. In the frame of a simple electrostatic model (electric field
gradient at the nucleus is proportional to B2 and shielded charges are completely external
with respect to the Sm>* ion). the NQR frequencies of Sm®" should be 1.6 times bigger in
BaFCl. In reality, they are six times smaller in this host. This discrepancy is demonstrated
to be either due to a ~ 50% difference in the shielding factors (different Sp-ligand overlap
in the two crystals), or due to = 25% contribution from 4f-ligand contact interactions into
BS'. The given estimates (or limits) for g, and B&c may serve as the starting values for
further detailed crystal field calculations on the studied systems.

"The ratio of quadrupole moments can also be estimated for the two Sm isotopes. After
substraction of small pseudo-quadrupolar corrections from the data given in table 1 for
Sm?*: StECI, one obtains ({147)/0(149) = —3.429(2). This can be compared to the
values determined for neutral Sm from atomic beam magnetic resonance data, —3.4601(3)
(26], and for Sm*":LaCl; from ENDOR spectra, —3.392(14) [27]. We note that our value
may include an additional error, because Fpq was calculated using the free ion parameters.
Taking into account that deviations of up to 10% have been determined for the magnetic
moment matrix elements in the BaFCl crystal [28], we estimated the uncertainty of the above
given quadrupole moment ratio to be =1.2%. An improvement of the preciseness would
be of interest (for example, by measuring the Dy state NQR [29]), especially because no
external magnetic field corrections are needed for ODNQR data. Using the exact quadrupole
moment ratio it is also possible to fill the space in table 1: |P(Sm'¥: BaFCl)| = 12 kHz.

To conclude, we note in addition to what was mentioned in the introductory paragraph
that the possibility of quadrupolar sublevel pumping in Sm*":MeFX-type crystals may
be useful for optical hole burning applications, especially in view of the high pumping
efficiency and slow relaxation between closely spaced sublevels.

This work was supported by the Swiss National Science Foundation.
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