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Abstract

170Yb and >’Fe Mossbauer spectra are reported for hexagonal phase YbMnO3 and
Yb(*’Fe,Mn;_,)03 (x = 0.005, 0.01), respectively. The dilute concentrations of 3’ Fe are
demonstrated to provide a reliable, non-perturbing Mossbauer spectroscopy probe of the Mn
sub-lattice magnetization. Substitution of up to 1 at.% >’Fe exerts negligible influence on the
Néel temperature (7y, ~ 88-89 K) and point charge model estimates of the electric field
gradient agree well with experimental >’ Fe Mossbauer results in terms of both sign and
magnitude. The '7°Yb Mossbauer spectrum recorded at 4.5 K provides support for strong
crystal field quenching with isolated Kramers doublet ground states at both Yb sites. A ‘static’,
five-line sub-spectrum is tentatively assigned to the 4b site, for which the slowed fluctuation of
the Kramers doublet is attributed to non-zero magnetic exchange with the antiferromagnetic
Mn sub-lattice. This is not the case for the 2a site whose sub-spectrum is a motionally narrowed
single line. On the basis of this work, the saturation magnetization for the ordered

Yb sub-lattice (7Tn, < 3 K) is estimated at 1.8 ug per formula unit, in close agreement with

single-crystal magnetization data reported elsewhere.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The heavier rare earth manganites, RMnOs; (R = Y, Ho — Lu),
crystallize in the hexagonal LnMnOs-type structure with the
space group P6scm. There is one manganese site (6¢) and
two rare earth sites (2a and 4b) [1-3]. These manganites are
currently of interest because they undergo both a ferroelectric
transition at 7¢ &~ 1000 K and an antiferromagnetic transition
at a lower temperature (7x, ~ 100 K) due to strong couplings
between the Mn>t moments. In addition, the Mn ions form a
corner-sharing triangular network which leads to geometrical
frustration [4]. Using conventional bulk magnetization meth-
ods, the Néel temperature for YbMnO3 has been reported in
the literature as 82 K [5] for a single-crystal specimen and
88 K [6, 7] for powdered specimens. A recent infra-red ab-
sorption study of single-crystal YbMnO; reported a Néel tem-
perature of 75 K [8]. This was determined by monitoring the
exchange splitting of the Yb*" 4b site, crystal field (CF) levels
as a function of temperature.
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In this present work, we have employed >'Fe Mdssbauer
spectroscopy to probe the Mn sub-lattice magnetization of
YbMnOs as a function of temperature. To that end, the Mn
sub-lattice has been doped with dilute concentrations (0.5 and
1.0 at.%) of enriched >'Fe. In addition, '"°Yb Mossbauer
spectroscopy at 4.5 K has been used to investigate the magnetic
behaviour of the Yb*" ions already present as a stoichiometric
component of the compound.

2. Experimental details

Specimens of YbFe,Mn;_,O3 (x = 0, 0.05, 0.01) were
prepared from stoichiometric amounts of Yb,Os3 (99.9%),
Fe;03 (99+%) and MnCOs3 (99.9%). The Fe, O3 employed
was enriched to 96 at.% >"Fe (compared with the natural
isotopic abundance of just 2.2 at.%). Given that Yb, O3 absorbs
CO, from the atmosphere, it was heated in air at 500 °C for 1 h
prior to weighing. The materials were then mixed intimately
using a mortar and pestle, pressed into a pill, and heated in air

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. X-ray powder diffraction patterns for Yb(*’Fe,Mn;_,)O;
with x = 0, 0.005 and 0.01.

at 1250°C for 16 h. This process was repeated three times.
For the first heat treatment cycle, the temperature was held at
900°C for 1 h before proceeding to 1250 °C. The purpose of
this was to allow the expelled CO; to diffuse gently out of the
pellet.

X-ray powder diffraction patterns (figure 1) recorded
using Cu Ko radiation were consistent with a single hexagonal
phase for all three specimens. The solid curves drawn through
the data in figure 1 were fitted using Rietica [9]. The fitted
lattice parameters are given in table 1. The change brought
about by the Fe substitution is relatively minor, although the
unit cell volume is some 0.2% less for x = 0.01 than for the
lower concentrations and there is a worsening of the quality
of the fit (increasing profile residual, Rp) as x increases. The
lattice parameter values derived for pure YbMnOj lie at the
mean of the sets of parameters reported by van Aken et al
[2, 3], Katsufuji et al [5] and Zhou et al [10].

A Quantum Design PPMS susceptometer was used to
measure the AC magnetization data for a 500 mg specimen
of pure host material. The best results were achieved in zero
applied field with a frequency of 10 kHz and Bac(max) =
0.1 mT.
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Figure 2. Temperature dependence of the AC magnetic
susceptibility, x, at low temperatures in zero external field.
The inset shows the dx /dT as a function of temperature.

Table 1. Lattice parameters, cell volumes, profile residuals for the
Rietica analyses, and Mn sub-lattice ordering temperatures, Ty,
(xac = AC susceptibility; MS = 3"Fe Mossbauer spectroscopy) for
Yb(*’Fe,Mn,_,)O3 with x = 0, 0.005 and 0.01.

a c \% Ty,
x (nm) (nm) (nm?) R, (K)
0 0.6062(1) 1.1371(1) 03619(22) 87 88 (xac)
0.005 0.6064(1) 1.1367(1) 0.3620(2) 7.7 <88(MS)
0.01 0.6056(1) 1.1369(1) 0.3611(12) 9.2 >89(MS)

The ’Fe Mossbauer spectra were recorded for sample
absorber temperatures over the range 4.2-300 K using a
commercial >’Co:Rh source mounted outside the cryostat at
room temperature and a Kr(CO,) gas proportional counter.
The absorbers were comprised of 210 mg cm™2 of specimen
material diluted with CB4. For '7Yb Mdossbauer spectrum
acquisition, both the source and absorber (2600 mgcm~?)
were mounted vertically inside a helium-flow cryostat at 4.5 K.
The 20 mCi '"°Tm source was prepared by neutron activation
of ~25 mg of Tm as a 10 wt% alloy in aluminium. The
84.25 keV y-photons were resolved from the various x-rays
emitted by the source using a high purity Ge detector. Both
drives were oscillated in sine mode. In the "Fe Mossbauer
case, the drive velocity was calibrated against the spectrum for
a-Fe. The '7°Yb Mossbauer drive velocity was calibrated using
a laser interferometer mounted on the back of the drive.

3. Results and discussion

The AC magnetic susceptibility data, recorded with a high
density of data points over the temperature range 60—110 K, are
presented in figure 2. There is a small feature associated with
the Néel temperature at 7Ty, = 88 K which is more evident in
the plot of the temperature derivative (inset in figure 2). These
data bear a close resemblance to the DC magnetization data
of Huang et al [7] and the Néel temperatures are in excellent
agreement.
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Figure 3. Temperature-dependent 3’ Fe Mossbauer spectra of Yb(*’Fe,Mn;_, )O3 with (a) x = 0.005 and (b) x = 0.01.

Table 2. Experimental results for (a) >’ Fe Mossbauer and (b) '"°Yb Mossbauer spectroscopy investigations of hexagonal Yb(*’Fe,Mn,_,)Os.
The isomer shift, 8, is given relative to a-Fe (for ’Fe) and '"°Yb:Tm(10 wt%)Al (for '7°Yb). @ is the orientation of the magnetic hyperfine
field Bys with respect to the principal z-axis of the electric field gradient tensor. Various point charge model (PCM) and crystal field (CF)
theory estimates for By and the quadrupole interaction strength, e QV. ., are included for comparison.

T 8 r e Q sz B¢ [%
(K) X (mms™")  (mms™) (mms~") (T) (deg)
5TFe Mossbauer
PCM —3.36(16)
Expt 205 0005 +40.2923) 034(2) ~3.36(2)
0.01 +0.296(2) 0.35(1) —3.34(2)
420005 +0.420(7) 0.39(2) —320(2)  47.073) 90
0.01 +0.421(3) 0.38(2) —3.14(2) 46.67(2) 90
170Yb M6ssbauer
Free ion +55.7 412.5
CF (4b site) <3.5 183.2
Expt 45 0 40.012(1)  3.2(1) 1.68(1)  173.5(1)
(“static’)

The ’Fe Mossbauer spectra for x = 0.005 and 0.01
are presented as a function of temperature in figures 3(a)
and (b), respectively. At the extremes of the temperature
range, the Mossbauer spectra are relatively straightforward.
The room temperature Mossbauer spectrum is a single doublet
corresponding to the paramagnetic phase. At 4.2 K, the
spectrum is a single magnetically split sextet corresponding
to the magnetic phase. The fit parameters for the room
temperature and 4.2 K spectra are summarized in table 2. In
order to achieve similar values of the quadrupole interaction
strength e Q 'V, at the two temperatures, it was necessary to set
the magnetic hyperfine field By perpendicular (6 = 90°) to the
z-axis of the electric field gradient and employ a full analysis
of the mixed magnetic/quadrupole hyperfine interaction. The
4.2 K values of By = 47.1 T (x = 0.005) and 46.7 T
(x = 0.01) are typical for the high spin S = 5/2 state of
Fe3*. For example, similar saturated fields were observed for
>TFe probes in the green phase cuprate Gd,BaCuOs [11].

In the intermediate temperature range, the magnetic
spectra are seen to collapse with increasing temperature
(figure 3). As the temperature approaches 7y,, the magnetic
sextet becomes increasingly broadened and coexists with
an increasingly intense paramagnetic doublet. The line
broadening is asymmetric. This can often be attributed to a
By distribution caused by variation in the number of nearest
neighbours that are also >’Fe. However, for the specimens
considered here, the 'Fe concentrations are very small and
there is no evidence of asymmetric line broadening at 4.2 K. It
is more likely that this is a relaxation effect. Similar relaxation
spectra were observed for dilute >’Fe probes in the generic
Lay/3Ca; ;3MnO; [12]. On the basis of a close similarity of the
asymmetric line broadenings observed for the present spectra
and for spectra reported elsewhere for iron oxides [13, 14], we
employed the same slow relaxation analysis model as those
authors. The fitted theory curves are shown in figure 3 and the
maximum By values are presented as a function of temperature



J. Phys.: Condens. Matter 20 (2008) 255213

H A Salama et al

50

By (*’Fe:YbMnO3)

40

100 &

Bni[T]

80 |
20+ 60 |

40

Doublet [%]

20

70 80 90 100

0 20 40 60 80 100
Temperature [K ]

Figure 4. Temperature dependence of the °'Fe hyperfine field, By,
for Yb(*’Fe,Mn;_,)O3 with x = 0.005 (open squares) and 0.01
(solid triangles). The solid line is a fit of the empirical formula
(equation (1)) to the experimental data with o« = 2.6 and g = 0.27.
Also included are the Brillouin curve for § = 2 (dotted line) and the
1(Mn) data for YMnOs; ([15]) which have been scaled to the same
saturation value and ordering temperature (crosses and broken
curve). The temperature dependence of the paramagnetic doublet
intensity is shown in the inset for x = 0.01.

in figure 4. The variation of the relative paramagnetic doublet
intensity is shown in the inset of figure 4 for x = 0.01.

From the appearance of the 3'Fe Mossbauer spectra and
the temperature dependence of By at the ’Fe probe, it is
concluded that the "Fe-doped specimens order at <88 K (x =
0.005) and >89 K (x = 0.01) where the uncertainty is of
the order of 0.3 K. The two values are included in the final
column of table 1. It is possible that there is a genuine increase
induced by the additional 3’Fe content but it is small compared
with the range of ordering temperatures reported elsewhere in
the literature. The temperatures are in close agreement with the
magnetic susceptibility determination of 7y, = 88 K for the
pure host material. It is intriguing that the Néel temperatures
determined here are similar to previous determinations for
polycrystalline specimens [6, 7] but significantly higher than
the values of 82 K [5] and 75 K [8] determined for single-
crystal specimens (it may yet prove to be significant that the
paramagnetic doublet component of 3’Fe Mossbauer spectra
approaches zero intensity in the latter temperature range). The
temperature dependence of Bys has the general appearance of
a molecular field theory curve but is more closely represented
by an empirical relationship (solid theory curve in figure 4) of

the form
7\%\”
Byps = Bi(T =0) <1 - (T_) > (D
N

witha = 2.6 and 8 = 0.27.

Neutron diffraction has been used on several occasions to
determine the magnetic moment as a function of temperature
for the Mn sub-lattice of YMnOs3 [15-17] and a scaled version
of the set of data due to Park er al [15] is included in
figure 4 for ease of comparison. It is evident that the Mn sub-
lattice magnetization for pure YMnOs exhibits very similar
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Figure 5. '"Yb Mossbauer spectrum for YbMnOs at 4.5 K. The
fitted theory curve is comprised of a ‘static’ five-line magnetic
sub-spectrum (green on-line) and a motionally narrowed, single-line
sub-spectrum (red on-line) that corresponds to a rapidly fluctuating,
well-isolated, Kramers doublet.

temperature dependence to that of the present By results for
STFe-doped YbMnOs. This is supported by the fact that
the empirical relationship parameters of ¢ = 2.2(7) and
B = 0.34(8) derived for YMnO; (Lonkai [17]) compare
favourably with those obtained above. On the basis of these
observations, the dilute >’Fe probes appear to behave as an
integral component of the Mn sub-lattice. That is, the 3'Fe
concentration has negligible influence on 7y, and the local >"Fe
moment follows closely the expected temperature variation of
the Mn magnetization.

The '"°Yb Mossbauer spectrum recorded for pure
YbMnO;3; at 4.5 K is presented in figure 5. The best
theoretical fit to the spectrum was achieved with a ‘static’,
magnetically split, five-line sub-spectrum superimposed on a
broad single-line sub-spectrum with relative intensities of 2:1.
The quadrupole interaction is too small to justify a full analysis
of the mixed magnetic/quadrupole hyperfine interaction for
the ‘static’ sub-spectrum and a simple coaxial interaction was
employed. For this reason it was not possible to determine
the orientation of the magnetic hyperfine field with respect
to the c-axis, and the fitted quadrupole interaction strength
is a value ‘projected’ onto the direction of the hyperfine
field. The fitted parameters for the ‘static’ sub-spectrum are
included in table 2. The isomer shift, given with respect to
the Tm(10 wt%)Al source, is negligible compared with the
linewidth. At 3.2(1) mm s~ !, the linewidth, T, is larger than
the value of 2.66(12) mm s~ recorded with the same source
and a standard specimen of YbBg but it is typical for ceramic
materials of the type considered here. The magnetic hyperfine
field value of 173.5(1) T and the quadrupole interaction
strength of eQV,, = 1.68(1) mm s~ are significantly smaller
than the maximum possible Yb** ‘free ion’ values of 412.5 T
and 55.7 mm s~! [18], respectively. This implies strong CF
quenching of the electronic angular momentum, consistent
with the work of Divi§ et al [8] who deduced well-isolated,
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Kramers doublet ground states for the two Yb sites. It is likely,
therefore, that the collapse to a broad, single-line sub-spectrum
is due to rapid fluctuation of the Kramers doublet. Here, ‘rapid’
is to be taken as fast when compared with the rate of the '"°Yb
nuclear magnetic moment’s Larmor precession. As a useful
reference, the ‘static’ sub-spectrum’s fitted hyperfine field of
173.5 T corresponds to a precession time of ~2 x 107 s.
For the purpose of the spectrum analysis, we employed the
relaxation model of Wickman et al [20]. The relaxation time
of the rapid spin fluctuations was determined as ~6 x 107! s.
The fit was performed manually by a process of trial and error
and it was difficult to assign an uncertainty to this parameter.
Similar low temperature spectra were observed by
Hodges et al in their investigation of geometrically frustrated
Yb,Ti,O; [19]. For that system there is only one Yb site
and the presence of the ‘static’ sub-spectrum was attributed
to a slowing down of the dynamics of short range correlated
spins, associated with a first-order transition at 0.23 K. It
is conceivable that a similar mechanism could come into
play in YbMnOs. The Yb sub-lattice is reported to order
magnetically at Ty, ~ 3 K [21], just below the spectrum
acquisition temperature of 4.5 K. However, the ratio of the
intensities (2:1) of the ‘static’ and single-line sub-spectra
suggests that the ‘static’ sub-spectrum is associated with Yb**
ions located at the more prevalent 4b site and the broad
single-line sub-spectrum is associated with the 2a site. If this
interpretation is correct, then the Kramers doublet’s slower
fluctuation rate at the Yb 4b site more probably has its origins
in the antiferromagnetism of the Mn sub-lattice. It is generally
assumed that the triangular spin arrangement of the local
Mn moments results in a zero net molecular field at the
rare earth sites. It is interesting, therefore, that Divi§ et al
[8] observed magnetic splitting of the IR transitions below
Tx,. However, this was just for the lower symmetry 4b site,
a feature that they were able to use as a convenient label.
Given that the Mn moments are directed perpendicular to the
crystallographic c-axis, the influence of the molecular field
arising from them would be to split the Kramers doublet and
induce local moments in the basal plane, thereby slowing the
fluctuation rate for the Yb*>" ions only at the 4b sites.

4. Point charge model and crystal field theory

The hexagonal RMnOs structure consists of MnOs bipyramids
stacked in layers alternating with layers of R>* ions.

4.1. The Mn site

Each Mn’* ion is surrounded by three in-plane and two
apical oxygen ions (figure 6). Strictly, the Mn 4c site has
monoclinic m (Cg) point symmetry which is consistent with an
asymmetric electric field gradient tensor (1, 7 0). However,
the local bipyramidal environment is well approximated by
trigonal symmetry and a point charge model (PCM) summation
over the five nearest O>~ neighbours yields V.. &~ —7.68 x
102 Vm~2 and n = 0.01 &~ 0 with respect to axes Xgrg,
zerG || a,c. Given that the Fe** and Mn?" ions are of
comparable radius (57 ~ ryt A~ 0.58 nm for fivefold

Yb (4b)

Yb (2a)

Figure 6. Mn and Yb site configurations for the hexagonal (P 65cm)
YbMnOj structure.

coordination [22]), it is reasonable to assume that the Mn site is
not significantly distorted by Fe** substitution. Furthermore,
Fe** is an S-state ion with a negligible 3d shell contribution
to the electric field gradient at its nucleus. Adopting Q(I =
3/2) = +0.21(1) b, (1 — y») = 10 and Ey = 14.412 keV,
the quadrupole interaction strength acting at the ’Fe probe
nuclei is then estimated at e QV,, = —3.36(16) mm s~!. This
estimate is included in table 2 where it is seen to be in excellent
agreement (both sign and magnitude) with the experimental
quadrupole interaction strength determined by >’Fe Mossbauer
spectroscopy. As mentioned in section 3, the best fits to
the low temperature Mossbauer spectra were achieved with
By perpendicular to zgrg Where zggg is parallel to the c-axis
according to the above PCM calculation. This confirms that
the triangulated Mn sub-lattice magnetization lies in the basal
plane, as determined elsewhere by Fiebig et al [23].

4.2. The ytterbium sites

The near-neighbour oxygen environments for the Yb 2a and
4b sites are also shown in figure 6. Divi§ et al [8] analysed
their IR absorption spectra for single-crystal h-YbMnO3 and
used a semi-empirical approach to arrive at preliminary sets
of CF parameters for the two sites. The 2a and 4b sites have
point symmetries 3m (C3y) and 3 (Cs) respectively. However,
given that the two local environments are very similar, it was
assumed that the 4b site is also well approximated by the Cs,
symmetry. In order to consider the influence of the CF splitting
of the ’F; /2 ground term on the 170Yb Mossbauer spectrum,
we have converted the results of Divi§ et al [8] to the Stevens
operator equivalent formalism ([24] and references therein) so
that the CF Hamiltonian is then represented by

Hcr = BYOJ+ B OJ + B} 0} + B O+ B} 02 +BLO¢ (2)
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Table 3. Properties of the Yb** Kramers ground state doublets, |+£) = :i:alq:%) - b|:|:%) F clﬂ:%), for the two Yb sites of hexagonal
YbMnOs;. All values are based on the preliminary crystal field parameters reported by Divi§ ef al [8].

Yb site a b c (J3) @BIZ-JUJ+1D) g g1
2a +0.454 —0.647 F0.613 1.007 2.235 2302 3.597
4b +0.449 —0.630 F0.634 1.099 3.096 2.512  3.555
with Bg = —4.1 K, Bff = 15.5 mK, Bf = —11.7 K, Where the various symbols have their usual meaning [24] and

Bg = 8.0 mK, Bg = —53.7 mK and Bg = 91.0 mK for
the 2a site and BY = —6.6 K, BY = 18.0 mK, B = —13.5K,
B} = 93 mK, B} = —61.9 mK and B = 105.4 mK for
the 4b site. Diagonalization of the CF Hamiltonian yields, for
each site, a CF scheme where the ground state is a well-isolated
Kramers doublet of the form

|4) = +alF3) — bl£3) Fel£]) 3

with coefficients, expectation values (J;) and (3J2 — J(J +
1)), and effective g-values as shown in table 3. The
next excited Kramers doublets are at energies of at least
600 K and the maximum IR transition splitting of ~30 cm™!
(or ~44 K) observed by Divi§ et al [8] is small by
comparison. The spectrum analysis model of a well-isolated,
fluctuating Kramers doublet is therefore clearly appropriate
at the relatively low '7°Yb Mdossbauer spectrum acquisition
temperature of 4.5 K. As expected, the predicted ground state
expectation values of (J,) and (3Jz2 — J(J 4+ 1)) (refer to
table 3) are significantly ‘quenched’ when compared with the
free ion values of J = 7/2and3J%>—J(J+1) = J(2J—1) =
21, respectively.

If we persist with the interpretation that the ‘static’
component of the !7°Yb Méssbauer spectrum is associated with
the Yb 4b site, then it is possible to arrive at a CF model
estimate of the magnetic hyperfine field. The influence of
a magnetic field on a Kramers doublet with effective spin
S = 1/2 is described in the appendix of [25]. For the special
case of a molecular field applied perpendicular to the c-axis,
(Sy) = £1/2 and (S;) = 0. This means that

Jx . S)C
Byt = Bys(free ion)% = Bys(free 1on)&1>. 4)

8J
Substitution of the CF model estimate of g, (4b) = 3.555
(from table 3) and g; = 8/7 for Yb** gives By = 1832 T
which is in close agreement with the fitted value of 173.5 T.
CF model estimation of the quadrupole interaction strength is
less reliable in the sense the total e OV, involves a summation
of 4f shell and lattice contributions that are of opposite sign.
Numerical solutions of the 4b site CF Hamiltonian with
molecular field acting perpendicular to the c-axis indicate that
the expectation value, (3 Jz2 — J(J + 1)), is only marginally
affected. However some additional off-diagonal terms are

introduced. If we ignore these for the moment, then

eQV,.(4f) = eQV_ (free i0n)(3JZ2 —JUJ+1))/JR2J -1
(5a)

and |
(I -vx)0 BO (5b)

OVt = A

we arrive at an estimate of eQV,.(4b) ~ 3.5 mms~'. This
is with reference to the c-axis as the z-axis. Projection onto
the direction of the induced Bys (assumed to lie in the basal
plane) gives eQV,, ~ —1.8 mms~! which is close to the
experimentally determined magnitude of 1.68(1) mm s~! but
is of opposite sign.

Finally, it is possible to say something about the Yb
magnetic moments that are expected below the Yb sub-lattice
ordering temperature of 7, ~ 3 K. If the moments lie in the
basal plane, then the saturation moment associated with each
Kramers doublet ground state is given by

Msar(Yb) = g1 juB(Sy). (6)

Substitution of the CF model estimates of g, (from
table 3) into equation (5) results in a saturation moment of
~1.8 up averaged across the two YD sites. This is in excellent
agreement with the saturation magnetization of ~1.6 up/f.u.
observed by Sugie et al [21] with an external field of 7 T
applied perpendicular to the c-axis of a single-crystal h-
YbMnOj; specimen. It is evident from these considerations that
the preliminary CF model proposed by Divis et al [8] is already
providing a useful description of the CF quenching process for
the two Yb sites in h-YbMnOs.

5. Conclusion

In conclusion, we have demonstrated that dilute concentrations
of "Fe provide a useful Mossbauer spectroscopy probe of the
Mn sub-lattice magnetization in hexagonal phase rare earth
manganites. In the present case of h-YbMnOs3, substitution
of up to 1 at.% 3'Fe for Mn exerts negligible influence on
the Néel temperature and point charge model estimates of
the electric field gradient agree well with experimental >"Fe
Mossbauer results in terms of both sign and magnitude. The
170Yb Mossbauer spectrum recorded at 4.5 K is in keeping
with a fluctuating, well-isolated, Kramers doublet ground state
at both sites. The ‘static’, five-line sub-spectrum is proposed
to correspond to the 4b site and the preliminary CF model
proposed by Divis et al [8] is demonstrated to provide a useful
description of the strong CF quenching.
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