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Abstract

The temperature dependence of the atomic displacement parameters for an isotopically enriched Eu,Ga, ;Ge,, crystal determined from
refinements of neutron diffraction data show the anomalously large values for the Eu atom in the large cage persist from 295 to 12 K. The
Eu site in the large cage is modeled by splitting it into four fractionally occupied positions, displaced 0.4 A from the cage center. Fourier
maps of this Eu site support this view in showing residual nuclear density with distinct peaks in the directions of the split-atom positions,
and lesser density at the cage center position. The Ga and Ge atoms appear to be fully disordered on the three distinct framework sites. In
comparing the isostructural X, Ga,;Ge,, (X=Eu, Sr, Ba) compounds, the positional disorder around the large cage site increases
progressively with decreasing size of the caged atom. Below 35 K, Eu,Ga, ,Ge,, orders ferromagnetically, with the preferred direction of

the Eu moments along (100). The projected saturation value of the Eu moment, 7 ., equals the free ion value. O 2001 Elsevier

Science BV. All rights reserved.

Keywords: Atomic displacement parameters; Semiconductor clathrate; Ferromagnet; Neutron diffraction; Eu,Ga,,Ge,,; Ba;Ga,;Ge,,

1. Introduction

Clathrate-type compounds [1-7] of the group IV ee-
ments [8], are providing new directions for thermoelectric
materials research. Compounds isotypic with the type |
hydrate structure X4(H,0),s of the ice clathrates (Fig. 1)
[9] are of particular interest, because they exhibit cubic
crystal structures, a generous range of solid solution, n-
type semiconducting behavior, relatively high Seebeck
coefficients and electrical conductivity, and glass-like
therma conductivity [7,10-13]. Recent X-ray structura
studies of various clathrates of this type and related ones
are expanding the range of known substitutions and
revealing new structural variants, see for example Refs.
[14-16] and references therein. Those with the structural
formula X4E,s can have E=Si, Ge, Sn, Al, Ga, In, and
X=Na, K, Rb, Cs, S, Ba, Eu [7,8,10]. Here we compare
and contrast the anomalously large ‘rattling’ of the guest
atom in the oversize XE,, cage in the X Ga,;Ge,, (X=
Ba, Sr, Eu) compounds by means of neutron crystal-
lography, reporting new structural results for EugGa, Ge,,
and Ba;Ga,;Ge,, and explore how the structural disorder
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effects transport properties for evaluating thermoelectric
behavior. In a companion paper [17], we report heat
capacity and magnetic, electrical and thermal transport
measurements for single crystals of X Ga,,Ge,, (X=Ba,
Sr, Eu).

2. Experimental

For the Eu,Ga, ;Ge,, single-crystal growth, about 2 g of
Eu-153 meta initially were reduced from several frag-
ments of a EuO crystal. Stoichiometric amounts of the
Eu-153 metal, Ga shot (99.999%) and Ge (99.9999%)
were loaded in a helium dry box into a carbonized silica
tube. The tube was sealed under high vacuum, placed in a
furnace and heated to completely melt the charge, cooled
a 1-2°C/min to 625°C, held at 625°C for severa days,
and finally furnace cooled to room temperature. The
resulting boule consisted of large (5—10 mm) single crystal
grains of Eu,Ga,;Ge,,. The BayGa,;Ge,, crystals were
grown by a similar recipe, except that BaGe, was first
prepared by arc-melting Ba (99.999%) and Ge
(99.9999%), then combined with the Ga in the carbonized
silica tube, and the charge was cooled to 900°C. Severa
single crystals of the appropriate size (typically 2xX2X2
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Fig. 1. (a) Spacefilling polyhedra of the Type | hydrate clathrate structure adopted by the group IV elements. The crystal data are space group Pm3n with
the structural formula X E-E,E,;, where E=Si, Ge, Sn, Al, Ga, In; X=Na, K, Rb, Cs, Eu, Ba (b) Anisotropic atomic displacement probability densities
for the Eu2 in the 24k split-site positions of the large polyhedral cavity. Ellipsoids are drawn for 99% probability.

mm?®) were sawn from the boules to be used for neutron
diffraction.

For EugGa,,Ge,,, single-crystal neutron diffraction data
were collected at 295, 200, 160, 120, 80, 40, 25, and 12 K
using the HB2a four-circle diffractometer at the HFIR. For
Ba,Ga,;Ge,,, data were collected at 295, 225, 155, 85,
and 15 K. The 331 reflection from a Ge monochromator at
a take-off angle of 45° was used, which gives the neutron
wavelength of 1.0037(2) A for this instrument configura
tion. Sawn paralelepipeds, 1.75x1.82x1.95 mm°®
(EugGa, Ge,,) and 1.5x1.75x2.25 mm® (Ba,Ga,;Ge,,),
each were glued to an aluminum pin and mounted on the
cold-tip of a closed-cycle He refrigerator, which is
mounted on the diffractometer and used to control the
temperature. For data collection at each temperature the
same set of 22 reflections was used for refining the lattice
parameter and determining the orientation matrix. The data
collections were carried out by radially scanning through
the Ewald sphere. Generaly, at each temperature a 1/16
sphere of Bragg reflections qu_rpeawred with 1=0-16
and k=h to sin ®/A=0.763 A ~, except for the low
temperature data sets of the Eu,Ga,;Ge,, for which,

inadvertently, only =1-16 were recorded. Three reflec-
tions were monitored to correct the intensities for varia-
tions in the neutron flux, which did not vary by more than
1% for the duration of each data collection. The reflection
intensities were integrated using the Lehmann—Larson
algorithm and corrected for the Lorentz effect with the
UCLA Crystalographic Software (C. Strouse, personal
communication). For complete isotopic enrichment by Eu-
153, the linear neutron attenuation factor for Eu,Ga, ;Ge,,,
including both incoherent scattering and absorption, is 1.25
cm™ ', which gives ur=0.12 for the crystal used. For
Ba,Ga, ;Ge,, the linear neutron attenuation factor is 0.059
cm ', which gives ur=0.01 for the crystal used. Given
these small values for wr, no absorption corrections were
made. Neglecting a significant absorption correction would
lead to underestimating the atomic displacement parame-
ters (ADPs). We are justified in neglecting the absorption
correction in these cases, because the ADPs of the host
lattice atoms for both BayGa,;Ge,, and EugGa,,Ge,, turn
out to be essentiadly the same. The GSAS software
package [18] was used for the nuclear and magnetic
structure refinements. The intensities of equivalent reflec-
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Table 1

Refinement results for Ba,Ga, Ge,,, Pm3n, Z=1, from neutron single-crystal diffraction data®
Temperature (K) 15 85
Measured reflections 1394 1394
Independent reflections 448 449
Reflections with 1>307(1) 255 242

R(F) 0.051 0.059
WR(F?) 0.097 0.104
Goodness-of-fit, S 1.564 1.656
Extinction coefficient (x10~°) 9(1) 8(1)

cel a (A) 10.760(1) 10.755(1)
Pearc. (g/cm®) 5.854 5.862
U, (Bal) (/}z) 0.003(1) 0.005(1)
U, (Ba2) (:Az) 0.014(2) 0.023(3)
Uy (M) (A) 0.005(1) 0.005(1)
U, (M2) (A9) 0.0036(5) 0.0047(7)

x (M2) 0.1845(1) 0.1845(1)
U, (M3) (A% 0.0042(7) 0.0053(8)

y (M3) 0.3084(1) 0.3086(2)

z (M3) 0.1181(1) 0.1182(2)

155 225 295
1406 1406 1451
452 453 463
246 243 231
0.054 0.053 0.046
0.097 0.096 0.085
1.586 1.580 1.278
8(1) 8(1) 8.2(9)
10.766(1) 10.774(1) 10.785(2)
5.844 5.831 5.814
0.008(1) 0.011(1) 0.010(1)
0.028(3) 0.034(3) 0.038(3)
0.007(1) 0.009(1) 0.009(1)
0.0066(6) 0.0078(6) 0.0079(6)
0.1845(1) 0.1846(1) 0.1844(1)
0.0068(8) 0.0081(8) 0.093(7)
0.3082(1) 0.3081(1) 0.3083(1)
0.1179(1) 0.1182(1) 0.1181(1)

@ Atom positions: Bal 2a 0,0,0; Ba2 6d 0,1/4,1/2; M1 6¢ 1/4,0,1/2; M2 16i x,x,x; M3 24k 0,y,z. Occupations of M1, M2 and M3 are each fixed at

34.78% Ga and 65.21% Ge.

tions were averaged in the cubic space group Pmah. For
each temperature, approximately 1200 reflections were
measured, leading to about 200 independent reflections
with F_../(cF)>3, and a data to parameter ratio greater
than 11. Observed structure factors were used in least-
squares refinement of the scale factor, atom positiona
parameters, and anisotropic atomic displacement parame-
ters. The coherent scattering lengths used were: Eu-153
(8.22 fm), Ba (5.07 fm), Ge (8.19 fm), and Ga (7.29 fm)
[19]. A Becker and Coppens Type | extinction correction

was refined [20]. For fitting the magnetic structure of
EuyGa,;Ge,, for the temperatures below 40 K, the crystal
symmetry was lowered to P1 to alow the Eu moments to
take on any orientation, and the unaveraged data were
used. The analytical approximation to the (j,) magnetic
form factor for Eu*" was taken from Brown [21]. Tables 1
and 2 summarize the refinement results for Ba,Ga,;Ge,,
and EuyGa,,Ge,,, respectively. Anisotropic atomic dis-
placement parameters will be deposited in the Inorganic
Crystal Structure Database.

Table 2

Refinement results for Eu,Ga, Ge,,, Pman, Z=1, 24k split-site model from neutron single-crystal diffraction data®

Temperature (K) 12° 25° 0 80 120 160 200 295
Measured reflections 1118 1112 1143 1143 1143 1143 1144 2558
Independent reflections 1118 1112 428 428 428 428 428 M
Reflections with | >30(1) 640 634 285 293 295 280 279 298
Number of parameters 3 3 18 18 18 18 18 18

R(F) 0.083 0.080 0.054 0.049 0.057 0.051 0.053 0.027
WR(F 2) 0.158 0.156 0.1094 0.090 0.102 0.093 0.101 0.055
Goodness-of-fit, S 2.396 2.409 2021 1.892 2.165 1914 2,045 1502
Extinction coefficient (x10°) 15(1) 15(1) 10(1) 85(1) 10(5) 7(2) 7(1) 9.4(7)
cdl a(A) 10.6695(2) 10.6702(2) 10.6706(2) 10.6707(6) 10.6747(6) 10.6766(6) 10.6806(6) 10.6886(8)
Pearc. (g/cm?) 6.164 6.164 6.162 6.155 6.155 6.152 6.145 6.131

Eu magnetic moment (pg) 5.6(2) 39(2) - - - - - -

Uqy (Eu1) (A% 0.0089 0.0089 0.0021(7) 0.0035(7) 0.0056(9) 0.0066(8) 0.0074(9) 0.0127(5)
Ugq (Eu2) (A% 0.0135 0.0135 0.025(5) 0.024(3) 0.028(6) 0.031(6) 0.037(8) 0.042(3)
y (Eu2) 0.250 0.250 0.250(1) 0.253(1) 0.250(1) 0.251(1) 0.257(1) 0.257(1)
z (Ew2) 05411 05411 0.5411(8) 0.5421(8) 0.540(1) 0.540(1) 0.540(1) 0.5367(6)
Ugq (M1) (A?) 0.0073 0.0073 0.0065(9) 0.006(1) 0.007(1) 0.0091(9) 0.009(1) 0.0131(5)
Ugq (M2) (A? 0.0045 0.0045 0.0045(5) 0.0050(5) 0.0058(6) 0.0069(5) 0.0079(6) 0.0110(3)

X (M2) 0.1839 0.1839 0.18390(8) 0.18396(8) 0.1841(1) 0.18398(9) 0.1838(1) 0.18398(5)
Ugq (M3) (A?) 0.0046 0.0046 0.0049(6) 0.0058(5) 0.0066(7) 0.0073(6) 0.0086(7) 0.0118(3)

y (M3) 0.3001 0.3001 0.3091(1) 0.3001(1) 0.3092(1) 0.3002(1) 0.3092(1) 0.30914(7)

z (M3) 0.1167 0.1167 0.1167(1) 0.1168(1) 0.1167(1) 0.1168(1) 0.1166(1) 0.11687(6)

 Atom positions: Eul 2a 0,0,0; Eu2 24k 0,y,z; M1 6¢ 1/4,0,1/2; M2 16i x,x,x; M3 24k 0,y,z. Occupations of M1, M2 and M3 are each fixed at 34.78%

Ga and 65.21% Ge; the split Eu2 site is 25% occupied.

® These refinements, made in P space group symmetry, include magnetic scattering from the Eu atoms ferromagnetically aligned along (100), with the
atomic positions fixed at the 40 K values and the atomic displacement parameters fixed at extrapolated values from above T..



130 B.C. Chakoumakos et al. / Journal of Alloys and Compounds 322 (2001) 127-134

3. Results

For the structure refinements, the starting model was
taken from the room-temperature X-ray refinement
Bay,Ga,;Ge,, reported by Eisenmann et a. [8]. The
structure has two distinct sites for the divalent atoms and
the cage framework contains three distinct metal sites
occupied by Ge and Ga (Fig. 1). The distribution of the Ge
and Ga over the framework sites is not easily determined
using conventional X-ray diffraction data; but for neutron
diffraction data, the scattering lengths are sufficiently
different, 12%, that various site occupancy models can be
tested and compared. Similar to SryGa,;Ge,, [6] the fully
disordered model, i.e. 34.78%Ga 65.22%Ge on each metal
site, gives the best overal fit in each case.

3.1. BayGa,Ge,,

From the refinements, the atomic displacement parame-
ter for Ba2 is large and anisotropic. Moreover, the aniso-
tropy of the Ba2 displacement parameters indicates a much
smaler amplitude in the (100) directions than in the
perpendicular directions. The temperature dependence of
the isotropic equivalent displacement (U,,) parameters for
Bal and the other three metal sites are similar and all have
the expected behavior (Fig. 28). The U, of the Ba2 site
has less temperature dependence (Fig. 2¢) and does
indicate some positional disorder as compared to Bal.
Nevertheless, the refinements (Table 1) agree reasonably
well with the previous work of Eisenmann et al. [8]. With
the Ba2 at the large cage center, the 6d 0,1/4,1/2 position,
the 24 near-neighbor distances range between 3.628(1) and
4.166(2) A with a mean of 3.874 A. Despite the presence
of (Ga,Ge) solid solution, this is still significantly longer
than the mode of 3.55 A for the distribution of 340 Ba—Ge
distances taken from 21 binary and ternary compounds in
the Inorganic Crystal Structure Database. The nuclear
density in the large cage is nicely spherical and sharply
peaked at the cage center; see Keppens et al. [12] and
Sales et al. [17] for the Fourier difference maps. For Bal at
the small cage center, 2a 0,0,0 position, the 20 near-
neighbor atoms are either 3.471(2) or 3.588(1) A away,
with amean of 3.541 A, which is what would be expected
given the observed Ba—Ge distance distribution. In the
single-site model, the minimum separation between near-
neighbor Ba2 atoms is simply given by a/2 or 5.39 A.

3.2 Eu,Ga,Ge,,

The initial refinements indicated full occupancy for both
Eu sites and that the isotropic atomic displacement param-
eter for Eu2 was even larger than that of Sr2 in
SreGa,Ge,, [6] (Fig. 2c), for which a fractionally oc-
cupied split atom site was explored to refine the structural
model. Whereas, for the Sr,Ga,Ge,, case, the quality of
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Fig. 2. a Temperature dependence of the eguivalent isotropic displace-
ment parameters (single Eu2 site model) for the X1 and M sites of (8
Eu,Ga,Ge,, and (b) Ba,Ga,,Ge,,. The regression fits are for a coth(b/
T), where a and b are the fitting parameters. Below 40 K in the case of
the Eu,Ga,,Ge,, the refinement model does not include any magnetic
scattering, so therefore the U, values deviate from the expected low
temperature behavior, i.e. the U values try to account for the magnetic
scattering contribution. (c) Temperature dependence of the equivalent
isotropic displacement parameters (single X2 site model) for the X2 sites
in Eu,Ga,Ge,,, Sr,Ga,Ge,,, and Ba,Ga, Ge,,. The apparent U(T) is
large for X2 in the single-site model, and implies that the static disorder
progressively increases from Bato Sr to Eu. The Sr,Ga,,Ge,, data are
from Chakoumakos et a. [6].
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the refinements was essentially the same for either the
split-site or single-site structural models, for EugGa,sGe,,
the split-site model significantly improves the quality of
the refinement. If we assume the Eu2 atom is disordered
over the split-atom positions and the average symmetry
remains Pm3h, a 4-fold splitting of the cage-centered Eu2
sites (0,1/4,1/2) can be accomplished simply by fraction-
ally occupying either of the 24k (0,y,2) or 24j (y+1/2,1/
4,y) Wyckoff sites adjacent to the cage center position. Of
these two possibilities, the 24k position gives a better
refinement. These final refinement results, using aniso-
tropic displacement parameters on all of the atoms, are
given in Table 2. The split-sites are moved off from the
cage center by 0.4 A, and this value remains essentially the
same at all temperatures studied. Displacement ellipsoids
for the split Eu2 site and the atoms making up the large
cage are shown in Fig. 1.

From the temperature dependence of the isotropic
displacement parameters for Eu,Ga,,Ge,, (Fig. 2b,c) the
apparent U(T) for Eu2 for the single-site model is enorm-
ous and temperature-independent. This implies an extreme-
ly large positional disorder by the magnitude of the low
temperature intercept (Fig. 2c), particularly as it compares
to the U(T) for Eul (Fig. 2b). With Eu2 fractionally
occupying the split site, its U,, value is dramatically
reduced, but still is the largest of al the atoms in the
crystal. Splitting the site effectively accounts for most of
the apparent positional disorder, bringing U(T) down to
about the same level as that of Ba2 in BayGa,;Ge,,. The
U, for the Eul site is also large, but more on par with the
Ga,Ge sites due to its smaller sized coordination environ-
ment.

Difference Fourier maps of the Eu2 site, for which the
Eu2 atom was removed from the structural model, clearly
show the residual nuclear density to have distinct peaks in
the directions of the 24k split-site positions and signifi-
cantly less density at the cage center position (Fig. 3a). In
cross-section, this nuclear density has a rough toroidal
shape (Fig. 3b).

Below 35 K, Eu,Ga,Ge,, orders ferromagnetically.
Magnetization measurements on a portion of the same
single crystal as used for the neutron diffraction experi-
ments are reported in [17]. The saturation magnetization
corresponds to a magnetic moment per Eu ion of 7 pg (the
free ion value). The field dependence of the magnetization
showed little hysteresis, implying that Eu,Ga,;Ge,, is a
soft ferromagnet with a small coercive field of order 1-10
gauss. The structure factor amplitudes for low angle
reflections, which include magnetic scattering contribu-
tions, clearly increase with decreasing temperature, as
compared to high angle reflections with no magnetic
contribution (Fig. 4). If one neglects the magnetic scatter-
ing contribution in the structure refinements, the atomic
displacement parameters try to correct for the additional
intensity at low scattering angles, which causes the upturn
of the U, values below 40 K evident in Fig. 2b,c.

In order to include the magnetic scattering in the
structure refinements for the 12 and 25 K data, severd
preliminary steps were made. Working from the split-site
model previously described, the U;(T) values for each
atom were fit by the expression U=a coth(b/T) and low
temperature values extrapolated. These U;;(T) values were
held fixed in subsequent refinements. The crystal symme-
try was lowered to P1 so that the Eu moment vectors could
take on any orientation, and the atom positions were fixed
at the 40 K values. The magnetic moments on the Eul and
Eu2 atoms were constrained to be equal, and severa
principal directions were examined for the moment vector
orientations to determine the best fit to the data. In this
manner, it was determined that the magnetization is
directed aong the (100) direction. The refined moment for
each Eu atom and the quality of the least-squares fits are
given in Table 2 for the 12 and 25 K data The Eu
magnetic moment is not fully saturated at these tempera
tures, but the moment decreases as T, is approached
following the typical power law behavior. The minimum
Eu---Eu separation is 5.335 A in EugGa,;Ge,,, Which is
similar to that of 5.144 A in EuO, and much smaller than
7.93 A in the filled skutterudite EuFe,Sb,, [22,23], but
both of which exhibit similar ferromagnetic behavior.

4. Discussion

Previoudy [4,5,7], we have shown how the U(T) data
for acrystal can be used to estimate its Debye temperature,
average velocity of sound, and lattice thermal conductivity.
The U(T) data also can be used to describe the localized
vibration of aloosely bound ‘rattling’ atom by means of an
Einstein oscillator model. The motivation for these inter-
ests has been to provide estimates of quantities, such as the
lattice thermal conductivity, important for evaluating
candidate thermoelectric materials, such as the semicon-
ducting clathrates. In themselves, the semiconducting
clathrates are ideal to study the microscopic origin of
glass-like heat conduction in crystalline solids; however,
an important question remains not fully answered. Why do
certain ‘rattlers’ produce a glass-like thermal conductivity,
while others only lower the thermal conductivity? The
XGa,;Ge,, (X=Eu, Sr, Ba) compounds might begin to
help us understand this question, because we observe
thermal conductivities typica both of a crystal (Ba) and a
glass (Sr, Eu) [17]. For decreasing size of the guest atom,
Ba>Sr>Eu, severa structural and physical properties
change systematically: (1) the apparent U,, and static
positional disorder of the guest atom in the large cage
increase markedly; (2) the temperature dependence of U
actually appears to decrease dightly; (3) from the Fourier
mapping of the nuclear density within the large cavity and
the structure refinements using split-site models for the
large cavity occupant, the probability increases for finding
the guest atom increasingly further away from the cage
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Fig. 3. (8@ A 100 section of the difference Fourier map of the Eu2 site, where the Eu2 atom has beena removed from the structural model. ‘I;he difference
nuclear density at the Eu2 site has distinct lobes in the directions of the 24k sites. The map sizeis 2.5 A?, and the contour interval is 0.1 fm/A° (drawn for
-03t0 13 fm/A3). (b) Perpendicular section to that in (8) shows that the nuclear density is actually somewhat doughnut-shaped.

center position; (4) from low temperature heat capacity
measurements the approximate Einstein oscillator tempera-
ture of the atom in the large cage decreases, from 60 to 53
to 30 K, respectively [17]; and (5) the thermal conductivity
changes from crystal-like to glass-like and continues to
decrease [12,17]. At first glance, (2) and (4) seem con-

tradictory; however, the modeling of the heat capacity data
does not provide a means to separate the static and
dynamic contributions to the mean square atomic displace-
ments. Low temperature (<1 K) thermal conductivity data
indicate the possibility of localized tunnel states in
SreGa, ;Ge,, [12,24]; therefore, the nuclear density maps
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Fig. 4. Comparison of the temperature dependence of F(hkl) for two
low-angle reflections, affected by the magnetism, and a high-angle
nuclear peak with essentially no magnetic contribution.

derived from Fourier synthesis of the neutron diffraction
data may represent an averaged picture of the tunneling
states in the SryGa,,Ge,, and EugGa,,Ge,, crystals. This
viewpoint also supports the idea that both rattling and
tunneling states are necessary to produce a true glass-like
thermal conductivity. Intuitively, this makes sense in that
the host framework atoms constitute the crystal, while the
positionally disordered atoms in the large cages constitute
the glass.

5. Conclusions

The atomic displacement parameters for the Eu2 site in
EuyGa,;Ge,, are anomalously large over the entire tem-
perature range, 10-300 K, implying a large positional
disorder associated with the Eu2 site. The anisotropy of the
Eu2 displacements are also large and the site is better
described by a fractionally occupied 4-fold split-site,
which effectively accounts for most of the positiona
disorder. When refinements are carried out with a split-site
model, the refined Eu2 atom position is about 0.4 A away
from the cage center position (0,1/4,1/2) in the z-direc-
tion. Whereas, in the case of SryGa,,Ge,, the refinements
using the split-site model have about the same agreement
as refinements using the single site model, in the
Euy,Ga,;Ge,, case, the split-site model is significantly
better. Moreover, the split-site model using the 24k
positions is better than that using the 24j positions.
Difference Fourier maps of the anomalous Eu site corrobo-
rate this description by revealing residual nuclear density

in the large cage with distinct peaks in the directions of the
split-atom positions. Furthermore, we see no evidence for a
superlettice or other indications of a reduced crysta
symmetry at low temperatures, possibly due to the Eu
atoms preferentially locking into off-center positions;
although we have not made a concerted effort to do so, for
instance, by using an area detector.

Below 35 K, Eu,Ga,Ge,, orders ferromagnetically,
with the magnetization directed along (100). The tempera
ture dependence of the refined Eu magnetic moments at 25
and 12 K exhihit typical power law behavior, and project a
saturation value, 7 pg, equa to the free ion value.
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