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Abstract: This article reports the pressure-dependent crystal radii of Mg, Si, Ge, Be, Fe, Ca, Sr, Ba,
Al Ti, Li, Na, K, Cs, and of some rare earths, that is: the major Earth mantle elements, important
minor, and some trace elements. Pressure dependencies of O>~, Cl~, and Br™ are also reported. It is
shown that all examined cation radii vary linearly with pressure. Cation radii obey strict correlations
between ionic compressibilities and reference 0 GPa radii, thus reducing previous empirical rules
of the influence of valence, ion size, and coordination to a simple formula. Both cation and anion
radii are functions of nuclear charge number and a screening function which for anions varies with
pressure, and for cations is pressure-independent. The pressure derivative of cation radii and of the
anion radii at high pressure depends on electronegativity with power —1.76.
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1. Introduction

Solid state chemistry, geochemistry, cosmochemistry, and material science often re-
cur to the concept of ionic radii in interpreting or predicting structures and reactions of
condensed matter. Geo- and cosmochemistry rely on ionic radii in the interpretation of
element abundances [1]. In material science and solid state chemistry ionic radii are used to
define tolerance factors which correlate arrays of chemical composition with structure types
(e.g., [2,3]). The concept of ionic radii is more than a convenient simplification: element
abundances in rocks are the result of a multitude of chemical reactions and element redis-
tributions between solid, liquid, and fluid state. Direction-dependent bonding is spatially
averaged over this extensive series of element redistributions and it can be shown that
ionic radii are a rather accurate representation of these net chemical processes. Despite
their original definition [1], crystal and ionic radii are not classical approximations but
represent the limiting case of spatial spherically symmetric averages of the valence electron
states mapped into the configurational space (hence, there is no violation of orthonormality
of states).

Despite the importance of the radii concept in geochemistry and despite the fact that
pressures in Earth extend over 100 GPa in the mantle and to nearly 400 GPa in the inner core,
the effect of pressure on the ionic and crystal radii has not been explored much. However, it
is easy to see that this effect is not negligeable: changes in pressure as they occur between the
Earth’s crust and core-mantle boundary are sufficient to change the chemical behavior of el-
ements. For instance, the change in energy that occurs upon compressing mantle peridotite
from the shallow lithosphere to the core mantle boundary over an interval of ~130 GPa of
pressures is estimated to about 1.6 eV /at [4]. With an approximate bulk composition of
Mg,SiOy, three-quarters of the Earth’s mantle is oxygen as constituent chemical species,
and within this approximation the O>~ anion dominates the increase of the electronic inner
energy induced in Earth material by compression. Between 0 and 136 GPa (the pressure of
the core mantle boundary), the contraction of the crystal radius of O%>~ in four- to six-fold
coordination by Mg and Si is from 1.28 or 1.26-10~!2 m, respectively to ~1.2210"'> m
(see Section 3), hence: 4/3m Ar® - 1.36-10'! N/m? = 2.50-101° J/at = 1.56 eV /at (of O%7).
Differences between energy levels of bonding and anti-bonding electron states of ions in

Solids 2023, 4, 235-253. https:/ /doi.org/10.3390/5s0lids4030015

https:/ /www.mdpi.com/journal/solids


https://doi.org/10.3390/solids4030015
https://doi.org/10.3390/solids4030015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/solids
https://www.mdpi.com
https://orcid.org/0000-0003-3364-8906
https://doi.org/10.3390/solids4030015
https://www.mdpi.com/journal/solids
https://www.mdpi.com/article/10.3390/solids4030015?type=check_update&version=2

Solids 2023, 4

236

the crystal field of oxide anions are of comparable magnitude. Hence the pressure-induced
increase in electronic energy is within a range that allows for formation of bond states
different from those that we know from ambient pressure. This type of change defines
proper high-pressure minerals [4,5].

Geochemical distribution patterns of igneous rocks are expected to reflect in part pro-
cesses that occurred in source regions deep in the Earth’s mantle. Hence, it is important to
correct for the effect of pressure on the radii since they can change the element distribution
in those deep source regions.

It is the purpose of this article to use an extensive set of available compression data
to assess pressure-dependent radii of elements. Here, crystal radii rather than ionic radii
are determined.

Prewitt and Downs [6] proposed a set of general trends for compression of cation-
oxide bonds, in particular that (a) over a given pressure interval, longer bonds contract
more strongly than shorter ones, (b) bonds become more covalent with decreasing bond
length, and (c) the coordination number of a cation increases with pressure, which latter
rule was already proposed by Shannon and Prewitt [7]. In both studies, it was stated that
anions are more compressible than cations. More recently, these concepts were reexamined,
confirmed, and extended to molecular solids by Grochala et al. [8] by means of concepts of
theoretical chemistry and by relating them to a large set of experimental and computational
studies that had been carried out since the publication of Prewitt and Downs’ paper [6].
Gibbs et al. [9,10] have examined the effect of pressure on bonded radii by applying the
Baader charge separation approach to electron density distributions obtained by density
functional theory. Gibbs et al. [10] found linear dependences of these ‘bonded radii’ on pres-
sure but also observed that bond distances are affected by the difference in electronegativity
between cations and the oxide anion [9].

Cammi et al. [11] and Rahm et al. [12] calculated non-bonding radii of most elements
between 0 and 300 GPa by using a mean-field approach. They reported discontinuous con-
tractions of radii as result of valence changes from involving orbitals in the valence states
that are empty at ambient pressure and from hybridization of inner shell electrons with
the valence shell. Hence, pressure-induced changes in the configuration of the outer shell
electrons cause marked electron density contractions which are expected to cause struc-
tural reconfigurations of their compounds as well as changes in their chemical behaviour.
Tschauner [13] used empirical crystallographic data to determine pressure-dependent crys-
tal radii of Mg, Si, and Ba in sixfold coordination by O>~ and found that these cation radii
are not significantly dependent on individual structures. Hence, the concept of crystal radii
appears to be valid over pressures of 10-100 GPa, at least for those ions. Further, within
uncertainties, all three cations exhibited linear dependence on pressure. The O anion was
found to exhibit initially a marked nonlinear compression converging towards weaker
linear compression, consistent with the observations by Prewitt and Downs [6] that anions
compress more strongly than cations. However, the potential coordination dependence
of the O?>~ anion radius was not examined in [13]. Tschauner and Ma [4] reported radii
of K, Mg, Ca, Al, Si for different cation coordinations and explicitly considered the effect
of coordination on the oxide anion radius. Tschauner and Ma [4] found that K, Mg, Ca,
Al, Si exhibit linear contraction over the examined pressure intervals within uncertainties
but with the exception of fourfold-coordinated Si. The heavier cations K and Ca are more
compressible than the lighter ions Mg, Al, and Si. In addition, it was observed that the
higher the cation valence, the lesser the pressure effect, again consistent with [6], whereas
the available data did not support the general trend for the pressure dependence of crystal
radii with bond coordination that was proposed in [6].

The results in [4,13] indicate that the concept of radii remains meaningful over the
pressure range of 0-160 GPa; as at ambient pressure, the effect of bond polarizability [9] is
averaged for sufficiently large sets of crystal data. Because of that, ionic radii and crystal
radii are useful in explaining chemical substitution and correlations of structure types with
composition. Based on [4,13], this is expected to hold for pressures at least up to 160 GPa.
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Furthermore, a potential pressure-induced increase in covalency of bonds does not appear
to devalidate the crystal radius because no marked deviations from linear compression of
the cation radii for the given anion have been observed. The present study largely extends
and generalizes this work by providing a set of pressure-dependent radii for thirty-five
ions of twenty different chemical elements in various coordinations and valencies. O-anion
radii for different coordinations by cations are used for assessing crystal radii from an
extended number of structural analyses of compounds under compression. Moreover, the
pressure-dependent radii of CI™ and Br™ are assessed for six- and eightfold coordination
in order to obtain comparative sets of cation radii from oxides and halogenides for alkaline
elements (Table 1). It is found that cation crystal radii are rather independent of the
difference in anion electron affinity and on individual structures within small differences.
Furthermore, within uncertainties, all crystal radii contract linearly with pressure. The
range of pressure dependencies is similar to that reported by Gibbs et al. [10] for Ca, Si, and
La. Based on the present augmented set of pressure dependencies, general correlations of
ionic compressibility and nuclear charge number of the radii and their pressure derivatives
of the radii and electronegativity are established, and these correlations encompass the
rules previously stated by Prewitt and Downs [6].

Discussion starts with evaluating the anion compression models, then each group of
cations is briefly discussed. General results of the pressure effect on these radii, the relation
between the radii and their pressure dependence with nuclear charge number, and with
electronegativity, are presented in Section 4.

2. Methods

Crystal radii are determined from bonding interatomic distances as the linear combina-
tion of cat- and anion radii. Pauling [14], Shannon and Prewitt [15], and Shannon [16] have
assessed crystal radii for ambient pressure. The present assessment of pressure-dependent
radii relies on three principal criteria:

(1) For given valence and bond coordination the assessed radii should be independent of
the structures, therefore;

(2) Radii should be assessed through different crystal structures, if available. Wherever
possible cation radii are assessed through structures with different anions

(3) Radii derived from structures with ions on general positions are given preference.

Structure data for high-pressure minerals at ambient pressure [5,17] cannot be used
here because their bond distances represent the present state at ambient pressure but
not at the conditions of formation. Many good experimental compression studies are on
solid solutions such as bridgmanite-hiroseite, aluminous or ferraluminous bridgmanite,
etc. These studies are very valuable in geophysics and petrology but of no immediate
use here. Only compression and structure data of pure endmembers can be used to
assess crystal radii. This constraint acts as a fourth, auxiliary criterion. Data obtained
from specimens compressed in hydrostatic or nearly hydrostatic media and data from
single crystal diffraction studies are given preference, wherever available. No peroxides or
hydroxides were considered (with the single exception of Ba(OH); because the effect of the
proton appears to be within the scatter of the data for this difficult cation see Section 3.2).
Ambient-pressure radii were not fixed in the fits of radii compression, thus allowing
for a comparison of the interpolated 1 bar radii with literature values that were taken
from [16]. Unless stated differently, all data are for 300 K. In order to minimize the number
of superscripts in text and figures, valences are specified only for multivalent ions and in
case of ambiguity. For convenience, radii are given in A, unless stated otherwise. The term
coordination is used here in the sense of bond coordination. To avoid lengthy wording but
also conflicts with the reference style, coordination is given as Roman numbers in square
brackets. All radii presented in this study are crystal radii. Henceforth, the term radii shall
be used for crystal radii and ionic radii shall be mentioned explicitly as such.

As already indicated, above crystal and ionic radii never establish an exact represen-
tation of chemically bonded atoms but the limiting case of valence configuration states
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in spherically symmetric spatial average over a sufficiently large number of compounds.
Consequently, deviations between radii obtained from compression data of different com-
pounds are the largest source of uncertainty, whereas propagation of uncertainties from
measured interatomic distances are much less significant. Radii obtained from small or
from single sets of compression data are potentially subject to systematic uncertainties
which will only become assessable through further compression studies in the future. The
actual assessment of bond coordination is another potential source of systematic error.
Here, in doubtful cases, the interpolation of pressure-dependent radii to ambient pressure
is used to constrain bond coordination: in almost all such cases, the 1 bar radii match the
radii listed by Shannon [16] within small uncertainties. Crystallographic data that were
used in this study are referenced in Table 2.

3. Discussion
3.1. Anions

All three examined anions, O?~, Cl~, and Br— exhibit compressibilities that are
nonlinear at low pressure but approach linear compression asymptotically with increasing
pressures. This behaviour can be cast into the functional form r = const-P~™ (Table 1).
In [13], an empirical equation was presented for the pressure effect on the O>~ anion in
sixfold coordination. The equation was obtained from interatomic distances of Mg-O and
5i-O in binary and ternary compounds with emphasis on high-pressure minerals. As a
starting point for pressure-dependent crystal radii of O~ [VI], the Baader radii of Si and O
in compressed silica by Du and Tse [18] were used. The Baader radii at ambient pressure
were corrected to match the crystal radii of Mg and Si in octahedral bond configuration.
Then, the pressure dependence of O?~ [VI]—as computed in [18]—was corrected to yield
a consistent set of structure-independent crystal radii for Mg and Si. This resulted in
a relation r(O?") = 1.269-P~ 00176 where P in GPa and r is the anion crystal radius in
A (Table 1). In the present paper, the set of oxide phases is much expanded (Table 2).
The augmented set of crystal data requires a better assessment of the effect of O-anion
coordination by cations (Table 1) than previously. Initially, only the constant term was
varied to match the 1 bar radius of O~ in each coordination. However, it was found that
cation radii for some structures (eskolaite, ABOs-perovskites) exhibited slightly nonlinear
or non-monotonous pressure dependencies. It was found that these nonlinearities vanish if
the power of the O-anion compression s modified for coordinations less than six (Table 1)
and that the resulting cation radii re structure-independent within uncertainties as defined
by the variance of cation radii obtained from different phases.

Compression data of liebermannite [19] provide radii for K[VI]. These values were
used to test K[VI] radii obtained from halogenide compression data [20-22]. Hereby, CI
and Br anion compression was initially set to be equal to that of O?~ [VI], then corrected as
to obtain equal radii of Na[VI,VIII] and K[V, VIII] from both chlorides and bromides and
to match K[VI] from K-O bond distances. In a second step, the obtained C1~ and Br~ radii
were tested with CsCl, and CsBr [22]: correct anion radii should give equal radii of Cs[VIII]
for both salts. This was found to be the case.

Table 1. Power and constant prefactors for r(anion) = ry-P™ (P in GPa). The physical meaning of the
functional form of r(anion, P) is discussed in Section 4.3.

Ion M ro [A/GPa™]
02 [IL,111] —0.0040(2) 1.210(5)

0% [1V] —0.0045(5) 1.238(3)

0% [V1] —0.0176(2) 1.269(2)

Cl- [VI] . 1.62 — 0.02:P *
Cl- [vIII] —0.07(1) 1.66(1)

Br— [VIII] —0.078(3) 1.85(2)

* Pressure range was too small to assess the power.
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3.2. Alkaline and Alkaline Earths Elements

Radii of some alkaline earth ions have been assessed in two previous publications [4,13].
Hence, the discussion of the new results starts with this group of elements. The pressure-
dependent crystal radii of Be[IV], Mg[VLX], Ca[VL VII, VIILIX,X], Sr[VI], and Ba[ VL, VIII]
are assessed (Figure 1a,b). The previous results for Ba [13] have been reassessed by distin-
guishing compression for different anion bond coordination and Ba coordination which, in
consequence of the generally high and compression-dependent coordination of Ba, give
compressibilities with larger uncertainties than for Mg and Ca. This is owed in part to the
difficulty in assessing O fractional coordinates from X-ray diffraction data of phases with a
atoms of as large a form factor as Ba, in part from an intrinsic difficulty in assessing bond
coordination for large cations in absence of actual electron density maps or EXAFS. Hence,
the liberty was taken to disregard some of the crystal data that were used in the previous
study [13]. As selection criterion, it was examined which data interpolate to established
ambient pressure radii of Ba. The selected sets of data interpolate to Ba[VI-VII] and [VIII]
at ambient conditions (Figure 1, right panel). This does not imply that all data that are
disregarded here are incorrect, but a further splitting into intermediate coordinations i
not within the frame of this study. The issue of uncertain bond coordination also avail for
Sr. Interpolation of the pressure dependence of the radii to ambient pressure is consistent
with a coordination of six (see Table 2). Previous data for Mg were augmented (Table 2)
and the pressure dependence of Mg[X] that was reported in [13] was corrected for the
0?2~ coordination in bridgmanite. With this correction, Mg[X] exhibits a contraction that
intersect the crystal radius of Mg in postperovskite-type MgSiO3 at 116 and 120 GPa [23,24].
All alkaline earths compress linearly within uncertainties over the examined pressure
range. Radii of Be[IV] were obtained from compression studies of bromellite (BeO, [25]).
Compression studies on other Be-silicates and of chrysoberyl [26] exhibit much scatter
around the values obtained from bromellite. Hence, the third criterion in Methods was
applied here: to give preference to radii obtained from interatomic distances in structures
without internal degrees of freedom in case of discrepancies with more complicated struc-
tures. Hence, only radii from bromellite were used to define the pressure dependence of
Be[IV]. It is noted that Ca[VIII] from the high-pressure CsCl-type CaO phase interpolates
to the ambient pressure radius Ca[VII] (based on Shannon 1976 [16]) and that Ca[X] in
compressed synthetic davemaoite [27] interpolates to Ca[IX] at ambient pressure (Table 2).
This observation has been made already by Tschauner and Ma [4] and an interpretation is
presented here in the Results.

(a) (b)
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Figure 1. Pressure-dependent crystal radii of the examined alkaline earth ions. (a) Be, Mg, Ca. (b) Sr
and Ba. Coordination is given in square brackets. For all ions, compression is negative and linear
within uncertainties. Lines show the least-square fits of the compression (see Table 2).

Crystal radii of Li, Na, K, and Cs were obtained for different bond coordinations
(Figure 2, Table 2). Radii were derived from cation-oxide, -chloride, and -bromide bonds
for Na, K, and Cs, and from cation-oxide bonds for Li. Radii obtained from cation-oxide
distances exhibit overall linear compression (Figure 2, filled symbols). However radii
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obtained from halogenides show crossover to different linear compression regimes upon
compression (Figure 2, hollow symbols). Ambient-pressure radii interpolated from those
high-pressure regimes match established ambient pressure crystal radii [16] and are speci-
fied as such (Table 2). The possible causes of these pressure-induced changes are discussed
in Section 4. The fact that the same crossover -is observed for different halogenides of
the same cations suggests that it -is not an artifact of an insufficiently accounted pressure
dependence of the anion radii, although this cannot be fully excluded with such limited
data. Generally, the shift towards higher coordination with pressure -is well along the lines
of the rules observed by Prewitt and Downs [6] and Grochala et al. [8]. Na[VII] from albite
compression data exhibits- large scatter and probably reflects changing bond coordination
upon compression.

2.00

Cs[vill]

§ 1.50 — S K[\gu]QQO csivi i
= 1 T ]
5 — 990500
=) 1.25—%{ K .
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Figure 2. Crystal radii of Li, Na, K, and Cs, bond coordinations given in square brackets. Filled
symbols represent data from cation-oxide distances, hollow symbols = radii from cation-chloride
and -bromide distances, respectively. Fitted pressure dependences are shows as lines and are given
in Table 2. There is a change in compressibility of K[VIII] between 60 and 70 GPa such that the
high-pressure regime interpolates to K[VI] at 0 GPa (see Section 4). The intersections of K[IX] and
K[VIII] around 30-40 GPa and of K[VI] and Na[VIII] around 110-130 GPa are noteworthy.

3.3. Rare Earths

Rare earth elements, that is, Sc, Y, and the lanthanides, are pivotal in mantle geo-
chemistry and are components in many materials of high interest in solid state physics
and material science. The compression behaviour and phase transformation sequences of
sesquioxides of rare earths have been studied, but in particular for the lanthanide oxides
fractional atomic coordinates of O are not considered sufficiently accurate for obtaining
crystal radii, because of the large difference between the form factors of O and the lan-
thanide ions. None of those studies was conducted under hydrostatic or nearly hydrostatic
pressure; the reported bulk moduli vary largely, probably reflecting deviatoric stresses and
overlap of oxide and hydroxide diffraction signal as unresolved parameters. Therefore, cell
shapes and reported interatomic distances are also likely to be compromised. Consequently,
these data were omitted here and only data from the single crystal compressions studies
of the aluminates of Sc, Y, La, Pr, and Gd were used to derive crystal radii to between
8 and 10 GPa [28-32]. Within this pressure range, all radii contract linearly with pressure
(Figure 3, right side) and the dr/dP of La is within uncertainty equal to those reported
by Gibbs et al. [10], while the contraction of Y is found to be slightly larger than those
calculated in [10]. The radii of Al were compared with those obtained from corundum and
found to match (Figure 3b). The radius of Sc [X] interpolated to 1 bar is somewhat larger
than the radius reported by Shannon (1976, [16]). This suggests that this radius may exhibit



Solids 2023, 4

241

more variance than suggested by the present set of data derived from compression data of
a single compound.

1.0
A a XXI
oo 24 4444 La Bx
] Pr \‘\
14
. Fe? [VI], HS
_ " e gy E‘o.a~ —~
5 g ~—
£ = cr VI T~
23 5 —
< 124 <
£ >y, 206+
Y - AlVI]
T
Sc
1.0 0.4 T T T T T
20 40 60 80 100 120

5 10
Pressure [GPa]

20

Pressure [GPa]

Figure 3. (Left): Radii of rare earth elements. (Right): Radii of Al, Fe?*, and Cr3*, all three in sixfold
coordination. Fitted pressure dependences are shows as lines and are given in Table 2.

3.4. Al, Cr, Fe

Crystal radii of Al[VI] were obtained from three independent studies of corundum [33-35],
chrysoberyl [26], and from four studies of aluminate perovskites [28-32] and its linear
compression is therefore very well constrained up to nearly 120 GPa. The dr/dP of Al [VI]
is almost identical with that calculated by Gibbs et al. [10]. Radii of Cr3* [VI] were obtained
from a single compression study of eskolaite [36]. Compression -is linear.

Fe poses a particular problem because the radii of Fe?* and Fe®* (and higher oxidation
states) are affected not only by coordination and valence but also by the valence electron
spin state [16]. Moreover, valence electronic states of Fe are often mixed because of charge
transfer between different sites. Mixed states along certain bond directions also affect bond
distances and coordination. Charge transfer and spin state may change with pressure.
Charge transfer blurs the bond coordination (and accounts for the large variety of pure
iron oxides phases of different stoichiometry that occur at high pressure). Consequently,
the large number of compression studies and structure analyses of compounds of FexOy,
yields a large scatter of apparent radii which cannot be corrected for the electronic effects
mentioned above without ad hoc assumptions about spin states and charge transfer. Instead,
only single crystal compression data for wuestite [37] were used to obtain radii for Fe?* in
the high spin (HS) state to 50 GPa. No robust data of Fe3* could be obtained because not
even hematite keeps a fixed spin state over a sufficiently large range of pressure (because
of the Morin transition).

3.5. 5i, Ge, Ti

The pressure dependence of Si** in [VI]-coordination was studied in [13]. Tschauner
and Ma [4] provide an augmented set of data for Si[VI] and for Si[IV]. Pressure-dependent
radii of Ti** were obtained from compression data of rutile, perovskite, and geikielite (see
Table 2). Compression data of ilmenite in the literature show much variance, probably as
result of a minor component of hematite in the examined specimens, and are not used here.
Both Si [VI] and Ti**[VI] exhibit linear compression (see Figure 4).
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Figure 4. Crystal radii of the tetravalent cations Si, Ge, and Ti. Coordinations given in square brackets.
Lines represent the fitted pressure dependencies.

Radii of Si[IV] from compression studies of ahrensite [38] and ferrous wadsleyite [39]
show the same pressure dependence as pure silica and low-pressure silicate phases. How-
ever, the absolute radii are systematically shifted to higher values. Therefore, the inter-
atomic distances were crosschecked for the spinel ahrensite by calculating the unit cell
parameter [40] and were found to be systematically higher than the measured values.
The same effect, though much less pronounced, has been found as a small offset of the
u-parameter in the natural type ahrensite [41]. It is suspected that these examined high-
pressure silicates exhibited hidden structural disorder (such as from partial oxidation of
iron) and the data were not used here. In Tschauner and Ma [4], these data were used
and this resulted in an apparent expansion of Si[IV] with pressure. Based on the point
above, this apparent expansion is an artifact. The compression of Si[IV] as reported in
Table 2 follows precisely the general correlation of radii and their pressure dependencies
(see Section 4). Radii of Ge[V]] were obtained from a compression study of MgGeOs [42].

Table 2. Pressure dependencies of crystal radii r, interpolated ambient pressure radii ry, reference
crystal radii reryst at 1 bar from reference [15], R? of the fitted pressure dependencies, and references

to the studies whose structure data were used to obtain interatomic distances.

Element, o o Feryst [A] 2
[Coordination] ~ —9¥/dP [A/GPal o [A] (Shanmon 1976) R Ref.
LilIV] 0.006(1) 0.713(1) 073 0.90 [43]
Na[V1] 0.0110(2) 1.198(3) 116 0.85 [21]
Nal V1] 0.008(4) 1.28(3) 126 032 [44]
Nal[VITT] 0.00152(4) 1335(3) 132 0.99 [21]
K[VI] 0.0030(3) 1.528(1) 152 0.98 [19,20,45]
K[vIT * 0.0030(1) 1584(3) 16 0.99 [20]
K[VIIT] 0.0049(1) 1642(2) 1.65 0.99 [20]
K[VIIT'] ** 0.0014(1) 1.53(1) 1.52[V1] 097 [20]
K[IX] 0.0066(24) 1.68(1) 1.69 0.63 [46]
Cs[vI] * 0.0026(5) 1.79(4) 181 098 [22]
Cs[VII] 0.0053(2) 1.88(1) 188 0.99 [22]
Cs[XI] 0.0057(2) 1.994(3) 1.99 099 [47]
Be[IV] 0.0010(2) 0.414(1) 041 0.76 [25]
Mg[VI] 0.0014(2) 0.84(1) 0.86 0.76 [4,13,48,49]
MgiX] 0.0024(1) 1.11(3) - 0.99 [4,23,24,50-52]
Ca[V1] 0.0024(1) 1.143(4) 114 099 [53]
Ca[VILVII ] 0.0016(1) 1.19(1) 1.2[vI1] 097 [53]
Ca[V1II] 0.0034(2) 1.28(1) 126 0.98 [53]
CalIXX] 0.0020(2) 1.319(8) 1.32[1X] 094 [26,54,55]
St[VI] 0.0033(6) 127(1) 132 077 [56-59]
Ba[VI,VII ¥ 0.0025(2) 1512(4) 1.52[V11] 0.88 [60-65]
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Table 2. Cont.

Element, o o Teryst [Al 2
[Coordination] —dr/dP [A/GPa] To [Al (Shanri]wn 1976) R Ref.
Ba[VIII] 0.0025(1) 1.569(4) 156 0.98 [60-65]
Sc[X] 0.00141(2) 1.032(1) - 0.99 [29]
YIX] 0.0025(6) 1.176(3) 1.215[1X] 0.71 [28]
La[XI,XTI] 0.0030(2) 1.463(1) 1.4[X], 1.5[XIT] 0.97 [30]
Pr3* [XLXIT] 0.0024(1) 1.446(1) - 0.98 [31]
Gd[X] 0.0017(3) 1.332(2) 1.33[X] 0.86 [32]
T+ [VI] 0.0016(2) 0.746(8) 0.745 0.95 [42,54,65]
Cr*[VI] 0.00144(2) 0.752(1) 0.755 0.99 [36]
Fe2*[VI,HS] 0.00202(3) 0.907(1) 0.92 0.99 [37]
AL[VT] 0.00117(2) 0.677(1) 0.675 0.99 [26,28-35]
Ge[VT] 0.00085(7) 0.665(1) 0.67 0.97 [42]
Si[IV] 0.00069(8) 0.408(2) 0.4 0.88 [48,49,66-69]
Si[VI] 0.0009(1) 0.565(2) 0.54 0.79 [4,13,23,24,27 42,50-52,70~74]

*: Interpolated from high-pressure interionic distances. See Discussion about the origin of these offsets between
low- and high-pressure coordinations. ** This radius and pressure dependence are from data of KCl and KBr above
70 GPa and they interpolate to the ambient pressure radius of K[VI]. This observation is explained in Results.

4. Results
4.1. Pressure-Induced Structure Changes and Pressure-Dependent Radii

In advance of discussing the general aspects of the pressure-dependent radii, it is
useful to look at the relation between structure types that are favoured by pressure and the
pressure-induced changes in crystal radii. One merit of the ionic radii concept is with the
simple but quite reliable prediction of structures for solid compounds [2,3]. In [5], it has
been suggested that high-pressure polymorphs can be defined through the fact that they
plot outside the fields of occurrence of their structure types, as defined by ratios of radii
or, more quantitatively, by tolerance factors of their ionic radii at ambient pressure. For
instance, for oxides ABOj in a correlation of the cation ratios rA /rB or of the ratio rB/rO
versus the tolerance factor t = (rA + rO)/[/2:(tB + rO)] [3], the minerals enstatite, MgSiOs,
and wollastonite, CaSiO3, plot far outside the range of perovskite structures [5]. Hence,
this discrepancy in combination with the occurrence of high-pressure polymorphs such
as perovskite-type Mg and Ca silicates was suggested to serve as an indicator for marked
pressure-induced changes in the chemical bonds between the constituent atomic species [5].
If this concept is correct, the pressure-induced changes of cat- and anion radii are expected
to shift the high-pressure polymorphs into the field of tolerance of their structures. This is
the case, indeed, and it is illustrated here for perovskite-type oxides as a particularly large
and well examined class of materials [3].

With the crystal radii of Si[VI], Mg[X], and Ca[X], the ratio rA/rB shifts MgSiO3 and
CaSiOs just into the perovskite field of oxides in a simple correlation of rA and rB (see [5]).
However, this correlation neglects the influence of the oxide anion. Li et al. [3] have shown
that at ambient pressure, a correlation between the tolerance factor t and the octahedral
factor o = rB/rO provides a much better means of predicting perovskite structures. With
the pressure-dependent radii from Table 2, the octahedral factor o for bridgmanite and for
davemaoite ranges between 0.444 and 0.456 and t is below 0.919 and 1.00, respectively. This
relation of o and t holds to about 100 GPa where o drops below the lower bound of the
perovskite field. This range of pressure is close to the transformation of bridgmanite to the
postperovskite phase [23,24]. However, it is noted that CaSiO; remains in the perovskite
structure despite o < 0.4. For octahedrally coordinated Si and O, and tenfold coordinated
Mg, the parameters t and o remain within the perovskite field even at ambient pressure.
This observation tentatively explains the metastability of bridgmanite: if t and o are far
outside this range, a spontaneous collapse of the structure is expected. This is the case
for the stable electronic configurations that correspond to the radii of Si[IV] and Mg[VI].
Hence, the transition from the metastable to the stable valence electron configuration in
decompressed bridgmanite is sterically hindered (see Section 9 in Grochala et al. [8]) but
the energetic barrier is low. Davemaoite, with a t around unity, is close to the upper limit in
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t of the perovskite field and may need chemical substitution to survive at low pressures [75].
FeTiO3 remains at the border between the fields of ilmenite and perovskite structures,
crossing into the latter around 7-10 GPa, which is slightly below the 10-12 GPa of the phase
boundary interpolated to 300 K. These borderline values of o and t are consistent with the
existence of a metastable LiNbOs-type phase of FeTiO3: wangdaodeite [4]. However, with
O? in fourfold coordination, the octahedral factor o for ilmenite and wangdaodeite drops
below that of liuite around 6.5 GPa and this is a potential indicator for the stabilization of
the perovskite- over the ilmenite- and LiNbOgz-type structures above that pressure. The
fact that above 9-10 GPa, and along with further increase in pressure, o and t do not
shift further into the perovskite field, is consistent with the observed breakdown of this
phase to cottunite-type TiO, and FeO at high pressure [5]: the perovskite structure does
not gain in stability with increasing pressure and is replaced by simple oxides once a
denser arrangement of Ti in a titania phase becomes energetically favourable. Thermal
contributions as well as reaction kinetics influence the actual pressure where breakdown
of liuite is observed. Charge transfer and changes in the spin state of Fe are expected to
influence the effective radius of iron but appear to have no decisive effect in this particular
case since the pressure-dependent parameters o and t are overall consistent with the
observed phase transformations in FeTiOs.

4.2. General Considerations: Cations

The compression of cations is discussed first. All cation radii exhibit linear compression
(Table 2). The range of cation radii contraction dr/dP of between 7-10~* to 7-103 A/GPa
extends further but is overall comparable to the range of values previously assessed for
Ca, Y, La, and Al (9-10~% to 5:1072 [10], and for those elements the present study and the
earlier work agree within uncertainties). However, the conclusion by those authors that
crystal and ionic radii may be considered as basically incompressible within the range of
pressures in Earth cannot be supported here in that generality. For instance, the radii of
Cs[VIILXI] and K[VIILIX] decrease by ~30% between 0 and 100 GPa (Table 2, Figure 2).
Moreover, the differences in radii contraction extend over one order of magnitude and
such large relative differences, although across overall small values of compression, have
potential impact on element partitioning over the range of the Earth mantle. Generally, the
pressure dependence of crystal radii follows a simple systematics that extends from the
more compressible alkaline cations and the anions to rather incompressible ions like Si, Ge,
and Mg. The correlation between dr/dP and ry, the crystal radius of the ions at reference
ambient conditions, is shown in Figure 5 (left panel).
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Figure 5. Overview and systematics of the pressure dependencies of the examined ions: correlation
between —dr/dP in 1/ GPa and ambient pressure crystal radii ry in A. (Left side): dr/dP as function
of rg. Fit through filed symbol data, hollow symbols are for the following ions: Li[IV], Na[VI],
Na[VII] Na[VIII], Cs[VI], Ca[VIII], [X], Ba[VI], [VIII], La, Pr, Gd. Filled symbols are for all other
ions that represent the ‘mail trend’ (as explained in Section 4.2). (Right side): dr/dP as function of
electronegativity x in eV, at 0 GPa [76]. The fits are for the data that are represented as filled symbols;
the same is true for the left panel.
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All elements that deviate from the correlation const-x ~17° = dr/dP also deviate from

the linear correlation dr/dp = 0.00329(15)-r — 0.0010(2) (Equation (2)). The deviations
indicate coordinations of ions whose electronegativity is smaller (Li[IV], Na[VII], K[IX]) or
higher than those along the general trend and accordingly higher or smaller dr/dP. Note
that each of the deviating ions occurs in a coordination which falls onto the correlation
between dr/dP and r and x, respectively. Thus, it is not the chemical species but specific
coordinations of ions that exhibit excess compressibility (see Sections 4.1 and 4.2). The three
data points for x > 15 eV represent the high-pressure dr/dP of the anions O, Cl, Br (see
Section 4.3). The ions represented with filled symbols in Figure 5 give a linear correlation.

dr/dp = 0.00329(1)-r — 0.0010(2) 1)

with R? = 0.96. However, a good number of ions have been excluded from this fit (hollow
symbols, a fit for all data gives a slope of 0.0029(4) and the same constant 0.0010(5) but with
R? = 0.66) and this requires an explanation.

Generally, the finding agrees with the earlier proposition by Prewitt and Downs [6]
that larger ions are more compressible than smaller ones. However, two aspects in this fit
come to immediate attention: (1) Li[IV] and, potentially, though with large uncertainties
Na[VII] and K[IX], are above the general trend; and (2) for radii r > 1A a group of elements
is below the correlation of Equation (1): Na[VI], Na[VIII], Cs[VI], Ca[VII]], [X], Ba[V]],
[VIII], and Sc, Pr, and Gd in coordination [X-XI].

That large number of ‘exceptions’ raises the questionif the restricted correlation for the
remaining ions is at all meaningful. It may define with low-fitting correlation (R% = 0.66)
marked variations that are due to specific reasons for each ion or may better be replaced by
upper and lower bounds.

However, the deviations from (1) have a common, simple reason: Figure 5, right
panel, shows the correlation of dr/dP and the electronegativity x as a spatial average
of valence electron binding energies. x = ) nje;/n (sum running from i = 1 to n), n; the
occupation of the ith energy level e; and n the total number of electrons [76]. Ambient
pressure electronegativities by Rahm et al. [76] are used here. The same elements that
exhibit a very strong linear correlation between dr/dP and rj also show a very strong
correlation (R? = 0.98) with yx:

1

dr/dP = 0.061(14)-W ©)

and the power has an uncertainty 1.76 £ 0.15. The same ions that deviate from (1) also de-
viate from (2) and this common behaviour explains the deviations: Ions with coordinations
that are more compressible than those of the main trend, namely the ions Li[IV], Na[VII],
K[IX], would require smaller electronegativity to match the main trend, whereas ions which
are less compressible than those along the main trend (Na[VI], Na[VIII], Cs[VI], Ca[VIII],[X],
Ba[VI],[VIIl], Sc, Pr, and Gd) would require higher electronegativity to fall onto the trend..
This indicates that relative to the main trend that is defined by Equations (1) and (2), the
electron-electron repulsion of ions with positive excess compressibility is reduced, whereas
that of ions with negative excess compressibility is enhanced. For Li[IV], a more pronounced
internuclear repulsion possibly contributes to the offset relative to the main trend.
Hereby;, it is essential that each of the elements which occur as ions in coordination that
deviate from the main trend also occur in a coordination that falls right onto the main trend
of correlations between dr/dP and r and y, respectively: these are the ions represented
by filled symbols in Figure 5. For instance, K[VIII] and [XI], Cs[VIII] and [XI] are obeying
the relations given in Equations (1) and (2), but K[IX] and Cs[VI] deviate. Hence, it is not
the chemical element but specific coordinations of ions of some elements which exhibit
positive or negative excess compressibility. In other words, x, as it is defined in [76], does
not reflect differences in electronic state distribution that are specific for coordination, but
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dr/dP does. However, for most ions and coordinations, there are no coordination-specific
differences. These ions define the main trend in Equations (1) and (2).

This point of coordination-specific changes of dr/dP is further elucidated by looking
at radii and their pressure derivatives from the perspective of electron screening functions.
Before this is discussed, it is worth reporting the separate fit for the elements Na[V1],
Nal[VIII], Cs[VI], Ca[VIII], [X], Ba[VI]], [VIII], Sc, Pr, and Gd[X-XI], because they obey a
separate linear correlation between radius and dr/dP:

dr/dp = 0.00286(52)-r — 0.0018(7) 3)

with R? = 0.98. The merit of this separate fitting is discussed in Section 4.4. First, the overall
linear correlation of the main trend in Equation (1) is discussed. The ionic compressibility
is defined here as (ry) 3 (dr®/dP)t and with dr®/dP = 3r? dr/dP, and with substitution of
Equation (1) into this formula one obtains:

(dr®/dP)r = 3(A- 1o® — B- 1p?) 4)
= (r0) 3 (dr3/dP)r = 3(A — B/rp)

where A = 0.00329(1) and B = 0.0010(2). In other words, for the main trend ions, the ionic
compressibility is to first order a constant. dr®/dP converges to zero for vanishing radii. B/r
is a second order correction term and explains the minor deviation of the very small ions
Be[IV] and Si[IV] from the main trend. Constant 3A has the dimension of a compressibility
with value 9.8(1)-10712 m?/N = 9.8(1)-10~3 /GPa, which quantifies the change of ionic
compressibility with increasing radius; that is, the change in compressibility with addition
of further outer electrons for given principal quantum number L (because the radii vary
periodically as a function of L and Z, see for instance [14]). This brings back the issue of the
correlation between dr/dP and electronegativity and the causes of the deviations of ions in
some coordinations from the rather strict general trends of Equations (1) and (2).

Following Pauling [14,77], the ionic radii are related to Z asr = C/(Z — S) with C and
S, a screening term that is a function of azimuthal and principal quantum numbers [77-79].
Consequently,

dr/dp =0.00329(1)-r — 0.0010Q2) = AC/(Z — S) — B (5)

Figure 6 shows that this is the case, indeed. In Figure 6, the ionic compressibility has
been rescaled as 8 = (rg) > (dr’dP)r with rp the Bohr radius. f is given in 1/GPa and this
somewhat unusual measure of ion compression describes the compressibility of the ions as
multi-electron systems relative to the reference volume of a single electron, as defined by
the Bohr radius rg, whereas the proper ionic compressibility (rg) > (dr*dP)r is invariant
of Z or any other atomic parameter within uncertainties (Equation (4)).  is illustrative in
showing the relation between ion compression and nuclear charge number Z. The relation
between dr/dP and Z shows an equivalent systematics. It is given below in Section 4.4.
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Figure 6. Ionic compressibility as a function of the nuclear charge number Z. The correlation is
equivalent to that of the ionic radii and Z (see [14,77]) and determines the pressure-induced changes
in the outer electron configurations of the ions. Compressibilites of cations are given in Table 2 shown
as black squares; initial and asymptotic high-pressure compressibilities of the anions are shown as
hollow diamonds (see Section 4.3).

The relation between (3 and Z is periodic along the periodic table, similar to that of
the radii and Z [14,77-79] and this is expected, based on Equations (1), (4) and (5): for
elements of given principal quantum number L, the ionic compressibilities 3 decrease with
increasing number of electrons in the valence shell of the ions. This is not unexpected
because a higher density of electrons in the valence shell increases repulsion through their
Coulomb and exchange interactions and, therefore, resistance to compression. Thus, the
observed dependence of 3 on Z shows that 3 reflects the mutual repulsion of the electrons.
Alkaline and alkaline earths are the most compressible ions, whereas cations with filled p-
and d-states are the less compressible the higher the filling of these orbital states. In second
order, a more effective screening with increasing electron density and the availability of
a larger set of orbital states, for both elements from rows L > 4 and for ions in higher
coordination, increase compressibility. Hence, row L = 2 ions with filled p-states should be
the least compressible and this is observed. For illustration, a ‘crystal radius’ of C*[IV] has
been obtained from the bond distances of diamond under compression [80]: considering
that a spherical average of valence electron distributions is not expected to be a good match
for the highly covalent bond of diamond, the extremely low compressibility of this element
and monatomic material is captured quite accurately in the relation between the nominal
ionic compressibility of C[IV] and Z = 6 (Figure 6). Then, the L = 3 ions Al[VI], Si[1V],
Si[VI] are expected to be highly incompressible and this is observed, indeed. Similarly,
for L = 4, Ge[VI] is the least compressible of the examined ions in this row, etc. Moreover,
from Figure 6 one can conclude that the cations of transition group VIIIb elements, the
lanthanides, and the actinides should exhibit similar, low-ionic compressibilities. This
conclusion is also consistent with experimental observation. Although it is not possible
to extract good cation-oxide distances from X-ray diffraction data from high-pressure
experiments on compounds of elements with such high form factors, it is known that
compounds of L = 5 and 6 group VIIIb elements are quite incompressible which, in part, is
explained by low cationic compressibility for simple compounds of these elements [81-83].

The relation between rg = C/(Z — S) and dr/dP or ionic compressibility (3, respectively,
explains why pressure-induced changes in outer electron states are correlated to changes
in bond coordination rather than inducing an isostructural, continuous evolution of radii
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and their compressibilities: C and S are functions of electron states and undergo quantized
changes [77-79]. Upon such changes, bond coordination either increases, thereby reducing
repulsion, or remains equal, if consistent with Equation (5). Hence, Equation (5) in combina-
tion with (2) can be used as a boundary condition for assessing pressure-induced reconstruc-
tive transitions. Furthermore, the pressure dependence of the radii is actually not equal
to but smaller than C/(Z — S) by the compressibility factor A (Equations (1), (4) and (5)).
Factor A therefore represents the relative change of C and S upon compression for a given
Z, valence, and coordination, which together with C and S define the radii [77-79]. It is,
thus, not surprising the radii r and their dr/dP exhibit some variation around the linear
correlation of Equation (1), in consequence of particular settings for S. The effect is seen, for
instance, for the dr/dP of Fe?* [VI] which, in high-spin configuration, is somewhat higher
than predicted (Figure 6). More generally, radii and dr/dP for a given chemical species
but in different coordination are shifted such that in high coordination the distribution
of the outer electrons over a more extensive set of configurations reduces repulsion and
allows for higher compressibility relative to Equation (1), and coordinations that enhance
repulsion give lower dr/dP relative to (1). These variations are equivalent to the positive
deviations from the power relation between electronegativity and dr/dP (Figure 6), and
Equation (2) can be placed into context with the electron screening functions through
dr/dP=AC/(Z —S) — B=const-x 176, Tt is important to note that for each chemical
species and valence, there is a least one coordination where the radius and dr/dP fall onto
the linear correlation of Equation (1) and the power law dr/dP ~ 1/ xL7e (Equation (2));
thus, these two relations represent the principal trend of ionic compression behaviour.

4.3. General Considerations: Anions

It is proposed that the functional form of r = r'-P~™ of the pressure-dependent an-
ions O*~, Cl—, and Br~ is to be explained in an equivalent fashion: for these anions,
dr/dP = —m-r’/PA*™) = C'/{Z — S(P)*™)} and the main difference to the cations is in the
continuous pressure- dependence of S. In fact, the initial linear anionic compressibilities of
02—, Cl~, and Br™ fall -onto the same correlation of  and Z as the cations (Figure 6, hollow
symbols). A quite remarkable aspect in this consistency of cat- and anion compression
behaviour is that the initial linear anionic compressibilities of the anions for each row L
fall onto the extension of the correlation for L + 1 rather than for L, which means that,
within the approximation of the crystal radius concept, the initial compression of the anions
reflects the full octet state that is formally assigned to them in inorganic chemistry. At large
P, the anion radii approach a linear contraction regime like the cations and this change
in anion compression regime has been proposed to serve as for a principal distinction of
intermediate- and high-pressure phases [5]. The asymptotic high-pressure values also fall
into the correlation of  and Z (hollow symbols in Figure 7); however, they are at the tail
of the correlations for L rather than on the slopes of the correlation for L + 1, close to the
singularities of Z — S. From a purely formal point of view, this observation implies that
within this high-pressure regime O~ [VI], CI~[VI], and Br~[VIII] have shifted off the
octet state. This tentative interpretation is consistent with the proposition by Prewitt and
Downs [6] that increasing pressure increases covalency of the bonds. Furthermore, it is
consistent with the general pressure-induced reduction of electronegativity [84], which
also reduces the difference in electronegativity between cat- and anion, and is therefore in
agreement with a reduced electron density gradient along the bond vectors.

If this interpretation holds, the anions exhibit the pressure-induced continuous transi-
tion of outer electron states that the cations do not exhibit. There is one observation that
indicates pressure-induced changes of electronic configuration that are not directly cap-
tured by a configuration at ambient pressure and higher coordination, and that was already
noted for Ca in [5]: as mentioned in Section 3 and in Table 2, Ca[VIII] from CsCl-type CaO,
Ca[X] from davemaoite, Ba[VIII], and K[VIII] (from B2-type halogenides), interpolate to
the ambient pressure crystal radii of Ca[VII, IX], Ba[VII], and K[VI]. However, the radii
from compressed lower-pressure compounds of Ca and K with coordinations [VIII] and [X]
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interpolate quite exactly to the radii of these coordinations at ambient pressure (obviously,
because there is no curvature in the ion compression). This discrepancy is beyond uncer-
tainties and is not result of an erroneous coordination at high pressure (except perhaps for
Ba): CaO, KCl, and KBr in the phases have clearly coordination [VIII] and Ca in davemaoite
has coordination if at all higher but not lower than [X]. This observation suggests that in
some high-pressure compounds, the outer electron configuration of a given ion in a given
coordination is different from that at ambient pressure and rather matches that of a lower
coordination. However, in contrast to the anions, these possible ‘electronic transitions” of
cations comply with Equation (5) and are between discrete sets of C and S.

4.4. Prediction of lonic Radii Compression

Based on the systematics that are discussed above, it is possible to predict the pressure
derivatives of ionic radii. As mentioned above, for each chemical species and valence, there
is a least one coordination where the radius and dr/dP fall onto the linear correlation (1),
whereas other coordinations affect the ionic compressibility through their different outer
electron configurations, which cause changes in the screening function. The anions are an
extreme case of such changes (see Section 4.3). It is tedious and, with the given uncertain-
ties, not necessary to examine the configurations for each of these ions in their different
coordinations. Instead, it is found that the separation of two sets of linear correlations
between r and dr/dP in Equations (1) and (3) provide sufficient accuracy in predicting
the measured dr/dP. This is shown in Figure 7. Only for Li[IV] observed and calculated
dr/dP deviate markedly. As indicated above, this deviation is tentatively explained by
internuclear repulsion more pronounced than that of heavier ions. Figure 7 also shows
that the systematics between dr/dP and Z are predicted to hold for all elements from rows
L=2to7.
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Figure 7. Correlation of pressure dependencies of ionic radii dr/dP in 1/GPa as function of nuclear
charge number. Filled diamonds: predicted dr/dP; hollow squares: observed dr/dP. (Left panel):
For rows L = 2 to 4, (right panel): for rows L =5 to 7. For given Z, the different values of dr/dP
represent different coordinations. Only Li[IV] deviates markedly and beyond uncertainties from the
predicted relation.

5. Summary

In sum, cation compression is negative linear for all 35 examined ions over the exam-
ined pressure range. The examined anions exhibit nonlinear compression. The pressure
derivative of both cations and anions—are correlated with the nuclear charge number for
each row of the periodic table through an inverse relation, modified by a screening function.
As for the radii themselves, the screening function depends on the principal and the az-
imuthal electron states. Consequently, the cationic volume compressibility (r0) "3 (dr3dP)t
is nearly invariantly 9.8(1)-107 12 m? /N = 9.8(1)-10~3 /GPa, which quantifies the change
of ionic compressibility with increasing radius, that itself is defined through the addition
of further outer electrons for a given principal quantum number L, along with increasing
Z, and modified by the screening function S (see Sections 4.2 and 4.3). Therefore, cation
compression does generally not result in continuous changes of valence electronic states
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but in monotonous linear contraction. Changes in valence electron states appear strictly
correlated to changes of bond coordination and are constrained to discrete changes in states
that reduce repulsion of the outer electrons. Commonly, changes in bond coordination are
achieved through reconstructive phase transitions. For cations, the screening function is not
pressure-dependent within uncertainties over the examined pressure range. For anions, the
screening function scales with a low power of pressure such that with increasing pressure
a linear compression behaviour is approached that is then equivalent to the compression
behaviour of the cations. The transition between the initial high compressibility of anions
to asymptotic linear compression behaviour at high pressure appears to a be a continuous
electron transition from a nearly perfect valence electron octet state towards less localized
outer electron states, and this appears to define a fundamental difference in anion and
cation compression. The more similar compression behaviour at sufficiently high pressure
is consistent with the reduced difference in electronegativity between cat- and anion and
more shared outer electron states. This behaviour is initially and to first order dominated
by the high compressibility of the anions, but in second degree, pressure-induced coordi-
nation changes of the cations also modify their electronegativity based on the power-law
relation dr/dP ~ 1/x!7° that has been established in this paper. Positive and negative
excess compressibility of ions in some coordinations is explained as result of lower or
higher electron repulsion relative to the coordination-independent electronegativity. These
deviations can be quantified in terms of a correction to the electronegativity. The relations
between radii, ionic compressibility, electronegativity, and nuclear charge number appear
to be general and, thus, allow for predicting pressure dependence of radii for most ions
within narrow limits.

The pronounced pressure effect on heavier alkaline and alkaline earth elements, K,
Ca, and beyond, is potentially relevant for identifying potential deep mantle signatures
in geochemical trace element patterns. In particular, the present results confirm the role
of davemaoite as a host of elements that are geochemically incompatible in the upper
mantle and, therefore, are compatible in deep mantle rock, where this mineral is stable and
operates as solidus phase.
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