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ABSTRACT 

Elucidating the high-temperature behavior of rock-forming minerals such as 

amphiboles (AB2C5T8O22W2) is critical for the understanding of large-scale geological 

processes in the lithosphere and in particular the development of high conductivity in the 

Earth’s interior. Recently, we have shown that at elevated temperatures, CFe-bearing 

amphiboles with a vacant A site develop two types of charge carrier: (1) small polarons, 

and (2) delocalized H+ ions. 

To elucidate the effect of A-site cations on the formation and stability of charge 

carriers within the amphibole structure, here we analysed synthetic potassic-ferro-richterite 
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as a model Fe-rich amphibole with a fully occupied A site via in situ temperature-dependent 

Raman spectroscopy. We further compare the results from in situ time-dependent Raman-

scattering experiments on pre-heated and rapidly quenched potassic-ferro-richterite and 

riebeckite, as a model Fe-rich amphibole with a vacant A site.  

We show that the presence of A-site cations: (1) reduces the activation temperature 

of mobile polarons and delocalized H+ cations; (2) decreases the magnitude of the polaron 

dipole moment; (3) slows down the process of re-localization of electrons on cooling; (4) 

makes the electrons inert to rapid change in external conditions, supporting the persistence 

of a metastable state of pre-activated delocalized electrons even at room temperature.  

Our results have important implications in Earth Sciences demonstrating that the 

A-site cations may control the depth of development of high-conductivity in subducted

amphibole-bearing rocks. Moreover, from the view point of mineral-inspired materials

science, our results suggest that the amphibole-structure type has great potential for

designing functional materials with tuneable anisotropic-conductivity properties.

Keywords: iron-rich amphiboles, riebeckite, synthetic potassic-ferro-richterite, in situ 

high-temperature Raman spectroscopy, polaron conductivity, hydrogen diffusion  

1. INTRODUCTION

Amphibole-group minerals are important constituents in igneous and metamorphic 

rocks, being stable over a wide range of temperature and pressure. They have unusually 

high chemical variability, accommodating a wide range of elements in their structure (e.g., 

Hawthorne and Oberti, 2007). The general formula of the amphiboles is written as 

AB2C5T8O22W2, where A = Na, K, o (vacancy) at the A(2) and A(m) sites, B = Na, Ca, Li, 

Mg, Fe2+, Mn2+ at the M(4) site, C = Mg, Fe2+, Fe3+ Mn2+, Al, Ti, Cr, V at the M(1,2,3) 

sites, T = Si, Al, Ti at the T(1,2) sites and W = OH, F, Cl, O2- at the W site (Hawthorne et 

al. 2012). The structure consists of ribbons of six-membered rings of TO4 tetrahedra linked 

to ribbons of MO6 octahedra, forming I-beams that extend along the c axis (Fig. 1a). The 

I-beams are arranged in a zig-zag fashion in the (a*,b) plane (Fig. 1b) and the B cations

link the I-beams into a three-dimensional structure.
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The ability of amphiboles to retain their structure when their constituent Fe2+ 

oxidizes to Fe3+ with increasing temperature depends on local bonding between 

octahedrally coordinated Fe2+ and (OH)- (Fig. 1a). In the presence of external oxygen, Fe2+ 

turns into Fe3+ following the reaction: 2Fe2+ + 2W(OH)- + 0.5exO2 → 2Fe3+ + 2e- + 2WO2- + 

2H+ + 0.5exO2 → 2Fe3+ + 2WO2- + exH2O (Della Ventura et al. 2018a; Mihailova et al. 2022, 

Bernardini et al. 2023), where the local charge imbalance due to Fe oxidation is 

compensated by the delocalization of H+ and e- in the crystal bulk, before their loss in the 

surroundings. Because of this process, an Fe-bearing amphibole may transform into an 

oxo-amphibole, thus enlarging significantly its stability field up to very high temperature 

(Oberti et al. 2018, Della Ventura et al. 2023a). An important implication of the above 

reaction is that Fe-amphiboles may develop two types of charge carrier with increasing 

temperature: (1) small polarons, and (2) delocalized H+ (Mihailova et al. 2021, 2022; 

Rösche et al. 2022; Bernardini et al. 2023). Small polarons result from electrons excited 

between hybridized 2p levels of oxygen and 3d levels of octahedrally coordinated Fe2+ 

(Mihailova et al. 2021) that couple with longitudinal optical (LO) polar FeO6 phonons to 

carry the associated local structural distortion across the crystal bulk (Fig. 2). The structural 

flexibility of the silicate rings allows them to connect to neighbouring octahedra of variable 

size via slight tilting and rotation of the tetrahedra, a feature that is critical to the 

development of hopping polarons (Mihailova et al. 2021; 2022; Bernardini et al. 2023). 

Details of the atomistic mechanisms involved in the development of small polarons 

and mobile H+ during redox processes in amphiboles are of paramount interest in a range 

of disciplines, including geophysics and materials science, because (i) amphiboles are 

important constituents of subduction-zone rocks with anomalously high electrical 

conductivity (Ichiki et al. 2009; Kasaya et al. 2005), and (ii) synthetic amphibole 

counterparts can be the basis for designing functional materials with anisotropic polaron 

conductivity at high temperatures. 

In inelastic light-scattering experiments, the interaction between the electron and 

the phonon with the incoming photon during the activation of polarons gives rise to 

resonance Raman scattering (RRS) (Mihailova et al. 2021). Resonance conditions are 

achieved when valence electrons are excited to the conduction band and interact with 

longitudinal optical (LO) polar phonons via the so called Fröhlich interactions, i.e., 
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electrostatic interactions between the conduction electron and the dipole moment induced 

by a polar atomic vibration (Yu and Cardona, 2010). As a result of the electron-phonon 

coupling, under resonance conditions the symmetry selection rules are modified and the 

polar optical modes related to the atomic species in which the electron transition occurs are 

enhanced (de la Flor et al., 2014). In centrosymmetric crystals like amphiboles, this leads 

to selective enhancement of those polar phonon modes (initially Raman-inactive) related 

to the atomic species in which the electron transition occurs (i.e., FeO6 octahedra in the 

amphibole structure, see Fig 2a), and suppression of all other Raman-active modes (i.e., 

the OH-stretching and silicon-oxygen vibrations, Mihailova et al. 2021; 2022; Rösche et 

al. 2022; Bernardini et al. 2023). The temperature of polaron activation in the structure 

depends on the sample composition; our previous Raman studies on amphiboles with a 

vacant A site showed that the presence of CFe3+ reduces the temperatures of onset (T') and 

completion (T'') of electron delocalization, whereas CMg shifts them toward higher 

temperatures (Mihailova et al. 2021; 2022; Rösche et al. 2022; Bernardini et al. 2023). 

In this paper, we present the results of Raman-scattering analysis of synthetic 

potassic-ferro-richterite (PFR), nominally AKB(CaNa)CFe2+5TSi8O22(OH)2, as a 

representative Fe-rich amphibole with a filled A site. The intent of this study is to address 

the effect of AK on the thermal activation of charge carriers under both reducing and 

oxidizing conditions. The resultant data will be compared to the data obtained for riebeckite 

(RB), nominally A¨BNa2C(Fe2+3Fe3+2)TSi8O22(OH)2 (Bernardini et al. 2023), as a proxy for 

a vacant A-site amphibole. Additional time-dependent experiments on both PFR and RB 

were aimed at constraining the kinetics of e- and H+ re-localization upon fast cooling in an 

inert (N2) atmosphere in structures with empty vs. filled A sites. 

2. MATERIALS AND METHODS

In this work, we examine a synthetic PFR (Redhammer and Roth 2002; Oberti et 

al. 2016) and a near-end-member RB from an alkali pegmatite, Mt. Malosa, Zomba 

District, Malawi (Susta et al. 2018; Oberti et al. 2018). Both amphiboles have monoclinic 

C2/m symmetry at ambient conditions and their crystal-chemical formulae have been 

derived via a full spectrum of analytical techniques (for details see the above references). 

The actual chemical composition of PFR is 
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A(K0.90Na0.07☐0.03)B(Ca0.54Na1.46)C(Fe2+4.71Fe3+0.79)TSi8O22W[(OH)1.70O0.30],  

while that of RB is  
A(☐0.9K0.06Na0.04)B(Na1.82Ca0.13Fe2+0.05)C(Fe2+2.94Fe3+1.64Mg0.26Al0.10Mn2+0.05Ti0.01) 
T(Si7.9Al0.03)O22W[(OH)1.90F0.10] 

The Raman spectra were collected with a Horiba Jobin-Yvon T64000 triple-

monochromator spectrometer equipped with an Olympus BX41 microscope and a liquid-

N2-cooled charge-couple-device detector, using the 514.532-nm line of a Coherent Innova 

90 C FreD Ar+ laser. The spectrometer was calibrated to the Raman peak of Si at 

520.5 cm−1. The spectral resolution was ~2 cm−1 and the instrumental precision in 

determining the peak positions was ~0.35 cm−1.  

In situ temperature-dependent experiments on PFR were done in N2 with a 

LINKAM THMS-E600 and in air with a LINKAM TS1200 EV-1015, with temperature 

accuracies of 0.1 K and 1 K, respectively. Pristine euhedral crystals of similar size (~50 ´ 

50 ´ 200 µm3) were used for each run. Parallel polarized spectra (polarization of the 

scattered light Es parallel to the polarization of the incident light Ei) were collected in 

backscattering geometry in two different orientations: c axis || Ei and c axis ^ Ei, which 

correspond to 𝑦#(𝑧𝑧)𝑦 and 𝑦#(𝑥𝑥)𝑦 in Porto’s notation, with z along the c axis and x ^ y ^ 

z (Mihailova et al. 2021). Both types of polarized Raman spectra are dominated by Ag 

phonon modes, but different components of the Raman polarizability tensor are detected 

in the two scattering geometries, indicating orientational dependence of Raman intensities 

also under non-resonance conditions (Waeselmann et al. 2020, Mihailova et al. 2021). A 

complete group-theory analysis of the amphibole phonon modes is given by Waeselmann 

et al. (2020).  

Temperature-dependent experiments were conducted in the 300 - 600 K range, 

because this interval was sufficient to observe the development of charge carriers. A 

heating/cooling rate of 10 K/min was used for the experiments in N2, whereas in air the 

heating rate was 20 K/min and the cooling rate was 50 K/min. The sample was stabilized 

5 min at each target T before collecting the spectrum. Temperature values for each ramp, 

scattering geometry, and different atmosphere are given in Table 1. 

In addition, in situ time-dependent experiments were done on PFR and RB with the 

c axis || Ei in an N2 atmosphere at 300 K after heating the sample at a rate of 10 K/min up 
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to T'' (i.e., temperature of complete activation of polaron: 525 and 650 K for PFR and RB, 

respectively) and kept at this temperature for 30 min before cooling at a rate of 50 K/min. 

Purging with N2 was used to avoid the ejection of charge carriers from the crystal surface 

(Mihailova et al. 2021; Bernardini et al. 2023) thus allowing to monitor their re-localization 

on cooling. Raman spectra were collected immediately when the samples reached 300 K, 

and the measurements were repeated every 15 minutes until no further spectral changes 

were visible, i.e., 150 min for RB and 240 min for PFR.  

The measured spectra were baseline-corrected, temperature-reduced for the Bose-

Einstein population factor, and fitted with pseudo-Voigt functions to derive the phonon 

wavenumbers w, full widths at a half maximum (FWHM), integrated intensities I, and 

weight coefficients q of the Lorentzian contribution to the peak shape. Details of the data-

evaluation procedure are given in the supplementary material of Mihailova et al. (2021).  

3. RESULTS

3.1. In situ HT experiments on potassic-ferro-richterite

In situ temperature-dependent Raman spectra collected in air with Ei || c show that 

the OH-stretching mode disappears at 500 K (Fig. S1) while the overall scattering changes 

drastically at 520 K: the MO6 and the silicate phonon modes are completely suppressed 

and a strong peak due to RRS appears near 570 cm-1 (red spectrum in Figs. 3a and S1). 

However, the Raman spectra collected with Ei ^ c at the same temperature still follow the 

conventional selection rules (red spectrum in Figs. 3b and S2). This clearly demonstrates 

the development of mobile polarons with electric dipoles aligned parallel to the c axis, as 

already shown to occur for grunerite (GR), nominally A¨BFe2CFe2+5TSi8O22(OH)2, and RB 

(Mihailova et al. 2021; Bernardini et al. 2023). The temperature evolution of the 

wavenumber of the SiO4-ring mode 𝜔!"#	%&!"		
'()*	&+,-(T) near 671 cm-1 is sensitive to the local

structural readjustment within the silicate double-chains. The 𝜔!"#	%&!"		
'()*	&+,-(T) trend derived

from the Ei || c spectra (red spheres in Figure 4a) shows a minimum at T' = 460 K, whereas 

that derived from the Ei ^ c spectra (green rhombuses in Fig. 4a) shows a minimum at 

higher temperature, T'' = 525 K, where RRS becomes dominant in Ei || c geometry. After 

cooling from 540 K in Ei || c and from 600 K in Ei ^ c geometry, the 𝜔!"#	%&!"		
'()*	&+,- (Fig. 4a)
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approaches a higher value that the initial one, indicating irreversible modification of the 

ring geometry due to permanent Fe oxidation (Mihailova et al. 2021; Bernardini et al. 

2023). Irreversible MFe2+ → MFe3+ and W(OH)- → WO2- changes are also confirmed by the 

disappearance of the peak near 197 cm-1 (see Fig. 4b), related to a Raman-active MFe2+O6 

phonon mode (Susta et al. 2018), and the OH-stretching mode, near 3675 cm-1 (see Figs. 

5a and 5b). Hence, dehydrogenation in air is completed in the temperature range 540-600 

K, which is in accord with the temperature at which changes in the unit-cell parameters 

occur due to the irreversible oxidation (Oberti et al. 2016). 

In situ Ei || c spectra collected in an N2 atmosphere show that RRS is dominant at 

500 K (red spectrum in Figs. 3c and S3). However, at this temperature, the Ei ^ c spectrum 

still exhibits the phonon modes related to silicate anion and the MO6 octahedra, although 

the OH-stretching is no longer resolved (red spectrum in Figs. 3d and S4). This 

demonstrates the development of anisotropic mobile polarons also in N2 atmosphere. The 

Ei || c spectra collected immediately after quenching are still dominated by RRS (Fig. S3) 

while the Ei ^ c spectrum shows no detectable recovery of the OH-stretching mode once 

reaching 300 K (Fig. S4). However, the spectra collected (in both scattering geometries) 

after prolonged time (t ~ 120 min) show total recovery of all non-RRS peaks (i.e., the 

phonon modes related to silicate anion, the MO6 octahedra, and the hydroxyl groups, see 

Figs. 3c, 3d, S3, and S4). Similarly to the experiments in air, the 𝜔!"#	%&!"		
'()*	&+,-(T) derived

from the Ei || c spectra show a clear minimum at 450 K (red spheres in Fig. 4c). However, 

after cooling to room temperature and a certain waiting time (~ 120 min) after the heating-

cooling ramp, the SiO4 mode shifts back to 671 cm-1 (blue spheres in Fig. 4c), indicating a 

reversible temperature-induced modification of the silicate double-chain geometry. The 

recovery of 𝐼.	#/"	
01# and IOH stretching/Iframework at room temperature and waiting for ~120 min

after cooling to room temperature (Figs. 4d, 5c, and 5d) also confirms that reversible MFe2+ 

↔ MFe3+ and W(OH)- ↔ WO2- exchange takes place. Note that the small quantitative 

difference between 𝐼.	#/"	
01#  measured before and after the heating-cooling ramp is most

probably due to insufficient waiting time (see the discussion below), but the trend towards 

a complete disappearance of RRS and full recovery of non-RRS signals is clear.  
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3.2. Time-dependent experiments at RT on riebeckite and potassic-ferro-richterite 

annealed in N2  

To address the re-arrangement of e- and H+ upon cooling, we did time-dependent 

experiments on both PFR and RB in N2, to avoid loss of e- and H+ that occurs in amphiboles 

when heated in an oxidizing atmosphere (Bernardini et al. 2023 and this work). 

As described in the experimental section, RB and PFR single crystals oriented in 

Ei || c scattering geometry were heated at a rate of 10 K/min to 650 K and 525 K (T'' in 

Table 2), respectively, and held at these two temperatures for 30 min to achieve collective 

e- delocalization, revealed via the appearance of RRS (red spectra in Fig. 6). Then the

samples were quenched at a relatively high cooling rate (50 K/min) and Raman spectra

were collected immediately, without any stabilization time, and the measurements were

repeated every 15 minutes to monitor the relaxation of the electronic system as a function

of time.

The spectrum of RB collected immediately after fast cooling (t0) completely 

recovers its initial non-RRS peaks (blue spectrum in Fig. 6a). In strong contrast, the 

spectrum of PFR collected at t0 is still dominated by RRS and only weak non-RRS peaks 

are resolved (blue spectrum in Fig. 6b). However, the RRS signals fully reappear after 15 

min and 30 min for RB and PFR, respectively (green spectra in Fig. 6), showing that 

electron delocalization re-occurs at room temperature. The OH-stretching peak also 

disappears, but this can be due to the change in the selection rules, not due to further 

delocalization of H+ at RT. For RB, all non-RRS peaks, including the OH-stretching peak, 

reappear abruptly after 90 min (orange spectrum in Fig. 6a), and after 135 min, total 

recovery of the conventional (non-resonant) Raman spectrum is observed (grey spectrum 

in Fig. 6a), without any further change with time. For PFR, the non-RRS peaks start 

reappearing after 135 min (orange spectrum in Fig. 6b) and their intensities gradually 

increase while those of RRS signals vanish until complete recovery of the non-RRS 

spectrum after 240 min (grey spectrum in Fig. 6b). These observations indicate that the 

presence of A-site cations delays the relaxation of the system from a metastable state with 

conductive electrons to the ground state with all electrons re-localized back to MFe2+ 

cations.  
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The electron relaxation can be quantitatively monitored by the time evolution of 

the fractional intensity of the MFe2+O6 mode near 197 cm-1 normalized to the corresponding 

intensity measured before heating the sample (𝐼.(3)		
01# /𝐼.(56)	

01# ), and by the intensity ratio

between the SiO4-ring mode near 660 cm-1 and the strongest RRS peak near 580 cm-1 

(𝐼78.9	:;<=/(𝐼78.9	:;<= + 𝐼>>?)). Data for RB and PFR are compared in Figs. 7a and 7b. 

Immediately after cooling (t0 = 0 min), RB (orange spheres) shows rapid and almost 

complete re-localization of e- (𝐼.(3)		
01# /𝐼.(56)	

01#  and 𝐼78.9	:;<=/(𝐼78.9	:;<= + 𝐼>>?) ~ 0.8). In

contrast, PFR (green spheres) shows sluggish and only partial re-localization of e- 

(𝐼.(3)		
01# /𝐼.(56)	

01#  and 𝐼78.9	:;<=/(𝐼78.9	:;<= + 𝐼>>?) ~ 0.2). Electron delocalization still

occurs at room temperature in RB and PFR after 15 and 30 min, respectively (𝐼.(3)		
01# /𝐼.(56)	

01#

and 𝐼78.9	:;<=/(𝐼78.9	:;<= + 𝐼>>?) ~0). This state of collectively delocalized e- persists at 

room temperature up to 75 min in RB and 120 min in PFR. It is worth noting that in RB, 

partial re-localization of e- occurs at 45 min, as shown by 𝐼.(3)		
01# /𝐼.(56)	

01#  ~ 0.2 (see Fig. 7a).

Finally, renewed electron re-localization starts after 90 min and it is completed after 135 

min in RB. For PFR this process is much slower, starting only after 135 min and ending up 

after 240 min in PFR (i.e., 𝐼.(3)		
01# /𝐼.(56)	

01#  and 𝐼78.9	:;<=/(𝐼78.9	:;<= + 𝐼>>?) ~ 1).

4. DISCUSSION

4.1. Temperature-activated charge carriers in potassic-ferro-richterite

The appearance of direction-dependent RRS at elevated temperatures (see the 

spectra collected in Ei || c vs. Ei ^ c scattering geometry in Fig. 3) clearly shows that the 

formation of strongly anisotropic small polarons with dipoles parallel to the c axis occurs 

also in PFR. Similar to grunerite (Mihailova et al. 2021) and riebeckite (Bernardini et al. 

2023), in a reducing atmosphere the process of e- and H+ delocalization is fully reversible, 

emphasising that mobile charge carriers are typical of Fe-bearing amphiboles at elevated 

temperature, regardless of the degree of A-site occupancy and presence of external oxygen. 

The activation of small polarons requires a readjustment of the SiO4 ring-geometry to adapt 

to the smaller size of the Fe3+O6 octahedra compared to that of Fe2+O6 (e.g., Mihailova et 

al. 2022). Following the concept of hard-mode spectroscopy (Bismayer 1990), this local-
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scale structural change can be experimentally detected by a minimum in 𝜔		'()*	&+,-(T). As 

already observed for riebeckite (Bernardini et al. 2023) and grunerite (Mihailova et al. 

2021; 2022), the 𝜔		'()*	&+,-(T) trends derived from the different scattering geometries 

show minima at different temperatures, which in the case of PFR are T' = 460 K for Ei || c 

and T'' = 525 K for Ei ^ c (Fig. 4a). The difference between T' and T'' reveals that the 

temperature-induced flattening of the energy potential U related to SiO4-ring readjustment 

is faster along the SiO4-MO6 stripes than in the perpendicular direction. This is because the 

development of polarons with mutually aligned electrical dipoles along the c axis gives rise 

to an intrinsic electric field || c and consequently, to an additional potential vector term dU 

∝ T''-T' (Mihailova et al. 2022; Bernardini et al. 2023). For PFR T''-T' = ~65 K, which 

corresponds to ~0.0056 eV. Thus, T' = 460 K pinpoints the onset of formation of polarons 

in PFR, whereas T'' = 525 K, which is also the temperature at which anisotropic RRS 

occurs, marks the development of collective mobile polarons. In an oxidizing atmosphere 

the delocalization of H+ is strongly enhanced above T'' (see Fig. 5b) and after reaching 600 

K the OH-stretching peak does not recover even partially on subsequent cooling down. 

That is, near 600 K the irreversible MFe2+ + W(OH)- → MFe3+ + WO2- co-exchange is 

complete and PFR becomes an oxo-amphibole. Given that the temperature step in our 

experiment was 25 K, this value is consistent with the oxidation temperature deduced from 

X-ray absorption spectroscopy (588 K) and X-ray diffraction (608 K) (Della Ventura et al.

2018b) for the same sample.

4.2. Thermally-activated charge carriers in amphiboles: occupied A site versus vacant 

A site  

Table 2 compares the characteristic temperatures T' and T'' for PFR (this study), 

GR (Mihailova et al. 2021) and RB (Bernardini et al. 2023). As can be seen, the presence 

of A-site cations reduces both T' and T'', indicative of potential barrier for polaron 

activation, as well as the temperature difference T''-T', indicative of the polaron-dipole 

magnitude. This can be due to the smaller energy gap Eg between the valence and 

conduction electrons bands and/or smaller local structural deformation associated with the 

polaron occurrence. The former reason can be ruled out, because density-functional-theory 

(DFT) calculations of the electron structure of nominal PFR (Della Ventura et al. 2018b) 
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and GR (Mihailova et al. 2021), both having only Fe2+ in the octahedral strips, show that 

Eg is smaller for GR. Therefore, one can speculate that a filled A site reduces the degree of 

local structural deformation, implying weaker electron-phonon interactions and hence, a 

smaller effective polaron mass as compared to the case of A-site vacant amphiboles. 

However, the mobility of polarons, depends not only on the effective mass but also on the 

mean free path of charge carriers (e.g., Kittel 2004), which might be reduced in the 

presence of A-site cations due to additional collision processes that hopping polarons may 

experience.  

The in situ heating-cooling experiments in N2 demonstrate another peculiarity of 

A-site filled amphiboles. In strong contrast to RB (Della Ventura et al. 2018a, Bernardini

et al. 2023) and GR (Mihailova et al. 2021), the spectra of PFR collected in N2 do not

recover immediately after cooling to room temperature (see Figs. 3, 4, 5, S3, and S4). Only

after at least two hours, the non-resonance spectral features fully reappear and RRS entirely

disappear. Therefore, once e- and H+ are delocalized at elevated temperatures, their

corresponding re-localization at the octahedrally coordinated Fe cations and W-site anions

is slowed by the filled A sites. That is, the A-site cations act as a “retardant” for

immobilizing the charge carriers when the temperature decreases and slow down the

transition from the metastable “semi-conductive” state to the ground insulating state of

amphibole at room temperature. In other words, for PFR as a model amphibole with

occupied A sites, the depth of the potential well representing the metastable state is close

to that of the primary ground state, making the electrons inert to a rapid change of external

conditions. The results of the kinetics experiments in N2 show that the relaxation of the

electronic system occurs faster in a vacant-A-site amphibole than in an occupied-A-site

amphibole (although RB was heated to a higher temperature than PFR, 650 K versus 525

K, respectively). However, the time evolution of 𝐼.(3)		
01# /𝐼.(56)	

01#  and 𝐼78.9	:;<=/

(𝐼78.9	:;<= + 𝐼>>?)	 (see Fig. 7) shows fluctuations of the electronic system until complete

and stable e- re-localization is achieved at room temperature, after thermal treatment. As

the experimental conditions were isothermal but not adiabatic, the fast cooling down should

have led to a significant temperature gradient from the crystal core to the rim and therefore,

to a propagation of temperature waves, which in turn causes chemical fluctuations in the

surface layer (a few µm thick) probed by Raman spectroscopy, i.e., fluctuation of Fe3+ ↔
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Fe2+, corresponding to delocalized and re-localized electrons. Hence, we attribute the 

observed re-excitation of electrons at room temperature to a temperature wave from the 

core to the surface of the crystal. In RB, this process happens quickly and abruptly, with 

strong oscillations of the electronic system, whereas in PFR the relaxation is smooth and 

sluggish (see Fig. 7). This inference is in agreement with the resistivity measurements done 

recently by Della Ventura et al. (2023b) showing fast oscillation of conductivity in RB 

while cycling the sample temperature. The prolonged time of recovery for PFR, 

independent of the cooling rate, confirms that A-site cations enlarge the potential barrier 

between the metastable state of Fe3+ cations with electrons hopping between adjacent MO6 

octahedra and the ground state of octahedrally coordinated Fe2+. This implies that thermally 

activated polaron conductivity in amphiboles might be some way tuned via the A-site 

population.  

It is worth noting that the polaron hopping through the I-beams should involve 

rapidly changing sizes of the MO6 octahedra. As a result, the strips of M(1,2,3) octahedra 

should develop dynamical modulation in its dimensions as the polaron migrates along the 

c-axis direction. Consequently, the linkage between the M(1,2,3) and [T8O22] strips must

also have a complementary modulation in order to maintain this linkage. Hawthorne (1979)

examined the details of the linkages in monoclinic amphiboles between the strips of

octahedra and tetrahedra. The intrinsic differences between the dimensions of the two strips

are accommodated primarily by rotation of the tetrahedra within the (b,c) plane such that

larger cations at the M(1,2,3) sites are associated with less TO4 rotations, i.e., larger O5-

O7-O5 and O5-O6-O7 angles (see Fig. 1a) and consequently different TO4-ring geometry,

mirrored by 𝜔~!"A	%&!"		
'()*	&+,- . The presence of A-site cations increases the number of bonds to

the bridging oxygen atoms O5, O6, and O7, which would allow them much more flexibility

in their movement to accommodate the mobile polarons and maintain their accord with the

valence-sum rule (Brown 2016). This greater flexibility can support keeping smaller CFe3+

in the octahedral strips, which effectively stabilizes the state with delocalized electrons at

temperatures below the temperature of polaron activation and slows down the kinetics of

electron re-localization.

CONCLUSIONS AND IMPLICATIONS 
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Our in situ temperature-dependent Raman data, collected in air or N2, provide direct 

proof for the activation of charge carriers in potassic-ferro-richterite as a model Fe-rich 

amphibole with a completely occupied A site. The development of charge carriers begins 

at T' ~ 460 K, regardless of the presence of external O2. However, external O2 is essential 

for allowing ejection of H+ and e- from the crystal surface above T'' ~ 525 K. We show that 

A-site cations: (1) reduce the magnitude of the polaron dipole and temperature of polaron

activation; (2) slow down the process of re-localization of electrons, and (3) enlarge the

potential barrier between the metastable state consisting of effectively MFe3+ and electronic

polarons hopping along the MO6 strips, and the ground state comprising MFe2+, supporting

the persistence of a metastable state of delocalized electrons even at room temperature.

Our results thus demonstrate that the A-site population can be used to design novel 

amphibole-inspired functional materials with tuneable anisotropic-conductivity properties, 

i.e., polaron activation temperature and polaron-dipole magnitude. Moreover, our results

have paramount implications for the high-conductivity anomalies observed in subduction

zones and the water cycling in the Earth’s interior. We show that the A-site cations do not

prevent the formation of polarons and delocalized H+ cations, instead they decrease the

temperature of activation of charge carriers and dehydrogenation in the amphibole.

Although in Fe-poor amphiboles, such as those occurring in the upper-mantle (Konzett et

al. 1997; Wilkinson and Le Maitre, 1996, Wagner et al. 1996), the activation of charge

carriers and dehydrogenation is expected at much higher temperatures (Rösche et al. 2022;

Mihailova et al. 2021; 2022), the presence of A-site filled cations in subducting rocks can

reduce the activation temperature of charge carries, thus controlling the depth of

development of high-conductivity layers in the crust-mantle. The A-site population can also

control the depth of release of water from amphibole-bearing rocks, with consequences on

magmatism and seismicity at convergent plate boundaries.
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Figures Captions 

Figure 1 Sketch of the C2/m amphibole structure with fully occupied A site in two different 

projections. The dashed rectangle in (b) marks the I-beam of a tetrahedra and octahedra 

that extends along the c axis; the solid ellipse marks the M(4) cation connecting three I-

beams 

Figure 2 Sketch of a polaron formed due to a direct transition across the energy gap Eg in 
M(1,2,3)Fe-bearing amphiboles (a), and of polaron hopping along the TO4-MO6 strips (b). 

The crystallographic-axes compass refers to C2/m. The dipole moment of the polaron, 

represented by the thick arrow in (a), is parallel to the I-beam because it arises from an 

electronic transition between hybridized orbitals of Fe and O within a plane perpendicular 

to the c axis, which couples with a phonon having polarity along the c axis (see Mihailova 

et al. 2021) 

Figure 3. In situ temperature-dependent polarized Ei || c and Ei ^ c spectra of potassic-

ferro-richterite measured in air (a and b) and in N2 (c and d). The peaks arising from the 

MO6 mode near 198 cm-1, SiO4-ring mode near 671 cm-1, and the OH stretching mode near 

3676 cm-1 are shaded with reddish, green and blue, respectively, in the spectra collected at 

300 K. 

Figure 4. Temperature dependence of the wavenumber of the ring mode near 671 cm-1 

(𝜔!"#	%&!"		
'()*	&+,-) and fractional intensity (𝐼.	#/"	

01# ) of the Raman-active MO6 mode near 197 cm-

1 in air (a and b) and N2 (c and d) for potassic-ferro-richterite. Scattering geometries and 

environment of the in situ experiments are given in the plots. The blue symbols represent 

data collected on cooling. 

Figure 5. Temperature dependence of the total Raman scattering arising from the OH-

stretching modes IOH stretching normalized to the total Raman scattering generated by the 

framework vibrations Iframework from both scattering geometries in air (a and b) and N2 (d 

and c) for potassic-ferro-richterite. The blue symbols represent data collected on cooling. 
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Figure 6. Time-dependent polarized Ei || c spectra measured at 300K in situ and in N2 for 

riebeckite (a) and potassium-ferro-richterite (b) after annealing the samples in N2 at T'' 

(650K for riebeckite and 525 K for potassium-ferro-richterite, see Table 2) and cooling at 

50 K/min. Arrows mark the reappearance of the OH-stretching phonon mode.  

Figure. 7 Time dependence of the fractional intensity (𝐼.	#/"	
01# ) of the Raman-active MO6

mode near 197 cm-1 in the Ei || c spectra normalized to the corresponding intensity 

measured before annealing the sample: 𝐼.(3)		
01# /𝐼.(56)	

01#  (a). Intensity ratio of the non-RRS

peak generated by the ring mode near 660 cm-1 and the RRS peak near 580 cm-1 

𝐼78.9	:;<=/(𝐼78.9	:;<= + 𝐼>>?) (b). All data derived from spectra collected at 300 K in N2 

after annealing the sample at T'' for 30 min and cooling down to 300 K with a rate of 50 

K/min; NA: non-annealed 
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Table 1. Summary of experimental runs for the in situ temperature-dependent experiments on PFR. 

Temperatures are given in Kelvins and in bold (on heating) or in italic (on cooling). 

scattering geometry 
atmosphere 

air N2 

Ei || c axis 

300, 360, 380, 400, 420, 300, 440, 

300, 460, 300, 480, 300, 500, 300, 

520, 300, 540, 300, 600, 300 

300, 350, 400, 450, 500, 

550, 500, 450, 400, 350, 

300, 300 (after t >120min) 

Ei  c axis 
300, 350, 400, 450, 475, 500, 525, 

550, 300, 575, 300, 600, 300 

300, 400, 500, 300, 300 

(after ~120 min) 



Table 2. Summary of characteristic temperatures derived from Raman-scattering data and the 
calculated |U| for riebeckite (RB), potassic-ferro-richterite (PFR), and grunerite (GR). T': onset of 
formation of polarons. T'': complete generation of mobile polarons and delocalization of H+. T''-T' 
and consequently |U| are indicative of the average magnitude of polaronic dipoles. Data from: 
aBernardini et al. 2023; bMihailova et al. 2021, 2022. 

Amphibole species Nominal formulae 
T' 

(K)
T'' 
(K) 

T''-T' 
(K) 

|U| 
(eV) 

PFR (occupied A-site) AKB(CaNa)CFe2+
5

TSi8O22(OH)2 460 525 ~65 ~0.005
RB (empty A-site)a ABNa2

C(Fe2+
3Fe3+

2)
TSi8O22(OH)2 500 650 ~150 ~0.013

GR (empty A-site)b ABFe2
CFe2+

5
TSi8O22(OH)2 700 850 ~150 ~0.013
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