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Abstract. We study the optical absorption spectra for pure Bi;,Si0,, single crystals
and the crystals doped with Cr and Mn ions. These spectra are measured in the
photon-energy region 1.3-2.6 eV at the temperatures 300670 K. The intrinsic
defects with significantly different optical and thermal activation energies
(respectively 1.493 and 0.66 eV) are revealed in Bij;SiO,. The strengths S of
electron—phonon interactions at the intra-centre transitions in Cr and Mn ions are
determined. We obtain S = 3.33 (at 300 K) and 3.42 (at 420 K) for Bi;,Si0,,:Cr, as
well as S~5.26 (at 300 K) and 5.46 (at 420 K) for Bi;;SiO,:Mn. A significant
thermochromic effect is detected in Bi1,Si0,:Cr crystals.
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1. Introduction
Photorefractive and electro-optic sillenites with a general formula Bi;;MO,y, (M = Si, Ge, Ti)

abbreviated hereafter as BMO have found many applications. They are used as active media in
various devices of optical and functional electronics. In particular, Bij;SiO, crystals (BSO in
short) are good for holographic interferometry, dynamic holography, spatiotemporal light
modulation and optical waveguides or switches [1, 2].

Doping is one of the most effective ways for targeted modification of crystal properties. The
photoelectric and optical properties of nominally pure and doped BMO crystals have been
repeatedly studied at 77<300 K with different experimental methods. For example, it has been
shown that doping of BSO with Al and Ga ions leads to a sharp decrease in its optical absorption,
whereas doping with Cr and Mn ions results in appearance of intense intra-centre absorption bands
in the visible optical range [3].

Recently, many research groups have examined the temperature changes in the physical
properties of BMO, which occur in the range of ‘moderately high’ temperatures
(300 K <T<600K) [4-8]. The appropriate information is important for evaluating thermal
stability of the physical properties of BMO and studying possible thermally induced effects in it.
For instance, the temperature regions where the piezoelectric coefficients of BSO and Bi;,TiO,
(BTO) crystals are stable have been established in Ref. [4]. The authors [5] have shown that
heating of Co-doped Bi;,GeO,, (BGO) crystals up to 500 K leads to a considerable increase in its
dielectric permittivity. Temperature dependences of the photorefractive effect in BGO have been
studied in Ref. [6]. Stationary and irradiation-induced optical absorption in BTO doped with Zn
and Ca and BSO has been revealed [7]. Moreover, a thermochromic effect (TCE) has been

Ukr. J. Phys. Opt. 2023, Volume 24, Issue 4 04001



Panchenko T. V. et al

observed in Al- and Ga-doped BSO crystals [8]. A notable role of temperature in the relaxation
dynamics of charge carriers in Cr-doped BSO crystals has also been indicated [9].

It is obvious that further studies of temperature influence on the optical properties of BSO
can enable obtaining new functional materials with required characteristics. Temperature
dependences of the optical absorption due to the transitions of a ‘deep level-conduction zone (or
valence zone)’ type have been analyzed in our previous work [10]. The main attention has been
paid to the levels with the optical activation energies 1.65 eV (BSO and BSO:Cr crystals) and
1.68 eV (BSO:Mn crystals).

The purpose of the present work is to study the influence of temperature on the intense
optical absorption due to intra-centre electronic transitions in doping Cr and Mn ions. In addition,
it would be interesting to investigate the temperature dependences of the absorption associated
with some other deep levels in the BSO crystals and consider a possibility for exciting the TCE.

Considering the BSO crystals and the dopants under study, one should consider that
recording of holograms by light pulses is accompanied by appearance of a photorefractive lattice
and, additionally, a photochromic lattice [11]. Moreover, it is known that the Cr and Mn dopants
enhance notably the photochromic effect (PCE) in BSO [12].

2. Experiments
Single crystals of BSO, BSO:Cr and BSO:Mn were grown by a Czochralski method along the

crystallographic direction [001]. In accordance with our spectral-emission analysis, the impurity
contents in the doped crystals amounted to 0.02 mass % for Cr and 0.3 mass % for Mn. The
samples were prepared in the shape of polished plates with the thicknesses d = 3—5 mm and the
dimensions 8x8 mm? of the main planes (001).

The spectra of the stationary optical transmittance fy(4v, T;) and the transmittances detected
in the processes of heating (¢'"(hv, T)) and cooling (£ (hv, T)) were recorded with a Specord M40
spectrophotometer. The measurements were performed in the range of light-quantum energies
hv=1.3-2.6 eV. The temperature of the samples was changed in both heating and cooling cycles
in the range 300-670 K, with the rate of 0.625 K/min. The samples were kept for 10 min at the
maximal temperature, 7=670K, and then cooled down. Intense long-wavelength bands
associated with the intra-centre absorption of Cr and Mn ions are located in the spectral range
under test. These bands are hardly distorted by a possible superposition with the weak absorption
bands arising from the intrinsic defects of BSO crystal matrix. This is in contrast to the short-
wavelength bands falling into the region of ‘defect-absorption shoulder’ (hv =2.5-3.3 eV), which
is adjacent to the edge of fundamental absorption in BSO [12].

We studied the spectra ag(hv, Ty) of the stationary absorption measured at a fixed
temperature, as well as the absorptions a’ (hv, T) and a’ (hv, T) recorded respectively on heating
and cooling. Moreover, we determined the spectral changes AaTCE(hv, Ty) = al “(hv, Ty) — ag(hv, Tp)
occurring after a heating—cooling cycle, which characterizes the TCE. The temperature

dependences of the impurity-driven absorption bands «, " (T) and « ¢mT (T-)(T) were determined

from the parametric dependences a’ (hv, T) and a’ (hv, T). The absorption spectra themselves
were calculated using a method described earlier in Ref. [12].

3. Results and discussion
The effect of temperature on the optical absorption of our crystals is illustrated in Fig. 1. The BSO

crystals have two weak absorption bands located at /vy, = 1.493 eV and hvy,, = 1.767 eV. The
intensities of these bands decrease on heating, although their spectral positions do not change.
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Moreover, the edge absorption increases under this condition. This absorption is caused by the
electronic transitions into the conduction band and the so-called ‘Urbach tail’, which is associated
with the energy states of shallow levels located near the ceiling of the valence band. The relevant
absorption undergoes a long-wavelength shift.
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Fig.1. Temperature variations of optical absorption spectra in BSO (a), BSO:Cr (b) and BSO:Mn (c), and TCE-
induced absorption (d): (a) «'"(hv) spectra for BSO at T =300 (curve 1), 323 (curve 2), 373 (curve 3),
423 (curve 4), 473 (curve 5), 523 (curve 6) and 573 K (curve 7); (b) &' (hv) spectra for BSO:Cr at T = 300 (1),
323 (2), 423 (3) and 523 K (41); (c) a""(hv) spectra for BSO:Mn at 7 =300 (1), 323 (2), 373 (3), 423 (4) and
523 K (5); (d) TCE spectra Aa’“5(hv, T,) for undoped BSO (1), BSO:Mn (2) and BSO:Cr (3).

The band located at /v,y is suppressed by the edge absorption at 7> 400 K (see Fig. 1a). As
the temperature increases, the intensities of both bands decrease non-monotonically. The a, " (T)

dependences for the band located at /vp, show two ‘steps’ of sharp absorption drop. On
subsequent cooling, the intensity of the band located at /v,,x; does not recover (see Fig. 2a). The
less intense band located at /v, shows a similar behaviour on cooling. However, the situation
changes in the interval hv=1.8-2.1 eV: the dependences o, (T) come through a minimum at

~ 530 K and then show an increasing trend (see Fig. 2b, curve 1). On subsequent cooling, the

aT’(T) dependences demonstrate a significant decrease (see Fig. 2b, curve 2). This is due to

competition of the processes of emptying levels with the optical activation energy E., > 1.767 eV

and filling with electrons of the levels located near the ceiling of the valence band, which form the
‘Urbach tail’.

Let us recall that a photoconductivity peak in BSO has been observed in this spectral range at
the room temperature [13]. Then we assume that the bands located at /vy, and Avp., are caused
by the transitions of electrons from the local levels into the conduction band, respectively with the

Ukr. J. Phys. Opt. 2023, Volume 24, Issue 4 04003



Panchenko T. V. et al

optical activation energies E., =1.493¢eV and E., =1.767 eV. The electrons fall down to the
levels in the Urbach tail of states from the conduction band. Earlier, we have shown [10, 14] that
the similar dependences o (T) can be used to determine the thermal activation energy E. of the
electronic transitions. This is because the temperature dependences of their temperature derivative
doa!"(T)/dT taken with the negative sign are similar to the temperature dependences of a
thermally stimulated current [15]. Indeed, our dependence da."(T)/dT obtained for the band
with the peak vy, shows two peaks located at T.y = 400 K and Ty = 500 K (see Fig. 2a).
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Fig. 2. Temperature dependences af (T') (curve 1), a;’ (T') (curve 2) and daz;f (T)/dT (curve 3) for the
absor?tion band in BSO centred at hvima = 1.493 eV (panel a); temperature dependences a’*(hv, T) (curve 1)

and a “(hv, T) (curve 2) at hv = 1.9 eV detected in BSO on cooling (panel b).
The temperature positions of these peaks correspond to the positions of the thermally-
stimulated current peaks detected in the BSO crystals [15]. The energy E! = 0.66 eV for the peak

at Tax can be found by an ‘initial slope’ method. Then the value E.,=0.86 ¢V for the peak at
Tmax> can be calculated from the relation Egz = AkT .o [note that the coefficient 4 =20 has been
found in Ref. [15]]. Both E! values correlate with those determined from the corresponding
thermally-stimulated current peaks [15]. Earlier, a similar difference in the energies E. and E.
has been detected for the electronic transitions of a type ‘impurity level-(conduction or valence)
zone’ in Al-doped BSO crystals [16]. Finally, a significant difference in the E. and E. energies

evidences for a strong electron—phonon interaction existing in the BSO crystals.
A presence of the spectral interval Asv =1.8-2.1 eV where, upon heating, the regime of

crystal ‘brightening’ below the temperature 7. = 530 K changes to the regime of its ‘darkening’ at
T> 530 K represents a peculiar feature of the " (7') dependences found in the BSO crystals (see

Fig. 2b, curve 1). This effect is not observed upon subsequent cooling (see Fig. 2b, curve 2). The
TCE in the BSO crystals is negative. In other words, the difference in the spectra, which is
observed at T, before and after the heating—cooling cycle, results in a so-called ‘lumen band’ (see
Fig. 1d).

The intra-centre absorption bands of Cr and Mn ions in BSO:Cr and BSO:Mn are broadened
and structured. They can be represented by envelopes of several narrow components (see Fig. 1b
and Fig. 1c). These bands are defined as U-bands from the group of three broad U-, Y-, and V-
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bands characteristic of the same type of d—d transitions in Cr’" and Mn*" ions with the 34 iso-
electronic configuration to which the quartet terms 24y, °Ty, 244, &*T,, b*T, belong [12]. This
corresponds to a short-wavelength shift of the main U-band components in Mn*" ions
(Ahv = 0.04 eV) relative to those in Cr’" ions (see Fig. 1b and Fig. 1¢). According to the crystal-
field theory, this shift can be attributed to increasing charge of the impurity ions.

In both BSO:Mn and BSO:Cr crystals, the U-band broadens with increasing temperature,
decreases in its intensity and shifts towards the short-wavelength side (see Fig. 1b and Fig. 1c¢).
This temperature behaviour indicates a strong electron—phonon interaction for the electronic
transitions in the U-band from the orbital singlet *44(t,”) to the triplet *Ty(t,°, ° T, ¢)- The Huang—
Reese parameter S, which characterizes the strength of electron—phonon interaction with the

optical vibrations of BSO lattice, can be approximately found from the relation Ahv* = V28 hQy,
where Ahv* is the half-width of the U-bands and Q, the frequency of the effective longitudinal
optical phonons [17]. By decomposing the broad structured absorption bands due to Cr and Mn
ions into Gaussians components, one can determine Aiv* for the main and the most intense
components, which are characterized by Avy, = 1.646 eV (Cr) and Avy,,, = 1.689 eV (Mn).

Assuming that Cr’" and Mn*" impurity ions replace for Bi’" hosts located within oxygen
octahedrons [12], we use the frequency 2, =500 cm' corresponding to the vibrations of Bi-O
valence bonds [18]. Then we obtain S;=3.33 (BSO:Cr) and S,=5.26 (BSO:Mn) at T,. A
temperature increase enhances the electron—phonon interaction, so that one obtains S} =3.42
(BSO:Cr) and S, = 5.46 (BSO:Mn) at T'=420 K.

For a comparison, one can determine the S* values for the electronic transitions of the
‘impurity-zone’ type described above for the BSO crystals. From the relation E. — E! = ShQ,
suggested in the frame of a configuration coordinates model [17], we obtain S;* =13.23 and
Sy* =17.37 for the levels with E., =1.493 eV and E,, = 1.767 eV, respectively. These S;* and
S,* values fall within the range of values S* =1, 2, ..., 20 obtained for the other crystals [17].

The temperature dependences of intensities of the main U-band components «,*(7) and

a!”(T) for the BSO:Mn and BSO:Cr crystals are significantly different (cf. Fig. 3a and Fig. 3b).
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Fig. 3. Temperature dependences anf* (T) (curves 1 and 3) and oc,i’ (T) (curves 2 and 4) for the absorption
bands located at hvma=1.562eV (curves 1 and 2) and 1.686eV (curves 3 and 4) in BSO:Mn
(panel a). Temperature dependences ai* (T) (1, 3) and a:’ (T) (2, 4) for the absorption bands located at

AVimax = 1.502 €V (1, 2) and 1.649 eV (3, 4) in BSO:Cr (panel b).
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For BSO:Mn, they reveal a nearly exponential decrease on heating, with the activation energies
EM=0.019 and 0.014 eV referred respectively to the components located at 4vy,, = 1.564 and
1.684 eV. On cooling, a small ‘negative’ hysteresis is observed, i.e. a ‘backward’ absorption is less
than the ‘forward’ one (see Fig. 3a). For BSO:Cr, the ! *(T) dependence for the component with

MV = 1.646 eV passes through a minimum at 7, =~ 530 K.
A significant ‘positive’ hysteresis is observed for BSO:Cr. Here the absorption increases after
the heating—cooling cycle. There is no return to the initial absorption values at 7j (see Fig. 3b),

which indicates the appearance of the TCE. The « (T) dependence found for the component

with Avy. = 1.496 eV is close to exponential, with E[f” =0.005¢eV.

Such dependences can be explained when assuming that Cr ions create some local levels
filled with electrons inside the BSO bandgap. These levels become depleted on heating, and the
electrons move to empty levels inside the Urbach tail. The Urbach absorption in BSO increases,
overlaps with the U-band absorption by Cr ions and amplifies it. This behaviour also explains the
TCE spectra shown in Fig. 1d.

4. Conclusions
1. Local levels of the intrinsic defects with different optical and thermal activation energies

have been detected inside the bandgap of the undoped BSO crystals. Their thermal depletion is
accompanied by the effect of ‘brightening’ of the crystal that goes to the temperature 7, =~ 450 K
from below. The ‘brightening’ changes to its opposite, so that the samples of undoped BSO are
‘darkening’ on heating above 450 K.

2. The manifestations of electron—phonon interactions for the intra-centre transitions in Cr
and Mn ions have been considered. The interaction strength (i.e., the Huang-Reese factor) has
been determined. We have S~ 3.33 at 300 K and 3.42 at 420 K for BSO:Cr. The same parameters
for BSO:Mn are equal to S = 5.26 at 300 K and 5.46 at 420 K. It has been shown that the factor S
increases on heating.

3. A weak ‘negative’ TCE effect resulting in crystal ‘brightening’ has been found for
undoped BSO and BSO:Mn. On the other hand, a significant ‘positive’ TCE (i.e., a crystal
‘darkening’) has been observed for the BSO:Cr crystals.
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Anomauin. Jlocniodxceno cnexmpu ONmMuyHOo20 NOSAUHAHHA yucmux mounoxpucmanie Bi;;SiO, i
yux dice kpucmanie, necosanux uonamu Cr i Mn. Cnekmpu sumipsino ¢ oonacmi enepzii pomonie
1,3-2,6 eB 3a memnepamyp 300-670 K. V kpucmanax Bi;;SiOyy eusieneno enaci depexmu i3
CYmMmeso pI3HUMU ORMUYHUMU MA MepMIYHUMU eHepeliamu akmueayii (8ionosiono 1,493 i
0,66 eB). Busnaueno cumu S enekmpoH-(pOHOHHOI 63AEMO0II Npu  GHYMPIUHLOYECHMPOBUX
nepexodax y vonax Cr i Mn. Odepocano S = 3,33 (npu 300 K) i 3,42 (npu 420 K) ona Bi;7Si02:Cr,
a maxoxc S = 5,26 (npu 300 K) i 5,46 (npu 420 K) ons Bi;3SiOz:Mn. Y kpucmanax Bi;»Si05:Cr
BUABIEHO 3HAYHUL TNEPMOXPOMHUL eheKm.

Knwwuosi cnosa: cnexmpu oOnmuuHO20 NOIUHAHHS, MEPMOIHOYKOBAHI epexmu, Kpucmaiu
cunenimy Bi;;Si0,, neeyioui Cr i Mn ionu.
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