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Abstract 
We report a systematic study of the relationship between structure and photochromic activity 
in yttrium oxyhydride (YHO) thin films deposited by DC magnetron sputtering under different 
ratios of ionization gas (Ar) and reactant gas (H2) flows. The best photochromic performance 
was observed for intermediate ratios Ar/H2  9-
promotes film growth with a (200) texture and suppresses photochromic activity. On the 
contrary, increasing the Ar/H2 ratio to about 19 results in a dark-colored film without 
photochromic activity, exhibiting a metallic-like environment similar to Y foil or yttrium 
hydride. The local atomic structure and oxidation state of yttrium cations were probed using Y 
K-edge X-ray absorption spectroscopy. No shift in the absorption edge position was found 
under different deposition and illumination conditions, indicating an average Y2.5+ oxidation 
state in YHO films. Analysis of extended X-ray absorption fine structure confirms that, while 
yttrium ions are on average arranged on a face-centred cubic lattice, local structural distortions 
induce a splitting of the second coordination shell of yttrium, well visible in both transparent 
and dark film states. These findings suggest that photochromism in YHO is not driven by 
changes in the average electronic structure of yttrium ions. The previously reported reduction 
of the yttrium charge may instead result from light-induced anion vacancy formation and defect 
migration.  
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Highlights:  
 
 No shift in the Y K-edge absorption edge position was found under different deposition 

and illumination conditions, indicating an average Y2.5+ oxidation state in yttrium 
oxyhydride thin films.  

 Analysis of the Y K-edge extended X-ray absorption fine structure spectra confirms that, 
while yttrium ions are on average arranged on a face-centred cubic lattice, local structural 
distortions induce a splitting of the second coordination shell of yttrium.  

 X-ray diffraction measurements reveal that during DC 
magnetron sputtering promotes film growth with a (200) texture and suppresses 
photochromic activity.  

 The lack of detectable changes in average yttrium ion oxidation state and the splitting of 
the second coordination shell of yttrium, observed by X-ray absorption spectroscopy,  
implies that photochromism in yttrium oxyhydride thin films may result from light-induced 
anion vacancy formation and defect outdiffusion mechanisms. 

  



 
 

1. Introduction 

Yttrium oxyhydride (YHO) with the chemical formula YH3-2xOx exhibits photochromic 
properties under ambient conditions [1]. In its transparent state, YHO shows a transmittance 
greater than 85%, while in the photodarkened state, transmittance drops to approximately 20%. 
The coloration process occurs within ~10 minutes, and bleaching takes less than 20 minutes 
[2]. Unlike other inorganic oxides such as WO3 [3] and MoO3 [4]

.  
In molecular and solid-state systems, the photochromism is often attributed to light-

induced local structural rearrangements. These may include bond breaking/forming [8], local 
lattice distortions, changes in coordination geometry, defect formation or migration, and 
structural rearrangement [9, 10]. Such changes can be reversible and contribute to the observed 
photochromic response. Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy is 
a powerful technique for probing the local structural environment around specific atomic 
species, particularly in disordered or amorphous materials. EXAFS provides key structural 
parameters such as interatomic distances, coordination numbers, disorder factors, and the 
identity of neighboring atoms.  

Despite extensive research, the origin of photochromism in YHO remains an open 
question. Several models have been proposed, including those suggesting that photochromism 
arises from light-induced local structural rearrangements [9, 10], while an X-ray diffraction 
(XRD) study demonstrated that the process is accompanied by a lattice expansion/contraction 

. The earlier theoretical study  also suggested a possible reduction of Y3+ to Y2+ upon 
illumination 

 

 



 
 

 

 
 

2. Methods 
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3. Results and discussion 

 

 

 
 

 
Hydrogen content in the film that can be controlled by sputtering parameters such as H2/Ar 

 ratio, chamber pressure, substrate temperature, and oxidation atmosphere can strongly 
influence the XRD pattern. Additionally, film texture and crystallite size can be inferred from 
peak broadening and intensity ratios. These structural features are critical for understanding the 
precursor phase before oxidation and its influence on the formation and photochromic 
performance of YHO.  

Broadening and reduced intensity in Fig. 1 suggest the formation of a more disordered and 
nanocrystalline structure. The degree of oxidation and resulting phase composition can vary 
depending on environmental conditions and film thickness, with fully oxidized YHO exhibiting 
distinct diffraction features compared to partially oxidized intermediates. These structural 

for monitoring phase evolution and optimizing functional performance. 
X-ray diffraction patterns of t

 



 
 

XRD 
patterns show critical insights into the crystallographic texture and its correlation with 
photochromic activity. The similarity in diffraction patterns among films S3, S4, S6-S8 
suggests that these films share a common crystalline phase. More specifically, they are 
crystallized in the cubic YHO structural arrangement with the space group  (Fig. 1) as 
reported previously in [25]. Analysis of XRD patterns of the samples (S3, S4, S6-S8) shows 
that the ratio of intensities between (111) and (200) peaks changes. The variations in intensity 
ratios between the (111) and (200) reflections indicate differences in preferred orientation or 
texture, which are influenced by the hydrogen partial pressure during deposition (Table 1). 

 
The black-colored film S5 does not exhibit photochromic properties (see inset in Fig. 1). 

The XRD pattern of S5 closely resembles that of YH2 [19, 29], which typically crystallizes in 
a face- -type structure, with yttrium atoms occupying the fcc lattice 
sites and hydrogen atoms located in the tetrahedral interstitial positions [29]. However, in 
comparison with the YHO films (S3, S4, S6-S8), the diffraction peaks of S5 are shifted to 
higher angles. This shift indicates that, while S5 retains the overall fcc structural motif 

the YHO films. Such contraction likely arises from partial oxidation and/or reduced hydrogen 

a contracted lattice due to its distinct composition. 

 

 

 
 





 
 

3.2. Electronic structure insights from XANES Spectroscopy 
The Y K-edge XANES spectra provide information about the local electronic structure of 

yttrium in the thin films, and the absorption edge positions serve as proxies for the oxidation 
state of yttrium (Fig. 2).

reduction of Y3+ to Y2+ 

 

 
 

 

Fig. 2. of the YHO thin films (S3-S8): 
two reference compounds Y2O3 and Y foil, (b, d) comparison between 
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from EXAFS spectroscopy  

for transparent YHO thin films (S3-S8) as 
compared to the reference compounds Y2O3 and Y foil. The similarity between the EXAFS 
spectra of samples S3 and S4 and those of samples S6, S7, and S8 suggests a similar local 

 environment around yttrium in these films. At low wavenumber values (k < 4 Å-

1), their EXAFS spectra resemble the spectrum of cubic 

 
 

 

Fig. 3. of the YHO 
films in transparent state as compared to two reference compounds Y2O3 and Y foil.  

 

 



 
 

 

 

Fig. 4. 
of the (a), (b) S3-S5 and (c), (d) S6-S8 YHO thin films in transparent (solid 

curves) and photodarkened (dashed curves) states. The differences between the EXAFS 
spectra in transparent and photodarkened states are shown in (a) and (c) as S3- S8. Both 
the moduli and imaginary parts of the FTs are shown.  
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Fig. 5. Comparison of the experimental and RMC-calculated Y K- 2 
(a) and their Fourier (b) and Morlet wavelet (c) transforms for the YHO S6 thin film in the 
transparent state. Both the moduli and imaginary parts of the FTs are shown. 

 

for selected YHO thin films 

 



 
 

 

photodarkened states suggests small changes in peak broadening, at least in the first (peak at 
2-3 Å) and second (peak at 3.3-4.4 Å) coordination shells of yttrium. This result correlates with 
a change in the charge state of anion vacancies [9], which occurs under the photochromic effect 
and leads to . In fact, strong lattice relaxation in the presence of anion 
vacancies was demonstrated in YHO by DFT simulations in [9], which predicted 

  
 

 

Fig. 6. Partial radial distribution functions (RDFs) g(r) for Y O and Y Y for selected YHO thin films 
(a) S4, (b) S6, (c) S7, amd (d) (S8) in transparent (thick solid curves) and dark (thin solid curves) 
states, obtained using the RMC method from the Y K-edge EXAFS spectra. The splitting of the second 
yttrium shell into two groups of yttrium atoms (peaks at about 3.6 Å and 4.0 Å) is visible.  

 
4. Conclusions 

A systematic structural study of the impact of hydrogen concentration on the local 
structural arrangement and oxidation state of yttrium cations was performed for the transparent 
and photodarkened states of photochromic YHO thin films deposited by DC magnetron 
sputtering. Analysis of the X-ray diffraction patterns suggests that an increase in the Ar/H2 
ratio strongly influences the texture and phase composition of the films. Good photochromic 
activity is observed in YHO films with a preferential (111) orientation, whereas the 
photochromic activity is reduced when the film texture shifts toward a preferential (200) 
orientation.  

The Y K-edge X-ray absorption spectroscopy studies indicate that the effective

tuning of the chamber pressure and Ar/H2 ratio, 
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illumination. However, at sufficiently high Ar/H2 ratios, the films lose their photochromic 
properties due to the appearance of yttrium hydride and metallic phases. Note that all thin films 
with photochromic response have also slightly different Y K-edge EXAFS spectra in the 
transparent and dark states. Their detailed analysis using the RMC method indicates that the 
local atomic structure around yttrium is distorted, with a clearly observed splitting of the second 
Y-Y coordination shell. Moreover, we found that the changes in the Y K-edge EXAFS spectra 
upon photocoloration affect, at least, the first and second coordination shells of yttrium. These 
findings reinforce the critical role of local atomic structure in governing the photochromic 
properties of YHO thin films.  
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