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Polaron-formation revealed by transient XUV imaginary refractive 
index changes in different iron compounds
Wenfan Chen,a Wei Xiong a,b 

We use transient extreme ultraviolet (XUV) reflection absorption 
spectroscopy to study polaron formation on hematite and 
akaganeite surfaces. We observed a reduction in the offset of the 
imaginary refractive index (κoffset) that was attributed to the 
photoemission cross-section. The difference in the κoffset reduction 
indicated that deeper-trapped polarons were formed in hematite 
than in akaganeite.

In semiconductors, electron-hole pairs are often trapped by 
distorting the surrounding lattice and creating a local minimum 
potential, forming so-called small polarons. Small polarons 
reduce charge mobility and increase the chances of charge 
recombination, which deteriorates the performance of photo- 
and electrocatalysts. Many efforts have studied the activation 
energy and formation dynamics of polarons in order to provide 
principles to manipulate polaron formation in semiconductors1–

3. 
Hematite (α-Fe2O3) is an ideal candidate for photo-

catalytical applications, because of its high abundance and its 
visible band-gap at ~2eV4,5. A recent study found that small 
polarons caused the low charge mobility in hematite6.  
Therefore, hematite has been studied intensely in small 
polarons research. Leone et al. discovered the XUV spectral 
signature of small polarons in hematite1,2. They further studied 
the dynamics of polarons’ dependence on the excited energy 
and concluded that excitation energy influenced polaron 
hopping efficiency. Baker et al. studied the surface polaron 
dynamics of hematite using transient XUV reflectance 
absorption (RA) spectroscopy and found that surface polaron 
formation is slower than bulk polaron formation7. Thus, much 
knowledge has been gained in terms of the energetics and 
dynamics of polaron formation. 

However, less attention has been paid on trap depth and the 
lattice change associated with small polarons by transient XUV 
spectroscopy. Because XUV only provides the relative energy 
difference between the traps and core levels, and the core level 
energy also changes due to screening effect, it makes XUV less 
sensitive to the energy level of polaron states. Nevertheless, 
knowledge of these physical processes could provide a new 
aspect on engineering the carrier mobility. In this work, we 
show that transient XUV reflection absorption (XUV-RA) 
spectroscopy can reveal insights into the relative depth of 
polaron traps and the corresponding lattice expansion. In 
addition to  hematite, we measured the dynamics of β-FeOOH 
(akaganeite), another candidate for solar water splitting and 
photocatalytic applications,8,9 and aimed to reveal the 
differences in polaron dynamics between these two materials 
(material characterization can be found in ESI section S2). 

To examine polaron formations on both hematite and 
akaganeite surfaces, we utilized transient XUV-RA 
spectroscopy. As shown by Baker and co-workers, transient 
XUV-RA spectroscopy is sensitive to surface polaron 
formation10. A table-top XUV setup is illustrated in Figure 1. The 
probe pulse was created by high harmonic generation under 
quasi-phase matching conditions, where an 800 nm beam and 
a 400 nm beam were combined and focused by a f=50 cm lens 
into a 2 cm*150 μm glass fiber filled with neon gas11. The mixing 
of two fields breaks the field symmetry, generating both even 
and odd order harmonics2,7. The XUV beam was focused by a 
toroidal mirror onto the sample surface. The XUV beam 
reflected by the sample was then dispersed by a laminar-type 
diffraction grating and detected by the XUV charge-coupled 
device (CCD) detector. The pump beam was generated by 
frequency doubling of the 800-nm beam with a beta barium 
borate (BBO) crystal (60 μJ). The 400 nm beam was focused 
onto the sample in an area of ~1 mm2. Two Al foils (0.2 μm 
thickness, Lebow) were added before and after the sample to 
remove residual driving and pump pulses. The transient spectra 
(Fig. 2) were calculated by ; Δ𝑂𝐷 = ―𝑙𝑜𝑔(𝐼𝑝𝑢𝑚𝑝𝑜𝑛/𝐼𝑝𝑢𝑚𝑝𝑜𝑓𝑓)
the  and  are the measured XUV spectra from 𝐼𝑝𝑢𝑚𝑝𝑜𝑛 𝐼𝑝𝑢𝑚𝑝𝑜𝑓𝑓
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the reflection beam with pump laser incident on and off the 
samples. 

To further quantify the dynamics of the two materials, we 
extracted spectral and dynamical components from the 
transient RA spectra by global analysis and multivariable 
regression. Global analysis was first performed to obtain the 
different spectral components using Glotaran12. Time traces of 
the initial state and final state were obtained by multivariate 
regression analysis of the raw transient spectra. The 
decomposed spectral features of the initial states of hematite 
and akaganeite (Fig. 3A and B) reflect the hot electrons in the 

conduction band after photo excitation. The final state 
corresponds to the polarons formed after hot electron 
relaxation2. Since the focus of this study is polaron formation, 
we explicitly analyse the final state spectra and dynamics. 

First, the polaronic spectral features are different between 
the two samples. Spectra for both materials, have a positive 
feature at about 54 eV. For hematite, there are two weak 
negative peaks at 55 eV and 57 eV separately, while for 
akaganeite, there is only one negative peak at 56 eV. Second, 
the two samples have different polaron formation dynamics. 
Using the two-temperature models13, the fitted dynamics 
(detailed in ESI section S3) show the polaron formation time is 
261 ± 65 fs and 429 ± 70 fs for hematite and akaganeite, 
respectively. 

To reveal the origin of the final transient spectral difference, 
we simulated static and transient XUV RA spectra. We first used 
CTX4XAS14 software to calculate the absorption coefficient of 
Fe3+. The imaginary part of the refractive index (κ) was then 
calculated from the absorption coefficient, and the real part (n) 
was derived from the Kramers-Kronig relation. The reflectance 
of hematite and akaganeite was then calculated by Fresnel 
equation (detailed procedure in ESI section S4). To simulate the 
static XUV reflectance of the two materials, we included non-
resonant offsets to both n and κ for both materials and use the 
following equation N(ω)=n(ω)+noffset+i(κ(ω)+κoffset) to calculate 
the complex refractive index N(ω). The noffset and κoffset applied 
on hematite was -0.15 and 0.32, respectively, and on 
akageneite was -0.15 and 0.20, respectively. The noffset  depends 
on the surface flatness15, whereas the κoffset  is mainly 
contributed by the photoemission of the XUV pulses.

To further simulate the transient spectra, we calculated the 
difference between the ground and polaron states’ RAs. The 
polaron state RA was calculated by replacing the refractive 
index of polarons into the Fresnel equation. The polaron-
induced lattice expansion results in a splitting of core levels. We 
assume the splitting of the core levels are 0 eV and 2.5 eV with 
a weighting number of 2:116. As electrons are localized at the Fe 
site, the charge transfer hybridization of Fe atoms is reduced 

Figure 1. Table-top time resolved XUV RA spectroscopy setup. XUV was generated in the glass fiber driven by an 800 nm beam (1.2 mJ) and 400 nm 
beam (30 μJ). Neon was purged into the fiber; the pressure at the entrance is 200 mTorr. The residual driving beam was blocked by the Al foil. The 
XUV beam was focused onto the sample by a toroidal mirror (rh = 14327 mm, rv = 17.4 mm, ARW) and detected by CCD (DO940P-BEN, Andor) after 
being dispersed by the gratings (300 grooves/mm, Shimadzu). The sample is pumped by 60 μJ of 400 nm beam. The angle between the probe beam 
and the sample plane normal is 84°. The angle between the pump beam and the sample plane normal is 60°.

Figure 2. Contour plot of transient RA spectra of (A) hematite and (B) 
akaganeite. The z-axis of the color plot is .Δ𝑂𝐷

Page 2 of 5Physical Chemistry Chemical Physics



Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

compared to the initial excited state, i.e. the pure Fe2+ states 
only live for tens of femtosecond and the excited electrons 
become delocalized between oxygen and iron atoms2. 
Therefore, the conduction band density of the polaron state 
more closely resembles the ground state Fe3+ atom.2,16 Thus, 
the polaron state refractive index was calculated by adding Fe3+ 
absorption coefficients of different core splitting and the non-
resonance offsets together, which agrees with experimental 
data well. The exact electronic structure of the polaron subject 

further investigation by high level electronic structure 
calculations.

The non-resonant offsets become the key parameters to 
reproduce the transient spectral difference between hematite 
and akaganeite. To fit the double negative feature in the 
hematite spectrum (Fig. 4A), the κoffset changes from 0.32 to 
0.19. Correspondingly, to fit the single negative feature of 
akaganeite, the κoffset reduces from 0.2 to 0.15 (Fig. 4B, see ESI 
Fig.S6 for offset dynamics). Clearly, without applying κoffset, the 
yellow trace in Figure 4 shows the simulation result cannot 
reproduce the experimental results. Meanwhile, the noffset 

remains the same. Intuitively, when two peaks exists in the 
transient spectrum, it indicates that there is new state created. 
However, here, the two negative peaks could come from the 
offset change in the refractive index. We note that, to the best 
of our knowledge, this is the first time the effect of κoffset 

changes are reported in transient XUV spectroscopy. The κoffset 
changes were not reported in the transmission geometry of 
transient XUV, because, as discussed below, transient XUV in 
the RA geometry probes the surface, which is more sensitive to 
κoffset that is related to surface photoemission.

While it is easy to understand why the noffset did not change 
– within the time scale of this experiment, there cannot be any 
surface flatness changes – it is very interesting to observe 
significant changes in κoffset. The κoffset determines the off-
resonant absorption coefficient, which is mainly due to 
photoemission. In previous two-photon photoemission 
experiments17,18, researchers observed that when electrons in 
the conduction band thermalized into polaron states, the 
photoemission signals reduced dramatically. When polarons 
form, they lengthen the Fe-O bond length. The distorted lattice, 
in return, immobilizes the charges, because it undergoes 
significant lattice changes when the charges are removed either 
to the vacuum, which corresponds to photoemission, or to a 
neighbouring site that is related to charge mobility. Thus, the 
small photoemission cross-section of polarons can be explained 
by the localization and lattice distortion of polarons. 

Figure 3. Initial and final state spectra of (A) hematite and (B) akaganeite extracted from global analysis. The arrows indicate the peak position. Time dynamics of initial 
states (C, D) and final states (E, F) were extracted using multivariable regression. The solid lines in (C-F) are fitting results using a two-temperature model.

Figure 4. Simulated transient polaron state (final state) spectra of (A) 
hematite and (B) akaganeite. The refractive index offset change is critical 
to reproduce experimental results.
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Since the κoffset corresponds to non-resonant absorptions 
that lead to photoemission, the decrease of κoffset indicates that 
charges in the polaron states are more trapped than those in 
the ground state, leading to a smaller photoemission cross 
section of polarons. This explanation of κoffset change is  
consistent with the initial transient spectra shown in Fig. 3A and 
B, which are simulated with a slight increase of κoffset,(ESI section 

S5) reflecting hot electrons that are more easily photoemitted. 
Based on the above analysis, the larger κoffset reduction (41%) of 
hematite compared to akaganeite (25%) implies that polarons 
are held deeper in hematite than in akaganeite. 
Correspondingly, polarons in hematite should introduce a larger 
lattice distortion.

Having interpreted the transient XUV RA spectra, we now 
discuss the different polaron formation dynamics of these two 
samples. Polaron formation can be calculated using equation 

19. The relation between the k𝑠𝑡 = 𝜔 ∗ exp ( ― Δ𝐸𝑎𝑐𝑡/𝑘𝑇)
polaron formation time of the two samples follows the equation 

, where  and  τℎ/τ𝑎 = 𝜔𝑎/𝜔ℎ ∗ exp ( ― (Δ𝐸𝑎 ― Δ𝐸ℎ)/𝑘𝑇) 𝜔ℎ 𝜔𝑎

are the LO phonon frequency of hematite and akaganeite, the 
frequency for hematite and akaganeite are 50 fs20 and 54 fs21, 
respectively.  and  are the activation barrier energy of Δ𝐸ℎ Δ𝐸𝑎

hematite and akaganeite. T is the lattice temperature at 600K, 
which has been previously estimated at similar excitation power 
density1,3. Then, the activation energy difference is Δ𝐸ℎ ― Δ𝐸𝑎

, which agrees with previous theoretical predictions = ―25𝑚𝑒𝑉
of mobilities19,22. 

Based on the Marcus theory (Fig. 5), the relaxation energy, 
 can be determined from the activation energy by 𝐸𝑟𝑒𝑙 Δ𝐸𝑎𝑐𝑡 =

,23 where  is the self-trapping ( ― 𝐸𝑒𝑥𝑐 ― 𝐸𝑠𝑡 + 𝐸𝑟𝑒𝑙)2/4𝐸𝑟𝑒𝑙 𝐸𝑠𝑡

energy of polarons, and the excess energy  equals the 𝐸𝑒𝑥𝑐

difference between the pump energy and the band gap. The 
band gap of hematite and akaganeite are 2.1 eV and 2.5 eV 
respectively, obtained from the UV-Vis spectra (ESI figure S3). 
The self-trapping energy of hematite is 0.32 eV3,24. Since there 
is a lack of knowledge of the self-trapping energy of akaganeite, 
we estimated that it should be less than that of hematite, based 
on the smaller change of κoffset seen in akaganeite.  We found 
that under this condition, the relaxation energy of hematite is 
always larger than that of akaganeite (ESI Sec. S6). This result 
implies that hematite undergoes a larger lattice expansion than 
akageneite, agreeing with the results from polaron transient 
spectra.

We note that the faster polaron formation rate seen in 
deeper trapped hematite is a net result of multiple energy 
variables in the Marcus model: hematite has both larger Est and 
Eexc, which lead to smaller . It appears that reduction of Δ𝐸𝑎𝑐𝑡

 due to these two factors is large enough to compensate Δ𝐸𝑎𝑐𝑡

for the  increase due to a large Erel, so that the in Δ𝐸𝑎𝑐𝑡 Δ𝐸𝑎𝑐𝑡 
hematite is smaller than that in akaganeite.

In summary, we showed that the featureless refractive 
offset can change in transient XUV RA spectroscopy, which 
provides important insights into polaron trapping and lattice 
expansion, as well as additional knowledge regarding the 
electronic structure dynamics extracted from spectral 
lineshapes. This finding makes transient XUV RA spectroscopy 
further complement other techniques applied in polaronic 
research. For example, time-resolved THz spectroscopy can 
quantify the charge density and associated phonon modes 
during phonon formation dynamics25.  Here we further show 
that transient XUV RA, aside from being element specific, is also 
sensitive to trapping depth and lattice expansion, which is not 
directly available in the aforementioned technique. The 
experimental results suggest that a deeper polaron state is 
formed in hematite than in akaganeite. Tracking this non-
resonant offset change in transient XUV RA spectroscopy can be 
applied to study trap states in other metal complexes for 
optoelectronic, such as ITO and In2O3

26 and photocatalytic 
applications, such as Bi2MoO6 for water photoelectrolysis27. 
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