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Abstract: A series of lithium niobate crystals co-doped with uranium and indium was successfully
grown by the modified vertical Bridgman method for the first time. With increasing In3+ ion doping
concentration, the segregation coefficient of uranium and indium progressively deviated from 1. The
structural refinement indicated that uranium ions with high valence preferred to occupy the Nb sites
in LN: In, U crystals. LN: In2.0, U0.6 achieved multi-wavelength holographic writing with diffraction
efficiency comparable to commercial crystals LN:Fe0.3, demonstrating a response time that was four
times shorter than LN:Fe0.3. XPS analysis was employed to investigate the valence states of In3+ ions
in LN: In2.0, U0.6, in which uranium ions presented three valences of +4, +5 and +6. Furthermore, the
‘real threshold concentration’ of In3+ ions in LN: In, U was calculated using the Li-vacancy model,
which is consistent with the results obtained from the experimental study of the OH− absorption
spectrum. Discussions on the photorefractive centers in LN: In, U are also provided. This study not
only demonstrates the impact of doping In3+ ions on the growth of LN:U crystals, but also offers new
insights into the photorefractive properties of LN in the visible band.

Keywords: LiNbO3; crystal growth; uranium and indium co-doped; visible band photorefraction

1. Introduction

Lithium niobate (LN), distinguished for its superior electro-optic, acoustic–optic, pho-
toelastic, piezoelectric, pyroelectric, nonlinear optical properties and photorefractive (PR)
effects [1], is acclaimed as the ‘silicon of photonics’ [2]. With the evolution of lithium
niobate-on-insulator (LNOI) technology, LN-based platforms have fostered the develop-
ment of filters, laser [3], optical waveguide devices [4] and integrated microwave photonic
chips [5,6], establishing a robust application framework. Scholars have posited that hu-
manity is progressing toward a lithium niobate valley [7]. The PR effect in LN underpins
platforms for applications such as holographic data storage [8] and real-time dynamic
displays [9], marking a significant stride in the utilization of this versatile material. The
intrinsic and extrinsic defects always serve as the PR centers. In particular, congruent
lithium niobate (CLN) typically refers to a composition with a Li-to-Nb ratio of 48.38/51.62.
This specific composition allows for a highly adaptable structure in CLN, characterized
by the incorporation of intrinsic defects, such as anti-Nb5+ (Nb4+

Li ) and lithium vacancy
(V−Li) [10]. Hence, it provides a broad space for modulating the PR properties of CLN
through doping variable valence ions [11].

Numerous efforts have been made to modify the PR properties of lithium niobate
(LN). Early investigations involved doping LN with low-valence ions, including Fe, Mn
and Cu, among others [12,13]. These efforts enhanced some parameters about the pho-
torefractive properties, but are still far from meeting the requirement of the commercial
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holographic application. Recent research has suggested that doping lithium niobate (LN)
with high-valence ions, including V [14], Mo [15] and U [8,16], could more effectively en-
hance its PR properties. In particular, our group has grown a series of uranium ion-doped
LN (LN: U) crystals and investigated their PR properties. The results showed that the LN:
U0.6 demonstrated a short response time of 1.17 s, and the saturation diffraction efficiency
and sensitivity reached as high as 67.15% and 2.24 cm/J, respectively [8].

Kong et al. [17] proposed that based on a mono-doped LN with good PR properties,
co-doping optical damage-resistant ions to remove intrinsic defects might enhance its PR
performance. The indium ion (In3+) is found to be a significant ion resistant to optical
damage [17]. Consequently, efforts to co-dope LN with indium ions and PR ions have been
undertaken. For instance, Zhang et al. [18] synthesized a series of lithium niobate (LN)
crystals co-doped with indium and iron (LN: Fe, In), and the results demonstrated that
the inclusion of indium ions significantly enhanced the PR properties compared to those
observed in LN doped solely with iron. Furthermore, Zhu et al. [19] reported that lithium
niobate crystals co-doped with 1.0 mol% indium and 0.5 mol% molybdenum achieved a
diffraction efficiency of 61.57% at 488 nm and response times of 0.61, 0.76 and 0.74 s at
wavelengths of 422, 488 and 532 nm, respectively, indicating superior properties to LN:
Mo. So, the strategy of co-doping with indium has proven to be important for adjusting
the PR properties of LN doped with PR ions. To date, there has been no investigation
into the effects of co-doping LN with both uranium and indium, making such a study a
valuable pursuit for understanding the influence of indium ions on the crystal growth and
PR properties of LN: U.

In this work, we synthesized a series of LN crystals co-doped with uranium and
indium via the modified vertical Bridgman method. Among these, LN: In2.0, U could
realize holography in multi-visible bands, and exhibited the highest diffraction efficiency
of 55.61% at 488 nm and the shortest response time of 5.53 s at 532 nm. The threshold
concentration of In3+ in LN: In, U was different from that in LN: In. The PR centers and
mechanisms were also discussed.

2. Materials and Methods

The raw materials of the crystal growth of LN: In, U were Li2CO3, Nb2O5, In2O3 and
UO2, with a purity of 99.99%. The Nb2O5 was processed by defluorinated calcination
treatment. The crystal growth of LN: In, U was carried out by the modified vertical Bridg-
man method. The [Li]/[Nb] ratio was chosen as 48.38/51.62. The doping concentration
of uranium was 0.6 mol% for all samples because the study about LN mono-doped with
uranium showed that 0.6 mol% was the best concentration for uranium ions [8]. The dop-
ing concentration of indium was 2.0 mol% (LN: In2.0, U0.6), 4.0 mol% (LN: In4.0, U0.6) and
6.0 mol% (LN: In6.0, U0.6). First, the polycrystalline powder was synthesized by a muffle
furnace. The temperature of the raw material was then raised to 800 ◦C and maintained
for 6 h, and then it was increased up to 1150 ◦C within another 6 h and maintained for
a further 8 h. Finally, the powder was left to cool naturally to room temperature. After
the sintering process, the powder was put into the oven to prevent deliquescence. In
the growth step, a pure congruent LN crystal (CLN) seed crystal was put at the bottom
of a 1-inch platinum crucible, and a thermocouple was put at the bottom of the seed to
record the temperature change. Then, the prepared polycrystalline powder was put into
the platinum crucible and placed into a sealed alumina insulation tube. The function of
alumina powder was to maintain the stability of the thermal field. The max temperature of
the crystal growth was selected as 1430 ◦C, ensuring the fusion of polycrystalline materi-
als and promoting the thorough diffusion of dopant ions within the melt. In the crystal
growth process, the polycrystalline powder was lifted to the high-temperature region
to melt the powder thoroughly; then the descent process was carried out at the rate of
0.3–0.5 mm/h for about 15 days. After the descent process, the temperature was decreased
at a rate of 40 ◦C/h.
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The PR characteristics of the sample were investigated by holographic experiment,
using dual-wave mixing in transmission geometry, with wavelengths provided by an
Ar+ laser and a continuous-wave second harmonic solid-state laser at 488 nm (400 mW/cm2),
532 nm (400 mW/cm2) and 671 nm (3000 mW/cm2), respectively. The same equipment
and the diffraction efficiency definition formula were used as in the previous study [20].

The element analysis of the sample was performed by ZEISS GeminiSEM 300 (Zeiss,
Oberkochen, Germany). The powder X-ray diffraction test was carried out by Dandong
Tongda TD3500 diffractometer (Dandong Tongda Technology Co., Ltd., Dandong, China)
with the Cu Kα radiation (λ = 0.15406 nm), and the test range and step width were over a
2θ range from 5◦ to 120◦ with a step size of 0.02◦. The rocking curves were obtained by
SmartLab X-ray diffractometer (Rigaku, Tokyo, Japan). The X-ray photoelectron spec-
troscopy was tested by AlKα Microfocus monochrome light source, with a test range of
30–400 µm and a step width of 5 µm. The separation coefficient was obtained by Agi-
lent 7700(MS) plasma mass spectrometer (Agilent Technologies, Santa Clara, CA, USA).
The OH− absorption spectrum was obtained by Nicolet 10 Fourier infrared spectrometer
(Thermo Scientific, Madison, WI, USA), with a range of 1900–3900 cm−1.

3. Results and Discussion
3.1. Crystal Growth

To ascertain the successful incorporation of dopant ions into the LN crystal, the energy
dispersive spectrum of the LN: In2.0, U0.6 crystal was performed after grinding it into
powder, as shown in Figure 1. The analysis reveals that the constituent elements of the
crystal sample, Nb, U and In, are consistent with the targeted crystals of this study. It
should be noted that Li is absent from the spectrum, which is attributed to the inability
of the scanning electron microscope used for testing to detect elements preceding boron.
Consequently, it is concluded that In and U ions have successfully been incorporated into
the LN: In2.0, U0.6 crystal.
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Figure 1. The energy dispersive spectra of LN: In2.0, U0.6 crystal powder.

A series of LN: In, U crystals 12 cm in length and 1 inch in diameter was successfully
grown, as shown in Figure 2a. The LN: In2.0, U0.6 crystal was integrated and brown in
color. Typically, high-resolution X-ray rocking curves are extensively utilized for assessing
the crystal quality of single crystals. It should be noted that the rocking curves of the LN:
In4.0, U0.6 and LN: In6.0, U0.6 samples are nearly identical, thereby presenting the curve
of LN: In6.0, U0.6 as representative. The rocking curves for LN: In2.0, U0.6 and LN: In6.0,
U0.6 crystals are depicted in Figure 2b,c. The LN: In2.0, U0.6 crystal exhibited an FWHM of
27.65′′, which is narrower than that of BSO (0.63◦) [21] and GaAs (0.224◦) [22]. This meant
that LN: In2.0, U0.6 had little internal stress and defects, thereby denoting a high crystal
quality. But the LN: In6.0, U0.6 crystal demonstrated a wide FWHM of 4.16′, which meant a
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much lower crystallization quality. To clarify the reason for the difference in quality, the
segregation coefficients of In and U within LN were measured. The segregation coefficient
is defined as the ratio of the experimentally designed ion doping concentration to the
doping concentration that enters the crystal. As listed in Table 1, with the increment of In3+

doping concentration, the segregation coefficient of In3+ gradually decreases from 1 to 0.84.
More importantly, with more In3+ doped, the segregation coefficient of U deviates more
from 1 and decreases rapidly to 0.84. Therefore, doping In3+ declines the quality of crystal
growth. The difference between the crystallization quality also brought the difference in
the transmittance of LN: In, U. As shown in Figure 2d, the transmittance spectra showed
that the transmittances of LN: In4.0, U0.6 and LN: In6.0, U0.6 were much lower than LN: U0.6
(≤69%) and LN: In2.0, U0.6. The transmittances of LN: In4.0, U0.6 and LN: In6.0, U0.6 could
not meet the requirement of the holographic experiment, so the PR properties of the LN:
In4.0, U0.6 and LN: In6.0, U0.6 samples were not successfully carried out.
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Table 1. The concentration and segregation coefficient of doping ion.

Sample LN: In2.0, U0.6 LN: In4.0, U0.6 LN: In6.0, U0.6

Ion In U In U In U

Effective segregation coefficient (keff) 1.00 0.98 0.93 0.89 0.84 0.84

To further study the crystal structure in detail, the XRD diffraction data of LN: In2.0,
U0.6 were refined by the General Structure Analysis System (GSAS) software of TOPAS aca-
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demic. The structural refinement yielded Rp = 4.699%, Rwp = 6.354%, and a goodness-of-fit
factor (Gof) of 1.973. The reliability of the refinement is supported by the inequality of
Rp < Rwp < 10%, and the Gof falls within the range of 1 < Gof < 2, which means the
refinement results are deemed reliable [8,23]. The Rietveld refinement pattern of LN: In2.0,
U0.6 is illustrated in Figure 3, utilizing data from the PDF#74-2238 card as the initial model.
Crystallographic data and reliability factors are listed in Table 2. From the table, it is
evident that the LN: In2.0, U0.6 crystal belongs to the R3c space group, with crystallographic
parameters of a = 5.15847 Å, b = 5.15852 Å, c = 13.87605 Å and V = 319.7733 Å3. The
atomic coordinates and isotropic displacement parameters for the LN: In2.0, U0.6 crystal
are presented in Table 3. It can be observed that the occupancy of U ions at the normal
Nb sites is 0.006, while the In ions at the anti-Nb5+ sites (essentially the Li sites) is 0.021,
corresponding to the nominal doping level of indium ions in LN: In2.0, U0.6.
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Table 2. Rietveld refinement data of LN: In2.0, U0.6.

Formula LN: In2.0, U0.6

Space group R3c
a (Å) 5.15847 (8)
b (Å) 5.15852 (2)
c (Å) 13.87605 (12)
A (◦) 90
β (◦) 90
γ (◦) 120

V (Å3) 319.7733 (16)
Rp (%) 4.699%

Rwp (%) 6.354%
Gof 1.973

Table 3. Fractional atomic coordinates and equivalent isotropic displacement parameters in LN: In2.0, U0.6.

LN: In2.0, U0.6 Site x Y z Ueq Occupancy

Li1 Li 0.00000 0.00000 0.27901 0.02912 0.968
In Li 0.00000 0.00000 0.27901 0.02912 0.021

Nb1 Nb 0.00000 0.00000 0.00000 0.00799 0.983
Nb2 Li 0.00000 0.00000 0.27901 0.02912 0.011

O O 0.32090 0.04151 0.89544 0.01405 1.000
U Nb 0.00000 0.00000 0.00000 0.00799 0.006
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3.2. Photorefractive Properties

The PR properties of the LN: In2.0, U0.6 crystal were measured and the writing curves
are shown in Figure 4. Multi-visible band holography was successfully achieved in LN:
In2.0, U0.6 crystal. In a comparative analysis of PR properties, LN: In2.0, U0.6 was evaluated
against CLN, LN: U0.6, and commercial holographic storage crystal LN: Fe0.3, as shown
in Figure 5. The response times of LN: In2.0, U0.6 were 6.14 s, 5.53 s and 881.5 s at 488 nm,
532 nm and 671 nm, respectively. The crystal demonstrates a stable diffraction efficiency of
over 44% at 488 nm, 532 nm and 671 nm, with a particularly notable performance at 671 nm.
The diffraction efficiency of LN: In2.0, U0.6 is nearly 50 times higher than that of CLN, with
a reduction of two orders of magnitude in response time at 488 nm and 532 nm, and an
increase of two orders of magnitude in sensitivity. LN: In2.0, U0.6 exhibits a slightly lower
diffraction efficiency at 488 nm compared to LN: U0.6. Although the saturation diffraction
efficiency of LN: In2.0, U0.6 is slightly lower than LN: U0.6 at 488 nm, it is approximately
double that of LN: U0.6 with response times in the same order of magnitude at 532 nm.
However, at 671 nm, the saturation diffraction efficiency of LN: In2.0, U0.6 is about eight
times higher than that of LN: U0.6, but the response time has significantly increased. In
comparison, LN: In2.0, U0.6 demonstrates a diffraction efficiency comparable to LN: Fe0.3.
Meanwhile, LN: In2.0, U0.6 exhibits a response speed that is approximately four times
shorter than that of LN: Fe0.3. The LN: In2.0, U0.6 shows a distinct refractive index change
of at 671 nm, while in other bands, it is similar to that of LN: Fe0.3. Based on the above
analysis, although the In3+ ions did not comprehensively enhance the PR properties of
LN: U, the diffraction efficiency of LN: In2.0, U0.6 is comparable to that of the commercial
photorefractive crystal of LN: Fe0.3. Furthermore, it exhibits a response time one-fifth
that of LN: Fe0.3 and a doubled sensitivity compared to LN: Fe0.3, which is beneficial to
holographic applications.
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The dual optical energy coupling method was engaged in the judgment of the domi-
nant carrier type and the dominant carrier migration mechanism. Two beams of light at
the wavelength of 488 nm and the intensity of 400 mW/cm2 were involved in this study.
Figure 6 shows that the energy of dual optical coupling was transferred from the S light
to R light, which meant that the energy coupling direction pointed to the −c direction of
the crystal. These indicated that the dominant carrier type was electron and the dominant
carrier migration mechanism was diffusion mechanism [24].
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3.3. Valence States of Uranium Ions

X-ray photoelectron spectroscopy (XPS) was involved in determining the valence
states of uranium ions in LN crystals. In the previous study, the strongest peaks of the
U4f spectrum in U were about 380 eV and 392 eV, and that led to the orbital spin splitting
and formed a doublet structure of U4f7/2 and U4f5/2 [25]. In this study, the XPS spectra
of LN: In2.0, U0.6 crystal and the fitting peaks are shown in Figure 7. The binding energy
of U4f7/2 and U4f5/2 was about 380.93 eV and 391.63 eV, which showed that the distance
between these two peaks was about 10.7 eV. This result is consistent with the previous
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study [26,27]. The strength-binding energy curve was well fitted by six peaks to deter-
mine the valence states of uranium ions in these crystals. The XPS fitting parameters
of LN: In2.0, U0.6 are shown in Table 4. According to the distance between the peaks of
U4f7/2 and U4f5/2, these six peaks were divided into three groups. Group 1 consisted
of Peak 1 (380.53 eV) and Peak 4 (389.63 eV), which matched with U4+ ions [25,28,29].
Group 2 consisted of Peak 2 (380.93 eV) and Peak 5 (391.53 eV), which matched with
U5+ ions [25,28]. Group 3 consisted of Peak 3 (381.93 eV) and Peak 6 (392.43 eV), which
matched with U6+ ions [28,30,31]. These changes in the valence states of uranium ions
can be attributed to the oxidation of the UO2 by O2 in the high-temperature process of
crystal growth [30,32,33]. In conclusion, the uranium ions showed the valance states as U4+,
U5+ and U6+ in LN: In, U crystals, which were equal to the result of LN: U. It also meant
that the introduction of the In3+ ions made no difference in the valence states of uranium
ions in LN.
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Table 4. The XPS fitting parameters of LN: In2.0, U0.6.

Fitting Parameters
U4f7/2 U4f5/2

Binding Energy (eV) FWHM Binding Energy (eV) FWHM

U4+ 380.53 2.9 389.63 6.4
U5+ 380.93 1.5 391.53 1.3
U6+ 381.93 2.1 392.43 1.2

3.4. Real Threshold Concentration of Indium in LN: In, U

In LN crystals, protons are invariably present as OH− groups and the OH− absorption
spectrum is regarded as a probe for the defect structure. The OH− absorption spectrum
analysis was involved in determining whether the In3+ concentration of three samples
exceeded the threshold concentration. As shown in Figure 8, the OH− absorption spectrum
inferred that the peak positions of LN: In2.0, U0.6 and LN: In4.0, U0.6 were similar to that
of CLN (3484 cm−1), while the peak position of LN: In6.0, U0.6 was moved to 3509 cm−1.
The peak shift to 3509 cm−1 in the LN: In6.0, U0.6 crystal corresponds to the vibration
of (In2−

Nb–OH−), which is due to In3+ occupying the normal Nb site after exceeding the
doping threshold [34]. For CLN, it was reported that the removal of intrinsic defects
Nb4+

Li [8] requires 3 mol% In3+ [17]. However, even 4 mol% did not exceed the threshold
concentration in our experiments. So, there may exist another threshold concentration of
In3+ in LN: In, U; here, we define it as ‘the real threshold concentration’.
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The real threshold concentration of In3+ in LN: In, U was estimated based on the
Li-vacancy model. In estimating this value, all uranium ions are assumed to be U6+.
The study about mono-doped LN: U showed that U6+ occupied the normal Nb site and
drove the Nb5+ ions to the Li site, leading to the formation of more Nb4+

Li , as shown in
Equation (1). The concentration of uranium ions was 0.6 mol%; so, according to Equation (2),
2.4 mol% In3+ should be involved in eliminating Nb4+

Li formed by the introduction of
uranium ions. As discussed above, the real threshold concentration of In3+ ions in LN: In,
U0.6 should be 5.4 mol%, which contains the In3+ concentration to remove the intrinsic
defects Nb4+

Li caused by the congruent composition and doping U6+ ions. This is consistent
with the experimental result that only 6 mol% exceeded the threshold concentration.

6LiNbO3 + UO3 = (V−Li)(U
+
Nb)O3 + 5(Nb4+

Li )1/5(V
−
Li)4/5(NbO3) + 3Li2O (1)

2LiNbO3 + 2In2O3 + UO3 = (V−Li)(U
+
Nb)O3 + 12(In2

Li)1/3(V
−
Li)2/3(NbO3) + 6Li2O (2)

3.5. Absorption Difference Analysis

The curve of the absorption difference of LN: In2.0, U0.6 crystal relative to CLN is
shown in Figure 9. The absorption difference spectrum explains the difference in response
time. At 671 nm, the crystal exhibits lower absorbance, indicating less efficient exciton
generation or defect excitation, which results in a significant difference in response time.
Despite a slightly higher absorbance at 488 nm compared to 532 nm, the shorter wavelength
may capture more defects, leading to a longer response time. It was well fitted by five peaks
using the Gaussian function. The experimental curve is well fitted by five peaks centered
around 333 nm, 356 nm, 405 nm, 495 nm and 735 nm. Peak 1 (333 nm) should be related to
(O2−/−–V−Li) because of its similar position with the absorption edge of CLN, which was
proven in a previous study [25]. Small polarons (an electron trapped at Nb4+

Li ) together
with bipolarons (a pair of electrons trapped at adjacent Nb4+

Li and Nb5+
Nb) play the role of

photorefractive centers in CLN, with energy levels of 1.6 eV and 2.5 eV, corresponding to
780 nm and 490 nm wavelengths, respectively. Since the absorption peak of the small
polaron could be observed only at 80 K, Peak 4 could be attributed to the bipolaron [35].
Because co-doped In3+ ions can remove a part of Nb4+

Li , a lesser amount of bipolarons
served as the PR center in LN: In2.0, U0.6. It also explains why the high saturation diffraction
efficiency of LN: In2.0, U0.6 is lower than that of LN: U at 488 nm. Peak 5 can be related
to U4+ because of the similar absorption peak position (760 nm) of U4+ in CaF2 [36]. Peak
2 and Peak 3 can be attributed to the new defects caused by U5+ and U6+. However, the
underlying mechanism warrants further investigation [37].



Crystals 2024, 14, 380 10 of 12

Crystals 2024, 14, x FOR PEER REVIEW 10 of 12 
 

 

U4+ because of the similar absorption peak position (760 nm) of U4+ in CaF2 [36]. Peak 2 and 
Peak 3 can be attributed to the new defects caused by U5+ and U6+. However, the underly-
ing mechanism warrants further investigation [37]. 

 
Figure 9. Absorption difference of LN: In2.0, U0.6 crystal relative to CLN. 

4. Conclusions 
A series of lithium niobate crystals co-doped with uranium and indium (LN: In2.0, 

U0.6, LN: In4.0, U0.6, LN: In6.0, U0.6) was successfully grown using the modified vertical Bridg-
man method. Experimental findings suggest that the LN: In2.0, U0.6 crystal exhibited a high 
crystallization quality, while the segregation coefficient of In and U ions gradually devi-
ated further from 1 with increasing indium doping concentration. The element analysis 
indicates that the doping of In and U into the crystal lattice is successful. Structural refine-
ment results suggest that high-valence state U ions tend to occupy normal Nb sites. The 
holographic writing was achieved in LN: In2.0, U0.6 at multi-visible bands. The response 
time was 6.14 s, 5.53 s and 881.5 s at 488 nm, 532 nm and 671 nm, and the diffraction 
efficiency was higher than 44%. The sensitivities of LN: In2.0, U0.6 at 488 nm, 532 nm and 
671 nm were 1.61 cm/J, 1.13 cm/J and 0.17 cm/J, respectively. LN: In2.0, U0.6 possesses a 
comparable diffraction efficiency and a response time four times shorter than the com-
mercial LN: Fe0.3 crystal. The carrier type in the LN: In2.0, U0.6 crystal was identified as the 
electron, and the predominant mechanism of carrier migration was diffusion. The result 
of XPS spectra showed that uranium ions presented three valences (+4, +5, +6). Addition-
ally, 6 mol% exceeded the real threshold concentration of In3+ ions in the LN: In, U0.6, which 
is consistent with the calculated result based on the Li-vacancy model. The PR centers of 
LN: In, U were studied by analyzing the absorption difference related to CLN. LN: In, U 
demonstrates exceptional potential as a photorefractive medium across multiple visible 
bands, serving as a pivotal platform for photorefractive applications. Moreover, the in-
sights garnered from this study not only advance our understanding of the optical prop-
erties of co-doped LN crystals, but also contribute to the broader field of photorefractive 
materials research. Furthermore, LN: In, U crystals have strong absorption in the ultravi-
olet band, which can be further studied in ultraviolet photorefraction. 

Author Contributions: T.T.: Supervision, project administration, validation, methodology, review 
and editing, validation, investigation, writing—original draft preparation and funding acquisition; 
W.X., C.F. and Y.C. (Yuheng Chen): methodology, visualization, investigation, validation data cu-
ration and writing—original draft preparation; H.L., Y.C. (Yaoqing Chu) and H.S.: review and edit-
ing, methodology and supervision; J.X.: supervision, validation, methodology, review and editing, 
validation, investigation and writing—original draft preparation. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This work was supported by the National Natural Science Foundation of China (52372013) 
and the Natural Science Foundation of Shanghai (22ZR1460600). 

Figure 9. Absorption difference of LN: In2.0, U0.6 crystal relative to CLN.

4. Conclusions

A series of lithium niobate crystals co-doped with uranium and indium (LN: In2.0, U0.6,
LN: In4.0, U0.6, LN: In6.0, U0.6) was successfully grown using the modified vertical Bridgman
method. Experimental findings suggest that the LN: In2.0, U0.6 crystal exhibited a high
crystallization quality, while the segregation coefficient of In and U ions gradually deviated
further from 1 with increasing indium doping concentration. The element analysis indicates
that the doping of In and U into the crystal lattice is successful. Structural refinement results
suggest that high-valence state U ions tend to occupy normal Nb sites. The holographic
writing was achieved in LN: In2.0, U0.6 at multi-visible bands. The response time was 6.14 s,
5.53 s and 881.5 s at 488 nm, 532 nm and 671 nm, and the diffraction efficiency was higher
than 44%. The sensitivities of LN: In2.0, U0.6 at 488 nm, 532 nm and 671 nm were 1.61 cm/J,
1.13 cm/J and 0.17 cm/J, respectively. LN: In2.0, U0.6 possesses a comparable diffraction
efficiency and a response time four times shorter than the commercial LN: Fe0.3 crystal. The
carrier type in the LN: In2.0, U0.6 crystal was identified as the electron, and the predominant
mechanism of carrier migration was diffusion. The result of XPS spectra showed that
uranium ions presented three valences (+4, +5, +6). Additionally, 6 mol% exceeded the
real threshold concentration of In3+ ions in the LN: In, U0.6, which is consistent with the
calculated result based on the Li-vacancy model. The PR centers of LN: In, U were studied
by analyzing the absorption difference related to CLN. LN: In, U demonstrates exceptional
potential as a photorefractive medium across multiple visible bands, serving as a pivotal
platform for photorefractive applications. Moreover, the insights garnered from this study
not only advance our understanding of the optical properties of co-doped LN crystals, but
also contribute to the broader field of photorefractive materials research. Furthermore, LN:
In, U crystals have strong absorption in the ultraviolet band, which can be further studied
in ultraviolet photorefraction.
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