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Recently, near-ambient superconductivity was claimed in nitrogen-doped lutetium hydride (LuHs_sN.). Un-
fortunately, all follow-up research still cannot find superconductivity signs in successfully synthesized lutetium
dihydride (LuH2) and N-doped LuH24+,N,. However, a similar intriguing observation was the pressure-induced
color changes (from blue to pink and subsequent red). The physical understanding of its origin and the correla-
tion between the color, crystal structure, and chemical composition of Lu—H-N is still lacking. In this work, we
systematically investigated the optical properties of LuH2 and LuHs, and the effects of hydrogen vacancies and
nitrogen doping using the first-principles calculations by considering both interband and intraband contributions.
Our results demonstrate that the evolution of reflectivity peaks near blue and red light, which is driven by changes
in the band gap and Fermi velocity of free electrons, resulting in the blue-to-red color change under pressure.
In contrast, LuHs exhibits gray and no color change up to 50 GPa. Furthermore, we investigated the effects of
hydrogen vacancies and nitrogen doping on its optical properties. Hydrogen vacancies can significantly decrease
the pressure of blue-to-red color change in LuH2 but do not have a noticeable effect on the color of LuHs. The
N-doped LuHs with the substitution of a hydrogen atom at the tetrahedral position maintains the color change
when the N-doping concentration is low. As the doping level increases, this trend becomes less obvious, while
other N-doped structures do not show a blue-to-red color change. Our results can clarify the origin of the exper-
imental observed blue-to-red color change in lutetium hydride and also provide a further understanding of the

potential N-doped lutetium dihydride.
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The search for room-temperature superconductors
has been a long-standing goal in condensed matter
physics.  According to the Bardeen—Cooper—Schrieffer
theory, metallic hydrogen and hydrogen-rich compounds
with light ionic mass can produce high-temperature
superconductivity. (2] Tn recent years, materials such
as HzS (203K at 155GPa)l®¥ and LaHio (250K at
190 GPa) [5:6] have been predicted by density-functional-
theory calculations and confirmed by high-pressure ex-
periments. Unfortunately, high pressure is always indis-
pensable for the stability and superconductivity of these
compounds. 71 Recently, near-ambient superconductivity
was reported in N-doped lutetium hydride LuHs_sN.. (8]
The authors reported that superconductivity emerges at
0.3 GPa, reaches its maximum at 1GPa, and vanishes
above 3 GPa. Interestingly, the crystal color changes from
blue to pink at 0.3 GPa and subsequently to red at 3 GPa.
However, the following research on lutetium dihydride
LuH-> [9:10] 4nd LuHs4+.N, [7:11-13] showed no near-ambient
superconductivity but observed similar color changes un-

der pressure. Moreover, the superconductivity transition

*Corresponding author. Email: wjlu@issp.ac.cn
(© 2023 Chinese Physical Society and IOP Publishing Ltd

temperature (7Tc) of LuHs, considered N doping and an
anharmonic effect in first-principles calculations, is much
lower than room temperature. 14151 Other lutetium hy-
drides, such as Lqu[IG] and Lu4H23[]7] show supercon-
ductivity below 12K (122GPa) and 71K (218 GPa), re-
spectively.

Undoubtedly, the microscopic crystal structure and
chemical composition of lutetium hydride and its N-doped
compounds are still controversial. However, the color
change observed in several experiments is generally con-
sistent. Color is a basic property of materials and is de-
termined by their optical reflectivity to light with different
wavelengths. Different structures and chemical composi-
tions have different electronic properties, which determine
their optical properties, such as reflection and absorption.
Therefore, the color and its changes under pressure can
provide basic information about the electronic structure
of the material, which can be used as important evidence
to study its structure and chemical composition. Several
theoretical studies!*® 2! have shown that LuHs exhibits

the blue-to-red color change consistent with experimental
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reports, and the concentration of H vacancies can influence
the pressure of color changes. (18] However, the physical ori-
gin of the blue-to-red color change is not fully clear. Fur-
thermore, the possible occupation position and the effect
of the doped nitrogen atom are still unknown.

In this work, we systematically investigated the op-
tical properties of nitrogen-doped lutetium hydrides un-
der pressure through first-principles calculations. Firstly,
we investigated the optical properties of LuHz and LuHs.
Our results indicate that under pressure, LuH2 undergoes
a color change from blue to red, while LuH3 maintains
its gray color. Based on the dielectric function and elec-
tronic properties, we elucidate that both interband and
intraband transitions are important for forming peaks of
reflectivity spectra in the blue and red regions. Changes in
its band gaps and Fermi velocity of free electrons drive the
evolution of these peaks, resulting in the blue-to-red color
change. Furthermore, we studied the influence of hydrogen
vacancies and nitrogen doping on the optical properties.
Hydrogen vacancies can significantly decrease the pressure
of the blue-to-red color change in LuH2. When these va-
cancies are abundant, the structure could exhibit a yellow
color under high pressure. However, hydrogen vacancies
do not have a significant impact on the color of LuHj3
under pressure. N-doped lutetium dihydride, Lui;sHssN
(LuH1.944No.056), with N replacing H at the tetrahedral
site, exhibits a similar trend in reflectivity and blue-to-
red color change. When the doping concentration of the
N atom is higher, the color change becomes less obvious.
However, the other five N-doped compounds considered in
this work show no similar color change. The present results
suggest that lutetium dihydride with N at the tetrahedral
site is a potential structure of nitrogen-doped lutetium
hydride. Additionally, we calculated the phonon disper-
sion under different pressures and also considered anhar-
monic effects. The phonon dispersions indicate that LuH,
is dynamically stable, while LuH3 is unstable under near-
ambient conditions.

Calculation Details. The first-principles calculations
based on the density functional theory were performed by
the Vienna ab initio Simulation Package (VASP).[?2:23]
The pseudopotential was described by using projector
augmented wave methods, and exchange-correlation in-
teraction was treated by generalized gradient approxima-
tion, which is parameterized by Perdew—Burke-Ernzerhof
version. ! The plane-wave kinetic cut-off energy was set
to 500 eV. Both lattice parameters and atom positions were
fully optimized. The Brillouin zone was sampled with an
18 x 18 X 18 k-points mesh for structural optimization. The
electronic properties calculation used a 40x40x40 k-points
mesh for LuHz and LuHs and at least a 10x10x 10 k-points
mesh for N-doped superstructures. Convergence criteria
for energy and force were set to 107%eV and 1073 eV/A,
respectively. The dielectric function (only for interband
contribution) was calculated by the independent particle
approximation using the same k-points mesh with elec-
tron properties. For metals, the dielectric function has
contributions from both interband and intraband transi-

tions. The interband contribution describes all allowed

direct transitions, defined as
Einter (LU) — gilnter (LU) 4 Z-Ei2nter ((U)

It was post-processed with a VASPKIT code.? The
imaginary part of the 3 x 3 dielectric tensor is defined

as (%]
inter 4r?e? 1
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where the indices ¢ and v denote the conduction and the
valence band states that wy donates the weight of the k
points, and e, and eg are three Cartesian directions. The
real part of the interband part is related to the imaginary

part by the Kramers—Kronig relation [26]
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where P represents the principal value.
The intraband part was calculated by using the Drude

model, (27:2%]
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where wp and I represent plasma frequency and relaxation
rate, respectively. Here we select a typical value I' = 0.2,
and obtain wy, as follows:
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where V' denotes the volume of the unit cell, g; is the

weight of the k points, f is the occupancy, E is the band
energy, e, and eg denote three directions. Finally, we can
reach the total dielectric function

6(&)) _ 6inter (w) + 8intra (w)

Then, the optical reflectivity is calculated by 2]

Velw)—1
Velw)+1

is used to calculate the color

2

R(w) =

The colorimetry theory [30]

of materials. Based on the reflectivity R(w), the power
distribution of reflected light under the Dgs standard illu-
mination (simulates daylight) can be expressed as

P(w) = Ppgy (w) x R(w).

Then, the tristimulus values (R, G, B), i.e., the color coor-
dinates, are calculated by

780
R= P(\)F(N)dA,
380
780
G = PG\,
380
780 B
B= P(A\)b(A)dA.
380
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Here, A represents the wavelength; 7(w), §(w) and b(w) are
color-matching functions corresponding to the (R, G, B)
tristimulus space.

Results and Discussions. We first calculated the di-
electric function of LuHz and LuHs. The dielectric func-
tion reveals fundamental electronic structure information
and determines optical properties, such as reflection and
The color of the material can then be de-
rived from the reflectivity. The dielectric function of in-

absorption.

terband transitions consists of a real part and an imagi-
nary part. The imaginary part represents all allowed direct
transitions from occupied to unoccupied states. The real
and imaginary parts are related by the Kramers—Kronig
relation. % Black lines in Figs. 1(b) and 1(d) show the
interband dielectric function of LuHs at 0 GPa. Consider-
ing that LuH2 is a metal, intraband transitions also con-
tribute to the dielectric function. The Drude free electron
model?7?8 is used to describe the intraband part. The
blue dashed lines in Figs. 1(b) and 1(d) represent the con-
tribution of intraband transitions to the dielectric func-
tion. Compared to the dielectric function without intra-
band transitions, the inclusion of the intraband part sig-
nificantly affects the imaginary dielectric function below
3eV. Its effect on the real dielectric function is below 5eV,
due to the plasma frequency of 5.82eV. The calculated to-
tal dielectric function is also in good agreement with the
experimental *'] and theoretical reports. 2! Figure 1(c)
shows the reflectivity of LuHs at 0 GPa. If only interband
transitions are considered, the reflectivity exhibits little
variation within the visible light range, as shown by the
black line. However, when intraband transitions are taken
into account, a peak appears in the blue light region, and
only a narrow energy range with high reflectivity near red
light. Therefore, blue light is predominantly reflected, and
the material has a blue appearance, which is also consis-
tent with previous theoretical reports. &'
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Fig. 1. (a) Crystal structure of lutetium hydride with the
fluorite structure (Fm3m). The pink and green H atoms
occupy tetrahedral and octahedral sites, respectively. The
structure of LuHs contains pink and green H atoms, while
that of LuHs only contains pink H atoms. The calculated
imaginary part 2 (b) and real part €1 (d) of the dielectric
function of LuHsz. (c) Reflectivity R(w) spectra of LuHs.

To explore the pressure-induced color changes, we cal-
culated the dielectric function and reflectivity under dif-
ferent pressures. Figure 2(a) shows the imaginary and real
parts of the total dielectric function. The plasma frequen-
cies under different pressures are listed in Table S1 in the
Supplemental Material. For the imaginary part €2 of the
total dielectric function, its peak moves to higher energy
when pressure increases, resulting in a decrease around
3eV. This is mainly contributed by interband transitions.
Below 2eV, there is a slight increase, contributed by both
interband and intraband transitions, as shown in Fig. 3(a).
The real part €1 also shifts its peak to higher energy and
decreases below 3eV. These changes result in a variation
of the reflectivity, as shown in Fig.2(b). Under higher
pressure, the reflectivity of blue light gradually decreases,
while the reflectivity of red light increases. Consequently,
the color of LuHs shifts to violet at ~ 20 GPa and to red at
~ 30 GPa. The reflectivity in 1.8V (red light) and 2.8eV
(blue light) under different pressures are listed in Table S1.
The calculated color displayed in Fig.2(c) is well consis-
tent with the experimental observation!” in Fig. 2(d). We
also noted a difference in the pressure of color transition
between calculations and observations in Refs. [9,10,13].
This discrepancy will be discussed in the section related
to hydrogen vacancies.
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Fig. 2. (a) Imaginary part €2 (dashed line) and real part
1 (solid line) of the dielectric function of LuHg under dif-
ferent pressures. (b) Reflectivity spectra R(w) of LuHj.
(c) Calculated color and (d) experimentally observed op-
tical microscope images of LuH2 under different pressures
(from Ref. [7]). (e) Imaginary part of the dielectric func-
tion of LuHs. (f) Reflectivity spectra R(w) of LuHg under
different pressures. Insets show the corresponding color.

To investigate whether LuH3 could exhibit a similar
color change, we calculated its dielectric function, reflec-
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tivity, and color under different pressures. Figure 2(e)
shows the imaginary part of the dielectric function of LuHs3
at 0 GPa. The plasma frequency of LuHs is 1.62eV (the
plasma frequencies at other pressures are also listed in Ta-
ble S1 in the Supplemental Material). As a result, intra-
band transitions contribute to the dielectric function of
LuH3 mainly below 1eV, which is lower than the energy
range of visible light. Therefore, the total dielectric func-
tion in the visible light energy range is mainly determined
by interband transitions. Moreover, the dielectric function
within the energy range of visible light shows slight vari-
ation and does not have a prominent peak, resulting in a
small variation of reflectivity in this range. Using its re-
flectivity, we calculated the color of LuH3 under different
pressures and found that it remains gray, as displayed in

the inset of Fig.2(d).
(18]

This is consistent with a previous
report.

GPa — 50 GPa — 0 GPa — 50 GPa
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Fig. 3. (a) Imaginary part of the dielectric function con-
tributed by interband (solid line) and intraband (dashed
line) transitions, (b) band structure, and (c) Fermi surface
of LuHs2 under 0 and 50 GPa.

To gain a deeper understanding of the physical origin
of the change in optical properties, we analyze the elec-
tronic structure of LuH,. In Fig. 2(a), the imaginary part
of the total dielectric function increases around 1.8 eV and
decreases around 2.8 eV, resulting in color changes. These
changes can be attributed to interband and intraband
transitions, as shown in Fig.3(a). Compared to the blue
solid line (0 GPa), the peak of the red solid line (50 GPa)
moves to 4.3eV, resulting in a decrease of reflectivity in
2.8€eV. Around 1.8 eV, the red solid line shows a slight in-
crease. In its band structure, the bandgap at the W point
increased from 2.8eV to 4.3eV, while the bandgap at the
I' point decreased from 2.0eV to 1.8eV. These changes
correspond to the variations in interband transitions. The
imaginary part of the intraband transitions, represented
by the red dashed line, shows a slight increase at 1.8¢eV.
However, its contribution to the real part is significant, as
shown in Fig. S1 of the Supplemental Material. This is at-
tributed to an increase in the Fermi velocity of electrons
on the Fermi surface, leading to a higher plasma frequency

(wp) (listed in Table S1). Figure 3(c) shows the Fermi sur-
face of LuH> at 0 GPa and 50 GPa, with red indicating
regions for high Fermi velocity. The increase in Fermi ve-
locity is accompanied by a decrease in effective mass, which
results in higher electron mobility. This causes LuHs to
exhibit better metallic behavior at higher pressures. 7]

[7:8,11713] the hydrogen

In some experimental reports,
is non-stoichiometric, and the pressure of color changes is
lower than our calculated results. Therefore, we calculate
the optical properties of LuHs and LuH3 with different ra-
tios of hydrogen vacancies. Figure 4 shows the calculated
results. Figures 4(a), 4(c), and 4(e) are the reflectivity of
LuH> with different ratios of H vacancies under different
pressures. Compared with LuHz, LuH; g7s has a higher
reflectivity for red light under the same pressure, so its
blue-to-red color change can occur at a lower pressure. As
the ratio of H vacancies in LuHs continues to increase, such
as LuH; 750 and LuH;j 625, the calculated results show that
its reflectivity near yellow light increases under high pres-
sure, causing the color changing to yellow. This different
color change has been observed in Ref. [10]. Similar results
have also been reported in previous calculations on LuHsz
with H vacancies. [13:19] Next, we calculated LuHs with dif-
ferent ratios of H vacancies, as shown in Figs.4(b), 4(d),
and 4(f).
its reflectivity. However, there is still not a dominant peak

In these results, H vacancies moderate change

within the visible light energy range, resulting in a gray
appearance with no significant changes under pressure.

1.0 .
305
~
LuH, g75 (a) LuHj 875 (b)
0.0
1.0 .
3 o5
~
LuH; 750 LuHs 750 (d)

R(w)

LuH; 625 (e)
0 1 2 3 4 50 1 2 3 4 5

LuHz 625 (f)
0.0

Energy (eV) Energy (eV)

Fig. 4. Reflectivity of LuHy with different ratios of H
vacancy: (a) LuHj.g7s, (¢) LuHi 750, and (e) LuHj g25.
Reflectivity of LuHs with different ratios of H vacancy:
(b) LuH2 875, (d) LuHz. 750, and (f) LuHs2 625. Insets show
the color at the corresponding pressure.

Furthermore, we considered the effect of different N
doping on the color of Lu-H-N compounds. As shown

in Fig.1(a), there are two types of H atom positions in
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the F'm3m structure of lutetium hydride: tetrahedral and
octahedral sites. For LuH2, nitrogen can replace an H
atom at the tetrahedral site or occupy the octahedral site.
Firstly, we simply considered doping one N atom into a
2 x 2 x 2 supercell of LuHz, which can form LugH;sN
(LUH1‘375N0,125) and LU8H16N (LHH2N0,125). We calcu-
lated their dielectric function, reflectivity, and color. The
reflectivity and color of these materials under different
pressures are shown in Figs.5(a) and 5(b). Compared to
LuHz, there was no significant color change from blue to
red. However, the reflectivity of LugHi5N in the visible
light range exhibits a similar distribution and evolution
to that of LuH2. Our results align with those reported
in Ref. [18]. Under high pressure, the reflectivity of the
blue light decreases while that of the red light increases.
In contrast, the reflectivity of LusHisN does not exhibit
the above characteristics. This similar trend in reflectivity
of LugH15N under high pressure inspired us to consider
that, at lower N doping concentrations, it may be possi-
ble to exhibit a significant color change similar to LuHs.
Therefore, we considered replacing one H atom with an N
atom in a 3 X 3 X 2 supercell of LuHs2, forming Lui;sHssN
(LuH1.944Ng.056). Figure 5(c¢) shows that LuigHssN could
exhibit a very similar trend of reflectivity and color change
under different pressures. These results suggest that the
doped N atoms are more likely to be located at the tetra-
hedral positions.

1.0

o 1 2 3 4 50 1 2 3 4 5
Energy (eV) Energy (eV)

Fig. 5. Reflectivity of (a) LugH 5N (LuH1‘875N0,125,
nitrogen atom at the tetrahedral site), (b) LugHigN
(LuH2Np. 125, nitrogen atom at the octahedral site), (c)
Lui1gHasN (LuH1.944No.056, nitrogen atom at the tetrahe-
dral site), (d) LugH23N (LuHs2 g75Ng.125, nitrogen atom
at the tetrahedral site). Insets show the color at the cor-
responding pressure.

Next, we adopted four structures for N-doped LuHs
that were previously suggested in Ref. [32]. These com-
pounds have a high density of states near the Fermi energy,
which can benefit the occurrence of superconductivity. [32]
However, the calculated colors of these four compounds do
not exhibit the blue-to-red color change. Figure 5(d) shows
the reflectivity of LugH23N (LuH2.875No.125), where one H
atom is replaced by an N atom at the tetrahedral site in

a 2 x 2 x 2 supercell of LuH3. Under pressure, it shows a

similar distribution to that of LuHs, but it does not have
a similar evolution. Figures S5(b) and S5(c) in the Sup-
plemental Material show its dielectric function at 25 GPa.
Intraband transitions mainly contribute below 1.5eV, sim-
ilar to LuHs. Thus, LugH23N with N at the tetrahedral
site retains its blue color under high pressures. The other
three compounds exhibit gray color under different pres-
sures (see Figs. S6-S8 in the Supplemental Material). All
considered structures and related dielectric functions of
the N-doped lutetium hydrides are displayed in the Sup-
plemental Material.

Additionally, we calculated the phonon dispersion of
LuH: and LuHs to investigate their structural stability.
Figures S15(a) and S15(b) show that LuH: is dynami-
cally stable from 0GPa to 50 GPa, while LuHs is un-
stable at low pressures (< 25GPa). For LuHs, as pres-
sure is higher than 25 GPa, the imaginary frequency van-
ishes. Using the mode decomposition technique developed
in the DynaPhoPy code, [33] we also calculated the anhar-
monic phonon dispersion at 300 K. The comparison with
harmonic and anharmonic phonon dispersion is shown in
Figs. S15(c) and S15(d). When anharmonic effects are in-
cluded, the phonon dispersion of LuH2 shows only minor
corrections. For LuHjz, most of the imaginary frequen-
cies have vanished, but large imaginary frequencies remain
near the W point, indicating its instability. The above re-
sults are consistent with the previous report on the ther-
modynamic stability of lutetium hydride. [34]

In summary, we have investigated the optical proper-
ties of LuHs2 and LuHs, as well as the effects of hydrogen
vacancies and nitrogen doping lutetium hydrides under dif-
ferent pressures. By calculating the dielectric function and
reflectivity, we find that LuH2 can reproduce the pressure-
induced color changes observed in experiments. Both in-
terband and intraband transitions contribute to the for-
mation of reflectivity peaks in the blue-light and red-light
regions. Under high pressure, the increase in the direct en-
ergy gap at the W point, the decrease in the gap at the I"
point, and the increase in the Fermi velocity of free elec-
trons cause the reflectivity of blue light to decrease and
that of the red light to increase, resulting in the blue-to-
red color change. Furthermore, we study the influence of
hydrogen vacancies and nitrogen doping. Hydrogen vacan-
cies can significantly decrease the pressure of blue-to-red
color change in LuH», and abundant vacancies lead to a
yellow appearance under pressure. However, hydrogen va-
cancies do not have an obvious impact on the color of LuHs
under different pressures. The results of different N-doped
compounds show only lutetium dihydride, with N replac-
ing H at the tetrahedral site, which could exhibit a similar
trend of color changes of LuH2 when the doping concen-
tration of the N atom is low. Other N-doped compounds
show no similar color change. Additionally, our calculated
phonon dispersions show that LuHzs is dynamically unsta-
ble under near-ambient conditions. Our results clarify the
physical origin of the pressure-induced blue-to-red color
change of lutetium hydride observed in experiments and
provide further understanding of the potential N-doped
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lutetium dihydride.
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