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Lu–H–N Phase Diagram from First-Principles Calculations
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Employing a comprehensive structure search and high-throughput first-principles calculation method on 1561

compounds, the present study reveals the phase diagram of Lu–H–N. In detail, the formation energy landscape

of Lu–H–N is derived and utilized to assess the thermodynamic stability of each compound that is created via

element substitution. The result indicates that there is no stable ternary structure in the Lu–H–N chemical

system, however, metastable ternary structures, such as Lu20H2N17(𝐶2/𝑚) and Lu2H2N (𝑃 3̄𝑚1), are observed

to have small 𝐸hull (< 100meV/atom). It is also found that the energy convex hull of the Lu–H–N system shifts

its shape when applying hydrostatic pressure up to 10GPa, and the external pressure stabilizes a couple of binary

phases such as LuN9 and Lu10H21. Additionally, interstitial voids in LuH2 are observed, which may explain the

formation of Lu10H21 and LuH3−𝛿N𝜖. To provide a basis for comparison, x-ray diffraction patterns and electronic

structures of some compounds are also presented.
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Lu–H–N compounds have drawn increasing attention

recently as it was reported that certain Lu–H–N phase

exhibits appealing observable macroscopic quantum phe-

nomenon at ambient condition, which may revolutionarily

revolt the field of condensed matter physics. The existing

literature [1] has performed characterization and pointed

out that the compound is the LuH3−𝛿N𝜖 in space group

of 𝐹𝑚3̄𝑚 backed by the x-ray diffraction pattern, and

doped with N. The synthesis process as they stated in

the article is fairly accessible as the precursors are com-

mercially available and experimental condition, such as

pressure and temperature, is not critical by current tech-

nology. However, debate soars within the community as

a group of scientists are skeptical about the results, hence

extra experimental confirmations [2] from multiple sources

are demanded to settle down the arguments. [3] This has

set off a heat wave in the study of lutetium hydrogen sys-

tems recently. [4–6] Fortunately, recent advances in high-

throughput first-principles calculation along with large-

scale database [7–9] make it a feasible method to thoroughly

search possible compounds within a certain chemical sys-

tem, and accurately evaluate their likelihood of existence,

way quicker than experimental approaches. In this Letter,

we tackle the stability issue of possible phases in Lu–H–N

chemical systems harnessing the high-throughput calcula-

tion and a large in-house database, [10] which would hope-

fully provide useful knowledge for the community to un-

derstand the energy landscape of the Lu–H–N compounds.

From a scientific point of view, lanthanides hy-

drides are worth investigating as there are several high-

temperature superconductors in this phase space un-

der high pressure. For example, lanthanum decahy-

dride (LaH10) exhibits superconductivity under 252K

at the pressure of 170GPa; [11] yttrium-hydrogen (YH9)

exhibits superconductivity under 243K at the pressure

of 201GPa. [12] For Lu–H systems, recent experiments

demonstrated that LuH3 undergoes a phase transiting into

the superconducting states at 12.4K under 122GPa. [13]

Meanwhile, it was found that the Lu4H23 exhibits super-

conductivity at 71K under 218GPa. [14] However, the lan-

thanides hydrides are less explored compared to common

metals, let alone the ternary compounds within the Lu–

H–N chemical space. Given that it is alleged that a cer-

tain compound within the Lu–H–N chemical space pos-

sesses superconductivity at the very much near ambient

condition, [1] it is necessary to have a systematic search for

viable structures within the Lu–H–N system.

Leveraging the recent advance in high-throughput

first-principles calculation [9,15–18] as well as the large trove

of materials data, [10] in this Letter, we closely investigate

the possible compounds in the Lu–H–N chemical system.

Such a method is fairly effective and has been demon-

strated several times in searching for ternary nitrides, [19]

Kagome materials, [20] superconductor, [21] and many oth-
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ers, and more importantly, the theoretical predictions have

been successfully confirmed by experiments. [22,23] Essen-

tially, we can use the existing compounds in a database

as the structure templates and perform element substitu-

tion to create new structures within the targeting chemical

systems, which is Lu–H–N in this case. Then the high-

throughput first-principles calculations can optimize those

structures and compute the energy of each compound. By

comparing the formation energies of those compounds, the

formation energy landscape can be obtained, and the ther-

modynamic stability of each compound can be derived to

justify the likelihood of the existence of those compounds

quantitatively. [24]

Methodology. In thorough explanation, those com-

pounds which boast the least formation energy, that is,

the compounds that release the largest amount of enthalpy

in their synthesis processes, are the ones that comprise

the energy hull. [24] This energy hull represents the bound-

ary line of the maximum formation energy of a chemical

structure. Therefore, the hull energy designates the lowest

energy state potentially attainable by any feasible combi-

nation of elements capable of forming a compound with

a given chemical composition. Upon this foundation, the

energy disparity between a compound and the energy hull

may furnish insight into the compound’s instability, or the

“energy above the hull” (𝐸hull). 𝐸hull conveys the mini-

mum amount of energy required to break down the com-

pound into the stable compounds present on the energy

convex hull.

In order to methodically assess the feasible compounds

present in the Lu–H–N systems, initial 4478 structures are

constructed by employing structural templates such as X–

H–N, X–H–P, X–H–As, X–Li–N, X–Na–N, and X–K–N for

ternary phases, and X–H, X–N, X–Li, and X–P for binary

phases, resulting in 1561 newly created compounds after

duplication removal. The computation is performed utiliz-

ing the Vienna ab initio simulation package (VAISP) [25–29]

along with unified input parameters for Atomly.net. Fur-

ther information with regard to the detailed input param-

eters could be found in Refs. [10,20,21,30]. All the struc-

tures and calculation results presented here can be found

in Atomly.net materials database.

After conducting high-throughput calculations, totaly

1561 structures are computed, including 712 Lu–H–N

phases, 432 N–H phases, 116 Lu–H phases, and 301 Lu–

N phases. The purpose of these calculations is to cre-

ate a comprehensive “phase diagram” for Lu–H–N. Sub-

sequently, we select all the compounds with relative sta-

bility and 𝐸hull values less than 150meV/atom. Those

compounds are then calculated subjecting to hydrostatic

pressure of up to 10GPa with an interval of 1GPa. Hence,

the phase evolution of those compounds under pressure can

be clearly captured and the phase diagrams under differ-

ent pressured states are constructed and presented in this

study.
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Fig. 1. Phase diagrams of Lu–H–N chemical system in both the 3D mode and 2D mode. The phase diagrams under
0GPa, 5GPa, and 10GPa are calculated and presented to showcase the change of energy landscape as a function
of hydrostatic pressure. On those plots, each data point shows a compound we calculate. Stable compounds are
shown in green square dots, and unstable ones are shown in red circular dots. The energy convex hull is colored
based on the formation energy.

Results and Discussions. Figure 1 presents the for-

mation energy landscape of the Lu–H–N and its evolu-

tion versus external pressure. The phase diagram es-

sentially presents that, at 0GPa, there are six binary

stable compounds, which are LuN (𝐹𝑚3̄𝑚), Lu12N11

(𝐶2/𝑚), NH3 (𝐹𝑚3̄𝑚), N2H3 (𝐶2/𝑐), LuH2 (𝐹𝑚3̄𝑚),

and LuH3 (𝑃 3̄𝑐1), and there is no stable Lu–H–N ternary

phase. Among all the structures we have calculated,

Lu20H2N17 (𝐶2/𝑚), Lu2H2N (𝑃 3̄𝑚1), LuH5N2 (𝑃1),

Lu3H6N (𝑃21), Lu10HN8 (𝑃 1̄), Lu(H15N8)2 (𝑃21/𝑐),

Lu6HN6 (𝐶𝑚), Lu2H5N (𝑃𝑐), LuH3N2 (𝑃21/𝑐), LuH5N

(𝑃212121) are ternary metastable phases with small 𝐸hull
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(< 100meV/atom), and the 𝐸hull values are listed in Table

1. When pressure is applied, we spot some subtle changes

in the phase diagram, for example, under 5GPa, LuN9

emerges as a stable phase, and under 10GPa, Lu10H21 is

stabilized thermodynamically. There is no thermodynamic

stable Lu–H–N ternary phase according to our evaluation

under external pressure up to 10GPa.

Table 1. List of some compounds with 𝐸hull < 100meV/atom at 0GPa. [10]

Composition Space group Atomly Id 𝐸hull (eV/atom) Stability

Lu20H2N17 𝐶2/𝑚 1000313230 0.036 ×
Lu10HN8 𝑃 1̄ 1000313257 0.058 ×
Lu(H15N8)2 𝑃21/𝑐 1000313234 0.064 ×
Lu6HN6 𝐶𝑚 1000313346 0.077 ×
Lu2H5N 𝑃𝑐 1000313150 0.081 ×
Lu2H2N 𝑃 3̄𝑚1 1000313854 0.082 ×
LuH3N2 𝑃21/𝑐 1000313474 0.084 ×
LuH5N2 𝑃1 1000313474 0.090 ×
Lu3H6N 𝑃21 1000313607 0.095 ×
LuH5N 𝑃212121 1000313153 0.099 ×
NH3 𝑃213 1000314459 0.000

√

N2H3 𝐶2/𝑐 1000314332 0.000
√

LuH3 𝑃 3̄𝑐1 0000079762 0.000
√

LuH2 𝐹𝑚3̄𝑚 1000314722 0.000
√

LuN 𝐹𝑚3̄𝑚 3001350567 0.000
√

Lu12N11 𝐶2/𝑚 1000314893 0.000
√
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Fig. 2. N–H, Lu–H, and Lu–N binary phase diagrams under 0, 5, and 10GPa separately. The compounds with
𝐸hull < 150meV/atom are selected to compute the formation energy under pressure > 0GPa. (a) N–H phase
diagram. NH becomes a stable phase under 10GPa, while N2H3 becomes an unstable phase. (b) Lu–H phase
diagram. Lu10H21 appears to become a new stable phase under the pressure of 10GPa. (c) Lu–N phase diagram.
With the increase of pressure, Lu could combine with more N. As there appears a new phase LuN9 under the
pressure of 5GPa.

Figure 2 presents the phase evolution of binary com-

pounds with or without external pressure. Clearly, the

binary phase diagrams imply that the landscape of the

Lu–H–N system is sensitive to pressure. For example, NH

becomes stable when the pressure reaches 10GPa. Many

of the phases are not able to be found in other databases,

evidencing that such a system has not been thoroughly

investigated before. The existing databases including Ma-

terials Project, [24,31,32] Aflow, [16] and many others may

miss the stable phases and thus are unable to extrapolate

the correct energy convex hull for this system. Except for

the stable phases, the Lu–H phase diagram shows a group

of compounds that have fairly low 𝐸hull, such as Lu10H21,

Lu4H7, Lu3H8, Lu2H3, Lu3H2, Lu4H, and Lu3H, implying

that Lu and H are inter-mixable and can form many likely

phases at different compositions. When 10GPa pressure is

applied, a new stable phase of Lu10H21 is observed to form.

However, there is no new phase that contains a higher pro-

portion of hydrogen than the original stable phase under

10GPa.
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The Lu–N phase diagram [Fig. 2(c)] suggests that LuN

and Lu12N11 are the thermodynamic stable phases, and

there are also several low 𝐸hull compounds near Lu:𝑁 =

1:1 composition, such as Lu20N17, Lu16N13, and Lu3N2.

Under 10GPa, it is found that as the pressure increases,

the formation energy of Lu–N decreases in comparison to

its value at 0GPa, indicating that the system becomes

more stable. In addition, higher pressure can also result

in the appearance of a new stable phase, LuN9, suggesting

that high pressure could facilitate forming of nitrogen-rich

Lu–N compound.

Based on our calculation, it is generally difficult to

form a Lu–H–N ternary compound as the LuH and LuN

do not react with each other as there is no intermediate sta-

ble phase between LuN and LuH, and the lowest 𝐸hull can

be found from Lu2HN and Lu4HN3, which are 𝐸hull = 168

and 525meV/atom, respectively. Both of them are too un-

stable to warrant the existence of those compounds. The

reaction calculations give that when LuH and LuN are

mixed, the most likely reaction is to form Lu12N11 and

LuH2 to reach the more stable phases. There are also no

stable or relatively stable compounds within the 𝐼𝑚𝑚𝑚

space group in Lu–H–N phases based on our evaluation

with or without pressure.
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Fig. 3. The diffraction patterns of stable structures that
matches the experimental XRD. [1] Those compounds are
LuH2, Lu10H21, LuN, Lu12N11, in which Lu10H21 is basi-
cally the LuH2 with addition interstitial H while Lu12N11

is LuN with N vacancy.

Figure 3 plots the compounds that share the same

diffraction patterns as experimental observations among

all the stable phases. Based on these patterns, it appears

that LuH2, Lu10H21, LuN, and Lu12N11 are likely to ex-

ist. Further investigation reveals that Lu10H21 is actu-

ally the same structure as LuH2 but with H interstitials,

and Lu12N11 is the same structure as LuN but with N

vacancies. This suggests that increasing hydrostatic pres-

sure may introduce H interstitials into LuH2. At low dop-

ing concentrations, the H interstitials do not significantly

change the volume of LuH2 and may even contract the lat-

tice parameter slightly. However, it is difficult to observe

the Lu10H21 phase directly from the XRD as the volume

of Lu10H21 is only 0.4% less than that of LuH2. Similarly,

the results suggest that N vacancies can be easily formed in

LuN, as they are energetically favored and do not add too

much strain energy. This may help to explain the experi-

mental formation of LuH3−𝛿N𝜖 with additional dopant, as

the LuH2 favors interstitial sites and can accommodate ex-

tra intercalants at low dopant concentration. When pres-

sure is applied, the XRD peaks of LuH2 shift drastically

more than those in LuN, meaning that the LuN is elas-

tically stiffer than LuH2. Young’s moduli of LuH2 and

LuN from our calculation are 148.5GPa and 338.1GPa,

respectively.
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Fig. 4. Energy bands of LuH2(𝐹𝑚3̄𝑚) and LuH3 (𝑃 3̄𝑐1)
under equilibrium and external pressure of 5GPa and
10GPa from first-principles calculation at the GGA-PBE
level.

Figure 4 exhibits the calculated energy bands of LuH2

(𝐹𝑚3̄𝑚) and LuH3 (𝑃 3̄𝑐1). Based on the energy band

structures, LuH2 is a metallic phase and the trigonal LuH3

(𝑃 3̄𝑐1) can be classified into a node-line semimetal when

spin-orbit coupling (soc) is not considered. As shown

in Fig. 4, trigonal LuH3 exhibits a clean electronic struc-

ture with an electron and hole pocket intersecting right

at the Fermi level. Band inversion happens between

|𝐿𝑢+, 𝑑𝑥𝑧/𝑑𝑦𝑧⟩ and |𝐻1−, 𝑠⟩ and a nodal line is formed

and protected by the glide-plane symmetry. The fact that

the density of states is vanishing at the Fermi level makes

LuH3 an ideal system to study fundamental physics of

topological node-line semimetals. With eliminated con-

tributions of the topologically trivial bands, it is a unique

platform to investigate manifestations of electron-hole in-

teractions such as the linear frequency dependent optical

conductivity [33] and the hot carrier dynamics. [34] More-

over, pressure-dependent band structure indicates that the

nodal line is robust under hydrostatic pressure, yet it can

serve as a manipulation of the Fermi velocity of the linearly
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dispersed bands.

In summary, the recent advancement of high-

throughput calculations has greatly improved the explo-

ration and analysis of compound spaces with efficiency

and accuracy. The focus of the present particular study

focuses on investigating the different phases within the

chemical space of Lu–H–N, resulting in the formation en-

ergy landscape. Hydrostatic pressure is also taken into

consideration to simulate experimental conditions. It is

found that there is no thermodynamic stable Lu–H–N

ternary phase with or without external pressure up to

10GPa. Lu20H2N17 (𝐶2/𝑚), Lu2H2N (𝑃 3̄𝑚1), LuH5N2

(𝑃1), Lu3H6N (𝑃21), Lu10HN8 (𝑃 1̄) are ternary phases

with small 𝐸hull (< 100meV/atom), hence they are the

potential metastable ternary phases. Additionally, the bi-

nary phase diagram shows that Lu–H compounds are inter-

mixable and may have various structures due to the nu-

merous low 𝐸hull Lu–H compounds calculated. The LuH2

has interstitial sites, and thus can accommodate lightly

doped intercalants, leading to the formation of Lu10H21

and N-doped LuH2. The XRD compassion reveals that

the experimental sample is likely to be composed of LuH2

and LuN, and doped phases of them. Electronic struc-

ture analysis indicates that the LuH2 is a metallic phase

and LuH3 is a nodal line semimetal. Overall, this work

aims to provide valuable insights into the synthesizability

of Lu–H–N compounds, and the developed algorithm can

be further utilized to explore the vast territory of inor-

ganic compounds and to accelerate the discovery of new

materials.
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