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Nitrogen doped lutetium hydride has drawn global attention in the pursuit of
room-temperature superconductivity near ambient pressure and temperature.
However, variable synthesis techniques and uncertainty surrounding nitrogen con-
centration have contributed to extensive debate within the scientific community about
this material and its properties. We used a solid-state approach to synthesize nitrogen
doped lutetium hydride at high pressure and temperature (HPT) and analyzed the
residual starting materials to determine its nitrogen content. High temperature oxide
melt solution calorimetry determined the formation enthalpy of LuH, 4N, o, (LHN)
from LuH, and LuN to be -28.4 + 11.4 kJ/mol. Magnetic measurements indicated
diamagnetism which increased with nitrogen content. Ambient pressure conductivity
measurements observed metallic behavior from 5 to 350 K, and the constant and
parabolic magnetoresistance changed with increasing temperature. High pressure con-
ductivity measurements revealed that LHN does not exhibit superconductivity up to
26.6 GPa. We compressed LHN in a diamond anvil cell to 13.7 GPa and measured
the Raman signal at each step, with no evidence of any phase transition. Despite the
absence of superconductivity, a color change from blue to purple to red was observed
with increasing pressure. Thus, our findings confirm the thermodynamic stability of
LHN, do not support superconductivity, and provide insights into the origins of its
diamagnetism.

thermodynamic | drop solution calorimetry | high pressure and high temperature |
solid-state chemistry

The pursuit of room-temperature superconductors has resulted in the development of
materials with progressively higher superconducting temperatures (1). The development
of hydrogen-rich superconductors at high pressure based on Bardeen—Cooper—Schrieffer
and Migdal-Eliashberg theory has pushed the maximum superconducting temperature
above 200 K (2, 3). Examples include H,S, with a superconducting transition temperature
(T,) of 203 K at 155 GPa (4), LuH,, with 7, = 250 K at 170 GPa (5, 6), and (La, Y)H,,
with 7 =253 K at 183 GPa (7). While the highest superconducting transition temperature
has been increased with the development of new materials, near-room-temperature super-
conductivity has remained out of reach, with one of the major hurdles being synthesis
conditions at hundreds of GPa pressure.

Recently, room-temperature (294 K) superconductivity was reported in the
Lu-H-N system at pressures near 1 GPa (8). Diamagnetism and heat capacity
reported for the material also support a superconducting transition near room
temperature, which is accompanied by a color change with increasing pressure, from
dark blue to pink to red. Superconductivity was reported only for the pink phase
(for P~ 0.3-3 GPa) (8).

These reports have generated both interest and controversy (9-15). Ming et al. (9) and
Xing et al. (14) synthesized LuH,, N, using a large volume press, and while the synthesis
method was different from that used by Dias (8), the powder X-ray diffraction (PXRD)
data and pressure modulated color changes were similar (8). However, neither study
resulted in superconducting LuH,, N, and magnetic measurements instead indicated a
paramagnetic phase which is more consistent with LuH, (11).

Synthesis of Lu-H-N by high pressure has primarily been achieved with H,/N, in
diamond anvil cells (DACs) or by using NH,Cl and CaH, as N and H sources in
large-volume press. It is impossible with these methods to determine how much N actually
enters the LuH,, or even whether it enters the LuH, lattice rather than being adsorbed
onto the surface. In this work, we conducted HPT synthesis of LuH, 4(N o,, constrained
its nitrogen content by using well-defined starting materials in a closed system, charac-
terized its crystal structure, determined its formation enthalpy, and measured its magnetic
properties and electrical conductivity.
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Significance

This study examines the physical
properties and fundamental
thermodynamics of nitrogen
doped lutetium hydride (LHN),
which was recently reported to
exhibit superconductivity at
pressure near 1 GPa. Employing
high temperature, high pressure
solid-state synthesis, we
quantified nitrogen doping in
LHN. Drop solution calorimetry
indicates a formation enthalpy for
LHN of -28.4 + 11.4 k}J/mol.
Extensive conductivity tests were
conducted up to 26.6 GPa,
alongside optical and Raman
spectroscopy up to 13.7 GPa but
no superconductivity or structural
phase transitions were observed
in LHN. However, increased
nitrogen content in LHN does
markedly enhance its diamagnetic
properties. These results
contribute to understanding the
thermodynamic, magnetic, and
electronic behaviors of nitrogen
doped hydrides, but do not
support previous reports of
superconductivity in LHN.
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Fig. 1. PXRD data for LuH, and LHN after heating to 1273 K at 5 GPa. The red
arrow marks the (311) diffraction peak of LHN, which is significantly enhanced
in relative intensity compared to LuH,. The inset is a picture of LHN.

Results and Discussion

Crystal Structure and Determination of N Content. PXRD patterns
for LuH, and LHN after the high pressure experiment are provided
in Fig. 1. The inset is a photograph of blue LHN at ambient pressure
after removal from the multianvil press. In comparison to LuH,, the
relative intensity of the diffraction peaks of LHN varies, with the
(311) peak showing the most significant enhancement, we attribute
this change in relative intensity to preferred orientation or stacking
faults caused by nitrogen doping. The lattice parameter and volume
of LHN decrease compared to LuH,, reducing from 5.0381(1)
A 10 5.03411(6) A and from 127.885(7) A’ t0 127.576(5) A’,
respectively. Light elements are hard to quantify by X-ray diffraction,
therefore the N content cannot be obtained by refinement, so we
estimate the nitrogen content in LHN by calculating the content of
the LuN phase (2.8 wt %) from Rietveld refinement (S Appendix,
Fig. S1 and Table S1) combined with the ratio of LuH, and LuN
in the precursor (19:1). The calculated chemical formula of our
synthesized LHN phase is LuH, ¢N,,. X-ray photoelectron
spectroscopy (XPS) measurement (S Appendix, Fig. S2) indicates
the presence of nitrogen in the material. However, due to the weak
signal from the low doping level of nitrogen, it is not possible to
analyze the state of N by XPS. The magnetic analysis of LuH,, N,
with different nitrogen doping levels further confirms that nitrogen
has been successfully doped into LuH,.

Thermodynamics. The drop solution enthalpies for LuH, and
LHN determined from high temperature oxide melt solution
calorimetry are -695.45 + 7.89 kJ/mol and -663.62 = 7.50 kJ/
mol, respectively. Thermochemical cycles are given in Table 1,
and individual enthalpy values are provided in SI Appendix,
Table S2. The enthalpy of formation (AH;) for LHN from
LuH, and LuN is -28.4 + 11.4 k]/mol, which supports stability
relative to the constituent components LuH, and LuN, making
decomposition unfavorable. Entropy effects, generally close to
zero for solid-state reactions, are unlikely to change the trend of
stability. To verify the incorporation of nitrogen we conducted
N-doping experiments on LuH, in a N, dosing system. PXRD
measurements indicate a significant change in the relative intensity
of (311) peaks (SI Appendix, Fig. S3), which also indicates the
successful doping of N in LuH, and supports the results of the
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Table 1. Thermochemical cycle for calculation of en-
thalpy of formation of LHN (AH%)

Reaction

LuH, (s, 298 K) + (3/4) O, (g, 1073K) —
(1/2) Lu,0; (soln, 1073 K) + H,0 (g,

#

1073K)

LuN (s, 298 K) + (1/4) O, (g, 1073K) —
(1/2) Lu,0;5 (soln, 1073 K) + (1/2) N,

LuH; 96Ng2 (S, 298 K) +(1.24) O, (g,
1073K) — (1/2) Lu,05 (soln, 1075K)
+(0.98) H,0 (g, 1073K) + (0.01) N,
(g, 1073K)™

0.98 LuH, (s, 298 K) + 0.02LuN (s, 298
K) = LuH; 9Ng (S, 298 K)

AH°;= 0.98 AH, +0.02AH, -AH; AH°(=-28.43+11.43

“Value is the mean of the number of experiments indicated in parentheses. Two SD of the
mean are given as errors.
Chemical formula obtained by Rietveld refinement.

AH (k) mol™)
AH,=-695.45 + 7.89

AH, = -525.84 + 3.50

AH;=-663.62 +7.53

drop solution calorimetry. Since the exact stoichiometry resulting
from these experiments cannot be constrained, we used high
pressure synthesized LHN to address the issue of undetermined
N doping content and only the high pressure LHN was used for
the electrical and magnetic measurements.

Thermochemical analysis indicates that LHN is thermodynam-
ically stable relative to binary nitride and hydride, thus disfavoring
spontaneous phase separation (decomposition) of the material
into individual components LuH, and LuN. This stability suggests
that the interfacial interactions between different local structures
and/or energetics of formation of N or H defects in the structure
are thermodynamically favorable, perhaps due to reduced lattice
strain in the LuH, host structure, originating from the incorpo-
ration of N-Lu-H mixed bonds.

Magnetism. To further study how nitrogen doping affects the
properties of the sample, we measured the magnetic properties
of LuH,, low N doped LHN (L-LHN), and LHN samples at 2
to 350 K. As the temperature decreases, the Zero-Field-Cooled
(ZFC) and the Field-Cooled (FC) curves exhibit bifurcation
below 300 K, shown in Fig. 2 A-C. After doping the sample
with nitrogen, the plateau of the ZFC curve widens. This is
typical behavior for a superparamagnetic material and/or a spin-
glass system. The magnetic hysteresis loops were collected from
5 (or 2) to 350 K for different samples as illustrated in Fig. 2
D-F. Interestingly, the magnetization signal shows a sudden jump
(dM/dH > 0.0017 emu/T) close to uyH = 0 for all temperatures
and samples. A closer look at the hysteresis loop in this range is
shown in Fig. 2 D—F, Insess. The extracted remanent magnetization
(M,) and coercive field (H,) are plotted in Fig. 2 G-/ as a function
of temperature and show similar temperature response. While A,
and H_ are independent of temperature for LuH, they generally
decrease with increasing temperature for L-LHN and LHN.
The remanent magnetization is strongly suppressed for higher
nitrogen doping (LHN). We attribute the observed differences
in M (T) and H(T) between undoped and doped samples to the
emergence of diamagnetism caused by diamagnetic N centers.
More explicitly, as the N doping increases, the diamagnetic
contribution from these diamagnetic N defect centers contributes
more to the overall measured magnetism which can be seen from
the increased negative slope in the MH loops as shown in Fig. 2
D-F. The diamagnetic contribution was quantified by extracting
the slope of each M-H curve from 5T to 6.9 T, where the linear
portion can be seen as shown in Fig. 2H. The results show that the
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Fig. 2. The magnetic properties of LuH,, L-LHN, and LHN. (A-C) The ZFC and FC curves of LuH,, L-LHN, and LHN, respectively, in the presence of a small magnetic
field. (D-F) The loop scan of the M-H curve at elevated temperatures. The /nset is the zoom-in of the M-H curve at the lowest and highest temperatures. (G-/) The

M, and H_. as a function of temperature extracted from D-F. The error bars of M, an

d H. come from the instrument error and half of adjacent data points. (H) The

temperature dependence of slope by linear fitting from 5 T to 6.9 T extracted from D-F.

diamagnetic signal is enhanced at low temperatures and suppresses
the superparamagnetism.

Electrical Conductivity. Electrical transport measurements were
carried out to determine the resistivity of the samples at different
temperatures and external magnetic fields. Temperature-dependent
longitudinal resistivity p(7) curves under an increasing external
magnetic field up to 7 T are shown in Fig. 34. Generally, the
resistivity during cool-down and warm-up processes should trace

Ass

Warm-up

each other with an adequate temperature ramping rate. However,
hysteretic behavior was observed in our LHN sample (S/ Appendix,
Fig. S4A), which has also been observed elsewhere (14) and in
LuH, crystals (13) and has been explained as a percolation effect.
Because the warm-up process is in thermal equilibrium, these
curves are shown in Fig. 34. The p(7) curves indicate that our
LHN behaves as a typical metal. Under an external magnetic
field (Fig. 3B), a bump in the resistivity curve appears around
263 K. After subtracting the p(7) curve at uy/ = 0T, a stronger
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Fig.3. The electrical properties of LHN. (A) The temperature dependence of resistivity at different magnetic fields in the warm-up process. The Inset is the optical

image of the device used in the measurement. (B) The temperature dependence

of resistivity at different magnetic fields by subtracting the curve at 0 T. (C)

The magnetoresistance at elevated temperatures from 2 K to 350 K. The data is offset. (D) The contour plot of magnetoresistance as a function of temperature
and magnetic field converted from Fig. 3C. The gray line marks MR = 0.2%. () The Hall resistivity as a function of the magnetic field at elevated temperatures.
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magnetic response of resistivity appears above 234 K. This response
delineates a curve which peaks at 263 K, decreases until 300 K and
then increases linearly to 350 K. Additionally, a sharp peak at 38 K
is associated with a sudden change of resistivity when py// = 0 T.
This change disappears when a small field (= 0.01 T) is applied
(SI Appendix, Fig. S4B). These sudden changes in Ap/p are usually
associated with structural changes (possible phase transitions) or
complex strain relaxation processes due to structural texture and
warrant future studies (16).

To further study the effects of the magnetic field on resistivity,
we conducted magnetoresistivity (MR) and Hall resistivity meas-
urements at elevated temperatures. As shown in Fig. 3C, a weak
parabolic MR behavior is seen at 7" < 70 K and MR remains
constant from 70 to 250 K as the temperature is increased. Above
250 K, parabolic MR emerges (~2% MR at 7 T). The observed
MR at high temperatures is also consistent with the p(T) plots
under a magnetic field in Fig. 3A4. The enhancement in MR above
250 K can be easily identified from the contour plots of MR
(Fig. 3D). Due to the metallic nature of the sample, the parabolic
MR manifests the topology of the Fermi surface (17). A constant/
parabolic MR generally represents a closed/open electron/hole
orbit (18). The Hall resistivity was measured to 2 K, but no
detectable Hall signal was present within the limit of our meas-
urements, confirming that the sample is a good metal with high
conductivity (Fig. 3E).

Fig. 4 depicts the change of resistance with temperature for LHN
across the pressure range of 0.5 to 26.6 GPa. We note that the
pressure-dependent electrical measurements were collected from
the same sample (LHN) used for electrical measurements at ambient
pressure. Results show that initial small pressure (P = 0.5 GPa and
P = 3.4 GPa) induces a metal-to-semiconductor transition. As the
pressure increases further, LHN undergoes a semiconductor-to-metal
transition above 3.4 GPa, similar to that previously reported in
La;Ni, O, (19). We note that even though the overall resistance was
reduced, no superconducting transition was observed for pressures
up to 26.6 GPa. When an external magnetic field of 10 T was
applied at 26.6 GPa, there was no significant change in the resistance
of the material in the 150 to 300 K range, but there was an increase
in resistance in the 2 to 150 K range.

Pressure-dependent Raman Spectra and Color Change. One of
the most remarkable phenomena reported for LHN is the change
in color from dark blue to pink to red with increasing pressure
(9, 10, 13, 14). Previous studies have claimed that the pink
region corresponds to the superconducting state for LHN
(8). We applied gradual pressure to LHN up to 13.7 GPa
in a DAC to observe the color changes and associate them
with the overall electrical resistivity behavior (Fig. 4). Results
from optical DAC measurements are shown in Fig. 5. As the
pressure was increased to 11.7 GPa, the color of the LHN
sample gradually changed from blue to purple and then to
red. No further color change was observed between 11.7 and
13.7 GPa, and similar trends were observed during controlled
pressure release. Overall results are in line with previous reports
(9, 10, 13, 14), although there are some differences in the
intermediate transition colors and transition pressures at which
these changes occur. They may be attributable to differences
in N content in LHN.

Raman data collected at each pressure step in the DAC are
presented in SI Appendix, Fig. S5 A and D. No significant altera-
tion in the Raman mode positions were observed in crystals with
and without nitrogen. The positions of Raman modes observed
at ~250 and 1,200 cm ™" are in good agreement with previously
reported results (9, 10, 13, 14). Within the pressure range
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Fig. 4. Resistance of LHN versus temperature at different pressures from
0.5 GPa to 26.6 GPa.

examined, no indications of phase change were observed and as
pressure was increased, only a linear blueshift was observed in the
Raman modes. The analysis of pressure-dependent reflectivity
(81 Appendix, Fig. S5 B and E) supports the observed color change
in Fig. 5. The slope of the reflectivity spectra (after smoothing, see
SI Appendix, Fig. S5 Cand E), allowed us to estimate the shift in
plasma edge with increasing pressure, which indicated no phase
transitions below 13.7 GPa. While the overall results show that
LHN behaves optically similarly to previously reported samples
with different N concentrations, no superconductivity (from elec-
trical transport measurements in the same pressure range) or phase
transitions were seen in the same pressure range.

Summary and Outlook. The work reports the synthesis of nitrogen
doped lutetium hydride using high pressure and high temperature.
High temperature oxide melt solution calorimetric measurements
on high pressure LHN suggest that LHN is thermodynamically
stable and can be prepared at ambient pressure. Stability is supported
by additional synthesis of nitrogen doped lutetium hydride using
gas adsorption calorimetry. Comprehensive, magnetic and electrical

pnas.org
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Fig.5. Optical microscopy images of LHN material in a diamond anvil cell at pressures ranging from 0 to 13.7 GPa. The color of the LHN crystal shifts progressively
from blue to red with increasing pressure and reverses from red to blue during decompression cycles. The black and red frames around images indicate the
compression and decompression cycle, respectively.

measurements at ambient pressure, as well as high pressure electrical,
Raman, and optical measurements establish physical properties of
LHN in wide ranges of temperature, magnetic field, and pressure.
Although our results point toward the absence of superconductivity
in LHN at pressures up to 26.6 GPa, ambient pressure electrical
transport measurements under magnetic field and under pressure
point to the complexity of the Fermi surface topology. Future studies
on the complex Fermi surface, crystal texture, and comprehensive
doping engineering are needed to explore the conditions leading to
possible superconductivity.

Materials and Methods

High Pressure Synthesis. LuH,N, precursor was prepared by mixing 19:1
(denoted as LHN) and 32:1 (denoted as L-LHN) molar ratios of LuH, (99.9%,
VIILAA) and LuN in a glovebox. About 0.2 g of the LHN was packed in a BN
capsule surrounded by a rhenium heater and loaded into an octahedral MgO-
spinel 18/12 pressure assembly. The sample was compressed in a multianvil
press with tungsten carbide anvils with corners truncated to 12 mm. The pres-
sure was increased to 5 GPa over 6 h. The assembly was then heated to 1,273
Kand held for 2 h before quenching to ambient temperature by cutting power
to the heater. The pressure was reduced to ambient conditions for over 10
h, and the sample capsule was opened inside a glovebox under nitrogen. To
obtain LuN, we heated Lu metal (40 mesh 99.8%, Alfa Aesar) under a nitrogen
atmosphere at 1,273 Kfor 5 h in a controlled atmosphere furnace (Setaram-
Labsys Evo).

Ambient pressure N doped LuH, was obtained by loading LuH, into a gas
dosing system (Micromeritics ASAP 2020). The sample (~200 mg) was placed
in one prong of a customized silica glass forked tube. The prongs of this tube
were jacketed in the twin chambers of the calorimeter with the head opening
connected to the gas dosing manifold. The sample was degassed under vacuum

PNAS 2024 Vol.121 No.12 e2321540121

(<2 x 10 ®bar) at 773 K to remove any initial adsorbates. The gas dosing system
was programmed in incremental dosing mode (5 pmol per dose).

Powder X-ray Diffraction. PXRD patterns were obtained using a Bruker D8
Advance diffractometer operated with Cu Ka radiation (4 = 1.54184 A),a 1.0
mm air scatter screen, and a 0.6 mm divergence slit. The data were collected in
the 26 range of 28 to 110° with a step size of 0.01° and a dwell time of 5 s per
step. Sample powders were transferred to an airtight PXRD holder inside the
glovebox before transport to the diffractometer. Rietveld analyses of PXRD data
were performed using Topas-Academic V6 software (20).

X-ray Photoelectron Spectroscopy. XPS experiments are performed by use of
a Kratos AXIS Supra+ with a monochromatic Al K+ ion beam (beam energy =
1,486.6 V).

High Temperature Oxide Melt Solution Calorimetry. High temperature oxide
meltsolution calorimetry experiments were carried out using a Setaram AlexSYS Tian-
Calvet twin microcalorimeter using methods standard to our laboratory and described
previously(21).The calorimeter was calibrated against the heat content of high purity
a-Al,05.Samples, each ~5 mg in weight were pelletized in a glovebox and transported
tothe calorimeter in closed centrifuge tubes under N, limiting contact with laboratory
airto a few seconds. LHN pellets were then dropped from ambient temperature into
the calorimeter containing molten sodium molybdate (3Na,0-4Mo0;) solvent at
1,073 Kin assilica glass crucible. The dropping tubes were flushed with air at 75 mL
min~",and oxygen was bubbled through the solventat 35 mLmin ™" to aid dissolution
and preventlocal saturation of the solvent. Complete oxidation and dissolution of the
sample enabled measurement of the heat of dissolution under oxidizing conditions,
from which formation enthalpies were determined.

Transport and Magnetic Measurements. Transport and magnetic measure-
ments under ambient pressure were performed in a Quantum Design Physical
Property Measurement System (PPMS, 1.9 K, 7 T). The electrodes were made by
using gold wire electrodes with indium-pressed contacts. Keithley 6221 and SRS

https://doi.org/10.1073/pnas.2321540121
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830 instruments were used as the current source and as the nanovoltmeter for
AC measurement with a driving current of 70 mA at 13 Hz frequency.

The electrical resistance measurements were carried out using the standard
four-probe method. High pressure was generated with a screw-pressure-type
DAC. Diamond anvils with a 400-pm culet were used, and the corresponding
sample chamber with a diameter of 150 pm was made in an insulating gasket
of cubic boron nitride and epoxy mixture. The pressure was calibrated using
the ruby fluorescence shift at room temperature for all experiments. Electrical
measurements were collected from 2 K to 300 K and magnetic fields up to 10
Tusing the PPMS.

High Pressure Raman Spectroscopy. LHN was compressed in a DAC with
diamonds of 500 um culet size and a steel gasket. Fine seeds of NaCl were used
as a pressure-transmitting medium, and the pressure was determined based on
the shift of the Raman mode from the diamond edge, which initially is located
at 1,334 cm™" at ambient pressure (22). Raman spectra were acquired in the
backscattering configuration in a setup equipped with a 0.75-m focal-length
Shemrock monochromatorand a 532-nm CW laser. Forimproved spatial reso-
lution, a laser line and white light (for reflectivity measurements) were focused
using a 50x objective lens.

Data, Materials, and Software Availability. All Study dataareincluded in the
article and/or S/ Appendix.
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