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ABSTRACT

Through an extensive data analysis of powder X-ray diffraction data obtained at pressures up to at least 78 GPa, we report the experimental
equations of state for all lanthanide nitrides between NdN and LuN, excluding the radioactive Pm. By fitting the obtained unit cell volumes
as a function of pressure with the third order Birch–Murnaghan equation of state, we find that the bulk modulus increases with an increas-
ing lanthanide number from K0 = 146(12) GPa for NdN to 182(7) GPa in EuN. Hereafter, the bulk modulus reaches a plateau for the rest of
the series except for TmN which has a lower bulk modulus. We find that the first derivative of the bulk modulus is around 4 for all com-
pounds except TbN, which displays a significantly different compression behavior. In addition, we find a B1 to B10 pressure-induced phase
transition in NdN, SmN, EuN, and GdN at increasingly higher pressures. In fact, we observe that the onset pressure of the phase transition
increases linearly with Ln atomic number. From TbN and onwards, we do not observe any sign of a B1 to B10 transition indicating that the
transition pressure exceeds the studied pressure range. Therefore, we believe that, for the heavier lanthanides, the linear relationship between
the onset pressure and the lanthanide number does not hold and even higher pressures are needed to observe the transition. This coherent
study of the series of lanthanide nitrides offers a unique opportunity for benchmark studies of computational methods applied to
compounds with 4f electrons.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021591

I. INTRODUCTION

Behind the simple crystal structure of the lanthanide pnictides
(LnPn) hides a wealth of interesting electronic and magnetic prop-
erties. Therefore, these materials have attracted much attention and
have been shown to have potential applications in magnetic refrig-
eration and spintronics.1–7

The LnPn compounds crystallize in the B1 (NaCl, Fm�3m)
structure with a 6-fold coordination of both the Ln and Pn atoms.
By applying high pressures, the LnPn series undergoes structural
phase transitions to the normal or distorted versions of the B2
(CsCl, Pm�3m) structure.8–14 One of these distorted B2 structures is
the PbO structure type (B10), which is also found for the actinide
pnictide, ThN.15 This structure has P4/nmm symmetry and can be
described as a tetragonal version of the B2 structure, with an 8-fold
coordination of the lanthanide, in which the central Ln atom is dis-
placed away from z =½ toward the ab-face, resulting in four short
and four long Ln–N bonds.

In a recent investigation of CeN, we found that this compound
undergoes a B1 to B10 transition starting at roughly 65 GPa.16

This result was in accordance with two theoretical papers that
predicted this phase to be stable by calculations of the phonon dis-
persion within the density functional theory (DFT) framework.17,18

As a result, a B1 to B10 transition has now been experimentally
observed for the first three members of the LnN series, LaN,19

CeN,16 and PrN,20 while theoretical studies on LuN21,22 indicate a
B1 to B10 phase transition at ∼240 GPa. This suggests that the
pressure-induced structural transition could be a common feature
throughout the LnN series.

To date, there is no literature available reporting a collection of
experimental data as a function of pressure over the whole series of
LnN that would enable a systematic way to investigate the trends
within the LnN series. Therefore, in this paper, we describe the
results obtained from such an extensive experimental data collection
of 11 LnN to fill the current literature gaps. From a coherent analysis
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of powder X-ray diffraction (PXRD) data from NdN to LuN, exclud-
ing the radioactive Pm, we report the experimental equations of state
(EoS) using the third order Birch–Murnaghan EoS description.23

Furthermore, we extend the list of compounds where a B1 to B10
structural phase transition is observed for the LnN series to NdN,
SmN, EuN, and GdN, whereas the compounds from TbN–LuN
show no sign of a B1 to B10 phase transition for pressures up to at
least 80 GPa. We find that the onset pressure of the phase transition
increases linearly with lanthanide number across the whole series of
LnN compounds, except in CeN where the onset pressure is much
higher than in its neighbors’, LaN and PrN. Multiple theoretical
studies on Ln-containing compounds have been published within
the framework of DFT. However, it is known that the partly filled 4f
electrons pose a significant complication for the theoretical
predictions of the electronic, magnetic, and structural properties.
Comparing our results with the theoretical literature, we find that
DFT underestimates the bulk modulus of the majority of the series
by a significant amount, indicating that theory is not yet able to cor-
rectly account for the strong electron–electron correlation in these
compounds. We, therefore, anticipate that this extensive experimen-
tal study across the LnN series will serve as a guide for a benchmark
computational study of lanthanide compounds and thereby provid-
ing better consistency among experimental findings and theoretical
predictions for compounds with 4f electrons.

II. METHODS

A. Synthesis

All starting lanthanides were shiny metal chunks with purity
of >99.9%. The nitridation of the pure Ln metals (Nd to Er except
Pm) was carried out in ammonia (purity 99.98%, water free) flow
at 900 °C for 18 h. In the cases of Tm, Yb, and Lu, the nitrides were
synthesized in situ in diamond anvil cells (DACs), by using super-
critical N2 (purity 5 N) as the pressure transmitting medium
(PTM), in which the pure metals were laser heated using the
GSECARS24 in-line CO2 laser heating system, to temperatures of
about 1500 K for a few seconds, which resulted in pure nitrides
with the B1 structure except for Tm which included Tm2N3.

B. Diamond anvil cell experiments and data analysis

High pressure PXRD data were collected at beamline 13-ID-D,
GSECARS24 at the Advanced Photon Source (APS). The wave-
length was 0.3100 Å (40 keV) for NdN–DyN and ErN and the
beam focused to 3 × 5 μm2. For HoN and TmN–LuN, the wave-
length was 0.3344 Å (37 keV). The air-sensitive samples and the
pressure calibrants, Cu powder and ruby spheres, were loaded into
the DACs in an argon glovebox. We used Mao–Bell type symmetric
DACs with culet sizes of 150 (beveled) and 200 μm. The pressure
transmitting medium was either silicon oil (Nd to Er, except Ho),
Ne (Ho), or N2 (Tm, Yb and Lu). The gases were loaded using the
GSECARS gas-loading system.25 In the case of HoN, trace amounts
of Ho2O3 could be detected in the high pressure diffraction data
showing the importance of maintaining an inert atmosphere
during sample loading and transfer of the DAC to the gas-loading
system. The detector geometry was calibrated using a LaB6 standard
(NIST SRM 660b).

The data were analyzed using the programs Dioptas26 and
MAUD.27 Under high pressures, uniaxial strain is present in the
samples. This strain results in a sinusoidal variation of the
d-spacing with an azimuthal angle along the Debye–Scherrer ring
or shifting of the peaks away from that predicted for a non-strained
phase. Therefore, to obtain accurate unit cell volumes, we model
the anisotropic macrostrain in the refinement that accounts for the
non-hydrostatic lattice strain in the sample under high pressures.
This is done with the lattice strain model developed by Singh et al.
implemented in the MAUD program.28,29 As the macroscopic
strain is included in the analysis, the use of different PTMs, even
the use of a bad PTM (i.e., one that introduces non-hydrostatic
strain already at low pressures) such as Si-oil, has no influence on
the refined unit cell parameters.16 Further details about the work-
flow for data integration and analysis can be found in our previous
study of CeN.16

The equations of state were fitted using the EoSFit 7c
program,30 which was also used to calculate the K0–K0

0 correlation
plots. We use the third order Birch–Murnaghan EoS for all fits.23

III. RESULTS AND DISCUSSION

Plots of the integrated PXRD data as a function of pressure
are shown for GdN and TbN in Fig. 1, the former being representa-
tive of the experiments, where a B1 to B10 transition was observed
and the latter being representative of the heavier LnN where no
such transition was observed in the studied pressure range. Similar
waterfall plots of all the obtained data sets are given in Figs. S1–S11
in the supplementary material. In the experiments on NdN, SmN,
EuN, and GdN, a phase transition is clearly observed [see, e.g.,
around 6.5° and 9° in Fig. 1(a)]. A model based on the B10 struc-
ture type accounts well for the data obtained after the transition.
Therefore, a B1–B10 phase transition is for the first time observed
for NdN, SmN, EuN, and GdN. See the obs.-calc. diagrams of
refinements against the data obtained at the highest pressure in
each experiment in the supplementary material, Figs. S12–S22. For
TbN–LuN, there is no sign of a B1–B10 phase transition in the
pressure range reached, thereby indicating that higher pressures are
needed to observe this transition.

A. PV refinements and equation of state fitting

The refined volume per formula unit in the B1 phase of the
11 investigated compounds is presented in Fig. 2(a), alongside indi-
cations of the onset pressure of the B10 transition where this transi-
tion was observed. With the lanthanide contraction aside, the
compression curves are highly similar, except in the case of TbN
which is more compressible.

Figure 2(b) shows the refined volume per formula unit for the
four compounds displaying a B1 to B10 transition vs pressure for
both the B1 phase for all four compounds and the B10 volume for
NdN, SmN, and GdN. The unusual shape of the compression
curves for SmN in the B10 phase and the scattered points for B10
GdN arise from the low phase fraction of the B10 phase present at
this pressure resulting in unstable refinements. In addition, after
the B1 to B10 transition for EuN, the data quality is too low and
resulted in unphysical volumes and is, therefore, excluded from the
plot. A full list of the refined unit cell parameters for NdN–LuN for
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FIG. 1. Waterfall plot of diffraction data as a function of pressure from low pressures at the back to higher pressure in the front (not to scale) for GdN and TbN using Si-oil
as PTM. The pressure increases from 0.046(9) GPa to 95.4(9) GPa for GdN, and from 3.16(9) GPa to 87.3(9) GPa in TbN. A B1 to B10 transition is clearly observed in
GdN, especially around 6.5° and 9°. The red tick marks indicate the B10 phase. In TbN, a B1 to B10 transition is not observed in the studied pressure range.

FIG. 2. (a) Volume per formula unit vs pressure for the 11 investigated LnN compounds. The pressure where the B10 phase is detected is indicated by the arrows and
increases with the lanthanide number. The missing points in the YbN compression series (41 GPa–71 GPa) are due to the presence of strain that could not be modeled
reliably and are therefore excluded from the EoS fit. (b) Volume per formula unit for the four compounds, where a B1 to B10 transition is seen along with the volume of
the B10 phase for NdN, SmN, and GdN. For EuN, we observe a severe peak broadening when the B10 phase is reached, resulting in an unphysical increase in the
volume of the B10 phase with pressure. Therefore, the volume of EuN in the B10 structure is excluded from the plot.
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the B1 and B10 phase along with pressure is presented in
Tables S1–S11 in the supplementary material.

For all compounds, the volume collapse at the phase transition
is about 9% and is similar to that found for the first three members
of the series.16,19,20 The onset pressure for the phase transition
increases systematically with lanthanide number. For SmN, EuN,
and GdN, the pressure range over which the transition takes place
is about 15 GPa, which is similar to CeN.16 For NdN, the transition
was less sluggish, reaching completion about 6 GPa after the onset.

Results from the fitting of the third order BM equation of
states to the obtained experimental data are presented in Fig. 3(a).
Here, the bulk modulus, K0, as well as the first derivative of the bulk
modulus, K0

0, is shown together with literature values16,19,20,31–40

(see Fig. S23 in the supplementary material for the covariance plots

of K0 with K0
0). Table I presents the EoS parameters for all the

results obtained in this work. In Table S12 in the supplementary
material, these results are shown alongside the literature values
included in Fig. 3.

If TmN is considered as an outlier, the bulk modulus increases
from around 130 in LaN19,35,40 to 182(7) GPa in EuN, and then
plateaus for the rest of the lanthanide mononitrides, as indicated in
Fig. 3(a). Comparing the results with the other literature included
in Fig. 3(a), it is clear that the theoretical work mainly underesti-
mates the bulk modulus as is especially pronounced in the case
of EuN.

A possibility for the deviation from the main trend of the bulk
modulus of TmN can be found in the sample preparation method,
which was done by laser heating of Tm in a N2 loaded DAC.
A by-product of the laser-heating is the formation of Tm2N3

(see Fig. S9 in the supplementary material), and the diffraction
signal for this phase changes at an intermediate pressure to a struc-
ture not yet identified. We speculate that the presence of Tm2N3

could have affected the refinements. Another possibility is that the
main phase (B1) synthesized in the laser heating is a nitrogen defi-
cient TmN1−δ, and that this has led to a lower bulk modulus as
shown for nitrogen-deficient TiN, ZrN, and HfN.41,42 The study by
Larson et al. covering all LnN finds a much higher value of the
bulk modulus of TmN than the experimental value found in this
study. However, the theoretical paper by Yang et al. finds
K0 = 138 GPa, which is in better agreement with the value found in
this work, making it unclear whether our results reflect the accurate
bulk modulus for stoichiometric TmN.

The contraction of the Ln(III) ion with the atomic number of
the lanthanide results in the decrease in the bulk modulus with
increasing radius of the lanthanide(III) ion as seen in Fig. 3(b).
The trend of decreasing bulk modulus with increasing metal radius

FIG. 3. (a) Bulk modulus and first derivative vs lanthanide for our experimental data in black, other experimental reports in gray, the DFT study by Larson et al.35 that
covered the whole LnN series in a systematic manner in red and other theoretical studies in blue (see main text for references). (b) The bulk modulus of the LnN from this
work together with the experimental values from (a) as a function of the crystal radius of the lanthanide 3+ ion in 6-fold coordination. The bulk modulus follows the main
trend of decreasing bulk modulus with increasing radius of the lanthanide.

TABLE I. Values of the fitted BM3 EoS zero pressure B1 LnN volume, V0, bulk
modulus K0, and its derivative K00 from this work.

Compound V0/f.u. (Å
3) K0 (GPa) K0

0

NdN 33.70(11) 146(12) 4.0(7)
SmN 31.99(9) 162(8) 3.4(3)
EuN 31.45(7) 182(7) 3.2(2)
GdN 30.93(6) 171(4) 3.74(11)
TbN 29.88(7) 184(4) 2.29(7)
DyN 29.46(7) 174(6) 3.5(17)
HoN 28.60(7) 189(5) 3.42(10)
ErN 28.27(8) 179(8) 4.0(2)
TmN 27.91(9) 148(8) 4.4(3)
YbN 27.37(7) 189(9) 3.7(2)
LuN 27.12(8) 165(8) 3.9(3)
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is also seen in the transition metal nitrides as well as for the acti-
nides. The lanthanides have a radius in between the transition
metals and the actinides as is reflected in the bulk modulus having
an intermediate value between these groups of materials (3d metals:
K0 = 170–330 GPa,43 4d metals: K0 = 160–380GPa,44 5d metals:
K0 = 180–400 GPa,44 and actinides: K0 = 100–220 GPa45).

The first derivative of the bulk modulus starts at values
around 5 for LaN and CeN, and then decreases to values scattered
around 4, if the results obtained for PrN from Cynn et al.20 and
TbN in this study are considered as outliers with a significantly
lower K0

0 of 2.4(4) and 2.29(7), respectively.20 Only a few values of
K0

0 are reported in the literature making a comparison of the trend
difficult. Jakobsen et al.32 reported an experimental value of
K0

0 = 3.1(3) for TbN using the Birch formulation, fitting closer to
the trend observed from the rest of the LnN.

B. Transition pressures for the B1 to B10 transition and
pressure evolution of the B10 LnN structure

In Fig. 4, the pressure at the onset of the phase transition is
plotted alongside the transition volume per formula unit across the
whole LnN series by combining results from this work (filled black

squares and filled red triangles, respectively) and experimental liter-
ature16,19,20 in open black squares and red triangles, respectively. In
addition, we include the available theoretical literature, which
reports a predicted B1 to B10 structural transition pressure,16–18,46

except for LuN, which is predicted to have a transition pressure at
240 GPa.21,22 Here, the effect of the chemical pressure can be
clearly observed. The B10 transition pressure increases with lantha-
nide atomic number and is found to be 43(3) GPa for NdN, 60(2)
GPa for SmN, 68(2) GPa for EuN, and 83.4(8) GPa for GdN. The
B10 transition pressure displays an increasing linear trend, if CeN
is considered an outlier, as shown in Fig. 4. The higher onset pres-
sure observed in CeN, compared to the expected linear trend pre-
sented here, is due to the ionic volume of CeN being similar to Sm
and less like its neighbors La and Pr.47

In an attempt to reach the phase transition for HoN, this
sample was subjected to pressures up to 114 GPa. However, this
pressure was insufficient to induce any sign of a phase transition
from B1 to B10. The highest pressure achieved for this measure-
ment is plotted in Fig. 4 as well, suggesting a transition pressure
closer to the upper bound of the linear fit for this compound. This
is taken to indicate that the linear trend is not valid for the heavier
lanthanides, and the trend instead curves upwards. Such a behavior
is further supported by a theoretical study suggesting a B1 to B10
transition in LuN at ∼240 GPa,21,22 vastly above the transition pres-
sure predicted from the simple linear trend.

The transition volume per formula unit also shows a linear trend
(see the red triangles in Fig. 4) if CeN and PrN are considered outliers.
However, since the phase transition from B1 to B10 is driven by unsta-
ble phonon modes,18 there is no reason that the appearance of these
modes will scale with the volume per formula unit.

The crystal structure of the B10 phase is shown in Fig. 5(a).
After transition to the B10 phase, a further compression of the a
and c axes occurs with increasing pressure, as plotted in Fig. 5(b).

To investigate possible structural phase transitions at even
higher pressures, we report the z-coordinate for the Ln atom with
pressure [see Fig. 5(c)] for NdN, SmN, and CeN in the two
PTMs: He and Si-oil. Should the Ln atom reach z =½, the symme-
try of the unit cell would change to the L10 structure type with
space group P4/mmm. This structure type is also observed for
other lanthanide pnictides.8,12–14 Due to the data quality, it was not
possible to obtain reliable Ln z-coordinates for EuN and GdN, and,
therefore, they do not appear in Fig. 5(c). The shift of the Ln atom
away from the central position is more pronounced at lower
pressures but then slowly moves to the center of the unit cell face
with additional applied pressure, except for CeN in He, an effect
attributed to a correlation between the B1 and B10 phase at lower
pressures.16 In addition, we observe that with increasing lanthanide
number the distortion from z =½ is larger at a given pressure.
A linear extrapolation of the data points predicts z =½ at a pressure
of ∼350 GPa for NdN. For SmN, a fewer points are available, but
they are systematically below that of NdN, and a transition to the
L10 structure is expected to occur at even higher pressures. For
CeN, the pressure for which z =½ is predicted is 155(10) GPa16

suggesting that the pressure for a B10 to L10 transition increases
with increasing lanthanide number. This is in accordance with the
previous observation that the transition pressure for the B1 to B10
phase transition also increases with lanthanide number.

FIG. 4. Experimentally observed transition pressure (black filled squares) and
B1 transition volume (red filled triangles) vs lanthanide atomic number from this
work including experimental literature values for the transition pressure
(open black squares) and B1 transition volume (open red triangles) on LaN,19

CeN (two different PTMs)16 and PrN.20 Black crosses represent theoretically
predicted B1–B10 transition pressures,16–18,46 excluding the predicted pressure
for LuN at 240 GPa.21,22 Black solid and dotted line: If CeN is considered
a special case, there is a clear linear increase in transition pressure
as the atomic number is increased, described by the linear relation:
PB10(GPa) = a ⋅ (Z–57) + b, with Z being the atomic number. The fitting parame-
ters, a and b, are determined within the 95% confidence bounds as a = [6.60;
9.87] and b = [13.8; 28.6]. Gray dotted line: 95% prediction bounds of the linear
fit. The relation between the transition pressure and volume is more compli-
cated. Purple point at 114 GPa: The highest pressure reached for HoN, which
still did not result in any observable sign of a B1–B10 phase transition.
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In addition, we plot the ratio of c/a0 in Fig. 5(d), where a0 is
the pseudo-cubic axis shown in Fig. 5(a). When this ratio equals 1
(and z =½), the structure type will be of the cubic B2 structure.
Deviations from the uniform behavior in SmN and GdN are attrib-
uted to unstable refinements when the phase fraction of B10 is low.
As the pressure increases, the c/a0 ratio slowly decreases toward
unity. Earlier results on LaN19 and PrN20 show a c/a0 ratio of
around 1.047 for both compounds around the onset of the phase
transition to the B10 phase, comparable to the values obtained in
this work. In contrast, CeN has a significantly smaller c/a0 ratio
of 1.017, once again indicating that CeN is an outlier in most
respects.16 For CeN, small distortions from c/a0 = 1 occur even at
ultra-high pressures, and a minimum of this ratio was found at
200 GPa using DFT. It is, therefore, possible that the c/a0 ratio
never reaches unity for the other LnN as well and no transition to
the cubic B2 structure occurs. Therefore, it would be highly inter-
esting to investigate whether DFT can predict a structural phase

transition to the B10 phase followed by a transition to the L10 and
the B2 structure for all LnN.

IV. CONCLUSION

Investigation of the compression behavior of the lanthanide
nitrides, NdN–LuN (excluding PmN) by PXRD data at high pres-
sures revealed a phase transition from the B1 to B10 structure for
NdN, SmN, EuN, and GdN with onset pressures of around 43 GPa,
60 GPa, 68 GPa, and 83 GPa, respectively. This first order phase
transition is accompanied by a volume collapse of around 9%
for all compounds. These results are in accordance with previous
experimental literature reporting the same transition for LaN, CeN,
and PrN. We find that the transition pressure increases linearly
with lanthanide number, considering CeN as an outlier. As we did
not observe a B1 to B10 phase transition in the investigated pres-
sure range (up to about 80 GPa for TbN–LuN, and up to 114 GPa
for HoN), we expect the phase transition to be at higher pressures

FIG. 5. (a) The B10 structure, where the gray atoms are nitrogen and the purple atoms are lanthanide. The (pseudo-)cubic a0 axis is also shown. The structure becomes
the L10 structure when z = ½ with a further phase transition to the B2 structure happening when c/a0 = 1 in addition to z = ½ for the lanthanide atom. (b) The unit cell axes
with pressure for the B10 phase where it was observed. (c) z-coordinate for the Ln atom with pressure. (d) The c/a0 ratio vs pressure from this work. In (b)–(d), the results
from CeN16 are added for comparison.
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for these heavier lanthanides and that the transition pressure devi-
ates upwards from the linear trend observed for the lighter lantha-
nides. In addition, from refinement of the z-coordinate of the Ln
atom in the B10 structure, we predict a phase transition to the L10
structure type, where z = ½, at around 350 GPa for NdN and at
even higher pressures for SmN.

Furthermore, we report the experimental equations of state for
all compounds by fitting of the third order Birch–Murnaghan EoS.
We find that the bulk modulus increases with lanthanide number
from K0 = 146(12) GPa for NdN to 182(7) GPa for EuN and then
plateaus for the rest of the series except for TmN which has an
unusual low bulk modulus compared to the rest. This is most likely
due to the synthesis method, which gave an impurity of the Tm2N3

phase. In addition, we find that the first derivative of the bulk
modulus, K0

0, is around 4 in all compounds except for TbN where
K0

0 = 2.29(7).
With our experimental study, we anticipate that the results of

the presented unit cell volume can be used to benchmark DFT
calculations and, therefore, provide more reliable results for the
highly correlated 4f electron compounds in general. In addition, it
would be highly interesting if DFT could reproduce our results and
predict the B1 to B10 transition for all compounds in the series.

SUPPLEMENTARY MATERIAL

See the supplementary material for waterfall plots of inte-
grated diffraction data for NdN–LuN excluding PmN as well as
obs.-calc. diagrams for NdN–LuN excluding PmN at the highest
pressure. Furthermore, we include tables with unit cell parameters
as a function of pressure and a correlation plot of K0 with K0

0.
Finally, we summarize EoS results from this work with literature
values in a table format.
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