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In situ high-pressure X-ray powder diffraction experiments on LaN up to 60.1 GPa at ambient

temperature in a diamond-anvil cell revealed a reversible, first-order structural phase transition

starting at �22.8 GPa and completed at �26.5 GPa from the ambient cubic phase (Fm�3m, no. 225)

to a tetragonal high-pressure phase (P4/nmm, no. 19, a¼ 4.1060(6), c¼ 3.0446(6) Å, Z¼ 2,

wRp¼ 0.011), which has not been claimed in theoretical predictions. HP-LaN is isotypic with a

high-pressure polymorph of BaO, which crystallizes in a tetragonally distorted CsCl-type structure.

The phase transition is accompanied by a volume collapse of about 11% which corresponds well

with the reported data on HP-BaO. A linear extrapolation of the c/a ratio of the tetragonally

distorted CsCl-type sub-cell reaches a value c/a¼ 1 of cubic CsCl-type HP-LaN at 91(12) GPa. In

addition, the compressibility of LaN was investigated and resulted in a bulk modulus for the

ambient pressure phase of B0¼ 135(3) GPa and B0 ¼ 5.0(5) after fitting a third-order

Birch-Murnaghan equation of state to the experimental p–V data. The corresponding extrapolated

bulk modulus of HP-LaN is found to be B0¼ 278(6) GPa and its pressure derivative B0 ¼ 1.2(2).

Both as-calculated bulk moduli are compared to the respective values obtained from an Eulerian

strain versus normalized stress plot to be 143(2) GPa for ambient LaN and 293(7) GPa for HP-LaN.

Compared to other binary nitrides such as d-ZrN or d-HfN having bulk moduli of 285 GPa and

306 GPa, respectively, the extrapolated bulk moduli of HP-LaN are in the same order of magnitude,

ranking HP-LaN as a highly incompressible material. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4709392]

I. INTRODUCTION

Recently, there has been extensive interest in scientific

and technological application of rare earth mononitrides

amongst which LaN in particular turned out to be very

promising due to its unique optical, electronic, magnetic,

mechanical, and vibrational properties related to its crystal

structure.1–8 As the high-temperature and ambient pressure

structure for LaN is the well-known rocksalt structure type

(B1) in space group Fm�3m (no. 225), the high-pressure

behavior of this compound attracted remarkable interest

over the last few years.2,3,6,9–12 In order to further study the

exceptional properties of LaN at high-pressure conditions,

pressure-induced structural phase transitions have been

investigated theoretically. Thereby, a phase transition into

the CsCl-type structure (B2) has been predicted at transition

pressures of 25–100 GPa depending on the applied theoreti-

cal method. The corresponding calculated bulk moduli of

B1 and the latter B2 phase range in between 121–173 GPa

and 88–282 GPa, respectively. However, no experimental

data confirming any of the theoretical predictions have been

obtained so far. Recently, Hasegawa et al. succeeded in

synthesizing two novel lanthanum nitrides with RE2N3

composition using laser heated diamond-anvil cells. How-

ever, they did not start with the mononitride itself, but with

elemental lanthanum and nitrogen, the latter acting both as

pressure transmitting medium and reacting agent.13

Here, we report on the first experimental in situ high-

pressure data for LaN obtained with the diamond-anvil cell

technique to verify the predicted B1–B2 phase transition.

Therefore, the high-pressure structural evolution up to

60.1 GPa is reported. Additionally, the compressibility of

LaN and an observed high-pressure polymorph, which is iso-

typic with a high-pressure phase of BaO14–19 and homeo-

typic with Ph4X (X¼Br, I),20,21 is investigated by a third-

order Birch-Murnaghan equation of state fitted to the

obtained p–V data and compared to the values obtained from

an Eulerian strain versus normalized stress F(f)-plot and to

predicted values in the literature.2,3,6,9–12

II. EXPERIMENTAL DETAILS

A. In situ x-ray powder diffraction

In situ X-ray powder diffraction experiments at high pres-

sure were carried out on beamline ID27 at the ESRF.22 A

membrane driven diamond-anvil cell equipped with 250-lm

culet diamonds and a rhenium gasket was used with an auto-

mated pressure drive.23 The gasket was pre-indented to 38 lm

and a 120-lm hole working as a sample chamber was drilled

into the gasket using a Nd:YAG laser. Nitrogen, N2 (gas load-

ing), served as the pressure transmitting medium (PTM). The

sample (LaN, Alfa Aesar, 99.9%) was loaded onto a bedding

of three ruby spheres. As LaN is extremely sensitive to mois-

ture, the entire loading procedure had to be performed in an

argon filled glove box. The pressure was determined by the

ruby fluorescence scale according to the calibration (Ne)

described by Mao et al.24 For the high-pressure experiment,a)Electronic mail: wolfgang.schnick@uni-muenchen.de.
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monochromatic radiation with a wavelength of k¼ 0.3738 Å

was selected. The beam was focused on a 3� 3 lm2 area and

a total number of 60 diffraction images were collected at pres-

sures ranging from 1.3 to 60.1 GPa. The pressure at each dif-

fraction image was measured before and after the data

collection and averaged to its final value. Diffracted intensities

were recorded with a MAR165 charge-coupled device detec-

tor. Exposure time was typically 5–20 s, depending on satura-

tion of the detector. To average on texture and strain effects

for selected images, the cell was oscillated in general by

610 � relative to the beam. A precise calibration of the detec-

tor parameters was performed with LaB6 powder as reference

material. The diffraction images were processed and inte-

grated using the program FIT2D.25 Individual single diffraction

spots from the diamond anvils were masked manually and

excluded from integration.

Indexing and Rietveld refinement for both phases was per-

formed with the TOPAS package.26 In case of LaN crystallizing

in the B1-type structure, the crystallographic data at ambient

conditions27 were taken as starting values for stepwise Rietveld

refinement up to higher pressures. The crystal structure of

FIG. 1. Observed (crosses) and calculated (gray line) diffraction pattern as

well as difference profile of the Rietveld refinement of HP-LaN at 60.1 GPa;

peak positions of HP-LaN (top) and e-N2 (bottom) are marked by vertical

lines. Two-dimensional image plate data (upper right) were reduced and cor-

rected (masking of diamond spots, dark gray) using the software FIT2D.

TABLE I. Details of the Rietveld refinements and in situ crystallographic data for ambient LaN and HP-LaN at various pressures.

Compound LaN HP-LaN

Pressure (GPa) 1.3(5) 19.7(5) 39.9(5) 60.1(5)

Structure type NaCl HP-BaO, (Refs. 14–19) PH4X (X¼Br, I) (Refs. 20 and 21)

Space group Fm�3m (no. 225) P4/nmm (no. 129, origin1)

a (Å) 5.2912(7) 5.1103(10) 4.1875(18) 4.1060(6)

c (Å) 3.1579(10) 3.0446(6)

V (Å3) 148.14(6) 133.46(8) 55.37(5) 51.33(1)

Z 4 4 2 2

q (g/cm3) 6.8557(1) 7.61(0) 9.1702(1) 9.8929(1)

Atom (site)

La1 (4b) x 1=2 1=2

y 1=2 1=2

z 1=2 1=2

N1 (4a) x 0 0

y 0 0

z 0 0

La1 (2c) x 0 0

y 1=2 1=2

z 0.3450(23) 0.3586(8)

N1 (2a) x 0 0

y 0 0

z 0 0

2h range ( �) 6–19 6–19

Method of refinement Fundamental parameter model Fundamental parameter model

Program package TOPAS ACADEMIC TOPAS ACADEMIC

Atomic parameters 2 4

Background function Shifted Chebyshev Shifted Chebyshev

/parameters 8 8 12 12
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HP-LaN was solved ab initio at 60.1 GPa (see Fig. 1). The

indexing resulted unambiguously in a tetragonal unit cell with

a¼ 4.12 and c¼ 3.05 Å. Integrated intensities were extracted

using the Pawley-method.28 The structure solution using the

charge-flipping algorithm29 yielded the complete structural

model in space group P4/nmm.30 Subsequently, the lattice and

atomic parameters were refined using the Rietveld method. The

reflection profiles were determined using the fundamental pa-

rameters approach31 by convolution of appropriate source emis-

sion profiles with axial instrument contributions and crystalline

microstructure effects. Preferred orientation of the crystallites

was described with a spherical harmonics function of 8th order.

A structural search within several databases with corresponding

lattice parameters in the tetragonal crystal system showed that

HP-LaN is isotypic with a high-pressure polymorph of BaO

and homeotypic with PH4X (X¼Br, I) crystallizing in a tetrag-

onally distorted CsCl-type structure. Depending on pressure,

the corresponding HP-phases of nitrogen (d- and e-N2)
32,33

have also been refined together with ambient or/and HP-LaN in

order to obtain the correct lattice parameters upon Rietveld

refinement of both LaN phases (see Table I). In between the

starting and final pressure of transformation (22.8–26.5 GPa),

both LaN phases were refined simultaneously. As the structure

of HP-LaN was solved and refined at 60.1 GPa, these corre-

sponding values were taken as starting values for the stepwise

Rietveld refinement down to lower pressures.

Further information of the crystal structure of HP-LaN

at 60.1 GPa (Ref. 33) may be obtained from the Fachinfor-

mationszentrum Karlsruhe on quoting the depository number

CSD-423936.

B. Equation of state

The isothermal bulk moduli B0 and their pressure deriv-

atives B0 for both LaN phases were analysed from fits of a

third-order Birch–Murnaghan (BM) equation of state (EoS)

(Refs. 34 and 35) to the obtained p–V data at 300 K with an

error in pressure set to 0.5 GPa

p ¼ 3B0 f ð1þ 2f Þ5=2 � ½1þ 3=2ðB0 � 4Þf �; (1)

where

f ¼ ½ðV=V0Þ�2=3 � 1�=2; (2)

represents the Eulerain strain, in which V0 reflects the vol-

ume at zero pressure, so

p ¼ 3=2B0½ðV=V0Þ�7=3 � ðV=V0Þ�5=3�

� f1� 3=4ð4� B0Þ½ðV=V0Þ�2=3 � 1Þ�g: (3)

For the ambient phase of LaN, the lattice parameters at

zero pressure were taken from the Pearson’s Crystal Data-
base.27 To obtain the lattice parameters at zero pressure for

HP-LaN, the refined parameters at high pressures were ex-

trapolated to zero pressure. Therefore, the bulk modulus and

the first pressure derivative of HP-LaN refer to the extrapo-

lated values to zero pressure. To check the quality of the EoS

fit, the BM-EoS was also expressed in terms of the Eulerian

strain f and the normalized pressure F, which is

F ¼ p=3f ð1þ 2f Þ5=2: (4)

The compression data are therefore additionally pre-

sented in a F(f)-plot,36 where the intercept with the F-axis

yields B0, whereas the slope is 3� B0ðB0 � 4Þ=2 and thus

provides B0.

F ¼ B0 þ ½3B0ðB0 � 4Þf �=2: (5)

The F(f) form of representation of the p–V data is very

sensitive to scattering of data and to experimental uncertain-

ties as the bulk modulus and the first pressure derivative are

obtained by a linear fit.35 Both expressions of B0 and B0, the

third-order BM-EoS fits and the F(f)-plot calculations were

done using the software ORIGIN.37

FIG. 2. Selected XRD images and patterns illustrating the phase transition

from ambient to HP-LaN starting at 22.8 GPa (asterisks) and completed at

26.5 GPa.

FIG. 3. 2� 2� 2 super cell of HP-LaN at

60.1 GPa orientated along [101] (left) and

doubled unit cell with illustration of the tetrago-

nally distorted sub-cell of the CsCl-type struc-

ture indicated by continuous lines between the

nitrogen atoms (right).
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III. RESULTS AND DISCUSSION

A. Phase transition and crystal structure of HP-LaN

Cubic B1-type LaN starts to transform into a tetragonal

high-pressure polymorph at 22.8 GPa (see Fig. 2) in space

group P4/nmm (no. 129). The completion pressure of this re-

versible phase transformation is found to be 26.5 GPa. The

high-pressure phase of LaN is isotypic with a high-pressure

polymorph of BaO (stable above 15 GPa) and homeotypic

with PH4X (X¼Br, I) crystallizing in a tetragonally dis-

torted CsCl-type (see Fig. 3). After decompression, ambient

LaN is recovered at 1.0 GPa. If the high-pressure behavior of

LaN is compared with the structural sequence of BaO upon

high-pressure, the intermediate NiAs-type structure of BaO

FIG. 4. (a) V(p) plot of ambient and HP-LaN. The volume is given with respect to Z¼ 2 to better compare the ambient (Z¼ 4) to the high-pressure phase

(Z¼ 2). The volume collapse of about 11% clearly indicates a first-order phase transition. (b) Evolution of lattice parameters of both LaN phases with pressure.

FIG. 5. (a) and (c) Third-order Birch-Murnaghan fits (gray line) to the experimental p–V data (left) of ambient LaN and HP-LaN. For HP-LaN, the volume at

zero pressure (V0) was obtained by extrapolation of the p–V data to ambient conditions and the first p–V data were taken at 26.5 GPa. (b) and (d) F(f)-plot with

linear fits (gray line) to the applied values of the third-order BM-EoS of ambient LaN and HP-LaN. All fits are in fair agreement to the experimental data. The

error in pressure is set to 0.5 GPa. Top: ambient LaN; bottom: HP-LaN.
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forming at only 10 GPa has not been observed for LaN.14–19

Additionally, this structure type has not been mentioned in

the theoretical high-pressure predictions of LaN.2,3,6,9–12

Accordingly, the B1-type structure transforms directly into

the CsCl structure type at 25–100 GPa. For BaO, the B2

structure is found to be stable at a pressure of 60.5 GPa. This

might indicate that at a pressure higher than 60.1 GPa

another phase transformation from the tetragonally distorted

into the cubic CsCl structure type is observable. This pre-

sumption is verified by a linear extrapolation of the c/a ratio

of the tetragonally distorted CsCl-type sub-cell (see Fig. 3

continuous lines) which reaches a value c/a¼ 1 of cubic

CsCl-type HP-LaN at 91(12)GPa.

The crystal structure of HP-LaN is built up of only two

formula units per unit cell in contrast to ambient LaN with

Z¼ 4. According to the (distorted) CsCl-type structure, the

coordination number of both ions is 8 resulting in a (dis-

torted) cubic coordination sphere (see Fig. 3).

Upon transformation from ambient cubic to tetragonal

LaN, the volume drops by �11% (see Fig. 4), clearly indi-

cating a first-order phase transition. The extrapolated unit

cell volume of HP-LaN at ambient pressure is smaller by

about 14.7% compared with that of ambient LaN. This is

quite reasonable considering the difference in volume at the

phase transition.

B. EoS analysis

Fits of a third-order Birch-Murnaghan equation of state

to the experimental p–V data are presented in Figs. 5(a) and

5(c). The corresponding linear fits of the F(f)-plot are illus-

trated in Figs. 5(b) and 5(d). To calculate the bulk modulus

B0 and the first pressure derivative of the high-pressure phase

of LaN, the p–V data were extrapolated to zero pressure giv-

ing V0, which was used as starting volume for the calcula-

tions. The results of all fits are summarized in Table II. Since

the differences in B0 and B0 obtained from EoS analysis and

the linear fit of the F(f)-plots are in the same range, the EoS

fit can be considered of good quality. In addition, the

obtained bulk moduli of ambient LaN do perfectly match the

predicted values of 121–173 GPa.2,3,6,9–12 The extrapolated

bulk moduli of HP-LaN with values of 278.5(6.4) and

293.2(7.2) GPa are extremely high, ranking HP-LaN as a

highly incompressible material comparable to d-ZrN or d-

HfN having bulk moduli of 285 GPa and 306 GPa,

respectively.38

As expected, the high-pressure phase is less compressi-

ble than the ambient phase and shows a smaller first pressure

derivative of the bulk modulus. This corresponds to the usu-

ally expected behavior as the repulsive forces of atoms

become stronger at higher pressure. According to the sudden

drop in volume at the phase transition, the bulk modulus

increases.

IV. CONCLUSION

By in situ high-pressure experiments on LaN in a

diamond-anvil cell, we were able to identify a reversible,

first-order phase transition from the ambient cubic phase to a

tetragonally distorted CsCl-type structure, which was not

considered in recent theoretical predictions. Therefore, to

properly predict the high-pressure behavior of LaN, the

high-pressure phase has to be taken into account. HP-LaN is

isotypic with a high-pressure polymorph of BaO undergoing

a final phase transition into the B2-type structure at pressures

higher than 60 GPa. In this context, we experimentally pre-

dict another phase transition to the cubic CsCl-type phase at

a pressure of 91(12) GPa. Furthermore, this observation

matches the theoretical predicted pressure range for a B1–B2

transition. Additionally, the compressibility was analyzed for

both phases. For ambient LaN, the obtained bulk moduli per-

fectly match the predicted values. For HP-LaN, the bulk

moduli range in between those of d-ZrN or d-HfN which

ranks HP-LaN a highly incompressible material.
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