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In situ high-pressure experiments of CooP are carried out by means of angle dispersive X-ray diffraction with

diamond anvil cell technique. No phase transition is observed in the present pressure range up to 15 GPa at room

temperature, even at high temperature and 15 GPa.

Results of compression for CogP are well presented by the

second-order Birch-Murnaghan equation of state with Vo = 130.99(2) A% (1 A=0.1 nm) and Ko = 160(3) GPa. Axial
compressibilities are described by compressional modulus of the axis: K, = 123(2) GPa, K;, = 167(8) GPa and
K. = 220(7) GPa. Theoretical calculations further support the experimental results and indicate that C23-type CoaP

is stable at high pressure compared with the C22-type phase.
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1. Introduction

The 3d transition metal phosphides, MsP (where
M ranges from Mn to Ni) have been extensively inves-
tigated due to their diverse magnetic properties and
typical crystal structures.'=3 Recently, M,P com-
pounds have been discovered in many meteorites, such
as allabogdanite.[*! Exploring the high-pressure be-
haviour of MsP is therefore of significant interest
in discussing phosphorus storage in planetary cores.
In ambient conditions, the above compounds crystal-
lize into two similar structures: C22-type (P62m) for
MnyP, FeoP, NigP; and C23-type (Pnma) for CooP.
In both structures metal atoms are coordinated by
phosphor atoms in two types of environments (square
pyramidal CN=5 and tetrahedral CN=4). The phos-
phor atoms are nine-coordinate, residing in the cen-
tres of trigonal prisms formed by the metal atoms,
with three additional capping metal atoms provided
by neighbouring trigonal prisms.

C22-type and C23-type structures can alternate
by increasing 3d electron numbers: MnyP (C22)-
FeMnP (C23)-Fe,P (C22)-CooP (C23)-NiP (C22).
Temperature and (or) pressure thermal parameters
can also induce a phase transition between C22 and
C23. For example, C22-type Fe,P transforms into the
C23-type phase at above 8 GPa and 1000 K.I°/ Be-
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sides C22 and C23 polymorphs, a new high-pressure
polymorph of FesP was proposed with a monoclinic
structure at pressure between 30 GPa and 50 GPa.[®
As an isostructural analogue of the C22-type FesP,
NisP without heating remains stable up to at least
50 GPa.[l Therefore, nickel was deduced to have a sta-
bilizing effect on the C23-type phase of the (Fe,Ni)sP
allabogdanite.[4] CooP has a C23-type structure lo-
cated in the middle between FeoP and NisP. Fifty
years ago, the structure of CooP was refined by X-
ray single crystal diffraction method,!8! showing that
it represents the CosSi-type structure according to
the crystal structure characterization.[”’ A polymor-
phic phase transformation of CooP was suggested at
1193 K on the basis of thermoanalytical data.l'® The
corresponding phase transformation temperature was
further confirmed to be 1413 K by means of differ-
ential thermal analysis experiments.['!] The melting
point of CooP is 1659 K.[12:13]

In contrast to FesP and NiyP, there is no avail-
able information about the high-pressure behaviour of
CooP. In this study, therefore, our aim is to explore
the structural stability of CooP at high pressure by in
situ X-ray diffraction (XRD) with diamond anvil cell
(DAC). We also underpin the data by density func-

tional theory (DFT) based on electronic structure cal-
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culations.

2. Experiments

The CosP sample used in this study was synthe-
sized by the standard solid-state reaction. Stoichio-
metric amounts of Co (99.99%) and red P (99.99%)
were mixed and ground in an agate mortar. The mix-
ture was compressed into a pellet with a diameter of
3 mm, which was loaded in a sealed and evacuated
quartz tube with a diameter of 4 mm. The mixture
was sintered at 900 °C for 48 h. Then it was cooled
down to room temperature for several hours. The
product structure was characterized by conventional
X-ray diffractometer with Cu target. The value of 26
ranging from 20° to 90° was collected in steps of 0.02°
in 1.5-s exposure time.

The high-pressure device in our work was a four-
pin modified Merrill-Basset type DAC with 500-pum
diameter culets. A 260-pm diameter hole was drilled
in the pre-indented 65-um thickness rhenium gasket.
NaCl was used as a pressure-transmitting medium and
an insulator. A small ruby sphere was loaded in the
centre of the sample hole for pressure calibration.4
The pressure error was estimated by comparing the
value obtained from Ruby fluorescence with that from
equation of state (EoS) of NaCL.['5] The high tempera-
ture was obtained by a portable laser heating for DAC,
where 1064-nm laser radiation was applied.!

The in situ XRD measurements up to 15 GPa
were carried out at Bayerisches Geoinstitut (Ger-
many) using a system consisting of a high-brilliance
FRD rotating anode generator and a Bruker APEX
charge-coupled device area detector. An accelerating
voltage of 55 kV and a beam current of 60 mA were
applied. Mo Ka radiation (A = 0.7108 A) was focused
into ~ ¢50-pm full width at half maximum (FWHM)
beam in size. Collection time for each pattern was
15 min. All collected images were integrated using
the Fit2D program in order to obtain conventional
The XRD pat-

terns were analysed by a full-profile model refinement

one-dimensional diffraction spectra.

implemented in the GSAS software.

The first-principles calculations performed in this
paper are based on DFT, using the full potential lin-
earized augmented plane wave (FPLAW) within the
local spin density approximation (LSDA) plus Hub-
bard U, implemented in the WIEN2K code.[17:28] Ac-

cording to the introduction at the beginning, two can-
didate models were designed: C22 and C23. The
muffin-tin radii of Co and P were chosen as 1.9 and
In the LAPW calcu-
lations, the energy threshold was set at —7.0 Ry

1.7 Bohr in all calculations.

(1 Ry=13.605 eV) between core and valence states.
The muffin-tin radius multiplied by Kpax (for the
plane waves) was set to be a value of 7.0. The 500-K
points were specified in the whole Brillouin zone. For
each crystalline phase, we obtained the minimum total
energy in a constant volume by allowing the atoms and
cell geometry to relax into their lowest energy config-
uration, with a tolerance value taken as 1 mRy/Bohr
in the self-consistency cycles. Hubbard U = 5 eV and
J = 0.95 eV were used for Co atom in all LSDA+U
calculations.[?]

3. Results and discussion

3.1. The X-ray powder diffraction

Figure 1 shows the X-ray diffraction pattern of
CoyP under ambient conditions, analysed by a full
profile model refinement. All peaks can be indexed
to the C23-type phase, indicating that the synthetic
product is a single phase without any impurity. Lat-
tice parameters (a = 5.6510(2) A, b = 3.5090(1) A,
c = 6.6054(2) A, and V = 130.983(6) A?) are well
consistent with previous results (a = 5.6479(4) A,
b = 3.5129(2) A, ¢ = 6.6078(4) A, and V =
131.10(1) A3).[20
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Fig. 1. Results of a full-profile model refinement un-

der ambient conditions, where XRD pattern was recorded
with Cu target. The experimental data are shown as
the cross symbol, the calculated fits and difference curves
as solid lines. Tick marks indicate the calculated reflec-
tion positions. Lattice parameters are a = 5.6510(2) A,

b=3.5090(1) A, ¢ = 6.6054(2) A, and V = 130.983(6) A3.
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The in situ high-pressure XRD data were col-
lected up to 15 GPa at room temperature. Selected
XRD patterns are plotted in Fig. 2, where all peaks
can be indexed into the C23-type CosP and Bl-type
NaCl. All peaks shift to higher angles of 20 with pres-
sure increasing. No peaks merged and no new peaks
appear at pressures up to 15 GPa, implying that C23-
type CoqP is still stable in the present pressure range.
At the highest pressure of 15 GPa, the whole sam-
ple was heated to a temperature of (1800 + 200) K
by a portable laser heating system, from one side dia-
mond. Subsequently CosP was immediately quenched
to room temperature by turning off the power of the
laser. Finally the other side sample was also heated
under the same conditions. After laser heating twice,
the quenched product at 15 GPa was characterized by
XRD (Fig. 2, curve ¢). The XRD pattern from high-
temperature quenching is similar to that before laser
heating. The result demonstrates that the C23-type
CooP is still stable, even subject to high temperature
at 15 GPa.

T T
compression decompression
__a (1.6 GPa) — ¢ (15 GPa)

— b (10.3 GPa) — d (0.0001 GPa)

Intensity/arb. units

8 12 16 20 24 28
20/(°)

Fig. 2. Some selected X-ray diffraction patterns at high
pressures. Their backgrounds were subtracted. Vertical
bars represent the positions of diffraction peaks, which
are assigned to the C23-type Co2P and Bl-type NaCl at
1.6 GPa.

Listed in Table 1 are lattice parameters of CoyP
The indi-

vidual unit-cell parameter and the volume show a

on compressing and on decompressing.

smooth decrease with pressure increasing. Unit-cell
volume as a function of pressure was analysed by
the three-order Birch-Murnaghan EoS[! using the
Eosfit52 software.l??) The pressure derivative K} of
—0.176 was obtained if no constrain was set during
the fitting process. This value is not of physical sig-

nificance obviously. Therefore we selected the second-

order Birch—-Murnaghan EoS to fit the P-V relation-
ship with a fixed K, of 4. Parameters of the isothermal
EoS were obtained as follows: Vy = 130.99(2) A% and
Ky =160(3) GPa.

Axial compressibilities of the C23-type CosP were
also described by the second-order Birch—-Murnaghan

(B-M) EoS:
po Kaf (@)
K|\ & ’

where dj is the value of the unit-cell axis at room pres-
sure, K4 is the compressional modulus of the axis and
K/, is equal to 4. Here we obtain ag = 5.6511(4) A
and K, = 123(2) GPa, by = 3.5092(4) A and K, =
167(8) GPa, c¢g = 6.6051(4) A and K, = 220(7) GPa
(Fig. 3(a)).
unit-cell compressibilities that the a axis is most com-

There is a distinctive anisotropy for the

pressible and the ¢ axis is least compressible.

Table 1. Unit-cell parameters of CooP at various pres-

sures.

P/GPa a/A b/A c/A V /A3
0.0001 5.6510 (2) 3.5090 (1) 6.6054 (2) 131.983 (6)
1.6 (1) 5.641 (3) 3.501 (2) 6.600 (3)  130.3 (1)
3.0 (3) 5.624 (5) 3.483(3) 6.579 (5) 128.9 (1)
4.3 (2) 5597 (4) 3474 (2) 6561 (4) 1276 (1) _
5.5(5) 5571 (6) 3.462 (4) 6.554 (9)  126.4 (1) %
6.8 (1) 5.559 (3) 3.456 (2) 6.542 (4) 125.7 (1) é
83 (1) 5545 (4) 3452 (3) 6.525(5) 124.9 (1) O
10.0 (3) 5.518 (6) 3.442 (4) 6.515(7)  123.7 (1)
11.6 (1) 5.501(4) 3.432 (3) 6.497 (6)  122.7 (1)
12.5 (1) 5.498 (6) 3.427 (6) 6.481 (10) 122.1 (2)
13.2 (2) 5.492 (7) 3.424 (6) 6.473 (10) 121.7 (2)
14.9 (2) 5.463 (5) 3.422 (2) 6.458 (6)  120.7 (1)
13.4 (1) 5.480 (4) 3.426 (2) 6.475 (5)  121.6 (1)
12.7 (1) 5.490 (4) 3.430 (3) 6.493 (5) 122.3 (1)
10.9 (0) 5512 (5) 3.443 (4) 6.516 (6) 123.6 (1) 5
9.6 (1) 5.515(5) 3.454 (2) 6.531 (4) 124.4 (1) g
8.1 (2) 5.527(5) 3.464 (2) 6.550 (5) 125.4 (1) g
6.3 (1) 5562 (5) 3473 (2) 6.549 (5) 1265 (1) &
4.7 (0) 5591 (3) 3.490 (1) 6.562 (4) 128.0 (1)
3.2 (1) 5617 (4) 3.494 (2) 6.583 (4) 129.2 (1)
0.0001 5.647 (3) 3.516 (1) 6.604 (4)  130.9 (1)

Note: The numbers in parentheses are the estimated stan-

dard deviations in units of the last digit.
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3.2. The ab initio calculations

In the C23-type model, the LSDA calculations
without plus U yield Ky = 242 GPa and Vy =
120.78 A%. The discrepancies are huge compared with
theoretical and experimental results, meaning that
the present calculation model cannot describe the real
behaviour of CosP. Thus the LSDA-+U calculations
were adopted. New parameters of EoS were obtained
as follows: Vy = 126.13 A3, K, = 186.3 GPa, and

K{ = 3.39, which are in agreement with experimental
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Fig. 3. Compressibility of the C23-type Co2P. (a) Pres-
sure dependence of normalized unit-cell parameters and
(b) experimental and computational V/Vp values of CooP
as a function of pressure. Solid symbols show experimental
data of compression, open symbols denote experimental
data of decompression.

values (Fig. 3(b)).

gies each as a function of the volume for C22 and C23

Figure 4 displays the total ener-

phases. Our theoretical calculations indicate that the
C23-type phase has a lower energy than the C22-type
phase in various volumes. According to the relative
Gibbs free energy as a function of pressure (the inset
of Fig. 4), there is no possibility of phase transition
from C23 to C22 at high pressure and low tempera-

ture.
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Fig. 4. Curves for calculated total energy versus volume
for the two phases CooP: C23 and C22. The inset shows
calculated relative Gibbs free energy with respect to that
of the C23 versus pressure.

It is well known that the magnetic property of ma-
terial is suppressed at high pressure. Figure 5 displays
the computed magnetic moments each as a function of
pressure for the C23 and the C22 structures. It is clear
that the magnetic moment of Col with CN=5 is larger
than that of Co2 with CN=4. In the C22 phase there
is a magnetic collapse at about 16 GPa. However, no
discontinuity is observed in the C23 phase. At above
16 GPa, the magnetic moments of Co2 become very
small in both phases. This kind of magnetic moment
behaviour of CogP at high pressure is very similar to
that of Fe,P.[23]
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Fig. 5. Magnetic moments each as a function of pressure
for the C23 and the C22. Col with CN=5 and Co2 with
CN=4.

Available experimental and theoretical EoS pa-
rameters are listed in Table 2 for comparison. The
equilibrium volume (V) obtained from theoretical
computation is underestimated compared with those
of experimental results, which is typical for the LDA
computations. Isothermal bulk modulus of C23-type
Overall, in the
C22-type M>P compounds, isothermal bulk modulus

MsP compounds are approximate.

increases with Vj decreasing.
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Table 2. Parameters of EoS (Vo: volume per primitive cell at zero pressure).

MsP Phase Ko/GPa K} Vo /A3 Reference

FeaP C22 174(7) 4.0 (fixed) 34.38 DAC exp. [5]
FeyP C22 165(3) 4.0 (fixed) 34.32 DAC exp. [24]
FeoP C22 196 5.1 31.59 LDA 4+ U [23]
CooP C22 221.2 3.2 31.51 LDA + U [this study]
NigP C22 201(8) 4.2(6) 33.51 (fixed) DAC exp. [7]
FeaoP C23 177(3) 4.0 (fixed) 34.48 DAC exp. [5]
FeyP €23 184 6.7 31.03 LDA + U [23]
CogP C23 160(3) 4.0 (fixed) 32.75 DAC exp. [this study]
CooP C23 186.3 3.4 31.53 LDA + U [this study]

Both experimental and theoretical results confirm
that the C23-type CosP is stable at pressures up to
15 GPa. It suggests that only pressure cannot induce
the 023-t0-C22 transformation in CoyP. Dera et al.l’]
studied the pressure-induced phase transformation of
C22-type FesP and observed that it transformed into
the C23-type polymorph on heating to 1000 K above

8 GPa. At higher pressure Japel et al.[%]

reported that
C22-type FesP transformed to a new, possibly mon-
oclinic structure between 30 GPa and 50 GPa with-
NipP with the C22-type

phase remains stable to at least 50 GPa and room

out observing C23 phase.

temperature.”) Even plus our present results of CosP,
the general rule of structural stabilities for MsP com-

pounds is still unclear.

4. Conclusions

The structure stability of CoyP at high pressure
is investigated by XRD and theoretical calculations.

No phase transition is observed at up to 15 GPa and
high temperature in the XRD experiments. The unit-
cell compressibilities of the C23-type CosP represent
an evident anisotropy, namely, the a axis is most com-
pressible and the c¢ axis is least compressible. Our ab
initio calculations based on DFT within the LSDA+U
show that the C23-type CooP remains stable at high
pressure and low temperature. EoS parameters of
the C23-type CosP are consistent with those obtained
from experimental measurements and theoretical com-

putations.
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