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High-pressure phases of uranium monophosphide studied by synchrotron x-ray diffraction
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X-ray diffraction studies have been performed on UP powder for pressures up to 51 GPa using
synchrotron radiation and a diamond-anvil cell. At ambient pressure UP has the rocksalt structure.
The bulk modulus has been determined to B,=102(4) GPa and its pressure derivative to
B;=4.0(8). The cubic phase has been found to transform to a new phase, UP II, at about 10 GPa.
UP II can be characterized by a rhombohedral Bravais lattice. UP II transforms to an orthorhom-
bic phase, UP III, at 28 GPa. No volume change has been observed at the two transitions. The
influence of the 5f electrons on the transformations is discussed.

I. INTRODUCTION

The present work is part of a series of experiments to
study the high-pressure structural behavior of uranium
and thorium compounds containing elements from the
IVA, VA, and VIA groups of the Periodic Table. UP,
like many of these compounds, has the rocksalt structure
(B1) at normal pressure and temperature. At low tem-
perature UP is antiferromagnetic, the Néel temperature
(Ty, being 123 K. No structural change is observed
when lowering the temperature. In contrast, US, for ex-
ample, is ferromagnetic with a Curie temperature (7T, ) of
177 K, and a phase transformation to a rhombohederal
structure occurs at lower temperatures.

The high-pressure structural behavior of UP has been
studied by Vaidya et al.! up to 18 GPa and by Leger
et al.? up to 25 GPa. In the present work we report mea-
surements in the extended-pressure range up to 51 GPa
where two phase transitions, similar to those for US (Ref.
3) and UN,* are observed.

II. EXPERIMENTAL PROCEDURE

Uranium monophosphide, UP, was prepared by direct
reaction of stoichiometric amounts of the constituents in
a sealed tungsten container.” X-ray diffraction studies
were performed at DESY-HASYLAB, Hamburg, West
Germany, using synchrotron radiation from the storage
ring DORIS II. The electron energy was 3.7 GeV in runs
dedicated for radiation work and 5.2 GeV in runs for
high-energy physics. The diffraction spectra were record-
ed using the energy-dispersive technique. Experimental
details have been published elsewhere.*

High pressure up to 51 GPa has been generated in a
diamond-anvil cell where an Inconel gasket enclosed the
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fine UP powder, the ruby pressure marker, and the
pressure-transmitting medium. The latter was either a
4:1 methanol-ethanol mixture or nitrogen. Okai et al.®
have analyzed different liquid and solid transmitting
media and come to the conclusion that the 4:1
methanol:ethanol mixture remains hydrostatic at least up
to 20 GPa, i.e., even after the solidification at about 11
GPa. It has been observed’ that nitrogen is nearly hydro-
static up to about 13 GPa. Accordingly, in some of our
experiments we have loaded the pressure cell in liquid ni-
trogen.

The pressure was determined by the ruby-fluorescence
method using the nonlinear relation®

P =(380.8 GPa)[(1+AA/Ay)° —1],

where P is the pressure, A;=6942.4 A is the wavelength
of the ruby R line at ambient pressure, and AA is the
pressure-induced wavelength shift.

III. RESULTS

The lattice constant a;, of cubic UP at ambient pres-
sure and room temperature was determined by high-
precision powder diffractometry. The result is

a,=5.5844(5) A .

Figure 1 shows examples of energy-dispersive diffrac-
tion spectra with the high-pressure cell. The spacing, d,
of the lattice planes can be calculated from the energies
of the corresponding diffraction peaks knowing the Bragg
angle. The latter was determined from a NaCl spectrum.
The observed d spacings as functions of pressure are
shown in Fig. 2. Three pressure regions can be dis-
tinguished. The diffraction lines of the cubic phase ex-
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FIG. 1. X-ray energy-dispersive power-diffraction spectra of
UP. (a) At atmospheric pressure: fcc phase. (b) At a pressure
of 42.4 GPa: orthorhombic phase. Diffraction peaks from the
Inconel gasket are denoted Inc. Bragg angle 6=5.25°.

tend to about 10 GPa. Between 10 and 28 GPa some
lines split. Most of the d curves change their slope at 10
GPa, the (200) and (400) curves being notable exceptions.
Above 28 GPa several new lines appear. We will denote
the two noncubic high-pressure phases UP II and UP III,
respectively.

The diffraction lines of UP II can be indexed assuming
a rhombohedral distortion of the fcc lattice. Table I lists
the calculated and observed d spacings at 16.6 GPa. The
goodness of the fit is characterized by a reliability factor
R =0.23% as defined in Table I. The R value is con-
sidered highly satisfactory for a high-pressure energy-
dispersive spectrum. Each of the (111) and (220) lines of
the cubic phase splits into a pair of lines as seen in Table
I and Fig. 2. The separation on the photon-energy scale
of the two components of a doublet is less than or equal
to the breadth of each line (measured as the full width at
half maximum for an x-ray fluorescence line in the same
energy range). Therefore, the doublets appear as broad
and asymmetric peaks in the raw data. The component
lines of the doublets have been resolved by a deconvolu-
tion technique using the maximum-entropy principle.'°
Another characteristic feature of the rhombohedral dis-
tortion is that it has a negligible effect on the d values of
the (h00) planes, which explains why the (200) and (400)
curves in Fig. 2 are unaffected by the phase transition.

The diffraction lines of UP III have been indexed using
an orthorhombic unit cell where ¢ /a =c /b =~2V'2, which
can be considered as another distorted fcc structure.!!
The doubling of the ¢ axis has been done in order to ex-

TABLE I. Rhombohedrally distorted UP at 16.6 GPa:
a =5.388(13) ;\, a=89.4(2)°. The indices hkl refer to a face-
centered rhombohedral unit cell in order to facilitate the com-
parison with the fcc phase. The indices HKL refer to the con-
ventional triple-hexagonal unit cell (space group R3m, no. 166).
The calculated d spacings have been obtained using the

refinement procedure PURUM (Ref. 9).

Intensity labels: s

denotes strong, m denotes medium, w denotes weak, vw denotes
very weak, and t denotes trace (shoulder on a broad peak).

HKL hkl deye (A) doys (A) Intensity
003 11 3.141 3.145 m
101 111 3.101 3.110 t
102 200 2.694 2.687 s
104 220 1.914 1.924 m
110 220 1.896 1.900 t
105 311 1.635 1.631 m
113 113 1.623
201 311 1.617
006 222 1.571 1.569 w
202 222 1.550
204 400 1.347 1.343 w
107 331 1.245 1.243 w
205 133 1.238
211 331 1.230
116 420 1.209 1.208 VW
122 420 1.200

R =1003 | deye —dos | / 3 d o, =0.23%

plain some of the new lines that are not merely a splitting
of the fcc lines. Table II lists calculated and observed d
spacings at 42.4 GPa. The R factor of 0.85% is larger
than for UP II because of the poorer diffraction data.
Therefore, the proposed orthorhombic structure should
be considered as an indexing scheme at present, indicat-
ing the position of the structure in the symmetry hierar-

. TABLE II. 9rthorhombic I°JP III at 42.4 GPa: a =3.79(4)
A, b=3.47(2) A, c =10.75(2) A. For intensities, see Fig. 1(b).

hkl dee (A) dgs (A)
010 3.470 3.480
102 3.102 3.146
012 2.916 2912
110 2.562 2.569
111 2.492 2.434
112 2.313 2.343
005 2.151 2.170
113 2.084 2.056
114 1.855 1.851
202 1.791 1.777
212 1.591 1.615
122 1.514 1.515
024 1.458 1.470
008 1.344 1.346
310 1.189 1.207
24 1.156 1.172
304 1.145 1.146

R = 1002 l dcalc "dobs | /Edobs =0.85%




37 HIGH-PRESSURE PHASES OF URANIUM MONOPHOSPHIDE . . . 8715

chy.!! A similar situation has been found for some other

distorted fcc structures suggested for the rare-earths and
the actinides.'? Table III lists the unit-cell dimensions for
all measured pressures.

The pressure dependence of the unit-cell volume can be
described by a semiempirical equation of state. The ex-
perimental data for the cubic phase have been fitted to
the Murnaghan and Birch first-order equations,'? respec-
tively. The fitting parameters are B, and By, i.e., the iso-
thermal bulk modulus at ambient pressure and its pres-
sure derivative. The Murnaghan equation gives B,
=102.5 GPa and B; =3.9, the Birch equation
B,=102.1 GPa and B;=4.1. As a final result we quote

B,=102(4) GPa, Bj,=4.0(8),

where the uncertainties are the standard deviations of the
least-squares fit to the equation of state.

IV. DISCUSSION

A. Diffraction data

The lattice constant a, of cubic UP depends on the
stoichiometry. A comparison with published data (Table

3.5 T

IV) indicates that our specimen has the composition UP,,
where x =0.98-0.99. The theoretical a, value,!” calcu-
lated at 0 K, is 2% lower than the experimental value.
Similar differences are found for other actinide rocksalt-
structure compounds.

Table V compares published data for the bulk modulus
B, and its pressure derivative B,. It is seen that our re-
sult is in good agreement with the experimental result of
Leger et al.,? and with the theoretical calculation of
Brooks.!” The experimental B, value reported by Vaidya
et al.! seems to be anomalously high. The pressure-
volume data given by these authors correspond to a nega-
tive Bg value which is unlikely.

The rhombohedral distortion has been observed previ-
ously by Leger et al.? These authors suggest that one is
observing an effect of uniaxial-stress components due to
the freezing of the 4:1 methanol-ethanol liquid in the
pressure range 10—15 GPa. According to the model dev-
ised by Singh and Balasingh,'® the d spacings are then
modified similarly to a rhombohedral distortion. Com-
pared with other uranium compounds UP would be
unusually sensitive to uniaxial stress.

It follows from above that one cannot distinguish be-
tween a real rhombohedral phase and an apparent distor-
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FIG. 2. Interplanar spacings as functions of pressure. The indices based on the fcc unit cell are shown on the left-hand side; those
based on the orthorhombic unit cell are on the right-hand side. Circles denote the cubic phase, triangles the rhombohedral phase,
squares the orthorhombic phase, and stars the Inconel lines of the gasket. Open symbols refer to the use of nitrogen as the pressure-
transmitting medium.
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tion due to uniaxial-stress components in the methanol-
ethanol mixture. Therefore, we have also made a series
of experiments with nitrogen as the pressure-transmitting
medium. This should ensure truly hydrostatic pressure
in the pressure range of interest here. As seen in Fig. 2,
the experimental d values are reproducible and we con-
clude that we are observing a real phase transformation
to rhombohedral UP II.

TABLE III. Unit-cell dimensions for UP. The uncertainties
given in parentheses are the standard deviations of the least-
squares fit.

P (GPa) a (A)
Face-centered cubic
0 5.5844(5)*
0 5.581(5)
2.45 5.542(5)
3.77 5.518(3)
4.55 5.508(9)
5.07 5.496(3)
5.94 5.481(4)
7.24 5.465(6)
7.86 5.455(8)
8.98 5.446(12)
9.20 5.440(12)
a (A) a (deg)
Rhombohedral
11.6 5.41(1) 89.4(1)
13.9 5.40(1) 89.5(2)
14.3 5.39(1) 89.2(2)
15.0 5.41(2) 89.6(2)
15.9 5.38(2) 89.4(5)
16.6 5.39(2) 89.4(2)
17.0 5.38(2) 89.2(2)
17.3 5.36(2) 88.7(3)
18.8 5.35(2) 89.3(2)
19.0 5.36(2) 89.2(2)
20.1 5.36(2) 88.6(3)
21.1 5.34(3) 88.3(5)
22.2 5.34(5) 89.0(9)
24.1 5.32(4) 88.1(7)
a (A) b (A) c (A)
Orthorhombic
27.6 3.85(2) 3.55(3) 10.95(4)
28.9 3.82(3) 3.58(3) 10.95(7)
31.1 3.86(3) 3.512) 10.97(3)
323 3.87(3) 3.48(2) 10.89(3)
34.7 3.91(9) 3.48(5) 10.87(7)
37.0 3.82(4) 3.50(2) 10.85(2)
40.0 3.81(4) 3.49(2) 10.82(3)
41.6 3.79(4) 3.49(3) 10.79(3)
42.4 3.79(4) 3.47(2) 10.75(2)
50.8 3.59(15) 3.46(15) 10.9(3)

“Determined by precision diffractometry.
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TABLE IV. Lattice constant a, of cubic UP at ambient pres-
sure and room temperature.

ag ( A) Compos. Ref. Remarks

5.5844 this work

5.584 UPy o8 14

5.586 UPy g9 14

5.589 UP, o 14

5.5888(1) UP 15

5.5888(2) UpP 16 Prep. by diffusion
process

5.5882(2) up 16 Prep. by exothermal
process

5.46 UP 17 Theor. value

Figure 3 shows the relative volume of UP as a function
of pressure. The curve for the cubic phase has been cal-
culated from the equation of state. It is seen that the
volume versus pressure is described by a continuous
curve in the whole pressure range. There are no volume
discontinuities at the phase transitions.

B. Influence of the electronic structure

The ordering temperatures and magnetic moments of
metallic compounds are scnsitive to volume in a manner
summarized in the Hill plots For uranium compounds
there is a transition region for a U-U distance of about
3.4 A, below which one expects nonmagnetic behavior
and delocalization of the 5f electrons.

The U-U separation in cubic UP is 3.95 A at ambient
pressure and 3.85 A when the transition to rhombohedral
UP II occurs at 10 GPa. The U-U distance has decreased
to 3.76 A at 28 GPa where the transition to orthorhom-
bic UP III takes place. At the maximum pressure, 51
GPa, in the present work the U-U separation is
3.46-3.59 A measured in the (001) plane of the ortho-
rhombic unit cell. Thus the U-U distance is above the
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FIG. 3. Relative volume of UP as a function of pressure.
The curve for the fcc phase ( <10 GPa) has been calculated
from the equation of state. The symbol are the same as in Fig.
2.
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TABLE V. The bulk modulus B, of cubic UP and its pres-
sure derivative B, at ambient pressure. The uncertainties, given
in parentheses, are the standard deviations of the least-squares
fit to the equation state.

B, (GPa) By Ref. Pressure
region
102(4) 4.0(8) this work p <10 GPa
250(10) <0 1 p<18 GPa
102(3) 4.7(5) 2 p <25 GPa
107 17 Theor. value

critical value 3.4 A in the whole pressure range investi-
gated.

In comparison, UC and UN have the smallest anions
and therefore the smallest U-U separation of the uranium
rocksalt-structure compounds. High-pressure studies
have shown that UC (Ref. 20) and UN (Ref. 4) transform
to distorted fcc structures when the U-U distance is
3.34-3.38 A, i.e., just below the critical value in the Hill
plot. The transitions are of first order with a volume col-
lapse of 3—5 %. The corresponding thorium compounds,
ThC (Ref. 21) and ThN (Ref. 22), have no phase transfor-
mations and remain cubic in the same pressure range.
UAs, USe, USb, and UTe have larger anions and corre-
spondingly larger U-U separation. These compounds are
all found to transform to the CsCl-type structure (B2) at
high pressure with a volume collapse of about 10%.2°
The same transformations are found for the correspond-
ing thorium compounds as well as ThP.?

From high-pressure studies on the rare-earth metals it
is now understood that the s and d electrons are responsi-
ble for high-symmetry structures (hcp, Sm type, dhcp,
and fcc), whereas the f electrons tend to favor distorted
structures as seen in the case of cerium (e.g., Ref. 24).

A similar correlation between crystal structure and
electronic structure has been found for the actinide met-
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als. Thorium has the high-symmetric fcc structure in ac-
cordance with the 5f band of thorium being essentially
unoccupied. Uranium, on the other hand, has about
three 5f electrons which are nonlocalized (itinerant) and
contribute to the metallic bonding. Consequently, urani-
um has a low-symmetric structure (orthorhombic a-U).

Proceeding along the actinide series in the Periodic
Table it is not until americium that one again finds high-
symmetric structures similar to those of the rare earths.
In the heavy actinides the 5f electrons are localized and
do not participate in the metallic bonding.

From the evidence above we conclude that the trans-
formation to the CsCl-type structure observed for the
large anion uranium and thorium compounds is deter-
mined by the 7s and 6d electrons of the actinide, possibly
together with the electrons of the ligand. The transfor-
mation of the small-anion uranium compounds is deter-
mined by the influence of the 5f electrons. The structur-
al stability of the small-anion thorium compounds is ex-
plained by their low 5f occupation number.

The phase transformations of UP reported in the
present work do not fall into one or the other of the
categories discussed above. The distorted structures of
UP II and UP III indicate an influence of the f electrons.
However, the U-U separation is above the critical value
of the Hill plot, indicating that the s and d electrons also
have some influence on the transitions. Absorption-edge
measurements at high pressure would be useful to deter-
mine possible valence changes in uranium at the phase
transformations of UP.
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