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Experimental and ab initio volume compressibility curves of NpCoGas
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We report the results of high-pressure, angular-dispersive, x-ray diffraction measurements performed on
NpCoGas, a magnetic isostructural analog of the PuCoGas superconductor. No crystallographic transitions or
discontinuous volume collapses have been observed by increasing pressure p up to 39 GPa. A fit to the
Birch-Murnaghan equation of state gives values of the isothermal bulk modulus and its pressure derivative
By=130 GPa and B(=4.8, respectively. The volume compressibility curve is in excellent agreement with the
results of ab initio fully relativistic, full potential local spin-density-functional calculations. A comparison to

experimental and ab initio calculated compressibility data of PuCoGas and PuRhGas is also made.
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I. INTRODUCTION

A most intriguing issue of condensed-matter physics is the
relation between unconventional superconductivity, magne-
tism, and non-Fermi-liquid behavior in proximity of a zero-
temperature critical point separating phases of different
symmetry. The series of isostructural RTXs intermetallic
compounds containing cerium or a light actinide element R,
a transition metal 7 (Fe, Co, Ni, Rh, or Ir), and an element of
the boron group X (Ga or In), is an ideal playground for
investigating such an issue. The members of the series fea-
ture a variety of unusual phenomena, from direct coupling of
magnetic and superconducting order in CeColns (Refs. 1 and
2) to high-temperature heavy-fermion superconductivity in
PuCoGas.>* Current models of superconductivity in these
compounds involve magnetically mediated d-wave Cooper
pairing of itinerant f electrons,>® but the nature of the medi-
ating bosons has not been firmly established.*” In the case of
PuCoGays, the formation of a novel condensate of composite
pairs between local moments and electrons, with either d- or
g-wave symmetry, has been recently proposed.®

RTXs compounds crystallize in the tetragonal
HoCoGas-type structure (space group P4/mmm). The R at-
oms occupy the la positions, the 7" atoms are in the 1b po-
sitions (halfway between the R atoms along the ¢ direction)
and there are two crystallographic positions for the X atoms,
one at the center of the basal planes (1c), and four at the 4i
position, in the rectangular faces of the unit cell with reduced
coordinates (0,1/2,z) (see Fig. 1).

NpCoGas(a=4.277 A, ¢=6.787 A, z=0.3103) is a
magnetic member of the series, exhibiting a longitudinal-
modulated antiferromagnetic (AF) order below Ty=~47 K,
with an ordered Np moment u=0.84up pointing along the
tetragonal ¢ axis.”"!! The magnetic structure is defined by the
propagation vector (0, 0, 1/2) and is shown in Fig. 1. The
magnetic form factor has been measured by polarized neu-
tron diffraction and is consistent with a Np** electronic
state.'> The microscopic magnetization agrees with that ob-
served in bulk susceptibility measurements and the magnetic
moment has spin and orbital contributions as expected for
intermediate coupling. Recent NMR experiments'? in the
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paramagnetic state indicate a crossover from localized be-
havior at high temperatures to itinerant magnetic properties
below 100 K. Interestingly, the magnetic excitation spectrum
investigated by inelastic neutron scattering suggests itinerant
behavior in the antiferromagnetically ordered state.'* Also,
low-temperature de Haas—van Alphen data'> were reasonably
well explained by ab initio density-functional calculations,'®
which lends further support to the picture of itinerant 5f
behavior.

In this paper we report the results of room-temperature,
high-pressure, angular-dispersive, x-ray diffraction measure-
ments performed on NpCoGas. The volume compressibility,
the isothermal bulk modulus (By), and its pressure derivative
(B;) determined from the experiment are compared with the

FIG. 1. (Color online) Crystal and magnetic structure of
NpCoGas. Large (gray) spheres represent the Np atoms, small
(cyan) and medium (green) smaller spheres represent Co and Ga
atoms, respectively. The arrows indicate the direction of the Np
magnetic moment in the AF phase below Ty=47 K.
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results of ab initio local spin-density approximation (LSDA)
calculations. The excellent agreement between experimental
and theoretical data confirms that the adopted calculation
scheme provides an accurate determination of the total en-
ergy of the system, and that the lattice parameters are well
described assuming itinerant Sf states. In spite of this suc-
cess, LSDA methods, with or without orbital polarization
assumptions, do have a shortcoming for NpCoGas in that
these fail to reproduce the details of the antiferromagnetic
properties.'® We compare furthermore the results achieved
for NpCoGas to experimental and ab initio investigations of
the compressibility of the isostructural actinide supercon-
ductors PuCoGas and PuRhGas. The agreement between ex-
perimental and ab initio compressibility data is comparably
good for PuRhGas, but somewhat poorer for PuCoGas.
These findings indicate limitations of the LSDA itinerant 5f
description for the Pu compounds.

II. EXPERIMENTAL DETAILS AND RESULTS

A polycrystalline sample of NpCoGas was prepared by
arc melting stoichiometric amounts of the constituent ele-
ments under an atmosphere of high-purity argon on a water-
cooled copper hearth, using a Zr getter. Starting materials
were used in the form of 3N8 cobalt and 3N7 gallium shot as
supplied by A. D. Mackay Inc., and 3N neptunium metal.
Homogeneity of the sample was ensured by turning over and
remelting the button several times. Weight losses were below
0.5%. About 10 ug of material were loaded into a
membrane-type diamond anvil cell (DAC), affording a maxi-
mum x-ray scattering angle 26,,,,~ 24°. Diamond flats were
of 300 wm diameter, and inconel gaskets of 150 wm (diam-
eter) hole size and (indented) thickness 30 um were used.
To avoid the risk of contamination of any exterior part of the
DAC by the Np-containing powder sample, the NpCoGas
powders were combined with a small amount of epoxy resin
to form solid (“granular”) pieces, which were loaded into the
DAC. Silicone oil was used as pressure-transmitting me-
dium. Pressure was calibrated by the ruby fluorescence
method, using a single ruby ball of diameter smaller than
10 pwm. Measurements were performed from ambient pres-
sure up to 39 GPa with a rotating anode x-ray generator
(Bruker) installed at ITU, Karlsruhe. X-ray wavelength and
spot size at the sample position were 0.7094 A(Mo Ka)
and 100X 100 um?. Diffraction images were recorded with
a Bruker SMART Apex CCD (1024 X 1024 pixels of dimen-
sions 61 X 61 um?). The DAC was rotated through a sample
angle AQ=*=4° while collecting each diffraction pattern.
The images were integrated using the ESRF FIT2D software,!”
which generates files suitable for profile refinement. The re-
sults of a similar experiment performed on Ce7Gas and
PuTGas(T=Co,Rh) are reported in Ref. 18.

Rietveld refinements were carried out using the FULLPROF
package,'” and a typical fit is shown in Fig. 2. Reliability
factors were, in general, better than 5%. The derived crystal-
lographic parameters were analyzed using two different
methods. In the first one, the pressure variations in a and ¢
are fitted to a polynomial quadratic in p,
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FIG. 2. (Color online) Diffraction pattern obtained for NpCoGas
by integrating Debye-Scherrer rings recorded with the area detector.
The sample was at room temperature inside a membrane-type dia-
mond anvil cell and submitted to a pressure of 1.3 GPa using sili-
cone oil as pressure transmitting medium. Red circles represent
experimental data, the solid black line is the refined Rietveld pro-
file, vertical lines are reflection tick marks, and the lower blue line
represents the difference profile.

a,(p) = a,0) - ka,(0)p + k;ai(O)Pz» (1)

where i=1,2, a;=a, a,=c, k; and kl’ represent the linear
compressibility along the lattice direction i. A rough estimate
of the zero-pressure bulk modulus is then obtained as By
=—dp/d1In(V)=1/(2k,+k,.). The fits are shown by solid lines
in Fig. 3, and give k,=1.98X107° GPa™', k=13
X107 GPa™, k,=195X%1073 GPa™!, and k/=1.13
X 107 GPa™? (By=169 GPa).

In the second method, B, and its pressure derivative B
are obtained by fitting the pressure-dependent relative vol-
ume V(p)/V, to the Birch and Murnaghan equation of
state,20-22

3 V—7/3 V—5/3

=3l ()3

3 -2/3
x{1+2(36—4){<7‘;) —1”, (2)

where p is the applied pressure, V is the volume, and V is

Pressure (GPa)

FIG. 3. Pressure dependence of the crystallographic lattice pa-
rameters of NpCoGas at room temperature. The data have been
obtained from the Rietveld refinement of the diffraction pattern.
Solid lines are a fit to a quadratic polynomial as described in the
text.
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FIG. 4. Normalized unit-cell volume, V(p)/V, as a function of
pressure for NpCoGas. The solid line is a fit to the Birch-
Murnaghan equation of state.

the zero-pressure volume. The fit is shown by the solid line
in Fig. 4 and gives By=(130*=8) GPa and B;=4.8*+0.5.

III. AB INITIO CALCULATIONS AND COMPARISON
WITH EXPERIMENTAL RESULTS

AD initio density-functional theory calculations were per-
formed with the relativistic version®® of the full potential
local orbital method.>* In this scheme the four-component
Kohn-Sham-Dirac equation, which implicitly contains spin-
orbit coupling up to all orders, is solved self-consistently.
The Perdew-Wang parametrization of the exchange-
correlation potential in LSDA was used.>> The adopted set of
valence basis states was Sf, 6s6p6d, 7s7p for Np; 3d, 4s4p
for Co; and 3d, 4s4p4d for Ga. The ground-state properties
of NpCoGas have been calculated assuming nonmagnetic
(NM), ferromagnetic (FM), and antiferromagnetic ordered
states (cf. Ref. 26). In the latter case, we considered both the
experimentally determined AF1 structure with propagation
vector (0, 0, 1/2) and the AF2 type of order characterized by
a propagation vector (1/2, 1/2, 0) and realized in the isostruc-
tural compound NpRhGas.!! For PuCoGas we adopt the
same set of basis functions, and for PuRhGas we selected for
Rh the 4d and 5s, 5p basis states. Also, we assumed the same
magnetic configurations as for NpCoGas, however, with the
remark that magnetic ordering in PuCoGas or PuRhGas has
thus far not been unambiguously detected.'?

Total-energy calculations were performed as a function of
volume, for a 12X 12X 12 k mesh, corresponding to 196k
vectors in the irreducible wedge of the tetragonal Brillouin
zone. The volume dependence of the cohesive energy E(V) is
then obtained from the total energies by subtracting isolated
atom contributions.

The resulting total-energy curves are shown in the inset of
Fig. 5. The equation of state at 0 K is finally calculated from
the variation in the cohesive energy with respect to volume,
P=—0E/JV, and is compared to experimental values in Fig.
5. We note that the experimental compressibility curves have
been obtained at room temperature. The experimental vol-
ume differs therefore from the zero-temperature volume by
the effect of the thermal expansion, a quantity which is not
yet known for NpCoGas. In the comparison we hence ignore
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FIG. 5. (Color online) Comparison between experimental (filled
circles) and ab initio calculated compression curves of NpCoGas.
The calculated results are given for the nonmagnetic structure (blue
dashed line, NM), ferromagnetic (black full line, FM), antiferro-
magnetic AF1 (green full line, AF1), and antiferromagnetic AF2
(red long-dashed line, AF2) types of orders. The calculated total-
energy curves versus volume obtained for the investigated types of
magnetic order are shown in the inset.

the influence of the thermal expansion. This is indeed a good
approximation, because we consider the relative volume,
V(P)/V,, in which the thermal expansion is practically can-
celled. Figure 5 shows that magnetic correlations do have a
small, but non-negligible effect on the calculated compres-
sion curve. The best agreement is obtained when the experi-
mentally observed magnetic structure is assumed. In this
case, a fit of the theoretical curve to the Birch equation of
state gives By=124.9 GPa and By=5.1. It must be noticed,
however, that the calculated magnetic ground-state structure
is AF2, rather than AF1.16

Experimental compressibility data for the actinide super-
conductors PuCoGas and PuRhGas were reported recently. '8
To assess the compressibility behavior of these Pu-115 com-
pounds in comparison to the Np analog, we plot in Fig. 6
experimental and ab initio calculated compressibility curves
of the Pu-115’s. The V(p) curves were computed for the
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FIG. 6. (Color online) Comparison between experimental
(circles) and ab initio calculated compression curves calculated for
PuCoGas (top panel) and PuRhGas (bottom panel). The ab initio
calculated compressibility curves are given for the NM, FM, anti-
ferromagnetic AF1, and antiferromagnetic AF2 types of ordering.
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same four magnetic structures as adopted for NpCoGas. The
computed total energies versus unit-cell volume were re-
ported in earlier studies.”’?® As Fig. 6 shows the experimen-
tal compressibility curve of PuRhGajs is reasonably well ex-
plained by ab initio LSDA calculations. The computed
curves for the various magnetic structures are rather close to
one another, hence, it cannot be decided which magnetic
structure provides the best agreement with the experimental
data. The results for PuCoGas give a different picture: the
agreement between experiment and ab initio calculations is
poorer, especially for pressures between about 5 and 20 GPa.
The experimental data show a down turn in the V(p) curve at
about 5 GPa (see Fig. 6), thus evidencing a softening with
pressure, which is not given by the ab initio calculation.
There could be several explanations for this deviation. First,
it could be that the itinerant treatment of the Pu 5f states, as
embodied in the LSDA, does not sufficiently capture the na-
ture of the 5f states of PuCoGas. It has been emphasized that
the addition of a Coulomb U of about 3 eV improves the
description and, in particular, reduces the magnetic moment
on the Pu ion.?®? An influence of the pressure transmitting
medium (oil) is an alternative possibility.'® A freezing of the
medium occurs for pressures above 10 GPa, which could
influence the measurements.'® A third reason, possibly also
connected to the freezing of the medium, is that a difference
in the pressure dependence of the a- and c-axis lattice pa-
rameters was observed. In the ab initio simulations shown in
Fig. 6, however, a fixed c/a ratio was used, which is a suit-
able assumption for NpCoGas (see Fig. 3). However, even
with an influence of the pressure medium present, it appears
that experimental and computed compressibility curves start
to deviate already before the medium freezes, which would
thus indicate some limitation of the 5f itinerant LSDA de-
scription to PuCoGas.

The compressibility data obtained for the three actinide-
115 compounds is summarized in Table I. The good agree-
ment between experiment and ab initio LSDA calculations is
immediately apparent for NpCoGas. The trend of a smaller
bulk modulus for PuCoGas than for PuRhGas is also repro-
duced in the calculations. However, the agreement with the
experimental values is not as good as for NpCoGas. A pre-
vious calculation,?® using the generalized gradient approxi-
mation, obtained a bulk modulus of 87 GPa for PuCoGas, in
better agreement with experiment. This indicates that the
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TABLE 1. Comparison of experimental and ab initio calculated
bulk modulus (By) and its pressure derivative (B;) of NpCoGas,
PuCoGas, and PuRhGas.

Experiment Theory
By By
(GPa) B|, (GPa) B|,
NpCoGas 1308 4.8*+0.5 125 5.1
PuCoGas 89+6 5.0 100 43
PuRhGas 1046 5.0 116 4.2

gradient correction to the exchange-correlation functional
explains the compressibility of PuCoGas better than the stan-
dard local-density approximation.

IV. CONCLUSION

In conclusion, the structural behavior of NpCoGas under
pressure has been studied by high-pressure x-ray diffraction
and first-principles density-functional calculations in LSDA
approximation. No crystallographic transitions or discontinu-
ous volume collapses have been observed up to 41 GPa. The
excellent agreement between experimental and calculated
compression curves demonstrates that the adopted calcula-
tional scheme provides an accurate estimate of the cohesive
energy of the system by assuming itinerant 5f electron states,
although magnetic correlation effects are not completely cap-
tured.
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