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The volume—pressure behavior for the a-CrCl, phase is studied at the density functional level of theory. The
calculations predict a metallic phase transition at 15 GPa from a generalized gradient approximation. The
addition of an on-site Hubbard repulsion term shifts this transition to 35 GPa. Higher pressure leads to significant
changes in the octahedral ligand environment around the Cr atoms, changing from a prolate to oblate
environment toward the metallic phase, and the local magnetic moments collapse close to the metallic phase

transition.

Introduction

The application of high pressure to solid materials has recently
become an intense research field,!> because new materials can
be stabilized, often unusual structure are formed,>* and new
physicochemical properties can arise.”~’ On the experimental
side, great progress has been made to achieve high pressures
up to about 500 GPa.® However, even for the simplest interacting
systems, it is currently not straightforward to obtain accurate
isotherms (volume—pressure curves) up to high pressures and
interpret the observed phase transitions. On the theoretical side,
highly accurate wave function based methods such as coupled-
cluster theory are currently limited to small- to medium-sized
molecules, although such methods have been used more recently
to model the pressure-induced dimerization of dimethylacety-
lene.” Wave-function-based methods soon become computa-
tionally intractable for larger systems and, for the solid state,
are currently applicable only for systems with a sizable band
gap (i.e., insulators), although some progress has been made
very recently in describing metallic systems.'®'? It is therefore
no surprise that the main workhorse in high-pressure simulations
of solid-state materials is density functional theory (DFT).

There are, however, a number of well-known difficulties
associated with the application of density functional theory, such
as the generalized gradient approximation (GGA) for the solid
state. For example, van der Waals-type correction terms'* are
required to accurately describe molecular crystals. Conroy et
al. showed, for example, that for the isotherms of nitromethane,
the inclusion of an empirical van der Waals term considerably
improves the agreement with experiment.'> Moreover, strongly
correlated systems, such as Mott insulators in transition metal
and f-element compounds, are not well described by the GGA, !
and one usually resolves this situation by adding a Hubbard
on-site repulsion term (DFT + U) to correctly describe many-
body effects.!” Prime examples here are MnO, FeO, and
hematite,'®'%1% all of which have been studied under pressure
using the GGA + U approach,® or the d-phase of plutonium.?!
Here, we should also mention recent progress in designing new
functionals for the solid state, such as the screened hybrid
functional, which seem to be capable of correctly describing
strongly correlated systems.??
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Figure 1. Crystal structure of a-CrCl,. Left: relaxed ground state; right:
under pressure, p &~ 400 kBar. Golden (green) spheres denote Cr (Cl)
atoms. Magnetic unit cell of antiferromagnetic ground state is indicated.

In our recent work on the magnetic ground state of o-CrCl,,?
we showed that the GGA + U approach leads to spin-coupling
constants that, in contrast to the GGA, are in good agreement
with experimental data.>* Hence, this approach should be ideal
for correctly describing the ferro-/antiferromagnetic phases of
a-CrCl, at higher pressures. Figure 1 depicts the rather intriguing
crystal structure of o-CrCl,. It has a simple orthorhombic unit
cell (space group P,,,) in which each Cr atom is surrounded
by a distorted octahedron of Cl atoms. The primitive unit cell
contains two CrCl, units that form chains along the crystal-
lographic ¢ axis: adjacent Cr atoms form four-membered Cr,Cl,
rings along the ¢ axis that are doubly bridged by Cr—Cl—Cr
bonds. Studying the CrCl, molecule even in the gas phase is a
challenge for experimentalists and theoreticians alike:? the
question whether the CrCl, molecule is linear or bent due to a
Jahn—Teller distortion was vividly discussed among different
groups.® 3 On the experimental side, electron-diffraction
structural analysis is hindered by spontaneous formation of
(CrClp), clusters up to n = 4 in the gas phase, and exact
theoretical calculations need to take into account the multiref-
erence character of the electronic ground state.?> However, it
can be concluded that in the earliest stages of CrCl, nucleation,
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small clusters up to the tetramer (CrCl,), form in a chainlike
structure surprisingly similar to the structural motif found in
the solid state. A similar situation is found for CrF,.*

The magnetic moments localized at the Cr atoms are found
to prefer an antiferromagnetic coupling between adjacent Cr
centers, albeit with only small energy differences between
different magnetic schemes.?® For the crystalline phase, several
different macroscopic magnetic coupling schemes are conceiv-
able: a ferromagnetic (FM), antiferromagnetic (AFM), or
nonmagnetic structure. The latter could not be stabilized in any
of our previous calculations.?® For an antiferromagnetic crystal,
one can construct ferromagnetic CrCl, chains (with opposite
spin alignment for adjacent chains, here denoted AFM/FM), or
antiferromagnetic chains (with alternating spin alignment for
Cr atoms within the chains, here denoted AFM/AFM). In our
previous work, we established that in the ground state, a-CrCl,
is coupled antiferromagnetically along the ¢ axis chains, thus
favoring the AFM/AFM state, in agreement with gas phase
cluster calculations.? Like in transition metal oxides, we expect
a metallic phase transition at higher pressures. However, it is
currently not known from experiment at what pressure this
transition occurs. We therefore present a computational study
using the GGA + U approach for the pressure dependence
(isotherm at 0 K) of the a-CrCl, phase and predict a metallic
phase transition at pressures of around 35 GPa.

Computational Method

The crystalline properties of o-CrCl, are calculated using DFT
in conjunction with a plane wave basis set, as implemented in
the Vienna Ab-initio Simulation Package.* The electron—electron
interaction is modeled using the generalized gradient ap-
proximation® of the exchange-correlation energy by Perdew and
Wang (PWO91). As mentioned before, in strongly correlated
systems, such as for localized transition metal d orbitals, the
on-site Coulomb repulsion is, in general, not well described by
the GGA. We thus use the GGA + U approach,'”*738 in which
a penalty function is added to the GGA (here, PW91) total
energy expression, that drives the on-site density matrix pf
toward idempotency:

U - J g o O
Egoatu = Egoa + 3 ZTY[P —pp] (D
g

The parameters U and J describe the energy required to add
an additional d electron to the atomic site and the screened
exchange energy, respectively. In the present implementation,
only their difference, U — J, contributes to the total energy. In
our previous work, we found a very good agreement with
experimentally derived magnetic coupling constants in the
optimized ground state for U — J = 1.8 eV? in the GGA + U
approach, realized through U = 2.8 eV and J = 1.0 eV. Unless
mentioned otherwise, the same value for U — J is used here.
The electron—ion interaction is modeled within the frozen-core
approximation, realized in the framework of the projector
augmented wave method (PAW).?*%° The PAW method allows
for access to the all-electron wave functions on the atomic sites,
but also allows restriction of the plane wave expansion of the
electronic orbitals to a rather moderate cutoff of 450 eV in the
present case. A total of six electrons for each Cr atom (3d°4s')
and seven electrons for each Cl atom (3s*3p°) are included in
the valence space. Reciprocal space integrations are carried out
on a regular mesh in reciprocal space, equivalent to 128 k-points
in the Brillouin zone of the primitive a-CrCl, unit cell. We
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Figure 2. Total energies (lower panel) and pressures (upper panel)
against volume, V, per molecular CrCl, unit. Circles (squares, triangles)
denote FM (AFM/FM, AFM/AFM) spin coupling. See text for details.
Solid lines show E(V) and p(V) fits near the global minima. For the
orthorhombic lattice, the volume is given by V = abc with a, b, and ¢
being the lattice constants given in Table 1.

consider a structure to be in equilibrium if each Cartesian
component of the atomic forces is less than 5 meV/A. We fit
the resulting E£(V) curve with a Vinet equation of state (EOS).*!
Note that this needs refined lattice constants, as compared to
our previous study.?

Results and Discussion

In Figure 2, total energies and corresponding pressures from
GGA calculations are plotted against the “effective lattice
constant” V'3 (V being the volume of the system) for the three
magnetic structures: the ferromagnetic structure, and two
antiferromagnetic structures with ferro- and antiferromagnetic
intrachain coupling.” Ground state properties derived near the
global minima are compiled in Table 1. Binding energies of
the solid state are given per CrCl, unit, with respect to the gas
phase energy of a CrCl, molecule (calculated in a large super
cell using the same methods and numerical parameters). The
AFM/AFM structure is the energetic ground state?® in good
agreement with X-ray diffraction measurements.*? The spin
separation energies are, however, quite small: about 30 meV
per CrCl, unit favoring the AFM/AFM coupling over FM and
AFM/FM. The lattice constants of the calculated ground state
are within about 6% (for a and b lattice constants) and 2.5% of
the experimental values (for ¢ lattice constant). Accordingly,
the intrachain Cr—Cl distance d; is very close to experiment,
but the interchain distance d, is somewhat too large, thus
indicating that the Cr—Cl—Cr bridging bonds within the CrCl,
chains are well-described, whereas the interchain interaction is
not fully accounted for, possibly due to the incorrect long-range
behavior of the GGA functional used. The parameter B, (bulk
modulus) and its pressure derivative B’ required for the Vinet
EOS are also given in Table 1. Not surprisingly, the E(V)
data—or better, the p(V) data—show that the rather simple
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TABLE 1: Ground State Properties of a-CrCl,, from DFT-GGA and GGA + U calculations”

Hermann and Schwerdtfeger

method State E, By B’ ay by Co X y d, d,
exp®? 6.65 5.99 3.49 0.362 0.274 2.40 291
GGA FM —2.02 54.4 12.7 6.74 6.33 3.48 0.348 0.302 2.38 3.02

AFM/FM —2.01 50.8 9.8 7.00 6.28 345 0.371 0.286 2.37 3.16

AFM/AFM —2.04 47.6 11.2 6.91 6.33 341 0.357 0.293 2.36 3.09
GGA +U
U=1.0eV AFM/AFM —2.04 47.6 11.2 6.91 6.33 341 0.357 0.293 2.36 3.09
U=20eV AFM/AFM —2.16 63.7 9.4 6.95 6.36 3.44 0.359 0.293 2.38 3.11
U=28¢eV FM —2.24 70.2 9.3 6.88 6.34 3.51 0.357 0.294 2.40 3.08
U=28¢eV AFM/FM —2.24 72.4 9.1 7.00 6.29 3.49 0.369 0.285 2.39 3.14
U=28¢eV AFM/AFM —2.25 72.6 9.2 6.95 6.35 347 0.359 0.292 2.39 3.11
U=40eV AFM/AFM —2.41 84.4 8.9 6.90 6.31 3.51 0.358 0.289 241 3.07
U=50eV AFM/AFM —2.54 95.4 8.6 6.85 6.29 3.54 0.356 0.287 243 3.04

“Binding energies Ej, per CrCl, unit (in eV); bulk moduli By (in kbar) and its pressure derivative B’; lattice constants ao, bo, co; Wyckoff

positions x, y of Cl atoms, intra- (d;) and interchain (d,) Cr—Cl distances (Angstroms). For the GGA + U calculations, J = 1.0 eV was used.
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Figure 3. Enthalpies of different magnetic phases (see text) from GGA 35+

(lower panel) and GGA + U calculations (upper panel).

classical approach for the Vinet EOS (namely, a linear
dependence of the bulk modulus B on the pressure) holds only
for low pressures up to about 130 kBar. For higher pressures,
all E(V) and p(V) curves deviate significantly from the EOS fit
around the minimum. At high pressures, all three magnetic
phases are predicted to undergo a phase transition, clearly visible
as kinks in the p(V) curves in Figure 2. Up to very high pressures
of 400 kBar (or 40 GPa), only small energy differences separate
the three magnetic phases. For better comparison of the different
phases, the respective enthalpies H = E + pV are shown in
Figure 3 (which also shows results from GGA + U calculations;
see below). The energy differences in the enthalpies are very
small, thus preventing an unambiguous assignment of the
favored magnetic order under finite pressure.

The structural, electronic, and magnetic properties in o-CrCl,
are closely connected (see Figure 4). There, the intra- and
interchain Cr—Cl bond lengths d; and d, as well as the electronic
band gap and the magnetic moments of the Cr atoms are plotted
versus the lattice constant. At large lattice constants (negative
pressure), the CrCl, chains remain structurally stable: the
intrachain Cr—Cl distance is constant (even decreasing with
increased lattice constant), whereas the interchain Cr—Cl
distance increases linearly with increased lattice constants. Thus,
under negative pressure, CrCl, decomposes into an assembly
of disconnected CrCl, chains. This explains the unusual flat
potential energy surface of CrCl, at large unit cell volumes.
Both electronic band gap and magnetic moments are basically
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0 . } 4.0 4.2 44
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Figure 4. From top: magnetic moments, band gaps, and internal Cr—Cl
bond lengths, depending on lattice constant, and for various magnetic
coupling schemes. Bond lengths: solid (dashed) lines for intra- (inter-)
chain distances.

constant in this regime. Under increased pressure, however, the
interchain distance decreases, effectively changing the ligand
environment of the Cr atoms from a prolate to an oblate
octahedron at high pressures. It also leads to a closing of the
electronic band gap. For lattice constants below 3.75 A, at
pressures of more than about 150 kBar, all magnetic structures
are metallic. Although DFT-GGA is known to underestimate
the electronic band gap, due to a nondiscontinuity of the
exchange-correlation potential,* it should describe the trend of
the decreasing and eventually vanishing band gap correctly. The
metallic phase transition is accompanied by a collapse of the
local magnetic moments (see upper panel of Figure 4). Although
the magnetic order is still existent even at the highest investi-
gated pressures of around 400 kBar, the local spin quantum
numbers are significantly lower than the low pressure value of
S=2.
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ground state. Under pressure, however, increased electronic
dispersion and interaction between the spin centers lead to a
metallic electronic state (see upper panel of Figure 5). The
splitting of the different spin levels is lifted, which leads to the
collapse of the local magnetic moments, as mentioned above.
The Cr 3d states also mix increasingly with the CI 2p electrons.
In Figure 6, the band structure of the 3d electrons of the AFM/
FM phase is displayed close to the onset of metallicity.
Analyzing the band structures, we see that the population of
the lowest conduction band occurs first between the special
points S (110) and R (111) in the Brillouin zone. That
corresponds to the body diagonal connecting adjacent chains.
At much higher pressure, intrachain metallic character appears.

In Figure 7, total energies and pressures from GGA + U
calculations are plotted for the magnetic coupling schemes
discussed above. As in GGA, the ground state is found to be
the AFM/AFM configuration. Table 1 lists in detail structural
properties of the global minima of the various magnetic
schemes; they agree well with experimental data. The largest
error is made by an underestimated coupling between the CrCl,
chains, leading to lattice constants a and b that are too large. In
addition, the interchain Cr—Cl distance is too large when
compared to experiment. Again, the energy differences between
the different magnetic states are found to be very small, on the
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Figure 7. Total energies (lower panel) and pressures (upper panel)
against volume, V, per molecular CrCl, unit, from GGA + U
calculations (U — J = 1.8 eV). Circles (squares, triangles) denote FM
(AFM/FM, AFM/AFM) spin coupling (see text for details). Solid lines
show E(V) and p(V) fits near the global minima.

order of 10 meV per CrCl, unit. As shown in Figure 7, these
energy differences are even smaller under high pressure. In
addition, a phase transition occurs around 350 kBar or 35 GPa,
visible in the p(V) curves in Figure 7. This phase transition is
accompanied by qualitative changes in the magnetic and
electronic properties (see Figure 8) as CrCl, becomes metallic,
and the local magnetic moments collapse with decreased
volume. In a trend comparable to the GGA calculations, these
changes are accompanied by changes in the crystal structure
features: illustrated by the intra- and interchain Cr—Cl distances,
it can be seen that under low (and negative) pressure, the CrCl,
chains remain basically intact, with variable interchain distance.
Under high pressure, however, the CrCl, chains are pushed close
to each other, with the ligand environment of the Cr atoms
changing from a prolate to an oblate octahedron.

The electronic DOS, obtained from GGA + U calculations
for the relaxed ground state and under high pressure, is shown
in Figure 9. Similarly to the GGA result, a gap in the 3d bands
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Figure 8. From top: magnetic moments, band gaps, and internal Cr—Cl
bond lengths, depending on lattice constant, and for various magnetic
coupling schemes, from GGA + U calculations. Bond lengths: solid
(dashed) lines for intra- (inter-) chain distances.
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Figure 9. Electronic DOS of AFM/FM structure, from GGA + U
calculations. Upper panel: p &~ 500 kBar; lower panel: p = 0. For details,
see caption of Figure 5.

exists in the relaxed ground state. The energy difference between
the two spin components is about 2 eV higher than in GGA,
corresponding to the penalty term of 1.8 eV added to the total
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energy expression. The bandwidth of the occupied 3d states is
only about 1.5 eV, and they are separated from the Cl 2p
electrons, which are about —2 +++ —5 eV below the Fermi level.
Under pressure, however, and again similar to the GGA results,
the energy difference and difference in occupation between the
two spin components is lifted, and CrCl, becomes metallic.

The crystalline properties of CrCl, depend on the choice of
the parameters U and J in the on-site interaction term. Table 1
lists ground state properties for a variety of values for U (with
fixed J/ = 1.0 eV) around the otherwise preferred value of U =
2.8 eV. Increasing the U parameter from U = 1.0 eV (the GGA
limit) to U = 5.0 eV leads to an increased binding energy and
a decreased equilibrium unit cell volume but almost unchanged
internal Wyckoff positions x and y. The intrachain (interchain)
Cr—Cr distances increase (decrease) with increasing U. Overall,
however, these changes are (with the exception of the binding
energy) rather minute. The corresponding E(V) and p(V) curves
are shown in Figure 10. They share the flat potential energy
surface close to the global minimum that is usual for CrCl, but
show significantly different behavior under pressure. Increasing
U increases monotonically the pressure at any given unit cell
volume. Thus, fitting the GGA + U method to experimental
data at zero pressure might not be sufficient to study effects of
high pressure on the respective system. In the present case,
however, where no experimental pressure studies are available,
the best possible approach is to adjust the GGA + U parameters
to the ground state magnetic properties.

CrCl; in the ground state can be seen as a S = 2 Heisenberg
antiferromagnet. Couplings between adjacent spin centers
distinguish between intrachain coupling (via coupling constant
J), and interchain coupling (via J). Each spin center is coupled
to two nearest intrachain and four nearest interchain neighbors.
The coupling constants J and J* are calculated as outlined in
ref 23 from energy differences of specific magnetic states. In
the ground state, the GGA results of J = —19.9kp/K and J' =
3.08kg/K are much larger than estimated by experiment
(J = —9.5kp/K, J' = 1.23ks/K);** the GGA + U results of J =
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Figure 11. Magnetic coupling constants J, J from GGA and GGA +
U calculations.

—9.6kp/K and J' = 1.46ky/K are, however, close to experiment,
with the value of U = 2.8 eV chosen to optimize this agreement.
The volume dependence of the magnetic coupling constants is
plotted in Figure 11. Both GGA and GGA + U show the same
qualitative trend under pressure: the antiferromagnetic character
of the intrachain coupling J is increased, up to a maximum of
about 70kg/K (50ky/K) for GGA (GGA + U), about three times
(five times) larger than at the relaxed ground state. Upon further
compression (which corresponds to the transition to the metallic
phase), the coupling constant J changes its sign, thus favoring
ferromagnetic intrachain coupling. The antiferromagnetic in-
terchain coupling J” becomes largest where J changes its sign,
but is generally much weaker than the intrachain coupling.

Conclusions

In conclusion, we have presented first principles calculations
on ground state properties of o-CrCl, under pressure. Both
standard GGA and GGA + U calculations predict a metallic
phase transition of CrCl, at a transition pressure of about 15
GPa (from GGA) and 35 GPa (from GGA + U), respectively.
Both methods relate the change in the electronic structure to
distinct changes in the crystalline and magnetic properties: the
octahedral ligand environment of the Cr atoms changes from
prolate to oblate, and the local magnetic moments collapse.
Simultaneously, the magnetic coupling constants reach their
maximal values and change drastically in magnitude and sign
upon further compression of the crystal. It is, however, advisible
to adjust the parameters U and J properly; that is, if possible,
to available high pressure data. In the present study, material
properties near the relaxed ground state show only a weak
dependence on the choice of U — J; however, high pressure
properties vary much stronger. Experiments are needed to verify
the results obtained in our calculations.
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