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Theoretical investigation of a pressure-induced phase transition in EuCo2P2
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~Received 10 September 2001; published 23 April 2002!

In this paper we present the findings of a theoretical investigation of the properties of EuCo2P2 as functions
of applied pressure with regards to crystal, electronic, and magnetic structure using full-potentialab initio
methods. At a moderate applied pressure we observe a phase transformation from a divalent phase to a trivalent
high-pressure phase with an associated change of the lattice parameters, which is explained by changes of the
electronic structure. With the change of the valence state of Eu a change of the magnetic structure is observed
going from localizedf state magnetism tod state magnetism in Co. The theoretical results are in agreement
with recent experiments.
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I. INTRODUCTION

Of all structures the ThCr2Si2-type is one of the riches
considering the number of different isostructural compoun
One possible explanation for this richness is that this str
ture can adapt to a variety of different atomic sizes. In t
paper we present results on EuCo2P2 which belongs to a
group of phosphides,RT2P2 where R5rare earth andT
5transition metal. In EuCo2P2 a phase transition between
phase with long P-P distance and a phase with short
distance1–3 has been observed. This phase transition has b
found to be caused by a change in composition, tempera
or applied external pressure.

In this paper we have studied the effect of an appl
external pressure on the crystal, electronic, and magn
structure in EuCo2P2. This material is reported1,2,4,5 to un-
dergo a structural and magnetic phase transition at a pres
of 3.0 GPa from a long P-P distance phase, with divalent
magnetic Eu and nonmagnetic Co, to a short P-P dista
phase with trivalent, nonmagnetic Eu and magnetic Co w
an estimated moment of 0.6mB at the Co site. A change of th
volume as well as a collapse of thec/a ratio are associated
with the phase transition. The collapse decreases the P-P
tance but increases the Co-Co distance, which together
a charge transfer from Eu and P to Co are suggested in
literature as the mechanisms behind the establishment of
ments at the Co site. The reported6 spin structure for the
low-pressure phase is an incommensurate spin spiral wi
propagation vectorq5@0,0,0.85#2p/c, a moment at the Eu
site of 6.9mB per Eu atom and a Ne´el temperature of 66.5 K
The intricate structural and magnetic properties, with a tra
ferred magnetism from the Eu atom to the Co atom w
varying applied pressure, call for a theoretical analysis. I
the purpose of this paper to provide such an analysis ba
on first-principles calculations.

The rest of this paper is organized as follows: in Sec
we describe the theoretical methods used. In Sec. III
present our results and in Sec. IV we summarize
findings.

II. THEORETICAL METHOD

The energy differences involved in these calculations
on the meV scale and the magnetic state is rather comp
0163-1829/2002/65~17!/174109~5!/$20.00 65 1741
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involving 4f magnetism. This puts high demands on t
methods used. To achieve this energy resolution and res
the magnetic state we have used two differe
density-functional7,8 based full-potential methods. For th
calculations of the magnetic state we have used a f
potential linear augmented plane-wave~FP-LAPW!
method9,10 in the local spin-density approximation11 ~LSDA!
in an implementation that allows for noncollinear magneti
~NCM!, that is, the magnetization density is not constrain
to polarize parallel or antiparallel to a global direction,12–14

as well as a noncollinear augmented spherical wave~ASW!
method.15 The latter method implements a similar method f
treating noncommensurate orderings as FP-LAPW, bu
simpler basis set making the computations less time cons
ing. For the calculation of the electronic and structural ph
transition a full-potential linear muffin-tin orbital metho
~FP-LMTO!,16,17 in combination with both the local-densit
approximation~LDA ! and the generalized gradient approx
mation~GGA!, was used. The choice of using an FP-LMT
method for calculating the electronic and structural ph
transition was of convenience only. The two methods w
tested to give the same results.

In the case of FP-LAPW no shape or directional appro
mations for the magnetization density have been used,
the charge and magnetization densities, as well as their
jugate potentials, are allowed to vary freely in space both
magnitude and direction. The adoption of the spin sp
symmetry18,19 enables us to handle planar and canted~coni-
cal! helical spin structures, where the parallel spins within
plane are rotating around an axis with an anglef5qd/2
between each plane, whered is the interlayer distance. As th
magnetization density is no longer invariant with respect
translations, a generalized boundary condition is used,

mW ~r1R!5D~q•R!mW ~r !. ~1!

HereR is a Bravais lattice vector,q is the wave vector of the
spin spiral, q5@qqq# for a trigonal spin spiral andq
5@00q# for a tetragonal spin spiral, andD(q•R) is the ma-
trix which performs a rotation by the angleq•R around the
propagation axis. The generalized Bloch spinors can then
written in the form18,19
©2002 The American Physical Society09-1
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c~k,r !5S exp~ i $k2q/2%•r !a~k,r !

exp~ i $k1q/2%•r !b~k,r !
D , ~2!

wherek is a wave vector in the Brillouin zone anda andb
are periodic functions for the two spin components. T
secular matrix constructed from these states and the mag
part of the exchange correlation potentialbW xc , which fulfill
the same boundary conditions as the magnetization den
mW , is no longer block diagonal, i.e., the two spin compone
are allowed to hybridize. Within the LSDA,11 the effective
magnetic fieldbW xc is always locally parallel to the local mag
netization direction. This scheme is made self-consisten
constructing new charge and magnetization densities f
the occupied Bloch spinors, for which the necess
Brillouin-zone ~BZ! integrations are performed. One larg
advantage of the spin spiral scheme is that the secular e
tion has the dimension corresponding to the chemical
cell irrespective of the size of the magnetic cell, i.e., it allo
for noncommensurate ordering.

To sample the Brillouin zone a Fermi-Dirac temperatu
smearing was used with 100k points in the irreducible Bril-
louin zone. The plane-wave cutoff was set toRP

MTKmax

57.0 for a first sampling of the possible spin solutions a
RP

MTKmax59.0 close to the most interesting configuration
All states up to 5s in Eu, 3p in Co, and 2p in P have been
treated as core states. For the expansion of the valence s
l max58 was used.

In the calculations where FP-LMTO was used we adop
a so-called ‘‘double basis’’ of muffin-tin orbitals20,21 where
two different tail functions~Hankel or Neumann functions!
with different kinetic energies are attached to two differe
linear combinations of the radial solution to a Schro¨dinger-
like equation for a spherical averaged crystal potential ins
each muffin-tin sphere. The radial function is labeledfn ,
and its first energy derivativeḟn , and they are evaluated a
an energyEn . The Hamiltonian matrix was thus doubled
size compared to calculations with a single basis. The in
sion of a double basis was necessitated by the fact that a
good energy resolution is required, and to achieve thi
well-converged wave function is needed. We have used
same core configuration andl max as for FP-LAPW and 59k
points in the irreducible Brillouin zone.

We have used the experimental values1 with respect to
c/a ratios and atomic positions for all calculations and t
experimental volumes for the calculation of the magne
properties.

III. RESULTS

A. Phase stability, crystal, and electronic structure

As reported1 EuCo2P2 undergoes a pressure-induc
phase transition at 3.0 GPa accompanied by a change in
valence state of Eu from a magnetic divalent 4f 7 (8S7/2)
state to a nonmagnetic trivalent 4f 6 (7F0) state. This type of
behavior is well known in rare earths. This phase transit
can in principle be calculated, but there exists a subtle pr
lem when comparing total energies from bulk calculations
two different valence states of a rare-earth metal. To evalu
17410
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the total energy accurately one needs to calculate the en
of forming the lowest multiplet of a givenf configuration. In
Ref. 22 it was demonstrated how this can be done and
energy difference between thef 6 and f 7 configurations were
calculated usingLS coupling, a method that was used he
also. In Ref. 22 it was also established that the accurac
this approach is of the order of 10 mRy.

As can be seen from Fig. 1 the total-energy calculatio
favor a divalent state at ambient conditions, and as a func
of compression there is a phase transition to the triva
phase~all experimental parameters are from Ref. 1!. The
calculated pressure for when the trivalent phase is stabil
is 15 GPa, which is to be compared to the experimental va
of 3 GPa. However, if a small shift of210 mRy, which is
comparable with the accuracy of the method used for
multiplet correction, is applied to the trivalent curve, the th
oretical pressure agrees with the measured one. In the fi
we also compare the equilibrium volume as given by
theoretical calculations and experiment as well as the volu
for when the phase transition sets in. It may be noted that
agreement between experiment and theory is rather g
concerning both these volumes.

In earlier calculations, using a less accurate method4 it
was found that the P 3s and 3p bands change from the
low-pressure phase to the high-pressure phase increasin
bonding strength of the P 3p orbitals. They also observed
high density of states~DOS! at the Fermi level. This is in
good agreement with the calculations presented in this pa
From the paramagnetic total density of states, Fig. 2, it
be seen that the density of states is high at the Fermi le
both for the divalent and the trivalent case. This would in
cate a possible moment at the Co site for both cases, but
in the trivalent case a moment at the Co site is observed. T
will be discussed in the following section. As a referenc

FIG. 1. Total energy as a function of volume for divalent a
trivalent spin-polarized EuCo2P2. The experimental values for th
c/a ratio have been used for both phases. The vertical lines indi
the experimental volumes at ambient pressure and just after
phase transition. The choice of zero point in the energy scal
arbitrary.
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Fig. 3 shows the density of states for paramagnetic and s
polarized EuCo2P2 in the trivalent high-pressure phase.

The volume of the trivalent phase is lower than that of
divalent phase due primarily to the fact that there is one e
bonding electron in the valence band. The reason why
trivalent phase is not stable at ambient conditions is
atomic polarization energy of thef shell, which favors the
divalent phase. The phase transition from trivalent to di
lent can be understood as a balance between the bon
energy, which becomes more favorable at compressed
umes because the bandwidth is increased, and the pola
tion energy of thef shell.

Reehuiset al.3 have reported a relation between the P
distance and the radius of the rare-earth ion inRT2P2 sys-
tems, which is in good agreement with the observed res
In the trivalent state the ionic radius of Eu is smaller than
the divalent state, the decrease being of the order of 1
which leads to a modification of thec/a ratio. In addition,
this will lead to an increase in the PuP bonding, which can
be seen in the projected density of states for P, Fig. 4, wh
a slight lowering of the energy of the P 3p band can be
observed in the high-pressure phase compared to the
pressure phase. In addition, the bandwidth of thep band is
broader in the trivalent phase demonstrating the larger o
lap between the Pp states. As can be seen from Fig. 4, the
and P bands are strongly hybridized below 0.25 Ry, the t
tale sign of a covalent bond. The difference between
EuuCo/P bonds and the CouP bond is explained by the
significant difference in the bond lengths, where t
EuuCo/P bonds are more than 50% longer than the CouP
bond in both phases.

The increased PuP bonding along thec axis can also be
seen in the charge density~Figs. 5 and 6!. These figures
represent the charge density in a~110! plane where the Eu
ions can be found in the middle and in the corners and th
ions surround the central Eu ion. An increase of charge
tween the P ions can be observed indicating a stronger b
This is particularly clear if one considers the two P ato

FIG. 2. The total density of states for paramagnetic EuCo2P2 at
ambient pressure~divalent!, and at high pressure~trivalent!. The
Fermi level is at zero energy.
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that lie along the horizontal axis in the figures. A deformati
of the Eu-P bond can also be observed, which could cha
the hybridization between orbitals with different angular d
pendence favoring certain crystallographic arrangemen23

This possibility has not been investigated further in this ca

B. Magnetic structure

From the magnetic point of view EuCo2P2 is of high in-
terest in that the system in the low-pressure phase exh
localized 4f moments at the Eu sites with a complex ma
netic ordering,6 a spin spiral withq5@0,0,0.85#2p/c. In the
high pressure phase this is replaced by 3d magnetism with
an estimated moment of 0.6mB per Co atom, a suggeste
ferromagnetic ordering in the Co planes and a complex
tiferromagnetic ordering between the planes with a stack
order along thec axis of 111 2 2 2.5

FIG. 3. The total density of states for paramagnetic and sp
polarized EuCo2P2 at high pressure. The Fermi level is at ze
energy.

FIG. 4. The projected density of states for P, Eu and C in pa
magnetic EuCo2P2 at ambient pressure~divalent!, and at high pres-
sure~trivalent!. The Fermi level is at zero energy.
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FIG. 5. ~Color! The charge density of para
magnetic EuCo2P2 at ambient pressure~divalent
phase!. The Eu atoms are located in the corne
and in the center and the P atoms surround
central atom. The same absolute scale has b
used in Figs. 5 and 6.
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As was discussed above the density of states at the F
level is high both for the paramagnetic low pressure ph
and the paramagnetic high-pressure phase, whereas a
ment at the Co site is observed only for the high-press
phase. This could be explained by a quenching of thed
moments in the divalent phase by the large 4f moments,
which are arranged almost perfectly antisymmetrica
around the Co sites in the ground-state magnetic struc
suggested from the experiments. Our calculations for d
lent Eu with a ferromagnetically ordered local moment
7mB give a moment at the Co site of 0.2mB per Co atom
compared to a zero moment at the Co sites for antiferrom
netically ordered local moments at the Eu sites. Calculati
using the ASW method resulted in a spin spiral ground s
for the divalent phase, with a wave vector ofq
5@0,0,0.89#2p/a in excellent agreement with experiments6

Small changes in the volume only marginally influence
magnetic properties, both as regards the magnetic mom
and theq value of the spin spiral.

Since, in the low-pressure phase, the Cod band, with a
high DOS at the Fermi level, has a strong tendency to
come magnetically ordered, we conclude that this orderin
quenched due to the interaction with the neighboring Eu
oms. Since the Eu atoms are antiferromagnetically orde
with the Co atoms symmetrically situated in between, a
nearest-neighbor collinear magnetic interaction between
and Co will lead to frustration. Obviously, the energy of t
magnetic frustration of the Co atoms is sufficiently high
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that it becomes favorable for Co to maintain its nonmagne
configuration.

A direct comparison between the spin ordering in t
high-pressure phase obtained from experiments and calc
tions is complicated by the richness of the possible orderi
in combination with the lack of a unified experimental pi
ture. Of the possible spin configurations we have inve
gated ferromagnetic and antiferromagnetic ordering as w
as some of the simpler spin spirals. The first configuration
a flat spin spiral, where the spins within a Co plane a
ferromagnetically ordered and rotated between planes.
ther, we have investigated a configuration where the sp
are ordered antiferromagnetically within the Co plane a
antiferromagnetically between Co planes. The last confi
ration investigated is a spin structure where the spins
aligned ferromagnetically within the Co plane and ferroma
netically between two planes but rotated between the pa
Within the resolution of the method used the ground state
the high pressure, trivalent phase was calculated to be a
romagnetic configuration. The magnetic moment of the tri
lent phase was 0.54mB on the Co atom, which is in good
agreement with the estimated value of 0.6mB . For reduced
volumes the calculated moments are somewhat smaller.

IV. DISCUSSION

The main results from this paper are in good agreem
with experiments regarding the crystal structure, phase tra
-
FIG. 6. ~Color! The charge density of para
magnetic EuCo2P2 at high pressure~trivalent
phase!.
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formations, electronic structure, and magnetic states. Wh
moderate pressure is applied to EuCo2P2, an up till then
localized f electron will transfer to delocalized states in t
valence band, as in other similar rare earth materials, and
volume will be reduced. In the case of EuCo2P2 the reduc-
tion of the volume comes in the form of a collapse of thec
axis and even a small increase of thea axis. This can be
explained by the change in the volume of the Eu ion, an
rearrangement of the electronic structure leading to a st
ger PuP bond, which decreases the PuP distance and
therefore causes a shorterc axis.

In the low-pressure phase the magnetic moment is ca
by the localizedf electrons with the ground state of8S7/2, a
magnetic configuration with a calculated helical spin ord
ing of q5@0,0,0.89#2p/a. The strong moment of Eu in a
antiferromagnetic configuration has been calculated
quench the moments of Co. In the high-pressure phase
electronic state of the Euf electrons is7F0, a nonmagnetic
state. In this phase a moment is observed at the Co site
good agreement with experiments, and it is consistent w
what one expects for Co compounds where thed band inter-
sects the Fermi level. The ordering of the moments in
n

s,

s,

J

d

o
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trivalent phase has been calculated, but the lack of a con
sive experimental result for the magnetic structure preven
direct comparison. A vast computational effort is needed
examine the possible configuration space and is outside
scope of the present paper.

Tha actual phase transition may involve domain structu
where parts of the sample contain divalent Eu atoms
other parts trivalent atoms. This scenario is plausible
only for the current system but may be more general, e.g
pressure-induced structural phase transitions of nonmag
materials. Here we have not made a mesoscopic analys
the phase transition in EuCo2P2, but calculated its electronic
origin.
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