PHYSICAL REVIEW B, VOLUME 65, 174109

Theoretical investigation of a pressure-induced phase transition in EuC4>,

Per H. Andersson, Lars Nordsinp Peter Mohrt, and Olle Eriksson
Condensed Matter Theory Group, Department of Physics, University of Uppsala, Box 530, 751 21 Uppsala, Sweden
(Received 10 September 2001; published 23 April 2002

In this paper we present the findings of a theoretical investigation of the properties of Buaafunctions
of applied pressure with regards to crystal, electronic, and magnetic structure using full-pabnitiétio
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 td state magnetism in Co. The theoretical results are in agreement
with recent experiments.
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[. INTRODUCTION involving 4f magnetism. This puts high demands on the
methods used. To achieve this energy resolution and resolve
Of all structures the ThGSBi,-type is one of the richest the magnetic state we have used two different
considering the number of different isostructural compoundsdensity-functiondl® based full-potential methods. For the
One possible explanation for this richness is that this strucealculations of the magnetic state we have used a full-
ture can adapt to a variety of different atomic sizes. In thispotential linear augmented plane-wavéFP-LAPW)
paper we present results on Ey@p which belongs to a method'°in the local spin-density approximatitr(LSDA)
group of phosphidesRT,P, where R=rare earth andl  in an implementation that allows for noncollinear magnetism
=transition metal. In EuC#, a phase transition between a (NCM), that is, the magnetization density is not constrained
phase with long P-P distance and a phase with short P-g nolarize parallel or antiparallel to a global directigit4
distancé—3has been observed. This phase transition has beefs well as a noncollinear augmented spherical WARW)
found to be caused by a change in composition, temperatui@ethod! The latter method implements a similar method for
or applied external pressure. _ treating noncommensurate orderings as FP-LAPW, but a
In this paper we have studied the effect of an appliedsimpler basis set making the computations less time consum-
external pressure on the crystal, electronic, and magnetigy For the calculation of the electronic and structural phase
structure in EuCgP,. This material is reporté&' "o un- yransition a full-potential linear muffin-tin orbital method
dergo a structural and magnetic phase transition at a Pressyfiep_| MT0),'7in combination with both the local-density
of 3.0 GPa from a long P-P distance phase, with divalent androximation(LDA) and the generalized gradient approxi-
magnetic Eu and nonmagnetic Co, to a short P-P distanc@ation (GGA), was used. The choice of using an FP-LMTO
phase with trivalent, nonmagnetic Eu and magnetic Co withyethod for calculating the electronic and structural phase
an estimated moment of Qg at the Co site. A change of the ransition was of convenience only. The two methods were
volume as well as a collapse of tie¢a ratio are associated tested to give the same results.
with the phase transition. The collapse decreases the P-P dis- | the case of FP-LAPW no shape or directional approxi-
tance but increases the Co-Co distance, which together withations for the magnetization density have been used, i.e.,
a charge transfer from Eu and P to Co are suggested in th@e charge and magnetization densities, as well as their con-
literature as the meghanlsms behind the establishment of MAigate potentials, are allowed to vary freely in space both in
ments at the Co site. The reportespin structure for the magnitude and direction. The adoption of the spin spiral
low-pressure phase is an incommensurate spin spiral with &/mmetry®1° enables us to handle planar and cart@shi-
propagation vectog=[0,0,0.832/c, a moment at the Eu  ¢a)) helical spin structures, where the parallel spins within a
site of 6.ug per Eu atom and a & temperature of 66.5 K. plane are rotating around an axis with an angle qd/2
The intricate structural and magnetic properties, with a transpetween each plane, whetds the interlayer distance. As the
ferred magnetism from the Eu atom to the Co atom withmagnetization density is no longer invariant with respect to

varying applied pressure, call for a theoretical analysis. It igrans|ations, a generalized boundary condition is used,
the purpose of this paper to provide such an analysis based

on first-principles calculations. R R
The rest of this paper is organized as follows: in Sec. Il m(r+R)=D(q-R)m(r). (D)
we describe the theoretical methods used. In Sec. Il we

present our results and in Sec. IV we summarizé OUfjgreR js a Bravais lattice vectoq is the wave vector of the

findings. spin spiral, g=[qqq] for a trigonal spin spiral andy

=[00g] for a tetragonal spin spiral, arfd(q- R) is the ma-

trix which performs a rotation by the angte R around the
The energy differences involved in these calculations argropagation axis. The generalized Bloch spinors can then be

on the meV scale and the magnetic state is rather complexyritten in the fornt®*°

Il. THEORETICAL METHOD
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l— 1 . : :
sk = exp(f{k a/2}-r)a(k,r) | @ T divalent
exp(i{k+q/2}-r)B(k,r) -~ -~ trivalent
wherek is a wave vector in the Brillouin zone ardand 8
are periodic functions for the two spin components. The
secular matrix constructed from these states and the magnet
part of the exchange correlation potentigl, which fulfill 5 Vol, 3 GPa

the same boundary conditions as the magnetization densitg 05 -

m, is no longer block diagonal, i.e., the two spin componentsljcj
are allowed to hybridize. Within the LSDA, the effective

magnetic fieIdSXC is always locally parallel to the local mag-
netization direction. This scheme is made self-consistent by
constructing new charge and magnetization densities fron
the occupied Bloch spinors, for which the necessary
Brillouin-zone (BZ) integrations are performed. One large 0 . . . . !
advantage of the spin spiral scheme is that the secular equ¢ 300 400 900 600 700
tion has the dimension corresponding to the chemical unit Volume (a.u.’)
cell irrespective of the size of the magnetic cell, i.e., itallows g5 1. Total energy as a function of volume for divalent and
for noncommensurate ordering. . trivalent spin-polarized EuG®,. The experimental values for the
To sample the Brillouin zone a Fermi-Dirac temperaturec/a ratio have been used for both phases. The vertical lines indicate
smearing was used with 100points in the irreducible Bril-  the experimental volumes at ambient pressure and just after the
louin zone. The plane-wave cutoff was set I’R&'TKmaX phase transition. The choice of zero point in the energy scale is
=7.0 for a first sampling of the possible spin solutions andarbitrary.
RN TK max=9.0 close to the most interesting configurations.

All states up to S in Eu, 3p in Co, and D in P have been e total energy accurately one needs to calculate the energy

treated as core states. For the expansion of the valence StalfiSorming the lowest multiplet of a givehconfiguration. In

Imax=8 was used. Ref. 22 it was demonstrated how this can be done and the
In the calculations where FP-LMTO was used we adopteqyergy difference between tfié andf configurations were

“ ) : A . 21
a so-called "double basis” of muffin-tin orbita$”* where 5\ jated usind-S coupling, a method that was used here
two different tail functions(Hankel or Neumann functions 554 n Ref. 22 it was also established that the accuracy of
with different kinetic energies are attached to two different,;¢ approach is of the order of 10 mRy.

linear combinations of the radial solution to a Salimger- — Ag'can pe seen from Fig. 1 the total-energy calculations
like equation for a spherical averaged crystal potential insidg, o 5 divalent state at ambient conditions, and as a function
each muffin-tin sphere. The radial function is labeled, ot compression there is a phase transition to the trivalent
and its first energy derivativey,, and they are evaluated at phase(all experimental parameters are from Ref. The
an energyE, . The Hamiltonian matrix was thus doubled in calculated pressure for when the trivalent phase is stabilized
size compared to calculations with a single basis. The incluis 15 GPa, which is to be compared to the experimental value
sion of a double basis was necessitated by the fact that a vesf 3 GPa. However, if a small shift of 10 mRy, which is
good energy resolution is required, and to achieve this @omparable with the accuracy of the method used for the
well-converged wave function is needed. We have used thgultiplet correction, is applied to the trivalent curve, the the-
same core configuration argl,, as for FP-LAPW and 5&  oretical pressure agrees with the measured one. In the figure
points in the irreducible Brillouin zone. we also compare the equilibrium volume as given by the

We have used the experimental vafuesith respect to  theoretical calculations and experiment as well as the volume
c/a ratios and atomic positions for all calculations and thefor when the phase transition sets in. It may be noted that the
experimental volumes for the calculation of the magneticagreement between experiment and theory is rather good
properties. concerning both these volumes.

In earlier calculations, using a less accurate mettibd
Ill. RESULTS was found that the P 83and 3 bands change from the

low-pressure phase to the high-pressure phase increasing the
bonding strength of the P@orbitals. They also observed a

As reported EuCqP, undergoes a pressure-induced high density of state¢$DOS) at the Fermi level. This is in
phase transition at 3.0 GPa accompanied by a change in tlgpod agreement with the calculations presented in this paper.
valence state of Eu from a magnetic divalerft’ 4(2S;,) From the paramagnetic total density of states, Fig. 2, it can
state to a nonmagnetic trivalent% (’F,) state. This type of be seen that the density of states is high at the Fermi level
behavior is well known in rare earths. This phase transitiorboth for the divalent and the trivalent case. This would indi-
can in principle be calculated, but there exists a subtle probsate a possible moment at the Co site for both cases, but only
lem when comparing total energies from bulk calculations ofin the trivalent case a moment at the Co site is observed. This
two different valence states of a rare-earth metal. To evaluateill be discussed in the following section. As a reference,

«— Vol, ambient

A. Phase stability, crystal, and electronic structure
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FIG. 2. The total density of states for paramagnetic EfGat
ambient pressurédivaleny, and at high pressurérivaleny. The
Fermi level is at zero energy.

FIG. 3. The total density of states for paramagnetic and spin-
polarized EuCgP, at high pressure. The Fermi level is at zero
energy.

Fig. 3 shows the density of states for paramagnetic and spifjhat lie along the horizontal axis in the figures. A deformation
polarized EuCgP, in the trivalent high-pressure phase. of the Eu-P bond can also be observed, which could change
The volume of the trivalent phase is lower than that of thethe hybridization between orbitals with different angular de-

divalent phase due primarily to the fact that there is one extrgendence favoring certain crystallographic arrangenfénts.
bonding electron in the valence band. The reason why thehis possibility has not been investigated further in this case.
trivalent phase is not stable at ambient conditions is the
atomic polarization energy of thieshell, which favors the
divalent phase. The phase transition from trivalent to diva-
lent can be understood as a balance between the bonding From the magnetic point of view Eug®, is of high in-
energy, which becomes more favorable at compressed voterest in that the system in the low-pressure phase exhibits
umes because the bandwidth is increased, and the polarizidcalized 4 moments at the Eu sites with a complex mag-
tion energy of the shell. netic orderind a spin spiral withg=[0,0,0.892x/c. In the
Reehuiset al® have reported a relation between the P-Phigh pressure phase this is replaced Iy rBagnetism with
distance and the radius of the rare-earth iorRif,P, sys-  an estimated moment of Qug per Co atom, a suggested
tems, which is in good agreement with the observed result§erromagnetic ordering in the Co planes and a complex an-
In the trivalent state the ionic radius of Eu is smaller than intiferromagnetic ordering between the planes with a stacking
the divalent state, the decrease being of the order of 15%rder along the axis of +++ — —
which leads to a modification of the/a ratio. In addition,

B. Magnetic structure

this will lead to an increase in the-PP bonding, which can

100 . . . .

be seen in the projected density of states for P, Fig. 4, wher¢_ divalent
a slight lowering of the energy of the Pp3band can be & —— P, pstates
observed in the high-pressure phase compared to the Iowé 60 - - Ez‘;zﬁzﬁzz
pressure phase. In addition, the bandwidth of pHeand is l'i w0l ' 1
broader in the trivalent phase demonstrating the larger overo .
lap between the P states. As can be seen from Fig. 4, the Co g 20 //\J v
and P bands are strongly hybridized below 0.25 Ry, the tell- ¢ S et
tale sign of a covalent bond. The difference between the _ wrivalent
Eu—Co/P bonds and the GeP bond is explained by the 5’80 i —— P, p-states i
significant difference in the bond lengths, where the % 60 - T gzgz‘;‘tzz 1
Eu—Co/P bonds are more than 50% longer than the-Go 2ol ' ]
bond in both phases. 8

The increased-P-P bonding along the axis can also be & 20 ]
seen in the charge densitfFigs. 5 and & These figures o it SNV - ~
represent the charge density inf#HL0 plane where the Eu -05 03 ‘°-I‘Energy(Ry;’-‘ 0.3 0.5

ions can be found in the middle and in the corners and the P

ions surround the central Eu ion. An increase of charge be- FIG. 4. The projected density of states for P, Eu and C in para-
tween the P ions can be observed indicating a stronger bonghagnetic EuCgP, at ambient pressur@ivalend, and at high pres-
This is particularly clear if one considers the two P atomssure(trivaleny. The Fermi level is at zero energy.
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FIG. 5. (Colorn The charge density of para-
magnetic EuCgP, at ambient pressur@ivalent
phasé¢. The Eu atoms are located in the corners
and in the center and the P atoms surround the
central atom. The same absolute scale has been
used in Figs. 5 and 6.

As was discussed above the density of states at the Ferrtiiat it becomes favorable for Co to maintain its nonmagnetic
level is high both for the paramagnetic low pressure phaseonfiguration.
and the paramagnetic high-pressure phase, whereas a mo-A direct comparison between the spin ordering in the
ment at the Co site is observed only for the high-pressur@igh-pressure phase obtained from experiments and calcula-
phase. This could be explained by a quenching of tde 3 tions is complicated by the richness of the possible orderings
moments in the divalent phase by the largk mioments, in combination with the lack of a unified experimental pic-
which are arranged almost perfectly antisymmetricallyture. Of the possible spin configurations we have investi-
around the Co sites in the ground-state magnetic structurgated ferromagnetic and antiferromagnetic ordering as well
suggested from the experiments. Our calculations for divaas some of the simpler spin spirals. The first configuration is
lent Eu with a ferromagnetically ordered local moment ofa flat spin spiral, where the spins within a Co plane are
7ug give a moment at the Co site of g per Co atom ferromagnetically ordered and rotated between planes. Fur-
compared to a zero moment at the Co sites for antiferromagher, we have investigated a configuration where the spins
netically ordered local moments at the Eu sites. Calculationare ordered antiferromagnetically within the Co plane and
using the ASW method resulted in a spin spiral ground statantiferromagnetically between Co planes. The last configu-
for the divalent phase, with a wave vector af ration investigated is a spin structure where the spins are
=[0,0,0.8927/a in excellent agreement with experimefits. aligned ferromagnetically within the Co plane and ferromag-
Small changes in the volume only marginally influence thenetically between two planes but rotated between the pairs.
magnetic properties, both as regards the magnetic momenWithin the resolution of the method used the ground state for
and theq value of the spin spiral. the high pressure, trivalent phase was calculated to be a fer-

Since, in the low-pressure phase, the €band, with a  romagnetic configuration. The magnetic moment of the triva-
high DOS at the Fermi level, has a strong tendency to belent phase was 0.4 on the Co atom, which is in good
come magnetically ordered, we conclude that this ordering isgreement with the estimated value of ©g6 For reduced
guenched due to the interaction with the neighboring Eu atvolumes the calculated moments are somewhat smaller.
oms. Since the Eu atoms are antiferromagnetically ordered,
with the Co atoms symmetrically _sitt_Jated in_ between, any IV. DISCUSSION
nearest-neighbor collinear magnetic interaction between Eu
and Co will lead to frustration. Obviously, the energy of the  The main results from this paper are in good agreement
magnetic frustration of the Co atoms is sufficiently high sowith experiments regarding the crystal structure, phase trans-

FIG. 6. (Color) The charge density of para-
magnetic EuCgP, at high pressuretrivalent
phase.

174109-4



THEORETICAL INVESTIGATION OF A PRESSURE- ... PHYSICAL REVIEW B5 174109

formations, electronic structure, and magnetic states. Whentaivalent phase has been calculated, but the lack of a conclu-
moderate pressure is applied to EyBg an up till then sive experimental result for the magnetic structure prevents a
localizedf electron will transfer to delocalized states in the direct comparison. A vast computational effort is needed to

valence band, as in other similar rare earth materials, and thgxamine the possible configuration space and is outside the
volume will be reduced. In the case of Eu®p the reduc-  scope of the present paper.

tion of the volume comes in the form of a collapse of the  Tha actual phase transition may involve domain structures
axis and even a small increase of theaxis. This can be \here parts of the sample contain divalent Eu atoms and
explained by the change in the volume of the Eu ion, and &ther parts trivalent atoms. This scenario is plausible not

rearrangement of the electronic structure leading to a strorgnly for the current system but may be more general, e.g., in

ger P—P bond, which decreases the{P distance and pressure-induced structural phase transitions of nonmagnetic

therefore causes a shorteaxis. materials. Here we have not made a mesoscopic analysys of

In the low-pressure phase the magnetic moment is caus@fle phase transition in EugR,, but calculated its electronic
by the localized electrons with the ground state 88;,,, a origin.

magnetic configuration with a calculated helical spin order-
ing of q=[0,0,0.892x/a. The strong moment of Eu in an
antiferromagnetic configuration has been calculated to
guench the moments of Co. In the high-pressure phase the
electronic state of the Efielectrons is’F,, a honmagnetic The support from The Swedish Science Coufi¢R) and
state. In this phase a moment is observed at the Co sites Fhe Swedish Foundation for Strategic Resed®8H is ap-
good agreement with experiments, and it is consistent withpreciated. We are grateful to Dr. J. M. Wills for providing the
what one expects for Co compounds wheredhmand inter- FP-LMTO code. We are also grateful to Dr. Anna Delin for
sects the Fermi level. The ordering of the moments in thevaluable discussions.
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