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Magnetism in ErCo2 under high pressure
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We present results of experiments andab initio calculations focused on the stability of Co magnetism in
ErCo2 exerted to high pressures. In the experiments we have studied pressure effects on electrical-resistivity
anomalies in the vicinity of Curie temperature (TC533 K in ambient pressure! that are intimately related to the
formation and ordering of Co itinerant 3d electron moments. The Co magnetism in this material is a conse-
quence of the itinerant electron metamagnetism~IEM! induced in a large exchange field appearing atTC where
the localized Er moments order ferromagnetically. At lower pressures,TC decreases linearly with increasing
pressurep (] ln TC /]p50.24 GPa21). Magnetovolume measurements under pressure and magnetic-moment
calculations performed for reduced lattice parameters reveal that also the Co moment decreases with increasing
pressure. At higher pressures, theTC vs p dependence strongly deviates from the initial linear trend and above
a critical pressurepc'4 GPa, theTC becomes nearly pressure independent. To explain this behavior we
propose a scenario assuming that forp.pc the 3d band broadens to such extent that the projected Co-3d
density of states in the vicinity ofEF decreases critically and the Er-Co-Er exchange channel becomes inef-
fective to induce the IEM. The Er sublattice then orders at much lower temperatureTC'13 K, which is
determined by the Er-Er interaction channel mediated by conduction electrons. This scenario is corroborated by
results of theab initio calculations that indicate the collapse of IEM in pressures above a certain value.
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I. INTRODUCTION

The Co 3d-band states in theRCo2 ~R: rare-earth ele-
ment! compounds appear near the critical conditions for C
moment formation. The Co 3d moment instability makes the
RCo2 compounds frequent objects of intensive experimen
and theoretical studies of various aspects of the itine
electron magnetism.1,2 The compounds with the nonmagnet
R elements, YCo2 and LuCo2, are exchange-enhanced par
magnets. At sufficiently low temperatures they exhibit
metamagnetic transition~MT! with a critical field m0Hc

'70 T.1 The high-field state in YCo2 and LuCo2 character-
ized by a ferromagnetic ordering of Co 3d moments is a
consequence of a sudden splitting of the majority- a
minority-spin 3d subbands atHc . This phenomenon called
itinerant electron metamagnetism~IEM! is closely related to
the instability of itinerant electron ferromagnetism. It can
explained in terms of Landau theory of phase transitions
allows us, as proposed by Wohlfarth and Rhodes,3 to define
the necessary conditions for the appearance of IEM.

YCo2 and LuCo2 are frequently quoted as the archetyp
of spin-fluctuation systems with a high characteristic te
peratureTsf , which correlates with the temperature of su
ceptibility maximumTmax. Considering the role of spin fluc
tuations, Yamada has formulated a theory of IEM account
for the finite-temperature behavior.4

The lattice volume ofRCo2 compounds is the principa
parameter intimately connected with the 3d-band width. The
role of lattice volume in the appearance of IEM has be
demonstrated by the recent total-energy fixed-spin-mom
calculations performed for YCo2 with values of the lattice
parameter taken from all the members of theRCo2 series.
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Results of these calculations indicate that IEM occurs
tween TbCo2 and DyCo2,

5 which is in agreement with ex
periment. Note that the lattice volume of YCo2 is near to that
of HoCo2 and due to the lanthanide contraction, LuCo2 is
characterized by even smaller lattice.

The IEM in ErCo2 and some other heavyR counterparts
~DyCo2 and HoCo2) is, however, observed in zero extern
magnetic field. In these materials, the Co metamagnetic s
is induced in a large effective exchange field, which is m
diated from the ferromagnetically orderedR 4 f moments by
the 5d (R)-3d ~Co! hybridization. This field emerges atTC

~533 K for ErCo2) when the R sublattice orders
ferromagnetically.6 Consequently, a first-order magnet
phase transition~FOMPT! accompanied by a dramatic dro
of the electrical resistivity and a sudden volume expansio
observed atTC . These phenomena reflect the abrupt chan
of the density of Co 3d states atEF and a partial localization
of the 3d states as a consequence of the splitting of
majority and minority spin sub-bands and the associated
moment formation.

The existence of 3d electron metamagnetism i
ErCo2-type compounds has been confirmed by numer
experiments.7–10 It has been shown that the value of the C
momentmCo'1mB when the effective fieldHeff acting on
3d electrons is higher than a critical valueHc ~;100 T!, but
it becomes dramatically reduced as soon asHeff,Hc . When
diluting the magneticR atoms by nonmagnetic Y atoms,TC
decreases and the related FOMPT is replaced by the sec
order magnetic phase transition~SOMPT! for a sufficiently
high Y content. This happens for a certain critical concent
tion of Y that yields reduction of theHeff value as much as
Heff,Hc . For the critical concentration region a sharp pea
©2001 The American Physical Society33-1
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O. SYSHCHENKOet al. PHYSICAL REVIEW B 63 054433
like r(T) anomaly develops just aboveTC .2,11 Bloch et al.
have suggested that the FOMPT in ErCo2 can be changed to
the SOMPT also by applying high pressure.12

In his theoretical work,13 Yamada has considered the e
fect of pressure on the itinerant 3d electron subsystem a
finite temperatures. The effect of spin fluctuations has b
taken into account in the phenomenological Land
Ginzburg theory. He has concluded thatHc increases with
increasing pressure and the MT vanishes at a critical pres
pc . The pc value decreases with increasing temperature
becomes zero at a critical temperatureT0 . Values between 1
and 5 GPa have been estimated forpc in YCo2 at 0 K.

In order to see effects of variation of interatomic distanc
on magnetism in ErCo2 in detail, we study in this work pres
sure effects on the resistivity anomalies in the vicinity ofTC .
Simultaneously, we have performedab initio electronic
structure calculations based on density functional the
~DFT! on ErCo2 for the ambient-pressure lattice parametea
and also for several reduceda values expected for some ap
plied pressures. A similar pressure experiment with ErC2
was performed by Hauseret al.14 in pressures up to 6 GP
using a Bridgman cell~above 1.5 GPa!.

II. DETAILS OF EXPERIMENT AND FIRST-PRINCIPLES
CALCULATIONS

The polycrystalline ErCo2 sample was synthesized by a
melting the components~minimum purity of 3N5! under ar-
gon atmosphere. An Er:Co ratio of 1:1.95 has been chose
avoid formation the ferromagnetic ErCo3. The melted button
was then annealed at 650 °C in vacuum for 14 days.
x-ray-diffraction analysis revealed only the expected cu
C15 phase with a lattice constant that is in a good agreem
with literature data. The electrical resistivity was measu
as a function of temperature (4.5,T,300 K) on a bar-
shaped sample~size;0.230.230.8 mm3) using the dc four-
terminal measuring technique. The values ofTC were asso-
ciated with the temperature of maximum]r/]T. The
pressure experiment was performed by using a cubic-a
device15 with a mixture of Fluorinert FC 70 and FC 77 as
pressure-transmitting medium. The sample was put int
cylindrical Teflon cell with an inner space of 1.5 mm diam
eter and 1.5 mm length and current was applied parallel
axis of cylinder. Vitrification of the fluid medium at lowT
often causes a slight deviation from hydrostaticity, thou
the applied pressure is completely hydrostatic when the p
sure medium remains fluid. Pressure applied to the anvil
was held constant within 3% during the temperature swe
In this system a quasihydrostatic pressure can be gene
by isotropic movement of six anvil tops even after the flu
medium vitrifies at low temperature and high pressure. T
key feature of our measurement is that, in our cubic an
device, the hydrostaticity strongly depends on the sam
shape and size because of a difference in the compressi
between the sample and the vitrified mixture. It was foun16

that for the bar-shaped sample with dimensions 0.2330.25
30.73 mm3 which is close to the size of our sample th
anisotropic pressure ratiopi i /p' i is about 1.1 wherepi i and
p' i denote the pressure applied along and perpendicula
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the longest dimension of the sample. In our measuremen
pressure up to 8 GPa has been applied.

To obtain relevant information on electronic structure
ErCo2, first-principles theoretical calculations based on t
density-functional theory~DFT! were performed. Exchang
and correlation effects are treated within the local sp
density approximation~LSDA! and the general gradient ap
proximation ~GGA!.17 The scalar relativistic Kohn-Sham
equations were used to obtain the self-consistent sin
electron wave functions. The calculations were perform
using the full potential linearized augmented plane-wa
method~LAPW! implemented in the latest version~WIEN97!
of the originalWIEN code.18 Atomic sphere~AS! radii of 2.8
and 2.3 a.u. were taken for Er and Co, respectively. The b
functions were represented by approximately 850 pla
waves~more than 120 APW/atom! plus local orbitals of Er
(5s, 5p) and Co (3p) semicore states, which lie less than
Ry below the Fermi level. A maximum ofl max512 was
adopted for the expansion of the radial wave function. Ins
the spheres the crystal potential and charge density were
panded into crystal harmonics up to the 6th order. For
Brillouin zone ~BZ! integration a tetrahedron method18 with
72–286k points was used in the irreducible wedge cor
sponding to the 2000–10 000k points in the full BZ. We
carefully checked that the above described computational
tails provide highly converged DFT results for the compou
studied.

To simulate the localized 4f states, the hybridization o
the 4f states with all other valence states was switched
and the Er 4f states were treated in the spherical part of
crystal potential as atomiclike core states~open-core treat-
ment, see Ref. 19!. The integer number 11 was fixed for th
occupation of the 4f states at the Er site. An analogous a
proach was successfully used in the recent calculations
RNi2B2C.20

III. RESULTS AND DISCUSSION

The temperature dependence of the electrical resisti
r(T) measured for ErCo2 in several pressures up to 8 GPa
shown in Fig. 1~for the details in the narrow interval aroun
TC see Fig. 2!. The ambient-pressure results are in go
agreement with literature data~see, for example Refs. 21 an

FIG. 1. Temperature dependence of electrical resistivity
ErCo2 at various pressures.
3-2
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22!. The FOMPT to magnetic ordering atTC is accompanied
by a sharp resistivity drop. Application of pressure affe
considerably both theTC value and the character ofr(T)
anomalies aroundTC . The pressure-induced evolution of th
resistivity belowTC has an impact on the absolute resistiv
values in the paramagnetic range, nevertheless the ov
shape ofr(T) curves well aboveTC is only weakly affected.
As can be seen from theTC vs p dependence in Fig. 3,TC
first decreases linearly with increasingp at a rate]TC /]p
527.9 K/GPa (] ln TC /]p50.24 GPa21). A linear extrapo-
lation of these data to higher pressures points to a poss
critical pressure for disappearance of magnetic orderingpc
'4.2 GPa.

Measurements in pressures above 1.5 GPa, howeve
veal a gradually decreasing slope of theTC vs p dependence
as long as theTC becomes nearly pressure independent
p.4 GPa (TC'13 K). ThisTC value is significantly lower
than theTC522 K recently published.14 Based on the follow-
ing arguments we are convinced that the high-pressureTC
value determined in our experiment represents better the
trinsic behavior of ErCo2. The rather high-TC value deter-
mined at 6 GPa in Ref. 14 is mainly due to a considera
pressure gradient in the Bridgman high-pressure cell that
mentioned already by the authors. The effect of pressure
dient in the Bridgman cell can be deduced from the comp
son of ther(T) curves in Figs. 6~a! and ~b! of Ref. 14 ob-

FIG. 2. Temperature dependence of electrical resistivity
ErCo2 in a narrow temperature interval aroundTC at various pres-
sures.

FIG. 3. The pressure dependence ofTc of ErCo2. The triangles
are the data taken from Ref. 14.
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tained at a pressure of 1.58 and 1.5 GPa, respectively. D
displayed in Fig. 6~a! were measured with the sample in
liquid pressure cell that provides a hydrostatic press
whereas ther(T) curve in Fig. 6~b! was obtained with the
sample in the Bridgman cell. In the former case, the tran
tion atTC is sharp and the data just aboveTC show an upturn
indicating enhanced scattering of conduction electrons
spin fluctuations. In contrast, the resistivity step at the tr
sition is considerably smeared out in data displayed in F
6~b!. Also, theTC value determined in the first case is low
than in the second one~see the insert of Fig. 6!. In this
context we emphasize that the 1.5-GPa data displaye
detail in Fig. 2 of this paper resemble the liquid-pressure-c
data in Ref. 14 that verifies the presence of the almost
drostatic pressure in our experiment. Moreover, the press
induced evolution of ther(T) curves in pressures beyond 1
GPa is much more pronounced in our results than in the
6~b! of Ref. 14. The resistivity drop atTC becomes rapidly
reduced when approachingpc and vanishes aroundpc . We
consider this development as an evidence of the pres
induced suppression of IEM. This also involves the chan
from FOMPT at TC to SOMPT that confirms theoretica
predictions.13,23

The enhancement of resistivity in ErCo2 at temperatures
just aboveTC , which becomes particularly pronounced
the pressure range 1.5–3.5 GPa and vanishes above 4 G
ascribed to a critical conduction-electron scattering on s
fluctuations in the 3d band. Note that a formally simila
development of theTC related anomaly is observe
Er12xYxCo2 compounds around the critical concentrati
xc .14,24 A closer inspection reveals, however, that this sim
larity reflects an intimate connection between these phen
ena. Note that in both cases the value ofHeff becomes com-
parable toHc for the metamagnetic transition. In the form
case,Heff is pressure invariant whileHc increases with pres
sure towardsHeff . On the other hand, in Er12xYxCo2 the
value of Heff decreases by dilution of theR sublattice to-
wards the concentration invariantHc . For a more detailed
analysis of these phenomena we refer to the work of Hau
et al.14

The resistivity drop atTC is closely connected with the
stability of Co magnetism. The resistivity aboveTC is mainly
affected by a spin-disorder scattering on paramagneticR mo-
ments influenced by the crystal-field interaction and by
spin-fluctuation scattering depending on the dynamics
spin fluctuations in the Co 3d band @the latter causes the
above discussedr(T) peak just aboveTC#.21,25When lower-
ing temperature, the ferromagnetically ordered 4f moments
at TC assisted by the 5d (R)-3d ~Co! hybridization produce
a strong uniform exchange field acting on the Co 3d states.
When this field is strong enough to split the 3d majority and
minority sub-bands abruptly, the 3d-band metamagnetic
state is induced by a first-order magnetic phase transition
the spin fluctuation at the Co sites are quenched. Con
quently, the scattering is drastically suppressed, which yie
the resistivity drop. The obvious effect of a dramatic reco
struction of Fermi surface on transport properties at the
should be considered as well. Considering this scenario

f
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may conclude that the loss of Co magnetism in ErCo2 is
indicated by the vanishing resistivity drop atTC for pressures
where TC becomes pressure invariable. Forp.pc , the
pressure-induced decrease of interatomic distances of C
oms with neighbors and a consequent increase of the ove
of 3d wave functions leads to a critical broadening of the
3d band. Consequently, the projected Co-3d density of states
in the vicinity of EF decreases and the itinerant Co mome
vanishes because theR-Co-R exchange channel becomes i
effective to induce the IEM. Simultaneously, also the ma
netic phase transition atTC becomes second order and t
pressure induced decrease ofTC ceases. TheR moments then
order at a ‘‘residual’’TC roughly comparable to theTC for
ErNi2 ~that exhibits no 3d magnetic moment because of ne
ligible 3d density of states atEF). The TC value ~13 K! is
thus determined by the persisting conduction-electron m
ated exchange interaction~Ruderman-Kittel-Kasuya-Yosida
type! coupling the localizedR moments for which]TC /]p is
nearly zero.

To test this scenario we performed first-principles el
tronic structure calculations in the framework of DFT. T
non-spin-polarized DFT calculations yield the Co-atom p
jected density of states ~DOS! at EF NCo(EF)
51.2 states/eV atom, which mainly originates from Cod
states @NCo-3d(EF)51.1 states/eV atom#. From our self-
consistent calculations we also deduced Stoner exchang

FIG. 4. The calculated total spin-polarized DOS of ErCo2 with
a5714.4 pm~at ambient pressure!. The Fermi energy is set to zero
The energy levels of the occupied localized 4f 5/2 and 4f 7/2 states
are indicated by vertical lines~full and dashed, respectively!.
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rameterI Co50.41 eV. Therefore the calculated Stoner pro
uct I Co•NCo(EF) equals to 0.49 and does not favor th
spontaneous ferromagnetic instability of itinerant Co sta
In contrast the spin-polarized calculations with antipara
alignment of the Er 4f spin moments and cobalt 3d spin
moments converged to stable magnetic state, which
lower total energy than the non-spin-polarized state. In ad
tion we performed a number of numerical experiments w
different values of the initial exchange splitting originatin
from the Er 4f states and Co 3d states. We have found tha
the crucial factor driving the stability of the magnetism is t
induced spin splitting of theR5d states which couples anti
ferromagnetically with the Co 3d states. The self-consisten
calculations provide the spin magnetic moments ofMs

Co

51.13mB , MS
Er523.25mB inside AS andMS

I 520.19mB in
the interstitial region of the ErCo2 crystal. The corresponding
DOS is shown in Fig. 4. We have found that the value of
magnetic moment of the Co 3d states is significantly influ-
enced by the shape of the sharp peaks just below the F
level.

In the case of ErCo2 we have also calculated the spin
polarized electronic structure for the set of ten lattice para
eters smaller than the ambient-pressure valueaexp

5714.4 pm. We have found that theMS
Co is smoothly de-

creasing to the value of 0.78mB for the a>692 pm ~which
confirms the negative pressure effect on the Co moment

FIG. 5. The calculated total spin-polarized DOS of ErCo2 with
a5682.6 pm. The Fermi energy is set to zero. The energy level
the occupied localized 4f 5/2 and 4f 7/2 states are indicated by verti
cal lines~full and dashed, respectively!.
3-4
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served experimentally by magnetovolume measurement21!.
For valuesa<688 pm, however, the moment suddenly dro
to the small value ofMS

Co,0.1mB . The corresponding DOS
~see Fig. 5! calculated ata5682.6 pm strongly resemble
those one obtained from non-spin-polarized calculations.
main difference is connected with the larger total bandwi
as expected from comparison with Fig. 4. In the critical
gion 692.a.688 pm we were not able to obtain stable se
consistent solution of our DFT calculations. Considering
compressibility value for ErCo2 @8.931023 GPa21 ~Ref. 1!#
the calculations point to the critical pressure for loss of
metamagnetism of approximately 11 GPa. This value
nearly three times larger than the experimentally obser
pc . We are aware of the fact that our calculations can
a-

er

d

.

J
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er
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involve spin fluctuations, which should play an importa
role in the physics of ErCo2 and therefore consider the agre
ment between the calculated and experimentally determ
critical pressure satisfactory at the present stage.
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