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Interplay between structural, electronic, and magnetic instabilities in EuT2P2 „TÄFe, Co…
under high pressure
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151Eu ~and 57Fe) high-pressure Mo¨ssbauer investigations on EuFe2P2 reveal that the pressure-induced iso-
structural phase transition 3&p&9 GPa is accompanied by a continuous valence transition from Eu21 to Eu31

with the consequence of the disappearance of the Eu~4 f ) sublattice moment. However, contrary to EuCo2P2 we
find in the high-pressure phase of EuFe2P2 no magnetic moment on Fe. Volume-dependent band-structure
calculations in both systems show that the formation of the 3d moment strongly depends on the position of the
3d states relative to the Fermi energy and that the filling of the 3d states in EuCo2P2 is mainly caused by the
P-3p electrons.
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The rare-earth (RE) transition metal ~T! phosphides,
RET2P2, crystallizing in the ThCr2Si2-type structure belong
to an interesting class of materials in which structural ins
bility is intimately connected with electronic and magne
instabilities. These strong electron correlations lead to
formation of a large variety of ground states in this seri
Depending on the type ofREand/orT, one observes not only
different magnetic phenomena such as 4f -sublattice magne-
tism (EuCo2P2),

1 3d-sublattice magnetism (LaCo2P2)
2 or

magnetism of both sublattices (PrCo2P2),
3 but also interme-

diate valent behavior (EuNi2P2)
4 or even superconductivity

(LaRu2P2).
5 Essentially responsible for such a broad varie

of properties is the ability of the ThCr2Si2 structure to adap
to several elements with various atomic sizes resulting
extremely different lattice parameters. In fact, within t
RET2P2 series, there exists two extremely dissimilar P-P d
tances along thec axis resulting in two isostructural phase
a phase for a large P-P distance (dP-P'2.8 Å! with a non-
bonding P-P state; andb phase for a shortdP-P'2.3 Å form-
ing a P-P single bond state.6 Structural phase transitions o
first- and second-order between these phases can easi
induced by changing composition,7 temperature,8 or applying
external pressure.9 According to recent band-structure calc
lations on someRET2P2 compounds such structural pha
transitions strongly affect the electronic structure of the
systems.10

Towards understanding such an interplay inRET2P2 sys-
tems, we have recently performed high-pressure experim
( 151Eu Mössbauer spectroscpopy and x-ray diffraction! on
the magnetically ordered compound EuCo2P2.11 In this sys-
tem, antiferromagnetism is due to ordering of the Eu21~8S7/2)
sublattice moments (TN566.5 K! while the Co(3d) sublat-
tice exhibits no magnetic moments. Here, high-pressure
periments demonstrated that the pressure-induced first-o
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structural~a→b! phase transition atp.3 GPa is connected
with a sharp valence transition of Eu from magnetic Eu21 to
a nonmagnetic Eu31 (7F0) state. As a consequence, the d
appearance of the Eu(4f ) sublattice magnetism is accomp
nied by a simultaneous appearance of Co(3d) sublattice
magnetism withTN* 5260 K.11

These experimental findings, however, raise crucial qu
tions that have to be addressed in order to shed light into
nature of electron correlations in these class of materials~a!
Is a first-order structural phase transition necessary for
occurrence of the pressure-induced change of sublattice m
netization (4f→3d), ~b! does the formation of the 3d mo-
ment under high pressure depend on the type of transi
metal~Fe, Co, Ni!, and~c! what causes the filling of the 3d
states?

In order to provide an answer to these questions, we h
performed151Eu ~and 57Fe) high-pressure Mo¨ssbauer effect
~ME! experiments on the ferromagnetic compound EuFe2P2
(TC527 K!.2 The ME technique allows to investigate simu
taneously possible pressure-induced variations of the vale
state of Eu (Eu21→Eu31) via the ME isomer shiftsSand of
the magnetism of the Eu and Fe sublattices, via the effec
magnetic hyperfine field,Be f f , at the 151Eu and57Fe nuclei,
respectively. EuFe2P2 is an excellent candidate for such in
vestigations. At ambient pressure the magnetic and e
tronic properties of EuFe2P2 are common with those o
EuCo2P2: magnetic order of EuFe2P2 is also due to ordering
of the Eu21 sublattice moment while Fe does not carry a
magnetic moment.2 However, in contrast to EuCo2P2 the
pressure-induced structural~a→b! phase transition in
EuFe2P2 is continuous for 3 GPa<p<9 GPa.12 Thus, the
investigation of the influence of the pressure-induced str
tural phase transition on the electronic and magnetic pro
ties of EuFe2P2 in comparison with EuCo2P2 should provide
©2001 The American Physical Society02-1
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valuable information on the nature of strong electron cor
lations in these compounds. To obtain a theoretical interp
tation of the experimental results, we have perform
volume-dependent band-structure calculations on EuF2P2
and EuCo2P2.

A polycrystalline single phase EuFe2P2 sample was pre-
pared as described elsewhere.13 151Eu (57Fe) high-pressure
ME measurements were performed up to 12 GPa at 300
4.2 K using a diamond anvil cell~DAC!.14 ME sources
~ 151SmF3>100 mCi and57Co in Rh>10 mCi! and absorbers
were kept during the measurements at the same tempera
Figure 1 shows some selected151Eu ME spectra collected a
300 K in the pressure range 0<p<12 GPa in which the
pressure-induced structural~a→b! phase transition take
place.12 The ME parameters at ambient pressure and 30
are in a very good agreement with those previou
published.2 As evident from Fig. 1, there is large pressur
induced change of the isomer shift fromS5210.7 (2) mm/s
at 0 GPa to20.4 ~1! mm/s at 12 GPa. This clearly indicate
a change of the valence state of Eu with increasingp from
the Eu21 state towards Eu31. The analysis of the pressure
induced change ofS is displayed in Fig. 2. As shown in th
figure, the rate of change ofS with increasing pressure i
enhanced abovep'3 GPa indicating the onset of valenc
transition. This is consistent with the change of the latt
parametera with pressure~see inset of Fig. 2!, which shows
that the anisotropic increase of the lattice parametera sets in
at about p'3 GPa and ends before decreasing atp'9
GPa.12 The lattice parameterc decreases drastically (Dc/c
'13%) as a consequence of thea→b phase transition.
From this we can conclude that the second-order struct
phase transition in EuFe2P2 is connected with a continuou
valence change of Eu from Eu21 to Eu31.

As mentioned above, in the case of EuCo2P2 the pressure-
induced valence transition Eu21→Eu31 was found to be ac-
companied by a simultaneous appearance of Co(3d) magne-

FIG. 1. 151Eu Mössbauer spectra of EuFe2P2 collected at 300 K
and at different pressures.
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tism. In order to inspect whether the same magne
phenomena occurs in EuFe2P2 @i.e., appearance of Fe(3d)
magnetism#, we have performed151Eu and 57Fe high-
pressure ME experiments at 4.2 K and at 9 GPa. Figure~a!
displays 151Eu ME spectra collected at 0 and 9 GPa and
4.2 K. At ambient pressure we find, as expected, a magn
cally split Eu21 spectrum which is due to the ordering of th
Eu21 moments belowTC . Both values ofBe f f ~230.3 T!
andS~210.6 mm/s! are in a very good agreement with tho
already published.2 At 9 GPa and 4.2 K~the high-pressureb
phase! the magnetic hf splitting disappears, one observe
single quadrupole broadened absorption line located aS
'20.9 mm/s corresponding to the Eu31 state. These result

FIG. 2. Pressure dependence of the151Eu Mössbauer isomer
shift S at 300 K as deduced from the least square fits of the m
sured ME spectra. The inset shows the anisotropic variation of
tice parametersa andc of EuFe2P2 with pressure according to Ref
12.

FIG. 3. ~a! 151Eu Mössbauer spectra (T54.2 K! at ambient
pressure and 9 GPa. The magnetic hf splitting atp50 GPa corre-
sponds to the Eu21, whereas the single line absorption~nonmag-
netic! corresponds to the Eu31 state.~b! 57Fe Mössbauer single line
absorption spectrum in the high-pressure phase~b phase! of
EuFe2P2 at 9 GPa and 4.2 K, which shows that the Fe sublatt
does not exhibit magnetic moments.
2-2
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clearly demonstrate the disappearance of the Eu(4f ) sublat-
tice magnetism in the high-pressure phase of EuFe2P2. In
order to search for a possible existence of Fe sublattice m
netic moment in the high-pressure phase of EuFe2P2, we
have performed57Fe ME measurement at 9 GPa~4.2 K! on
the same sample in the DAC. As evident from Fig. 3~b! one
also observes a single line absorption pattern, indicating
the Fe sublattice does not exhibit any magnetic momen
the high pressure~b! phase of EuFe2P2. This finding is quite
surprising, since both EuFe2P2 and EuCo2P2 undergo
pressure-induced structural~a→b! phase transition and re
veal corresponding valence changes of Eu from Eu21 to
Eu31 that results in a disappearance of the Eu(4f ) sublattice
magnetism.

In order to illuminate this last point, we have perform
volume-dependent linear muffin tin orbital~LMTO-47
Code15! band-structure calculations using density-functio
theory in the local-density approximation~LDA ! with the
atomic spheres approximation~ASA!.16 Experimental geom-
etries ~lattice parameters and atomic positions fora and b
phases! were used throughout without further optimizatio
The ASA radii were calculated from Hartree potentials. R
ciprocal space investigations were performed by the tetra
dron method17 using 436 irreduciblek points. The basis set
consisted of 6s/5d/4f for Eu, 4s/4p/3d for Fe and Co, and
3s/3p for P. The 6p orbitals of Eu and 3d-orbitals of P were
‘‘downfolded.’’18 Spin-polarized calculations were made u
ing the exchange correlation potential of von Barth a
Hedin.19 All iterations converged to total energy chang
smaller than 1025 Rydberg.

The calculated densities of states~DOS! of EuFe2P2 and
EuCo2P2 at ambient pressure~a phase! show typical patterns
characteristic for ThCr2Si2-type compounds.10 In the follow-
ing we only focus on the Fe- and Co-3d DOS in EuFe2P2
and EuCo2P2, respectively.20 In Figs. 4~a! and 4~b! we show
the spin-polarized Fe- and Co-3d DOS ~sum of spin↑ and
spin↓! in thea phase of EuFe2P2 and EuCo2P2, respectively.

FIG. 4. Calculated total 3d density of states~DOS! of Fe in
EuFe2P2 ~a, a8! and Co in EuCo2P2 ~b,b8! both at ambient pressur
~a phase! and in the high-pressure phase~b phase!, respectively.
Dashed lines atE2EF50 mark the position of the Fermi energ
EF .
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As evident from this figure, a DOS-peak representingdds*
antibonding states of metal 3dxy orbitals10 is located above
EF at energiesDE5E2EF'1.2 eV for EuFe2P2, but only
0.15 eV for EuCo2P2 due to one additional valence electro
in the Co 3d shell. The analysis of these calculations reve
that neither Fe nor Co exhibit a 3d magnetic moment in
these compounds. These results are in good agreement
those obtained experimentally.1,2

Now, we discuss the 3d DOS for Fe and Co in EuFe2P2
and EuCo2P2 in the b phase. In EuFe2P2 @Fig. 4~a!# we find
that the Fe(3d) moment remains zero as in thea phase: In
the b phase the filling of the Fe(3d) band increases an
consequently the Fe-3d DOS gets closer toEF (DE;0.8
eV!. However, the 3d DOS atEF remains rather low and no
magnetic splitting takes place. This is consistent with o
experimental observation of the absence of the Fe magn
moment in theb phase of EuFe2P2. On the other hand, in
the b phase of EuCo2P2 the increase of Co(3d) band filling
results in a considerable enhancement of the DOS p
at EF and a magnetic splitting takes place, which clea
indicates the formation of a Co magnetic moment. It
obvious that the proximity of the Co-3d DOS-peak toEF
already at ambient pressure is the reason for a moment
mation in the high-pressure phase of EuCo2P2. The calcu-
lated magnetic moment forb2EuCo2P2 is found to be
0.66mB /Co in a very good agreement with the estimat
experimental value of 0.6mB .11 These results raise an inte
esting question, whether the excess electrons for ad-band
filling originates from the pressure-induced valence tran
tion of Eu @Eu21~4 f 7)→Eu31(4 f 6)] or the formation of
the P-P bond (2P32→P2

42). As shown in Fig. 5 our band
structure calculations show a strong reorganization of
P-3p DOS when going froma to b phases, whereas the E
levels ~not shown! are not much affected. In fact, we fin
that the charge on the P site (3p states! is lower in theb
phase than thea phase which hints a transfer of electrons
fill the 3d band. This shows that the electronic transiti
from the nonbonding to the P-P single bond state is ma
responsible for the filling of the 3d states and thereby for th
moment formation of Co in EuCo2P2. This filling is not suf-

FIG. 5. CalculatedP-3p- and 3s-DOS in EuCo2P2 for thea and
b phases.
2-3



th

ag

tu

the
of

n-
ible
ld
r a
lec-

s.

RAPID COMMUNICATIONS

B. NI et al. PHYSICAL REVIEW B 63 100102~R!
ficient to generate a moment on Fe in EuFe2P2 because of the
lower valence electron count of Fe compared with Co.

In summary, our high-pressure results reveal that
pressure-induced structural phase transition in EuFe2P2 is
connected with a continuous valence transition from m
netic Eu21 to a nonmagnetic Eu31 state. In contrast to
EuCo2P2, we find in the high-pressure phase of EuFe2P2 no
magnetic moment on Fe. Volume-dependent band-struc
R

is,

is,

10010
e
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calculations on both systems show that the condition for
formation of the 3d moment strongly depends on the type
transition metal and the proximity of the 3d states relative to
EF . It is shown that the electronic transition from the no
bonding to the P-P single bond state is mainly respons
for the filling of the 3d states. We feel that our results wou
stimulate further experimental and theoretical efforts fo
better understanding of pressure-induced magnetic and e
tronic phenomena in strongly correlated electron system
m.
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