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Interplay between structural, electronic, and magnetic instabilities in EUr,P, (T=Fe, Co
under high pressure
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151Ey (and 57Fe) high-pressure Misbauer investigations on EyPg reveal that the pressure-induced iso-
structural phase transitions3p<9 GPa is accompanied by a continuous valence transition from ®UEW"
with the consequence of the disappearance of tiié fsublattice moment. However, contrary to EyBowe
find in the high-pressure phase of EyPeno magnetic moment on Fe. Volume-dependent band-structure
calculations in both systems show that the formation of tther®ment strongly depends on the position of the
3d states relative to the Fermi energy and that the filling of tHestates in EuCg, is mainly caused by the
P-3p electrons.
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The rare-earth RE) transition metal (T) phosphides, structural(e—B) phase transition gg>3 GPa is connected
RET,P,, crystallizing in the ThCSSi,-type structure belong with a sharp valence transition of Eu from magneti¢ Eto
to an interesting class of materials in which structural instaa nonmagnetic Eii ('F,) state. As a consequence, the dis-
bility is intimately connected with electronic and magnetic appearance of the Eu{¥ sublattice magnetism is accompa-
instabilities. These strong electron correlations lead to th@ied by a simultaneous appearance of GH(Zublattice
formation of a large variety of ground states in this seriesmagnetism withTy, =260 K*
Depending on the type &®Eand/orT, one observes notonly  These experimental findings, however, raise crucial ques-
different magnetic phenomena such dsstiblattice magne- tions that have to be addressed in order to shed light into the
tism (EuCaP,),! 3d-sublattice magnetism (LaG®,)? or  nature of electron correlations in these class of mater(als:
magnetism of both sublattices (PriBg),® but also interme- |s a first-order structural phase transition necessary for the
diate valent behavior (EubR,)* or even superconductivity occurrence of the pressure-induced change of sublattice mag-
(LaRwP,).° Essentially responsible for such a broad varietynetization (4—3d), (b) does the formation of thedBmo-
of properties is the ability of the Thg3i, structure to adapt ment under high pressure depend on the type of transition
to several elements with various atomic sizes resulting itmetal (Fe, Co, N), and(c) what causes the filling of thed3
extremely different lattice parameters. In fact, within the states?
RET,P, series, there exists two extremely dissimilar P-P dis- In order to provide an answer to these questions, we have
tances along the axis resulting in two isostructural phases: performed?®*Eu (and *’Fe) high-pressure Mwsbauer effect
« phase for a large P-P distancgs(~2.8 A) with a non-  (ME) experiments on the ferromagnetic compound ERfe
bonding P-P state; anglphase for a shodp~2.3 A form-  (Tc=27 K).2 The ME technique allows to investigate simul-
ing a P-P single bond stafeStructural phase transitions of taneously possible pressure-induced variations of the valence
first- and second-order between these phases can easily s&te of Eu (E&"—EW*") via the ME isomer shift§ and of
induced by changing compositidriemperatur&,or applying  the magnetism of the Eu and Fe sublattices, via the effective
external pressuréAccording to recent band-structure calcu- magnetic hyperfine field3.;, at the '>Eu and®’Fe nuclei,
lations on someRET,P, compounds such structural phase respectively. EUR£, is an excellent candidate for such in-
transitions strongly affect the electronic structure of theserestigations. At ambient pressure the magnetic and elec-
systems? tronic properties of EuR®, are common with those of

Towards understanding such an interplayRiB T,P, sys-  EuCqP,: magnetic order of EuRP, is also due to ordering
tems, we have recently performed high-pressure experiments the E\f™ sublattice moment while Fe does not carry any
(1%'Eu Missbauer spectroscpopy and x-ray diffractiom  magnetic momerft. However, in contrast to EuGB, the
the magnetically ordered compound Ey€a'! In this sys-  pressure-induced structurale—3) phase transition in
tem, antiferromagnetism is due to ordering of thé &8s, EuFeP, is continuous for 3 GRap<9 GPa'? Thus, the
sublattice momentsTy=66.5 K) while the Co(3l) sublat- investigation of the influence of the pressure-induced struc-
tice exhibits no magnetic moments. Here, high-pressure exural phase transition on the electronic and magnetic proper-
periments demonstrated that the pressure-induced first-ordées of EuFgP, in comparison with EuCg?, should provide
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FIG. 2. Pressure dependence of théEu Mossbauer isomer
shift Sat 300 K as deduced from the least square fits of the mea-
sured ME spectra. The inset shows the anisotropic variation of lat-
tice parametera andc of EuFeP, with pressure according to Ref.
12.
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tism. In order to inspect whether the same magnetic
FIG. 1. ""Eu Mossbauer spectra of EufR collected at 300 K phenomena occurs in EufRg [i.e., appearance of Fed}
and at different pressures. magnetisn, we have performed®Eu and >’Fe high-
pressure ME experiments at 4.2 K and at 9 GPa. Figae 3
valuable information on the nature of strong electron corredisplays **Eu ME spectra collected at 0 and 9 GPa and at
lations in these compounds. To obtain a theoretical interpre4.2 K. At ambient pressure we find, as expected, a magneti-
tation of the experimental results, we have performedcally split EU" spectrum which is due to the ordering of the
volume-dependent band-structure calculations on FRFe EW" moments belowT. Both values ofBg; (—30.3 )
and EuCoP,. andS(—10.6 mm/$ are in a very good agreement with those
A polycrystalline single phase Euf®g sample was pre- already published At 9 GPa and 4.2 Kthe high-pressur@
pared as described elsewhétet>Eu (°'Fe) high-pressure phase the magnetic hf splitting disappears, one observes a
ME measurements were performed up to 12 GPa at 300 argingle quadrupole broadened absorption line locate® at
4.2 K using a diamond anvil ceDAC).* ME sources =~ —0.9 mm/s corresponding to the Eustate. These results
(1%ISmR=100 mCi and®’Co in Rh=10 mCj and absorbers
were kept during the measurements at the same temperature. v (mm/s)
Figure 1 shows some selectétfEu ME spectra collected at -40 -20 0 20 40
300 K in the pressure range<p<12 GPa in which the ' ' '
pressure-induced structurdah— ) phase transition takes
place'? The ME parameters at ambient pressure and 300 K
are in a very good agreement with those previously
published? As evident from Fig. 1, there is large pressure-
induced change of the isomer shift frda= — 10.7 (2) mm/s
at 0 GPa to—0.4 (1) mm/s at 12 GPa. This clearly indicates
a change of the valence state of Eu with increagirfgpom
the EF* state towards Eli. The analysis of the pressure-
induced change dfis displayed in Fig. 2. As shown in the
figure, the rate of change & with increasing pressure is
enhanced abovp~3 GPa indicating the onset of valence
transition. This is consistent with the change of the lattice
parameter with pressurgsee inset of Fig. 2 which shows
that the anisotropic increase of the lattice paramatsats in , . , , ,
at aboutp~3 GPa and ends before decreasingpat9 2 0 2
GPa!? The lattice parametec decreases drasticallyA¢/c : v (mm/s)
wlS%).as a consequence of tle-B phase transition. FIG. 3. (8 “'Eu Mossbauer spectraTE€4.2 K) at ambient
From this W_E’_ Car_] ConCIUd_e that the seco_nd-order _Struc'[urq;ressure and 9 GPa. The magnetic hf splittingpat0 GPa corre-
phase transition in Eug®, is connected with a continuous gponds to the Eii, whereas the single line absorptiomonmag-
valence change of Eu from Elito EU**. netio corresponds to the Bl state.(b) 5’Fe Mdssbauer single line
As mentioned above, in the case of EyBgothe pressure- apsorption spectrum in the high-pressure phégephasé of
induced valence transition Eli—Eu*" was found to be ac- EuFeP, at 9 GPa and 4.2 K, which shows that the Fe sublattice

companied by a simultaneous appearance of @pfBagne- does not exhibit magnetic moments.
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FIG. 4. Calculated total @ density of state$DOS) of Fe in FIG. 5. Calculated-3p- and 3-DOS in EuCgP; for the a and

EuFeP, (a, d) and Co in EuCgP, (b,b) both at ambient pressure /A Phases.
(a phase and in the high-pressure pha&e phase, respectively.
Dashed lines aE—Er=0 mark the position of the Fermi energy As evident from this figure, a DOS-peak representiry*
Er. antibonding states of metald3, orbitals® is located above
Er at energiesAE=E—Er~1.2 eV for EuFgP,, but only

clearly demonstrate the disappearance of the Eugdiblat-  0.15 eV for EuCgP, due to one additional valence electron
tice magnetism in the high-pressure phase of EBfe|n in the Co 3 shell. The analysis of these calculations reveal
order to search for a possible existence of Fe sublattice maghat neither Fe nor Co exhibit ad3magnetic moment in
netic moment in the high-pressure phase of ERfewe these compounds. These results are in good agreement with
have performed’Fe ME measurement at 9 GP42 K) on  those obtained experimentalty.
the same sample in the DAC. As evident from Fi¢h)®ne Now, we discuss the 8 DOS for Fe and Co in EuRE,
also observes a single line absorption pattern, indicating tha&&nd EuCgP; in the 8 phase. In Eur£; [Fig. 4@] we find
the Fe sublattice does not exhibit any magnetic moment ihat the Fe(8) moment remains zero as in thephase: In
the high pressurgg) phase of EuF,. This finding is quite ~ the B phase the filling of the Fe@® band increases and
surprising, since both Eup®, and EuCeP, undergo consequently the FeeBDOS gets closer td&g (AE~0.8
pressure-induced structurek— ) phase transition and re- €V). However, the 8 DOS atE remains rather low and no
veal corresponding valence changes of Eu fronf'Eto magnetic splitting takes place. This is consistent with our
Eu’* that results in a disappearance of the Hi)(dublattice ~ experimental observation of the absence of the Fe magnetic
magnetism. moment in theB phase of EuR&,. On the other hand, in

In order to illuminate this last point, we have performedthe 8 phase of EuC#>, the increase of Co(@® band filling
volume-dependent linear muffin tin orbitaLMTO-47  results in a considerable enhancement of the DOS peak
Codé® band-structure calculations using density-functionalat Er and a magnetic splitting takes place, which clearly
theory in the local-density approximatioihDA) with the indicates the formation of a Co magnetic moment. It is
atomic spheres approximatiéASA).'® Experimental geom- obvious that the proximity of the CoeBDOS-peak toEr
etries (lattice parameters and atomic positions foland 3 already at ambient pressure is the reason for a moment for-
phases were used throughout without further optimization. mation in the high-pressure phase of Eyl0 The calcu-
The ASA radii were calculated from Hartree potentials. Re-lated magnetic moment foB—EuCoP, is found to be
ciprocal space investigations were performed by the tetrahé3.66ug/Co in a very good agreement with the estimated
dron method’ using 436 irreduciblec points. The basis sets experimental value of 046;.'* These results raise an inter-
consisted of 6/5d/4f for Eu, 4s/4p/3d for Fe and Co, and esting question, whether the excess electrons fdrband
3s/3p for P. The & orbitals of Eu and @-orbitals of P were filling originates from the pressure-induced valence transi-
“downfolded.”*® Spin-polarized calculations were made us-tion of Eu [EW?"(4f7)—EUW**(4f%] or the formation of
ing the exchange correlation potential of von Barth andthe P-P bond (2?3—>P‘2“). As shown in Fig. 5 our band-
Hedin® All iterations converged to total energy changesstructure calculations show a strong reorganization of the
smaller than 10° Rydberg. P-3p DOS when going fromw to 8 phases, whereas the Eu

The calculated densities of statd30S) of EuFeP, and  levels (not shown are not much affected. In fact, we find
EuCqP, at ambient pressur@x phase show typical patterns that the charge on the P site {Ztate$ is lower in the 8
characteristic for ThGBi,-type compound?’ In the follow-  phase than the phase which hints a transfer of electrons to
ing we only focus on the Fe- and Ca@3®O0OS in EuFgP, fill the 3d band. This shows that the electronic transition
and EuCeP,, respectively® In Figs. 4a) and 4b) we show  from the nonbonding to the P-P single bond state is mainly
the spin-polarized Fe- and Cad®OS (sum of spinf and  responsible for the filling of the @states and thereby for the
spin ) in the @ phase of EuR#, and EuCeP,, respectively. moment formation of Co in EuGB,. This filling is not suf-
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ficient to generate a moment on Fe in Epfebecause of the  calculations on both systems show that the condition for the
lower valence electron count of Fe compared with Co.  formation of the & moment strongly depends on the type of
In summary, our high-pressure results reveal that th%ansmon metal and the proximity of thedZtates relative to

ressure-induced structural phase transition in ERFés . It is shown that the electronic transition from the non-
P P bonding to the P-P single bond state is mainly responsible

connected with a continuous valence transition from magsy the filling of the a states. We feel that our results would
netic EF* to a nonmagnetic i state. In contrast to stimulate further experimental and theoretical efforts for a
EuCqP,, we find in the high-pressure phase of Esfseno  better understanding of pressure-induced magnetic and elec-
magnetic moment on Fe. Volume-dependent band-structurteonic phenomena in strongly correlated electron systems.
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