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Pressure-induced Transition of the Sublattice Magnetization inEuCo,P,: Change
from Local Moment Eu(4f) to Itinerant Co(3d) Magnetism
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Antiferromagnetism in EuG®, (ThCrSi-type structure) is due to ordering of the 2E(ﬁSm)
sublattice moment$Ty = 66.5 K) while the Cd3d) sublattice does not carry any magnetic moment.
EuCoP, undergoes a pressure-induced isostructural phase transitipp at3.1 GPa. ®'Eu high-
pressure Mossbauer experimer{s< p < 5 GPa reveal a valence transition of Eu from Eu
to nonmagnetic Eif("F,) at p > p. with the consequence that the disappearance of thdfEu
sublattice magnetism is accompanied by a simultaneous appearance3af) Gublattice magnetism
(Ty = 260 K). The latter is explained by the filling of ttf states. [S0031-9007(97)05140-5]

PACS numbers: 71.27.+a, 75.30.Kz, 76.80.+y

The rare earth (RE) transition metél’) phosphides, [11]), or pressure (e.g., Eugl® [12]). These “bond-
RET,P,, which crystallize in the ThG6i,-type struc- ing” to “nonbonding” transitions should have a severe in-
ture, show a broad spectrum in their magnetic propertiedluence on the electronic structure and, consequently, on
This spectrum covers the whole range from pure Paulihe T(3d) magnetic moment formation, as pointed out in
paramagnets (e.g., Laff@ and LaNyP, [1]) to anti- Ref. [13].
ferromagnetically ordered compounds with two magnetic Regarding the above-mentioned aspects, ERC an
sublattices corresponding to orderefland3d moments, excellent candidate for studying the effect of pressure on
respectively (e.g., PrG® and NdCgP, [2]). In be- the electronic structure and the magnetism of thetFu
tween, there are intermediate valent systems, such and Cq3d) sublattice, respectively, and their mutual
EuNi;P; [1,3] and CeFgP, [1], as well as antiferromag- relationship. At ambient pressure, Eu®g shows an-
netic ordered compounds wherein there are ehfybut  tiferromagnetic (AF) order of the EUJ(%S;,2) moments
no 3d moments (e.g., EuG®, [4], PrFeP, [1]). The below Ty = 66.5 K. According to neutron scattering
fact that theT(3d) moment vanishes in some of the studies [4], the AF structure consists of layers of ferro-
phosphides REP; is a known feature of the Th€8ib-  magnetically coupled Ed moments in thes-b plane,
type structure. In RE(Si, Ge),, for example, the mag- which are twisted against each other in such a way that
netic moments of alll elements are negligible, with they form an incommensurate spiral structure with the
T = Mn being the only exception [5]. The recently dis- ¢ axis as the spiral axis. The Co sublattice doed
covered RENIB,C superconductors [6] again crystallize participate in the magnetic ordering, i.e., Co carries no
into a ThCgSi,-type structure; the vanishing Ni moments magnetic moment in this compound. The pressure effect
in these compounds are the basis for the occurrence ah thestructureof EuCoP, has been demonstrated very
superconductivity [7,8]. Thus, the investigation of therecently by our group: With increasing pressure it un-
magnetic properties of the HEP, compounds, which dergoes a first order structural phase transition at about
crystallize in the ThGiSi,-type structure, is a fundamen- p. = 3.1 GPa from the nonbonding to the bonding P-P
tal issue for a better understanding3f moment forma- state [12]. The lattice parameters obtained for the high-
tion in these systems. pressure phase of Eug® (p > 3.1 GP3 indicate that

Another special aspect of the REP, compounds is re- this structural phase transition may be connected with a
lated to the fact that the lattice parameters of some conehange of the Eu valence from Eutowards a Eti" state.
pounds within this series differ considerably due to the For the reasons given above, we have perforritégu
existence of two extremely different P-P distances alondnigh-pressure Mossbauer effect (ME) experiments on
the ¢ axis: In some compounds there is a short P-FEuCaP,. Using the high-pressure ME technique, one
distance(dp.p = 2.3 A) forming a P-P single bond state can simultaneously study the possible pressure-induced
[9]; in others it is much largefdp.p > 2.8 A), result-  change of the Eu valend&w" — EW’') andthe corre-
ing in a negligible P-P bonding interaction (nonbondingsponding change from the EU®S-,,) magnetic state to a
P-P state). Structural phase transitions of first order beaonmagnetic state [Bti(’ Fy) has no magnetic moment].
tween these two phases occur as a function of temperatuFeirthermore, one can investigate whether such a change
(e.g., EuRbBP, [10]), composition (e.g., ERh;—,Co,),P,  of the unit cell volume and/or the electronic structure at
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the structural phase transition affects the(32h) sublat-  with increasing pressurgp,. = 3.1 GP3 as well as with
tice magnetism in this compound. decreasing pressurg; = 1.9 GP3, indicating that the
Our results reveal that the structural phase transition iphase transition is fully reversible. The volume collapse
EuCoP; at p. = 3.1 GPa is accompanied by a valence (57 ~ —8%) is due only to an extreme decrease of the
transition from E&* to EU** with severe consequences axis, whereas the lattice parameteevenincreasesat the
on the nature of the magnetism in this compound: Wephase transition with increasing pressure (see below).
find a change from a local Et(®S;/,) sublattice mag- ~ The 15%Eu ME spectra taken at 300 K at ambient pres-
netism to a magnetically ordered statBy = 260 K),  sure,p = 3.3 GPa (well below and just above the struc-
where only the Co sublattice is carrying a magnetic mo+tural phase transition), and after releasing pressure are
ment (uc, = 0.6up). Such a pressure-induced changeshown in Fig. 2. The center shift of tH&'Eu resonance
of the sublattice magnetism from locéf to itinerant3d line changes dramatically frorfi = —10.62(4) mm/s at
has, up to now, not been observed in any(®B-T(3d)  ambient pressure 9 = —2.91(5) mm/s atp = 3.3 GPa.
magnetic system and provides an excellent basis for testhis indicates clearly that, at the structural phase tran-
ing band structure calculations 6#/ magnetic moment sition, Eu changes its valence state fron? Ewat ambi-
formation in the ThGySi,-type structure. ent pressure to Eii (or an intermediate valence state) at
For a detailed description of the synthesis and charactel, = 3.3 GPa. The'>*Eu ME spectra collected at 4.2 K at
ization of EuCgP; (purity of starting materials, chemical ambient pressure and at 5 GPa, i.e., well above the struc-
stability, etc.), see Ref. [14]. The high-pressure ME setupural phase transition, are shown in Fig. 3. At ambient
using B,C anvils is described elsewhere [15]. Both sourcepressurd?T = 4.2 K) we find, as expected, a magnetically
('3'SmR, =100 mCi) and absorber were kept at the samesplit Et?* spectrum which is due to the ordering of the
temperature in a variable temperature He cryostat. Eu2+(8S7/2) moments belowly. The value of the effec-
Figure 1 shows the pressure dependence of the uniive magnetic hyperfine (hf) fieler; [Berr = 26.00(6) T]
cell volume of EuCeP, for pressures up te=5 GPa as at the "'EW" nuclei and the center shift are in good
obtained by energy dispersive powder diffraction specagreement with already published data [2]. At5 GPa and
tra, which were acquired at the Hamburger Synchrotrorr = 4.2 K (Fig. 3) we observe a complex ME spectrum
Strahlungslabor (HASYLAB), beam line F2, by us- which indicates the existence of a magnetically ordered
ing the Multianvil x-ray device (MAX80). The struc- state: It consists of two components, a singlé Eline
tural phase transition of first order can be seen clearly=37% of the total absorption area) and a magnetically or-
dered spectrum=63% of the total absorption area), both
having thesamecenter shift, i.e., the same valence {Eu

' ' ' ' ' state. The observation of a magnetic hf field [29.3(6) T]
160 | i at a nonmagnetic Bii('F,) state is quite surprising.
gn5|:‘:h The only explanation is that this hf field is anduced
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FIG. 1. Pressure dependence of the unit cell volume of
EuCoP, as obtained from high-pressure x-ray diffraction
measurements at 300 K. The isostructural first order transitiofr1G. 2. *Eu Mossbauer spectra of Eufd (T = 300 K)
occurs atp. = 3.1 GPa andp; = 1.9 GPa upon applying and at ambient pressurep = 3.3 GPa, and after releasing pres-
releasing pressure, respectively. sure(x).
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FIG. 4. Temperature dependence of the induced magnetic
hf field (B;,q) normalized to its value at 4.2 KB;,4(0)] as
. s ! . L obtained from the magnetically split spectra at 5 GPa. The line
-40 -20 0 +20 +40 through the data points is a guide to the eye.
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Z:Sbieght 1?2@&}’?;?%“?;%*"%%? O;Eeugn% (get:icgilz 'E]Z stlit son why our observation is against the common intu-
spectrumpap 0 GPaﬁ? _ —10.6'2(4) mm/s%corresgondsgo ition is the fact that usually high pressure is _known to
the EG* state, whereas that at = 5 GPa corresponds to the 'educe3d magnetic moments due to a reduction of the
EU* state which is centered at= —0.82(5) mmy/s. density of states. Further discussion will explain the ap-
pearance of C8d) moments in the high-pressure phase
of EuCagP,. The high-pressure phase of Eu®gdiffers
magnetic hf field B;,q) which results from ordered @&7)  both in the crystallographic and in the electronic structure
moments. Its origin is due either to the spin polarizationfrom the low-pressure phase. The changes of the lattice
of the conduction electrons by the Co moment and/or tgparameters ap. are the following: (i) extreme decrease
the admixture of excited Bli states (e.g./F;) into the  of the lattice parameter (Ac/c = —13%) and (ii) in-
ground state({ F) by the Co-Eu exchange field [16]. The crease of: (Aa/a = +3%). Consequently, the changes
fact that a part of the B nuclei(=37%) exhibits noBj,q of the electronic structure are quite severe: first, a transi-
gives information on the magnetic structure of thgX2)  tion from a nonbonding to a P-P single bond state, i.e.,
moments (see below). from 2(P%) to P, which results in a change of the
In order to determine the magnetic ordering tempera€o formal charge (oxidation state) from2.0 to +1.0
ture of the C@3d) sublattice magnetization, we have and, second, an Eu valence transition from &'Eto
measured the temperature dependence of'teu ME a EU'* state, which gives an additional change of the
spectrum in the high-pressure phase. By analyzing thesgo formal charge from+1.0 to +0.5. The changing
data we obtained the temperature dependence of the igharge at the Co site—decreasing fromd.0 to +0.5—
duced hf field, which is shown in Fig. 4. A magnetic results in an increase in the number of (&) con-
ordering temperaturdy = 260 = 6 K can be extrapo- duction electrons, i.e., in a filing of the Clai) band.
lated from this figure. This value is much higher thanVery recently, band structure calculations performed on
that of Ty = 66.5 K resulting from the Eti* moments at ThCnSi,-type compounds [17] have shown that such a
ambient pressure, but is comparable with those obtainestrong connection between P-P bonding drghell filling
for other RE*Co,P, compounds where the Ga/) mo-  indeed exists. If this Q8d) band filling shifts the Fermi
ments are responsible for the occurrence of magnetic oenergy(Eg) to a position with a higher density of states
der (e.g., PrCeP,: Ty = 304 K; NdCo,P,: Ty = 309 K D(3d), we can explain both the formation of a Gd)
[1]). This result provides further support that the naturemoment and the relatively high magnetic ordering tem-
of the magnetic ground state is essentially different inperature. On the basis of the data analysis made in
the high- and low-pressure phases of Epo To our  Ref. [13] with respect to G8d) magnetic moment for-
knowledge, this is the first time that a pressure-inducednation in the ThGySi-type phosphides, we estimate the
change of the sublattice magnetization from purd4fE  Co(3d) moment to be abowd.6 wp in the high-pressure
to T(3d) is observed in a RE’ magnetic system. phase of EuCd>,. In this respect, we want to mention
Before discussing the appearance of(3) moments that the anisotropic pressure-induced change of the lat-
in the high-pressure phase of Eu®g, we would like tice parameters ap,. additionally supports the Gbd)-
to mention here that all pressure-induced changes are reaoment formation: An increase of the lattice parameter
versible upon releasing pressure (see Fig. 2). The rear at p. (see above) results from increasing distances
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from Co to its nearest neighbor\dco.co/dco-co = to Th. Peun and P. Zinn for their valuable advice through-
Aaj/a = +3%; Adcop/dcop = +2%). Such an in- out the course of experiments at MAX 80 (HASYLAB,
crease idco.co anddc,.p, respectively, will certainly re- beam line F21).
duce the3d bandwidth and thus will additionally increase
D(3d) at Eg.

Finally, we discuss the possible magnetic structure of
(o the observation hat pariearie) of the Ed- -y 100, D-14109 Berln, Germany.

. . . . [1] M. Reehuis and W. Jeitschko, J. Phys. Chem. Sdiis
clei does not see any induced magnetic hf field. Re-"" ggq (1990), and references therein.
cent neutron diffraction studies of the magnetic order in 2] g. Mérsen, B. D. Mosel, W. Miiller-Warmuth, M. Reehuis,

*Present address: Hahn-Meitner Institut, Glienicker Strasse

the ThCgSi,-type phosphides PfCo,P, and Nd*Co,P, and W. Jeitschko, J. Phys. Chem. Soli# 785 (1988).

[18] revealed that the Co moments order alongdteis [3] R. Nagarajan, E.V. Sampathkumaran, L.C. Gupta, and
with ferromagnetic order within the basal planes amnd R. Vijayaraghavan, Phys. Le®4A, 275 (1981).
tiferromagneticorder between these planes. The stack- [4] M. Reehuis, W. Jeitschko, M. H. Mdller, and P.J. Brown,
ing sequence of the antiferromagnetic ordef-ist — —, J. Phys. Chem. Solids3, 687 (1992).

+ + ——, and results in two magneticalljnequiva- [5] I. Nowik, Y. Levi, I. Felner, and E.R. Bauminger,
lent RE sites: one (site A”) having all of its eight Co J. Magn. Magn. Mater.147, 373 (1995); I. Nowik,
nearest-neighbor moments parallel to each other and the l('lgge;r;er' and E.R. Bauminger, Phys. Rev.58, 3033
other one (site B) having these eight Co moments anti- [6] R. Nag'arajan, C. Mazumdar, Z. Hossain, S. K. Dhar, K. V.
parallelly ord_ered (four up and fou.r down_). Thu_s, e Gopalakrishnar, L. C. Gupta, C. Godart, B. D. Padalia, and
will have an induced magnetic hf field whilg,q will be R. Vijayaraghavan, Phys. Rev. Lef2, 274 (1994).

zero at siteB. If we assume that the high-pressure phase[7] T.E. Grigereit, J.W. Lynn, Q. Huang, A. Santoro, R.J.
of EuCoP, has the same order of Co moments as that  Cava, J.J. Krajewski, and W. F. Peck, Jr., Phys. Rev. Lett.

of PrCgP, and NdCagP;, respectively, we would expect 73, 2756 (1994).
that 50% of the EU" nuclei will have Bj,g = 0. The [8] D.R. Sanchez, H. Micklitz, M.B. Fontes, S.L. Bud'ko,

experimental observation that only 37(2)% of the’Eu and E. Baggio-Saitovitch, Phys. Rev. Lét6, 507 (1996).
nuclei haveB;,q = 0 clearly requires a different stack- [9] R. Hoffman and C. Zheng, J. Phys. Che®9, 4175
ing sequence, namely; + + — — —, + + + — — — (1985), and references therein.

. . . . _ .+ [10] C. Huhnt, G. Michels, M. Roepke, W. Schlabitz,
In this case, the theoretical ratio for the site occupatlor{ A Wurth, D. Johrendt, and A. Mewis, Physica (Amster-

(site A’/sitd B') = 2.0 is very close to the experimental dam) 2408, 26 (1997)

value (site’ A’/site’ B') = 1.7(0.2). The small difference [11] A. Wurth, D. Johrend.t, A. Mewis, C. Huhnt, G. Michels,

between the experimental and theoretical value can be ex- ~ 1 Roepke, and W. Schiabitz, Z. Anorg. Allg. Che623

plained by stacking faults. For an exact determination of 1418 (1997).

the magnetic structure of the Co sublattice, high-pressurg2] C. Huhnt, W. Schlabitz, A. Wurth, A. Mewis, and

neutron diffraction experiments on Eug are highly M. Reehuis, Phys. Rev. B (to be published).

desired. [13] M. Reehuis, G. Kotzyba, B. Zimmer, W. Jeitschko, and
In conclusion, our experimental results reveal a uniqgue  X. Hu, J. Alloys. Compd. (to be published).

feature of the EuCG®, system: Depending on its lattice [14] R. Marchand and W. Jeitschko, J. Solid State Ch24).

parameters, it completely changes its magnetic charact?lr5 335; %9;.?'?' U.E. Klei d W.B. Holzapfel. Rev. Sci

from a pure E(4f)- to a Cd3d)-sublattice magnetism. 1°) Ir;st.rurr? ;5'”%53' (i97il)n’ and Wv. b. Holzaptel, Rev. Scl.

This compound, therefore, can be used as a model syste[%] G. Gilat and 1. Nowik Phys Re\i30, 1361 (1963)

for band structure calculations in connection with the[17] D. Johrendt, C. Félser, o Jepsen, O.K. Anderson,

actual problem o84 moment formation in the ThG8i- A. Mewis, and J. Rouxel, J. Solid State Chem. (to be

type structure. _ published).
The authors would like to thank J.P. Sanchez andi8] M. Reehuis, P.J. Brown, W. Jeitschko, M. H. Méller, and

D. Khomskii for useful discussions. Thanks are also due  T. Vomhof, J. Phys. Chem. Solids}, 469 (1993).

805



