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First-order phase transitions with strong and extremely anisotropic changes of the lattice parameters were
observed in the ThGSi, structure-type compounds Eugl®, and SrNipP,. At room temperature, with in-
creasing pressure the phase transition occurs in$Nat 4 kbar and in EuCgP, at 30 kbar which is in the
latter probably accompanied by a valence change of Eu. On the basis of single-crystal 4&a,Bf (A
= Ca, Sr, La, Ce, Pr, Nd, Bwat ambient pressure and temperature we discuss the pressure dependence of the
bond lengths in these compoun@S0163-182@7)00346-9

I. INTRODUCTION Il. EXPERIMENT

With more than 700 different compounds the The measurements of the lattice constants as function of
ThCr,Si, structure type exhibits the most representatives.pressure at 300 and 750 K were performed by energy-
The body-centered-tetragonal ThSi, structure ofAT,X,  dispersive x-ray diffraction on powdered samples using the
stoichiometry @& = alkaline-earth or rare-earth elemefit=  Multi Anvil x-ray device (MAX 80) at the Hamburger Syn-
transition metalX = B, P, Si, As, Gg which is shown in  chrotron StrahlungslabdHASYLAB), beamline F2/1. The
Fig. 1 for X = P, has only one crystallographic site for each émperature-dependent x-ray diffraction measurements were
atomic species and one variable paramegemwhich deter- performed by using CK « radiation with a Siemens D5000

mines the relative position of within the unit cell. Essen- dlffractometer_ in Bragg _Br_entano geometry.
tially responsible for the large number of different represen- F_or a detailed description Of the synthe_5|s and cr_\arater-
tatives is the possibility of this structure type to adapt to'zatlor.] of thg_ compoundspurity of starting materials,
. e ) 1g:hemlcal stability, et¢.see Refs. 3, 5, 9 and 10.

strongly different atomic sizes leading to the occurrence o
extremely different lattice parameters.

Among the phosphides especially the shortest P-P dis-
tancedp_pwith the connection line parallel to theaxis (Fig.
1) can be strikingly changed even by replacing one element The x-ray-diffraction measurements were performed on
by another of similar size: it changes from 3.284 A intwo different samples of EuG®,. In the first sample
SrRh,P, (Ref. 2 and 3.273 A in EuCeP,, respectively, (sample 1, which was studied in more detail, an impurity
which is in both cases too long for any covalent P-P bond, tghase of about 4% — containing according'®dEu Moess-
2.217 A in SrPgP, (Ref. 4 and 2.371 A in EuNjP,°>  bauer measurements trivalent ERef. 1) — was observed.
respectively, which is within the range of a P-P single bdnd. The results of sample 1 were confirmed later by measure-
Indeed, in the framework of band-structure calculations thisnents on a second samplsample 2, which was free of
extreme change of the P-P distance was explained by a traimnpurities.
sition of a P-P state without any bond to a P-P single bond The energy-dispersive x-ray powder-diffraction spectra of
state®’ In a recent publicatichwe showed that this transi- EuCo,P, (sample 2 at 300 K for different pressures are
tion is of first order and can be induced either by applyingshown in Fig. 2. At standard temperature and preséstp
external pressuréat 6 GPa in SrRpP,) or temperaturdat  all observed peakflowest x-ray pattern of Fig.)2except
800 K in EuRh,P,). In the latter compound it is accompa- those of the EWK flourescence lines can be identified with
nied by a valence change of Eu. We supposed that this trathe ThCr,Si, structure type and with lattice parameters
sition should be not only restricted to the Rh phosphides, buivhich correspond within the accuracy of measurement to
also be observable in those phosphides containihgr@nsi-  those of EuCgP, given by literature’ Above 27 kbar new
tion metals, particulary in EUG#,. In order to investigate peaks arise in the spectra which are rapidly increasing in
the structural properties of these compounds, we performeihtensity with increasing pressure on the expense of the old
measurements of the lattice parameters as function of prepeaks. The observed first-order phase transition is completed
sure and temperature #xCo,P, (A = Ca, Sr, La, Ce, Pr, at pressures above 40 kbar and the peaks of the correspond-
Nd, Eu and onANi,P, (A = Ca, Sr, Th, Dy, Er. ing spectratop of Fig. 2 can be also all identified with the

Ill. RESULTS ON EuCo ,P,
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FIG. 1. The ThCgSi, structure type ofAT,P, stoichiometry. ] ‘ l' 3'3
The relative position of P within the unit cell is given by the di- H \ ~ 0:3
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ThCr,Si, type. The peak energies of this new high-pressure ' ‘ ' L i L .
phase of EuCgP, correspond to lattice parameters which 30 40 50 60
are extremely changed compared to those of the low-pressur E (keV)

phase below 30 kbar.
The determined lattice constants of EuBg (sample 2 FIG. 2. X-ray-diffraction pattern of EuG#, (sample ;at dif-
are shown in Fig. 3 versus pressure together with those fourf§"ent pressure values. At the first-order phase trans{aombout
for ACo,P, containing alkaline-earth elemerfis-Ca, Sr or 31 kbay new peaks of the high-pressure phase arise at the expense
the rare-earth element&=La, Ce, Pr, Nd. Indeed, at the ©°f those of the low-pressure phase.
first-order phase transition at 31 kbar the lattice parameters
of EuCo,P, which are listed in Table | change extremely: While the changes of the lattice parameters at the phase tran-
while the ¢ axis is reduced from 11.006 to 9.651 A sition at 300 K are nearly the same as those of sample 2
(—12.3% the a axis even increases from 3.750 to 3.856 A (see above and Table) Ithey are strongly reduced to
(+2.8% leading to an extreme collapse of tlwéa ratio Aa = +0.07 A (+1.9% andAc = —0.97 A (-8.9% at
(—14.7% (see Table)l The lattice parameters of the low- 750 K. Hence, the changes of the lattice parameters at the
pressure phase of EuGl, (p<31 kbaj are similar to those phase transition at 750 K make up only about 70% of those
of SrCo,P, and LaCgP,: rather long ¢ axis at300 K. Only the ratiddc/Aa remains at both temperatures
(c> 10.5 A), shorta axis (a< 3.81 A), and a highc/a ratio  nearly the sameXc/Aa= 4.7).
(c/a > 2.8). The compressibilities of these compounds The change of the lattice constants is quite different in the
(listed in Table 1) are very anisotropic./«x, > 2). Con-  high- and low-pressure phases of Eu®g also as function
trarily, the lattice constants of the high-pressure phase off temperature: Contrary to the increase of tita ratio in
EuCo,P, (p> 31 kba) resemble those cACo,P, with A the high-pressure phase with increasing temperature
= Ca or the rare-earth elements Ce, Pr, or Nd: shaakis  (300—750 K, c/a strongly decreases in the low-pressure
(c<9.8 &), longa axis, and &/a ratio in the vicinity ofc/a  phase(see Fig. 4. Consistent with this observation are the
= 2.5. Compared to the former compounds the compresgesults of x-ray-diffraction measurements at ambient pressure
ibilities of the latter ones =20 kbar for PrCgP,) are as function of temperature dhCo,P, (A = Sr, Pr, Nd, Ell
rather isotropic k./x,=1.6, see Table )] Among these shown in Fig. 5. Concerning the temperature dependence of
compounds a significantly more anisotropic compression ithe lattice constants in this series we can again distinguish
observed only in PrCgP, below 20 kbar k./x,=2.5). two kinds of compoundsésee Table Il). The thermal expan-
The structural phase transition occuring in sample 1 ofsion a. alongc is in the compounds with long axis (note
EuCo,P, was measured in more det&iig. 4). The results the axis breaks in Fig. )5 ie., SrCgP, and
of sample 1 are consistent with those found for sample 2. AEUCo,P, (sample 1, very small whereas it is alorain the
function of pressure we observe at 300 an enormous hysteerder of a,=2x10"°/K. This leads to a linear decrease of
esis with the widthAp = 12 kbar: while the phase transition c/a as function of temperature. In sharp contrastafeis of
occurs also at 31 kbar with increasing pressure it occurs dhe compounds with shorc axis, i.e., PrCeP, and
about 19 kbar with decreasing pressure. At 750 K the hysNdCo,P,, increases strongly with increasing temperature
teresis is strongly reducedsp = 5 kbap: the lower transi- whereasa depends only weakly on temperature. Hence, the
tion pressure significantly increases to about 25 kbar whereaga ratio strongly increases with increasing temperature. In
the upper one even slightly decreases to about 30 kbaPrCo,P, the lattice parameters depend linearly on tempera-
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L M TABLE |. Change of the lattice parameters at the phase transi-
2.90 |, ACo P _::_'"*'\H\._N\' 5o tions occurring in EuCgP, and SrNP,.
B 2 [y insie
B, Ba, - L™ .
", 2, 1 300K - ] EuCo,P, SrNi,P,
N ‘&;v\a Aa Bo-npp, : 298
R Sy SOonng,
3.85-‘\Kk ?"'z;*"‘v;‘," g, us Sample 2 Sample 1
kaA‘ r H 12. R
< B - £ TEK 300 300 750 300
© 550 aﬂ‘”’”‘ﬂﬂumqm \\A\A 3 —a—Ca —v—Sr H2.7
- o —o—La ——Ce p (kban 31 31 30 4
\4'\ : L —a&—Pr —o—Nd Hoe
e e e a () LP phase ~ 3.750 3739 3783 3.952
375f  vemmmam v MEsassssse, Smee 125
R s et L n e HP phase 3.856  3.839 3.853  4.003
(1T |-, Rel. diff. (%)  +2.8  +2.7 +1.9 +1.32
. \'\'ﬁ\v\' o
e, sy \*\\ c A) LP phase  11.006 10.992 10.837 10.403
ol ey 12, v {160
S M . HP phase 9.651 9.623 9.866  9.747
g, & o
o, :
2 18} : ;o Rel. diff. (%) -12.3  -12.4 9.0 -6.3
° .~ : 1% cla LP phase 2935 2939 2865 2647
1007 | eennta,, HP phase  2.503 2507 2561  2.436
LAApann a : A“‘\ v “gg\gé!fm Aea
oo R ey [ e |10 Rel. diff. %) -147  -147 -106  -8.0
U PR e 3
T T I T T T V (A3) LP phase  154.77 153.69 15510 162.44
p (kbar) p (kbar) HP phase 14351 141.79 14650 156.15
FIG. 3. Lattice parameter &Co,P, [A = Ca, Sr, La, Pr, Nd, Rel. diff. (%) 7.3 7.7 55 -3.9

Eu (sample 2] as function of pressure.
Ac/Aa 4.4 4.7 4.8 4.9

tre in the temperature .range betwe.en 4.00 apd 600 K OnlylDue to the superstructure in Srj¥i, at stp thea axis is trebled
but the thermal expansion is especially in this temperature(for further explanation see text

range very large and extremely  anisotropic

[ac=1X10"*/K(!), ay=—5x10 °/K (see Table ll]. temperature crystallizes in a superstructure of the
Figure 6 shows the volume of all measured compounds ofhcr,Si, type caused by a displacement of the atoms from
ACo,P, stoichiometry at ambient pressuftep) and deter-  thejr ideal position. This leads to a trebling of the unit cell
mined from the measured data for= 40 kbar(middle) as  according tob=3a and is not visible in x-ray powder-
function of the ionic radii given by landelli and Palenzéha gitfraction spectra. Hence, in order to determine pressure-
for divalent alkaline-earth elements and for trivalent rare-gependent lattice parameters of SsRj from the present
earth elements. Except for Eugile, and CeCgP; one ob-  gata we assumed an undistorted Th8lp structure type.
serves for both pressure values a rather linear dependence of gjmilar to EuCoP, a first-order phase transition with
the volume on the ionic radius given by the straight lines INhysteresis occurs in SrhlP, at 4 kbar with increasing pres-
Fig. 6. While the deviation from these lines in the case Ofgyre and at about 1 kbar with decreasing pressure, respec-
CeCo,P, is due to intermediate valentiit is in the case of yyely (Fig. 7). Again the ¢ axis at the phase transition
EuCo,P, — at ambient pressure — due to the divalent Eugyrongly decrease$-6.3% whereas thea axis increases
atom.” At 40 kbar the deviation fog EuC®, from the (11304, The changes of the lattice parameters make up
straight line is strongly reduced=( 3 A3%) and it is even less only about the half than those observed in EyRg but the
than the corresponding deviation of intermediate Valemanisotropy of the lattice change in Sg¥, (Ac/Aa= 4.9)

; — 3 . ‘ ’
EuNi;P, (= 4 A% from the other compounds of s nearly the same as that observed in Exo (see above
ANi,P, stoichiometry containing trivalent rare-earth 549 Taple ). The compression is again much more
element$* [Fig. 6 (bottom]. Hence, from the structural point anisotropic in the low-pressure phase of Sil
of view there is strong evidence for a valence change i kelk,= 7) than in the high-pressure phafe./x,~ 3

EuCo,P, at the phase transition with increasing Pressur§ < 15 kbay] especially at higher pressurg./k,~ 2
from EW#" to a trivalent or intermediate valent Eu state. (15 kbar< p < 50 kbaj].

The lattice parameters determined foANi,P,
(A=Ca,Th,Dy,Ef as a function of pressure are shown in
Fig. 8 together with those of SrjlP,. Contrary to the com-

A further striking result was observed in St¥,. Before  pression of SINjP, in these compounds it is rather isotro-
describing it in detail we note the following: Just recerifly, pic: thec/a ratio increases only slightly with increasing pres-
with structure refinements on the basis of x-ray single-crystasure and the/a ratio of all compounds igfor p> 4 kbayp
data it was shown that SrplP, at ambient pressure and almost the samec{a= 2.4). At 45 kbar it is correlated with

IV. RESULTS ON SrNi ,P,
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TABLE II. Compressiblities of the ThGSi, type phosphides containing Co or Ni at 30Q$ample 2 of
EuCo,P,). The compressibilitiex, (I =a,c,V) were obtained by a linear fit to the data between the given
pressure valuep,; andp, by usingx,;=—[1/1(p.)](AlI/Ap).
Compound Pressure range x,(10"%/kbar) k(10" %kbar) k(10" %/kbar) «./k,
CaCo,P, 0 — 50 kbar 2.4) 3.91) 8.7(3) 1.6
CeCo,P, 0 — 50 kbar 2.11) 3.297) 7.41) 1.6
SrCo,P, 0 — 50 kbar 2.61) 5.5(1) 10.32) 2.2
LaCo,P, 0 — 50 kbar 0.9%) 6.5(1) 8.3(1) 7.3
PrCo,P, 0 — 20 kbar 2.08) 5.1(1) 9.1(3) 25
PrCo,P, 20 — 50 kbar 2.16) 3.697) 7.92) 1.7
NdCo,P, 0 — 50 kbar 2.1®) 3.46(7) 7.71) 1.6
EuCo,P, (LP phasg 0 — 30 kbar 1.61) 10.22) 13.42) 6.3
EuCo,P, (HP phasg 30 — 45 kbar 3.@) 4.7(4) 10.64) 1.5
CaNi,P, 0 — 45 kbar 3.3®) 2.768) 9.32) 0.8
SrNi,P, (LP phasg 0 — 4 kbar 2.2 15.1(6) 19.36) 7.2
SrNi,P, (HP phasg 5 — 15 kbar 3.2) 9.1(8) 15.57) 2.8
SrNi,P, (HP phasg 15 — 50 kbar 2.61) 5.2(2) 10.41) 2.0
TbNi,P, 0 — 50 kbar 2.765) 2.126) 7.602) 0.8
DyNi ,P, 0 — 45 kbar 2.61) 2.31) 7.4(2) 0.9
ErNi,P, 0 — 50 kbar 2.567) 1.576) 6.6(2) 0.6
the valence of thé\ atom: Thec/a ratio of the compounds ——
containg the divalent alkaline-earth elemeAts= Ca, Sr is 395} EUCO P_ (sample 1) *%owae,, 130
smaller than those oANi,P, containing the trivalent rare- 22 T
earth elements Tb, Dy, or Er. T=300K ‘Pg’“ : N N {2.9
. . . = v eCr. B ES
In contrast to the other compounds ANi,P, stoichiom- O oK e mimen AV
etry the compressibility of STNP, which is the highest in v p decr. . {258
this series, significantly decreases with increasing pressuriz sss¢ m,, i SN L g
(Table Il). A reason for that is given in the Discussion. ® S S - {27
3.80 N va‘v—v.'v
V. DISCUSSION aasssass I L 128
eny W
A precise determination of the bond lengths from phos- 375} ""“lxxx“m‘ AL Py
phorus to its neighboring atoms from the present data is un- D S -
fortunately not possible, because the unknown relative posi- M g
tion of phosphorus within the unit cell, which is given by the 1ol \ﬁ‘“ - _-M‘NA 1160
dimensionless parametey (shown in Fig. 1, was not di- N\V % N\ N
rectly measureable. Fortunately, it is possible to perform . L '?&if; {185
meaningful estimates basing on the following arguments: In [ - i
the AT,P, compounds containing thed3transition-metal 2 | IR liso =
elementsT = Fe, Co or Niz, depends rather linearly onthe < . o =z
c/a ratio (Fig. 9.1 A similar dependence also exists in the 100l . ] : \Q,
AT,P, compounds containingdttransition-metal elements ' ZV\EQ% I ;v,‘ gﬁ\*h e
T = Ru and Rh(Ref. 1) and was in the case of v, e, ‘w,;%
ARh,P, compounds already used for an estimation of the . T “hay 140
bond lengths as function of pressure and temperdture. o T

Hence, in order to describe the behavior of these bond " pz(ibarfo o0l s A
lengths inACo,P, we also assumed that this linear depen-
dence ofz, on c/a holds as function of pressure and tem-  FIG. 4. Lattice parameter of EuGB, (sample 1 at 300 and at

perature. Particularly for the compounds containing Fe or C@50 K as function of pressure.

p (kbar)
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FIG. 5. Lattice parameter oACo,P, [(A = Sr, Pr, Nd, Eu > 140 - -
(sample }] as function of temperature.
TInEr
the deviations from the linearity given by the straight line in 0.90 0.95 1.00 1.05

Fig. 9 are(at ambient pressure and temperatuegher small
(Az,<0.003). This deviation would cause a significant error
of estimation only in the case of the distandp.p of
the phosphorus atoms perpendicular to the Iayer%mi
(Adp.p< 0.06 A), but not even this will affect the conclu- AC
sions.

The bond lengthdpp , degp, dap and dp ¢, Of the
ACo,P, compounds, which were calculated in this way, areincreasing pressureAdc,.p= +1.6%.
shown in Fig. 10a) as function of pressure and in Fig.(bD The compounds oACo,P, stoichiometry again can be
as function of temperature. At the phase transition individed into two groups: those with a long P-P distance
EuCo,P, at 31 kbar especially the P-P distance change$ds>> 3 A) and long bond lengths from th& element to P
with increasing pressure dramatically from about 3.153 A toor Co, but a rather short Co-P distance. SsB0 LaCo,P,,
about 2.511 A Adpp= —20.4%), but also the bond lengths and EuCgP, (low-pressure phagebelong to this group.
from the Eu to its nearest neighbors are strongly reducedhe P-P distance of these compounds decreases strongly
(Adeyp= —2.7%,Adgc= —7.2%. The length of the co- with increasing pressurfFig. 10@)] and it also decreases
valent Co-P bond even increases at the phase transition withith increasing temperatuf@ig. 10b)].

ionic radius (A)

FIG. 6. Unit-cell volume at ambient pressuitep) and 40 kbar
ddle) as function of the ionic radii of th& element(see textin
0,P, and corresponding data fokNi,P, at 1 bar (bottom
(Ref. ).

TABLE Ill. Thermal expansion of the ThGSi, type phosphides ofACo,P, stoichiometry
[A=Sr,Pr,Nd,Eusample 1]. The thermal expansiong (I =a,c,V) were obtained by a linear fit to the data
between the given temperaturés and T, by usinga,=[1/1(T,)](AI/AT).

Compound Temperature range  a,(107%/K) ac(1075/K) ay(1075/K) aclay,
SrCo,P, 300 — 680 K 2.2:3) 0.361) 4.846) 0.16
EuCo,P, 300 — 860 K 1.041) 0.023) 3.933) 0.01
PrCo,P, 400 — 600 K -0.58) 9.798) 8.696) -18
NdCo,P, 300 — 500 K 0.5W) 3.942) 5.087) 7
NdCo,P, 650 — 850 K 0.683) 6.31) 7.51) 10
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FIG. 7. Lattice parameter of Srpl, as function of pressure. FIG. 8. Lattice parameter &&Ni,P, (A = Ca, Sr, Tb, Dy, Er

as function of pressure.
On the other hand th&Co,P, compounds containing

Ca, Eu(high-pressure phas®r the smaller rare-earth ele- perimental results — to longdr-P bonds® If the T-P layers
ments Ce, Pr, or Nd are characterized by rather long Co-glre separated, for instance, due to latgatoms like Ba, it is
bonds, shortA-P and A-Co bonds, and a rather short P-P not possible to form a short P-P contact by geometric rea-
bond length. However, in PrG®,dp.p increases strongly sons. By approaching the phase transition in Exfofrom
with increasing temperature to about 2.7 A at 750 K. the high-pressure phase a critical P-P distance is reached.
~ Inarecent publicatidhwhich deals with the correspond- The following sudden depopulation of P-P bonding and Co-P
ing ThCr,Si,-type compounds ofARh,P, stoichiometry  antibonding states leads to the extreme increase of the P-P
the shorter P-P bonds are — according to band-structurgistance and to stronger Co-P bonds, i.e., an increase of
calculationd— caused by a P-P single bond perpendicular toyhereasa decreases.
the layers, while there is no P-P bond at all for the longer parajiel to this explanation of the phase transition by the
ones. The P-P distance of PriR,, which makes up about glectronic structure a consideration of strain effects occuring
2.7 A at 750 K, exceeds the usual one of a P-P single bong the vicinity of the phase transition also makes the oc-
even at stidp.p= 2.569 A (Ref. 10] significantly, but was  cyrence of a phase transition plausible: the high-pressure
claimed to be not long enough to be classified as a nonbonql;hase of EuCeP, the Eu is confined by a cage of co-
ing P-P staté®® It was supposed that the P-P atoms in theyalently bonded Co and P atonisee Fig. 1 Due to the
extended P-P bond should obtain an oxydation number qgrge Eu atom the Eu-P and Eu-Co bonds are in this phase

—2.5, corresponding to the middle of 4R atoms in a P-P compressed and, consequently, the P-P and Co-P bonds are
single bond and —3(isolated P atoms

In the framework of self-consistent linear muffin-tin or- .
bital band-structure calculatiohshe behavior of the bond % Ce CagEu .
lengths as function of pressure of the measured compoundso.37 Fe Ca CO § N|
can be essentially explained by their electronic structure. Ca Pr
This is done more extensively in order to explain the phase ossf ¢4 Pr
transition occurring iARh,P, (A = Eu, S).2 By filling the r L\aEu
d shell the P-P bonding states become more populated. 35 La Eu Sr
Hence, the compounds containing transition metals from Ba Baj
more to the right of the periodic table tend to form stronger, 24 26 28 30 3224 26 28 30 32 24 26 28 30
i.e., shorter P-P bonds, which is most clearly visible by re- o/a ofa o/a
placing Co in EuCgP, by Ni (A dp== —28%. An in-
creasing electron number iAT,P, compounds populates FIG. 9. Dimensionless parametgy as function ofc/a for vari-
alsoT-P antibonding states leading — consistent to the ex-ousAT,P, compounds T = Fe, Co, NJ.
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FIG. 10. Bond lengths irACo,P, calculated from the lattice
constants as function of pressu@ and of temperaturgb) by
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Similar to EuCgP, also in SrNLP, the pressure depen-
dence of the lattice parameters, which change at the phase
transition in the same anisotropic way, is strongly correlated
with a change of the P-P distance. However, the reason for
the strongly reduced change of the lattice parameters at the
phase transition, which make up only about the half of those
of EuCo,P,, is given by the above-mentioned superstructure
observed in SrNiP, at stp!® Essentially responsible for
this superstructure is a displacement of the atoms from their
ideal position, which is essentially due to two strongly dif-
ferent P-P distances alon@01]: dp;.p; = 2.45 A and
dp,.pr = 3.28 A1 Referring to this, SINjP, can be clas-
sified somehow between those compounds with a P-P single
bond and those without it. Assuming an undistorted
ThCr,Si, structure type in the high-pressure phase of
SrNi,P, the P-P distance along tleedirection can be — by
using the linear correlation betweena andz, — roughly
estimated to about 2.45 A corresponding to an elongated P-P
single bond. Actually, a further phase transition was found in
SrNi,P, as function of temperaturéambient pressujeat
about 320 K° In the high-temperature phas&¥ 320 K)
SrNi,P, crystallizes in the undistorted Thg3i, structure
type again with only one P-P distancgs(p= 3.12 A) corre-
sponding to a nonbonding P-P state.

A further observation is enhanced compressibilities by ap-
proaching the phase transitions in SN, and EuCgP,.
They can be demonstrated by figuring the bulk modulus of
the measuredNi,P, compounds as function of their va-
lence electron density/V, (q: valence electron number of
the A elementV,: volume of the unit cell at sipIn order to
work at comparable data all bulk mod@ishown in Fig. 11
as function ofg/V, are obtained by compressibility determi-
nation in the pressure range below 30 kt&Ni,P,: 5 kbar
<p< 30 kbay. Except for PrCgP, we found a rather lin-
ear dependengglotted ling of B on q/V for all compounds
that show no phase transition. A similar dependence was, for
instance, also observed RCu,Si, (Ref. 1§ andRBg.Y’

Bulk moduli, which are significantly smaller than ex-
pected by this linear correlation, were determined for
EuCo,P, (low-pressure phase SrNi,P, (high-pressure
phase, and PrCgP,.

The small bulk modulus of PrG#, is mainly due to the
enhanced compressibility of the axis below 20 kbar
whereasg, is slightly reducedsee Table Il. The anisotropic
behavior of the lattice constants of PréRy, in this pressure
range strongly reminds one of that of SpR, above 15
kbar (see Table Il and can be explained by the electronic
band structure: coming from high pressures a depopulation
of P-P bonding states and Co-P antibonding states is in our
opinion responsible for the large ratiq /«, in the vicinity
of the phase transition.

This explanation for this anisotropic behavior of the lat-
tice constants is quite similar to the one, which was used to
explain the occurrence of the first-order phase transitions
(see above However, the changes of the electronic structure

expanded. With decreasing pressure at the phase transiti@d of the lattice constants at the phase transitions are —
the P-P bond length exceeds the critical distance which isontrary to those in the vicinity of the phase transitions —
necessary for a P-P single bond. Hence, an expansion of tlextremely strong. Hence, we regard the anisotropic changes
Eu-P and Eu-Co bonds as well as a contraction of the Co-Bf the lattice parameters of Srif, and also those of
bond is possible now. Together this leads to the extrem®rCo,P, below 20 kbar as precursors of a phase transition.
increase oldpp .

The same mechanism, i.e., a depopulation of P-P bonding
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T 1 T extremely strong and anisotropic changes of the lattice pa-
rameters was observed at 30 kbar and 4 kbar, respectively.
The phase transition is strongly correlated with a change of
the P-P distance perpendicular to the layers. In the high-
pressure phase of both compounds the P-P distance along the
¢ axis can be estimated to be in the range of an elongated P-P
single bond. While SrNiP, crystallizes at stp in a distorted
ThCr,Si, structure typ® — containing P-P distances in
© Pr the range of a P-P single bond as well as those corresponding
y to no P-P bond — the compound EugRy crystallizes in
the undistorted ThGiSi, type containing only one P-P dis-
100 L ) tance which is larger than 3.1 Ano P-P bongl
° Srv"‘: ga Concerning the dependence of the lattice parameters and
: a bond lengths on pressure or temperature we can clearly dis-
tinguish two groups oACo,P, compounds: Those with no
P-P bond, i.e. SrCd#,, LaCo,P,, and EuCgP,
(low-pressure phageand those with a P-P single bond
80  ®sr } [ACo,P, (A = Ca, Ce, Pr, Nd, and Eu, high-pressure
phase]. The extremely strong increase df.p in trivalent
© Eu ] PrCo,P, by increasing temperature may be interpreted as
Ly the beginning of a continous phase transition towards a P-P
25 3.0 35 4.0 45 state without a P-P bond. Measurements of the lattice param-
o eters on LaCe¢P, as a function of pressure up to 250 kbar,
q/VO (10-2A-3) which are planned in the near future, will probably clarify,
whether a(continuou$ phase transition also occurs in triva-
FIG. 11. Bulk modulusB of the measure@dT,P, compounds lent rare-earth compound§ ACOZ.PZ stochiometry. s
, . From the structural point of view the phase transition in
as function of the valence electron densijty/, (see text The bulk EUCOP. | ted with | h - with i i
moduli of the integral valent compounds exhibiting no phase tran- ut0 s 1S C.Onnec ed with a valence ¢ apge. e .mcreas
sition depend rather linearly oYV, (dotted ling. ing pressure it changes from Eutowards trivalent or inter-
mediate valent Eu. In order to study changes of the Eu va-

and Co-P antibonding states, is in our opinion responsible folence and of the magnetism at the phase transitifu
the extreme increase of thea ratio in PrCo,P, with in- ~ Moessbauer measurements on Eglpas function of pres-
creasing temperatur@ee Table I, t00. sure and temperature are in progrés¥he magnetic struc-
Because of the extremely strong changes of the latticére of EUCGP, at ambient pressure was already studied in
parameters at the phase transitons in SRiand detail by neutron-diffraction experiments on a single
EuCo,P, we cannot exclude that — on top of the above-Crystal:® Pressure-dependent neutron-diffraction  experi-

mentioned electronic reasons — strain effects contribute ifMeNts are planned.

the vicinity of the phase transitions to the enhanced volume

compressibility. In addition effects of a slight valence change ACKNOWLEDGMENTS
of Eu may be also responsible for the large volume
compressibility by approaching the phase transition in
EuCo,P, at 31 kbar.
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