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Abstract

Encrgy dispersive powder X-ray diffraction measurements with diamond anvil high pressure cells at ambient temperature and pressure

up lo S0GPa on the LnM compounds GdCu, LaAg, NdAg, NdZn, CeZn and LaZn show

ically high p phase

transformations from the cP2 (CsCl-type) structure to lower symmetry phases, however, with only minor effects from valence instabilities.
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1. Introduction

While most of the intermetallic LnM compounds of
lanthanide metals Ln with either main geoup or transition
metals M occur at ambient conditions in the cubic (sCl-
type structure [1-3], henceforth denoted ¢P2 according to
the recommended Pearson nomenclature [4], some of these
compounds also show more complex structures like oP8
(FeB-type) or oC8 (CrB-type) [1-3]. In some cases,
magnetic or martensitic (distortive or displacive) transi-
tions were also observed at low temperatures [5.6) with
strong effects of alloying [7.8], but few of these com-
pounds have been studied up to now under pressure, for
instance LnAg compounds with Ln =La, Ce, Pr, Nd up w
1.6 GPa [9-11} or CeZn up to 10GPa [12,13).

Especially with respect to CeZn, the question arose as to
whether the Kondo behaviour [12,13] or, in other words,
comtributions from valence instability or 4f hybridisation
with the conduction ¢lectrons would cause some special
effects in the Ce compounds and possibly in Nd com-
pounds at higher pressure in comparison with La or Gd
compounds, with only minor contributions from 4f hybrid-
isation. In the case of Gd, stable magnetic moments would
be expected even in extended ranges of pressures, for
example up to 50 GPa.

2. Experimental details

Polycrysialline les of LnM co ds were pre-
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pared from Ln metals of 99.9% and M metals of 99.999%
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purity by arc-melting in a pure argon atmosphere. X-ray
powder diffraction and X-ray flucrescence amalysis con-
firmed the known cubic structure at ambient conditions.
High pressures were generated with a diamond anvil cell
[14] using mineral 0il as pressure transmitting medium.
Ruby pressure sensors [15] together with the non-linear
ruby scale [16] were applied for pressure measurements.
Energy dispersive X-ray diffraction (EDXD) was per-
formed with a conventional wngsten tube X-ray generator
in the laboratory, and with synchrotron radiation at
HASYLAB/DESY, as described in detail earlier [17,18].
The data collection time was typically 8h and 15 min
respectively. Diffraction spectra of most of the compounds
were obtained on increasing the pressure up to 50 GPa, and
subsequently also on decreasing the pressure to ambient
conditions 10 verify the reversibility of all the observed
transformations and to control possible sample decomposi-
tion or contamination. About 30 spectra were measured for
each sample, and at least three samples of each compound
were investigated. The energy dispersive spectra were
analyzed and indexed with the use of specially developed
software [19].

3. Results

All the samples of the present study showed very clear
signs of more or less reversible phase transitions to lower
symmetry structures even at moderate pressures of 2 to
12 GPa, in most cases with strong effects of hysteresis and
texture, which complicated the analysis of the spectra.
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While the gross spectral features of all these compounds
show some similarity at higher pressure, somc individual
features were observed ot intermediate pressures and
deserve more detailed discussion.

3.1. GdCu

At ambient conditions the present pelycrystalline sam-
ples of GdCu exhibit diffraction patterns (Fig. 1) typical
for the ¢P2 structure with 4, =351(1) pm, in agreement
with previous data [1]. On increasing the pressure above
128 GPa or decreasing it down to about 12 GPa the
spectra show a pronounced splitting (Fig. 1) which is
indexed by the present software [I9] according to an
orthorhombic unit cell oP4 as shown in Table 1.

Fig. 2 illustrates the corresponding variations in the
lattice parameters a, » and ¢, in the axial ratios c/a and
bla, and in the volume V per formula unit with the axis
assigned according to a psendo alUU-type structure oS54;
however, due to the two different kinds of atom in this
compound, the accurrence of weak superlattice reflections
like 011, 100 and Li2 in Table 1 points to an ordered
structure oP4 (AuCd-type), bearing in mind that the aU-
type structure occcurs by a shuffling of jayers plus distor-
tion of the unit cell (Burgers mechanism) as an inter-
mediate orthorhombic structure between the body-centred
cubic ¢l2 and the hexagonal close-packed hP2 structures of
the elements. In fact, if the axial ratios approach the
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Fig. 1. Energy dispersive X-ray diffraction spectra of GdCu under
pressure. The spectrum a1 0.8 GPa was obtained on decompression. One
weak impurity line also present afier decompression in the cP2 phase is
denoted by “Imp.”.

0.6GPa

Table L

Observed and ik for the GdCu sample at
259GPa wccording to Fig. 1. The values for ., = 619.92keV pm/
(E,,, sind) are derived from least-squares. firs of Gaussian lines to the
spectra with the given value for 8 The values for 4 . are eviluzied for
the 0P4 structure with the best fit vaiues for o = 304.2 pm, b = 44%.3 pm,
and ¢ = 481.4 pm

d,,, (pm) d.... (pm) hid
3270 3280 ol
3123 3042 100
2575 2572 i}
2410 2407 o2
2219 241 [17. 1]
231 111l

206.3 2031 @21
174.5 1740 112
164.2 184.0 [1 523
150.8 521 200
i51.1 013
1442 1444 122
440 210
127.2 126.9 03%
1219 121.8 221
1192 199 123
11és 1162 014
1125 120 040

special values V3=1.732 and VB73 = 1.633, one obtains
a hP2 structure.

This trend was also observed in the variation of the
diffracted intensities. However, since it is well known from
all the spectra of the other samples that the intensities of
the present spectra are commonly affected by texture,
much cawtion is required even in a qualitative discussion of
the observed intensities. Furthermore, it must be pointed
out that some weak additional peaks are also observed in
all the spectra, as shown for instance in Fig. 1 for the
well-known cP2 phases on decreasing the pressure to
0.8 GPa. These features are most reasonably explained by
small amounts of oxide or other contaminants present in
the sample space.

3.2 LaAg

The experimental data for LaAg in Fig. 3 look, at first
glance, somewhat confusing. The weak shoulder at
254 keV of the first peak in the 1.2GPa spectrum at
24.8 keV must be attributed to the K, linc of Ag, which is
then resolved at higher pressures. This same 110 peak of
the 1.3 GPa spectrum still shows the expected linewidth
for the initial cP2 structure, however, the intemsities of the
corresponding cubic 111 peak at 30.4 keV and of the 200
peak at 35.4 keV arc unusually weak due to cffects of
teature or grain size in these tiny samples. Effects of line
splitting are visible on increasing the pressurc at first
around 3.4 GPa. If one uses the same oP4 indexing as for
CidCu for the few wellresolved lines of these LaAg
samples, one obtains the lattice parameters given in Fig. 4
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Fig. 2. Lattice parameters, axial ralios cfa and &/a, and volume per
formula unit for the oP4 cell of GdCu under pressure. (The typical
precision of the data is represented by the size of the symbols.)

together with the axial ratios and the volume per formula
unit. In this case both axial ratios appear to increase
directly at the phase transition, and c/a seems to exceed
the special value of B3I=1732 a pressures between 20
and 25 GPa, when the structure is approaching a hP2-like
structure,

On decreasing the pressure complete reversibility is
observed, but with significant hysteresis not only in the
lattice parameters but also in the volume data (Fig. 4). This
kind of hysteresis is not completely ungxpected for com-
pacted polycrystalline samples and martensitic phase tran-
sitions. However, due to effects of texture, especially in the
region of special values of c/a or bla, where some of the
lines are only poorly resolved, it cannot be excluded with
complete certainty that these effects are only artefacts of
the data analysis. Therefore, further experimental studies
are required to obtain more definite results for these special
regions. Nevertheless, the general trend in the volume
decrease corresponds to the variation expected already
from the well-known data [16,20] for the two constituent
tlements.
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Fig. 3. Enctgy dispersive X-ray diffraction spectra of LaAg for increasing
(PT) and d ing p ®l).

3.3. NdAg

The general trend in the data for NdAg is similar to the
observations for LaAg, however, with many more lines
observed in the spectra at higher pressure to support the
structural assignment as shown in Table 2, which corre-
sponds to the pattern for 47.3 GPa given in Fig. 5(b).
Owing to the overlap of some of the diffraction lines with
the fluorescence lines, either of Ag or Nd around 25 keV
and 38 keV respectively, different diffraction angles were
used for different runs to observe all the diffraction lines
more clearly, as illustrated in Fig. 5(a) and Fig. 5(b). While
Fig. S5(a) shows very clearly the first occummence of
additional diffraction lines of a low symmetry phase on
increasing the pressure 1o 3.0 GPa, n Fig. 3(b) the 101,
012+020 and 111 triplet at 47.3 GPa as well as the 121,
113, 131 and 123 lines at higher energies are much more
clearly resolved. Special effects of texwre seem to sup-
press almost completely the 101 line at 43.4 GPa in Fig.
5(a). The occurrence of specinl relations for the ortho-
rhoinbic axial ratios corresponding to the much simpler
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pattern of an almost hexagonal structure is clearly visible
in the spectra around 20 GPa in both spectral series.
With the same oP4 indexing scheme used for GdCu and

Table 2

Observed and calculated i )l spacings for the Nd'ig sample at
47.3 GPa according 10 Fig. 5{b). The vualues for d,, = 61992 keV pm/
(E,,, sin @) are derived from teast-squares fits of Gaussian lines 1o the
spectra with the given value for 8. The values for d . are cvalusted for

the oP'4$ structure with the best fit values for = 277.8 pm, b = 453.4 pm,

and ¢ = 526.8 pm
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Fig. 5. Encrgy dispersive X-ray diffraction spectra of the NdAg com-
pound under for i ing {PT) and o ing (Py p
using different diffraction angles for the two series ta) and (b).

LaAg, one obtains the lamice parameter values illusirated
in Fig. 6. Obviously, the orthorhombic distortions seem to
show rather large differences for the two different runs on
the same sample material, possibly duc to the low values
of the principle elastic coefficients €, and the presence of
local deviatoric stresses coupled to texture with some
hy is most clearly observed around 2B GPa in the

d,,, (pm) d.y. (pm) hkd
2440 245.7 101
2272 ma o2
270 226.7 020
216.5 216.0 1t
165.6 166.6 121
1454 141.1 13
1.7 1217 004

1311 032
1250 128.7 131
124.0 124.2 123

variation of the axial ratios. In fact, the axial ratio c/a =
V3 =1.732 corresponds to the hexagonal lattice, and it
appeats reasonable to assume that special contacts of the
Fermi surface with boundaries of the Brillouin zone in the
corresponding hexagonal lattice result in a special lowering
of the structural energy, which could possibly explain the
anomalous variation of the c¢/e ratio when this special
value tends to be surmounted on increasing the pressure.
However, it is not completely clear whether this appasent
hysteresis could not also be caused spuriously by texture
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Fig. 6. Lanice parameters, axial ratos c/a and b/a, and volume per
formula umit for the oP4 cell of NdAg: open symbals for increasing
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and wnusval intensity relations, resulting in larger am-
biguities in the evaluation of the lattice parameters in the
region of strongly overlapping lines near this special value
of cla=+3,

3.4. Ndin

If one takes into account the always observed effects of
texture on the intensities of the present diffraction data, the
spectra for NdZn presented in Fig. 7 are very similar to the
spectra for NdAg given in Fig. 5, and the same phenom-
enon of rather large deviations in the orthorhembic split-
tings on increasing with respect to decreasing pressure is
also observed for the lattice parameters and axial ratios,
presented in Fig. 8 together with the comesponding values
for the volume per formula unit. By comparison of the data
for increasing and decreasing pressure, the cP2-oP4
transition can be located rather precisely at 4.2 GPa (Fig.
8). Assignments of the diffraction lines for one typical
spectrum of this new oP4 phase are given in Table 3.

20,012
1

rel. intenity (a.u)

1 2 N " 1 N =] 4.36Pa
20 2% N B L &5
Enrgy (kaV)
Fig. 7. Energy dispersive X-ray diffraction spectra of NdZn for increasing
P PT) and o ing p ).

3.5. CeZn

Owing to the problems with fluorescence lines, diffrac-
tion data for CeZn were recorded for different diffraction
angles as shown in Fig. 9, which also includes one set of
data for decreasing pressure to illustrate more clearly the
complex situation at intermediate pressures, between 4 and
16 GPa, and, furthermore, the complete reversibility to the
cP2 structure at pressures below 2 GPa. In addition, the
second set of dawa (Fig. 9c)) illvstrates the strong effects
of texture, which suppress almost completely one of the
strongest lines of the first set (Fig. 9(e) and Fig. 9(b))
around 26 keV at the highest pressures as well as the higher
energy lines around 37 and 45 keV respectively.

With these problems of texture in mind, the spectra
above 16 GPa are indexed most readily to the oP4 structure
with reasonable values for the lattice parameters, axial
ratios, and volume per formula unit as shown in Table 4.
With this indexing une can trace some of the lines down to
about L1 GPa, with the resulis also illustrated in Fig. 10.
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Fig. 8. Latice parameters, avial ratios ¢/ and h/a. and volume per
formula unit for the ~P4 cell of NdZn: open symbols for increasing
p full symbols fer i

However, this procedure does not explain all the lines
observed in the intermediate region, giving some hints at
phase mixture and possibly complicated structures.

It can be noted that two high pressure structural studies
had been performed before on CeZn, one single crystal
neutron diffraction study [12] at temperatures below 60 K
and pressures up to 1.2 GPa and one angular dispersive
powder X-ray diffraction study [13] up to 10 GPa, which
confirmed {0 some exient the first observation [12] of a
cubic to rhembohedral transition observed at low tempera-
tures, between 30 and 60K, with tramsition pressures
increasing from 1.1 to 1.2GPa in this limited range of
temperatures, in reasonable agreement with the later [13]
location of this transition at room temperature and 2.6 GPa.
However, the observation of many more diffraction lines
in the present smudy in comparison with the previeus
measurements [13] leads to the suspicion that the si
is more complicated in this intermediate region, with the
possible occurrence of one metastable (rhombohedral)
phase according to a distortive *- nsition and a second
(more stable?) phase formed under stronger kinetic hin-
drance, similar to the situation in elemental Ce [21,22).

Tuble 3

Observed and cakulaied imerpk p for the NdZn sample at
13.7 GPa according to Fig. 7a). The values for 4 = 619.92 keV pm/
(E,,,sin 9) are derived from least-squares fits of Gaussian lines o the
spectra with the given value for & The values for d_, are evaluated for
the oP4 structure with the best fit values for a = 336.1 pri. b = 477.2 pun,
and € = 514.2 pm

d,,. {pm)} 4, (pm)} [
350.2 349.8 ol
3316 336.1 100
2818 2814 0
259.0 3571 002
242.1 2424 1
2386 020
250 263 2
2168 2164 1711
164.6 1613 "3
1518 1527 03
1520 031
1356 1353 032
1349 211
129.1 1286 23
128.6 004
234 124.1 0
1143 1132 024
1104 119.2 133
1098 141
106.0 106.7 i
105.4 232
3.6. LaZn

Some first data for LaZn under pressures up 10 46 GPa
are given in Fig. 11 to illustrate, at least qualitatvely, that
the structural sequence seems $0 be similar 1o that of CeZa;
however with the complex ‘intermediate’ region extending
down to ambicnt pressure, as imdicated by the complex
pattern after complete release of the pressure, and up into
the region around 30 GPa, where the same kind of simple
pattern as in CeZn around 16 GPa seems 10 occur,

4, Discussion

In contrast to what might have been expected, all the
LaM compounds studied so far trinsform from the ambient
pressure cP2 structure 1o lower symmetry phases at rather
moderate pressures, with no clear distinction between
compounds of the electronically stable’ lanthanides, like
La and Gd, and the ‘irregualar’ lanthanides, like Ce and
Nd. which are well known to exhibit, in their clemental
form, valence transitions, intermediate valencics, or at least
strong f.d hybridization phenownena under high pressure
[23]. Even without final results for the intcrmediate
pressure ranges in the case of LaAg, CeZn and LaZn, a
general trend of structural phase transitions to one common
prototype structure at higher pressures is noticed with
reasonable results for an oP4 indexing and with more or
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Fig. . Energy dispersive X-ray diffraciion specira of the CeZn compound
under pressure. Two senies with different diffraction angles are illustrated
in (a,b} and {c).

Table 4

Ghserved and calculated interplanar spacings far the CeZn sample at
45.7 GPa according 10 Fip. 7(a). The values for &, =619.92 keV pm/
(E,,, sin @) are desived from least-squares fits of Gaussian lings to the
spectra with the given vouue for 6 The values for 4, are evaluated for
the oP4 structure with the best fit values for ¢ = 270.4 pm, b = 4450 pm,
and ¢ = 5229 pm

d. (pm) ey (pm) il
2003 261.5 002
2393 240.2 B HH
242 2254 12

2225 020
2017 2113 1
1864 1879 102
1735 173.1 1z
1630 163.2 121
1389 1381 n3
1369 130.9 200

130.7 004
1226 1224 123
1t 1164 132

115.9 212
1113 1112 w0

Lattice parsmelers (peri}
$§ 554828688

Al ratios

Volume per formuls unit {1¥pe’}

[} w0 2 30 40 50

Fig. 10. Lanice parameters, axiil ratios ¢/a and b/a. and volme per
formula unit for the oP4 cell nf CeZn: open symbols for increasing
pressure, full symbals for decreesing preasure.
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Fig. 11. Energy dispersive X-ray diffraction spectra of LaZn for increas-
ing p (PT} and & ing p (P).

less continuous increases in the ornthorhombic distortions
up to the highest pressures.

Besides these major features, many details of the
structural assignment for possible intermediate phases,
some unusual hysteresis, and strong tendencies to exhibit
textures need further investigation.
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