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Abstract

Neutron diffraction performed on deuterated powder samples of Pr Fe Au shows that the crystal structure of the parent compound is6 13

retained upon charging with deuterium. The refined composition of the deuteride is Pr Fe AuD . The deuterium atoms occupy various6 13 13

types of interstitial sites bounded by Pr and Fe atoms. Each of these sites is surrounded by at least two Pr atoms. A collinear
antiferromagnetic ordering of the four Fe and the two Pr sublattices was reported previously for the uncharged Pr Fe Au compound. By6 13

contrast, a collinear ferromagnetic structure has been derived from the present neutron data of the deuteride. The easy moment direction is
the same in Pr Fe AuD and Pr Fe Au, being perpendicular to thec-axis. For the deuteride this result was derived from a6 13 13 6 13

complementary synchrotron radiation X-ray study made on magnetically aligned particles of the ferromagnetic deuteride.
   2002 Elsevier B.V. All rights reserved.
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1 . Introduction generally smaller than their free-ion values while the
average Fe ordered value is 2.2m /Fe, in agreement withB

¨Rare earth compounds of the type R Fe X (X5Cu, Ag, Mossbauer results.6 13

Au, Si, Sn, etc.) form only for the first few members of the The R Fe X compounds easily absorb fairly large6 13

rare earth series. They crystallise in the tetragonal amounts of hydrogen leading to drastic changes of their
Nd Fe Si-type structure (space groupI4/mcm) [1,2]. This magnetic properties [4,9]. In the present investigation we6 13

structure is an ordered variant of the La Co Ga structure have charged the Pr Fe Au compound with deuterium for6 11 3 6 13

[3] with two rare earth sites R1 (16l) and R2 (8f ) and four neutron diffraction experiments. The purpose of our in-
Fe sites Fe1 (16l ), Fe2 (16k), Fe3 (16l ) and Fe4 (4d). vestigation is to determine the crystallographic location of1 2

Magnetic measurements have shown that the magnetic the D atoms and to determine the magnetic structure of the
ordering of these compounds is antiferromagnetic (AF) deuteride.

´with fairly high Neel temperatures, typically around 400 K
¨[4,5], also confirmed by Mossbauer spectroscopy [6–8].

Neutron diffraction performed on powder samples of 2 . Experimental
several of these compounds revealed a collinear AF
ordering of the four Fe and two R sublattices associated The Pr Fe Au sample was prepared by arc melting6 13

with the wave vectorq5(001) [5]. The moments of all starting materials of at least 99.9% purity, using an excess
sublattices located at (xy0) layers, sandwiched between of about 2% of Pr. After annealing for about 3 weeks at
successive X layers perpendicular toc at z 20.25 and 0.25 1070 K, the sample was quenched to room temperature.
are confined to the same direction within the (xy0) plane. X-ray diffraction diagrams showed that the sample was
They revert their direction collectively when going to the approximately single phase (Nd Fe Si type structure).6 13

next X layers atz50.25, 0.75. The R moments at 1.5 K are The synthesis of the deuteride was performed at
deuterium pressures not exceeding 2 bar using deuterium
gas with a purity of 99.8%. The starting alloy was initially*Corresponding author. Tel.:131-20-525-5714; fax:131-20-525-
activated by annealing in a dynamic vacuum at 600 K for5788.

E-mail address: buschow@science.uva.nl(K.H.J. Buschow). 30 min. After activation, the sample was cooled to room
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Table 1
Experimental conditions for the powder neutron diffraction experiments

˚l (A) 2u interval (8) StepD2u (8) T (K)

PUS 1.555 10–130 0.05 293
D1B 2.524 5.5–85.3 0.2 2–300 K (temperature scan)

2 and 300 K (measurements
with high statistics)

D2B 1.591 5–162 0.05 2 and 300 K

temperature and deuterium was injected into the stainless FULLPROF [11] program was employed in the refinement
of the magnetic structure.steel autoclave. The deuteration started instantly and

proceeded exothermically with high speed until saturation
at the composition Pr Fe AuD . For the neutron diffrac-6 13 13

3 . Experimental results and discussiontion studies the deuteride was reloaded from the autoclave
into a vanadium sample holder with diameter 5 mm. The

In a previous neutron diffraction investigation ofhandling of the deuteride was carried out in a glovebox
Pr Fe Au it was shown that the magnetic orderingunder a purified argon atmosphere. 6 13

involves collinear antiferromagnetic ordering of the fourSynchrotron powder X-ray diffraction (SR PXD) data
Fe sublattices and the two Pr sublattices with a propagationfor Pr Fe Au and Pr Fe AuD were collected in the6 13 6 13 13

vector q5(001) [5]. The prominent feature of the neutronDebye–Scherrer mode with the powder diffractometer at
pattern was the appearance of a very strong magnetic peakthe Swiss–Norwegian Beam Line BM1 at ESRF, Greno-

˚ble. Monochromatic X-rays with wavelengthsl50.50056 (001), around 2u558 (l51.9114 A), offering the possi-
˚and 0.50095 A were used. The samples were contained in bility to determine the easy moment direction in the

rotating sealed glass capillaries of 0.3-mm diameter. A antiferromagnet as being perpendicular to thec-axis. This
magnetic field of 1 T was applied perpendicular to the peak is totally absent in the PND pattern of the deuteride
direction of the capillary during the measurements of the Pr Fe AuD . Because of the ferromagnetic nature of6 13 13

deuteride. Pr Fe AuD and its tetragonal symmetry, the easy6 13 13

Powder neutron diffraction (PND) data were collected magnetic moment direction as parallel or perpendicular to
with the PUS instrument at JEEP II reactor (Kjeller) and thec-axis can be distinguished. Alignment of the powder
with the D1B and D2B diffractometers at ILL, Grenoble. particles of the ferromagnetic sample in the magnetic field
Measurements were performed at 293 K (PUS, D1B and offers the possibility to derive the easy moment directions
D2B) and at 2 K using the yellow ILL type cryostat (D1B from X-ray diffraction. High brilliance synchrotron radia-
and D2B). Details of the experimental conditions em- tion at ESRF revealed differences between the diffracto-
ployed are summarized in Table 1. grams of the free sample and the sample aligned in a field

The GSAS [10] program was used in the refinements of of 1 T, indicating that the directions of the magnetic
the nuclear structure from powder diffraction data. The moments in the deuteride are perpendicular to thec-axis.

Table 2
Atomic positional parameters, site occupation numbers and characteristics of the interstitial sites obtained from the Rietveld refinements of the neutron
diffraction data from Pr Fe AuD powder sample at 300 K (PUS instrument)6 13 13

Atom x y z Occu- Surrounding of
apancy interstitial sites

Pr1 (16l) 0.1686(12) 0.6686(12) 0.1878(4) 1(–)
Pr2 (8f ) 0 0 0.0962(7) 1(–)
Fe1 (16l ) 0.1746(7) 0.6746(7) 0.0532(2) 1(–)1

Fe2 (16k) 0.0635(10) 0.2169(8) 0 1(–)
Fe3 (16l ) 0.6135(6) 0.1135(6) 0.0883(2) 1(–)2

Fe4 (4d) 0 1/2 0 1(–)
Au (4a) 0 0 1/4 1(–)
D1 (8g) 1 /2 0 0.1353(8) 0.775(24) T (Pr1) (Fe3)2 2

D2 (16l) 0.3700(14) 20.1300(14) 0.2191(6) 0.706(15) T (Pr1)4

D3 (4c) 1 /2 1/2 0 1.000(–) O (Pr2) (Fe2)2 4

D4 (32m) 0.0770(17) 0.2308(14) 0.1391(4) 0.715(16) T (Pr1) (Pr2)(Fe3)2

D5 (32m) 0.2022(–) 0.1980(–) 0.1054(–) 0.173(15) T (Pr1)(Pr2)(Fe1)(Fe3)
D6 (32m) 0.2720(–) 0.0560(–) 0.1070(–) 0.082(15) T (Pr1)(Pr2)(Fe1)(Fe3)

˚ ˚Space groupI4/mcm. Lattice constants:a58.1735(8) A,c525.408(4) A.
a O, octahedron; T, tetrahedron.
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Table 3 300 K, a very weak reflection at 2u518.78, indexed as
Magnetic moments (inm per atom) derived from the refinement of theB (101). This peak is forbidden in space groupI4/mcm and
neutron diffraction data of Pr Fe AuD (D1B instrument) and6 13 13 indicates the presence of a very small AF component, alsoPr Fe Au at various temperatures6 13

with a propagation vectork5(000). Since the intensity of
a *Atom Pr Fe Au Pr Fe AuD Pr Fe Au Pr Fe AuD6 13 6 13 13 6 13 6 13 13 this peak is relatively weak and due to the large number of

[5] [5]
magnetic sites, it is not possible to reveal further details of

293 K 300 K 1.5 K 2 K this AF component. The refinement of the neutron pattern
AF FM AF FM

at 2 K, when neglecting this AF component, shows also aPr1 (16l) 0.6 0.5 2.6 1.7
main ferromagnetic component in the (a,b) plane. APr2 (8f ) 1.7 2.7 2.6 2.5

Fe1 (16l ) 1.7 1.7 2.4 3.4 schematic representation of the crystal structure is shown1

Fe2 (16k) 1.5 1.9 2.6 1.7 in Fig. 2. The total magnetic moment increases from 22.8
Fe3 (16l ) 1.4 0.0 2.2 1.62 m at room temperature to 40.9m at 2 K (in agreementB BFe4 (4d) 1.1 0.8 0.8 2.2

with magnetisation data [9]).
The data of Pr Fe Au were taken from Ref. [5].6 13 The magnetic moments from the previous PND study of
a Average standard deviation60.3 m .B Pr Fe Au [5] are compared with the deuteride in Table 3.6 13

It is noteworthy that the Pr1 atoms located at the 16l
The neutron diffraction patterns collected at 2 and 300 K position have a very small moment at room temperature,

show almost the same peaks. AtT5300 K, all the both in the deuteride and in the parent compound. This
observed peaks are indexed in the Nd Fe Si-type struc- behaviour may be understood from the location of this Pr6 13

ture (space groupI4/mcm). The magnetic contribution, site, leading to a lower Pr–Fe coupling than for the Pr2
which is superposed to the nuclear one, increases with moments at the 8f site. Due to the increasing Pr–Pr
decreasing the temperature. The corresponding propagation coupling, the Pr1 moments increase, though, at lower
vector isk5(000). The refinement of the neutron pattern temperatures, albeit they still remain smaller that the Pr2
leads to a ferromagnetic arrangement with magnetic mo- moments.
ments perpendicular to thec-axis. The ferromagnetic The magnetic moment of the Fe3 atoms containing the
arrangement is in agreement with results of magnetic highest number of D atoms in their surrounding (7)
measurements reported elsewhere for the hydrides of the compared to the other Fe atoms (0–4 atoms D), is very
R Fe X compounds [4,9]. Results of the refinement are small (or even zero) at room temperature. The reason for6 13

reported in Tables 2 and 3. The neutron pattern obtained this is the comparatively low number of Fe nearest
with D1B at 2 K (Fig. 1), shows in addition to the peaks at neighbours (7) and the comparatively high number of Pr

Fig. 1. Neutron diffraction diagram obtained at 2 K containing observed (diamonds), calculated (full line) and difference pattern of Pr Fe AuD at 2 K6 13 13

(R 54.35%; R 56.22%; R 57.19%). The positions of the nuclear (top) and magnetic (bottom) Bragg reflections are shown with bars below thep wp magn

diffraction pattern for the nuclear (upper) and magnetic (bottom) contributions. The (101) reflection (shown on a plot) appears in the data below 50 K
(2u518.78).
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There is quite a significant expansion of 16.3% for Pr Au2

and 29.8% for Pr Fe , and with a slight contraction of3 2

22.9% for PrFe . The differences originate from different11

deuterium content in these three slabs. The highest
deuterium concentration is reached in the Pr Fe slab.3 2

Only one deuterium occupied site, D3, is located in the
PrFe layer.11

Table 2 shows a strong preference for the deuterium
atoms to occupy the interstitial sites formed by
praseodymium and iron. In contrast, none of the Au-
surrounded sites is filled with D. Complete occupancy by
D is observed for the only available octahedral site, Pr Fe2 4

(D3). Five occupied tetrahedral sites have occupancies
ranging from comparatively high 70–75% (D1, D2, D4) to
much smaller values 8–17% (D5, D6), depending on the
slab they occupy (D1, D4, Pr Fe ; D2, border between3 2

Pr Au and Pr Fe ; D5 and D6, border between Pr Fe and2 3 2 3 2

PrFe ). It is interesting to note that all occupied interstitial11

hole sites are bounded by at least two Pr atoms. From
energy considerations one would expect that the higher the
number of rare earth atoms surrounding a given interstitial
site, the higher its occupation. This is only partially in
keeping with the results presented in Table 2. It shows that
the volumes of the interstitial holes and the nearest
neighbour D–D distances play a role in the relative hole
site occupations.

The structure of Pr Fe AuD differs from the recently6 13 13

reported Nd Fe GaD deuteride [12] with the same6 13 12.3

metal sublattice of the Nd Fe Si type. Only the sites6 13

D1–D4 are occupied by D atoms while the D5 and D6
sites remain empty, resulting in a lower D content for

Fig. 2. Schematic representation of the crystal structures of
Nd Fe GaD .6 13 12.3Pr Fe AuD . Only the metal atoms are shown with the moment size at6 13 13

300 K (in m ) for the various Fe and Pr sites.B
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