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PACS. 61.50.-f — Crystalline state.
PACS. 61.66.Bi — Elemental solids.
PACS. 64.60.My — Metastable phases.

Abstract. — Atomic clusters were identified in the ground state of the non-equilibrium Ta
phase (Frank-Kasper o-structure type) at 15, 120 and 293 K. The evolution of the clusters
with temperature leads to two phase transformations at 65 and 150 K which are related to
the electrical and magnetic properties. The magnetic phase transition at 65K is associated
with the magnetic symmetry group transformation P45 /mn'm (< 65K) to P4 (> 65K). It is
shown that (8-U is also a two-component composite containing similar clusters. The nature of
the stabilisation of 8-Ta at the cathode is discussed.

Introduction. — The study of temperature-pressure (P-T) induced transformations of
non-equilibrium phases is a very challenging topic from the thermodynamical point of view,
even for pure metals [1]. This is even more the case, if the metastable phase can only be ob-
tained under special conditions, for instance by electrodeposition. In order to understand the
nature of their stabilisation and transformation, structural data depending on some thermo-
dynamic parameter(s) are required. The metastable -Ta phase (Frank-Kasper o-structure,
fig. 1) perfectly illustrates the complexity of this topic. It is well known [2—4] that 5-Ta can
be obtained either by electrodeposition (fine grains) or by sputtering deposition techniques on
thin films, both at the cathode. Some aspects of the stabilisation and physical properties of
(-Ta thin films have recently been studied in view of the technologically important combina-
tion of high electrical resistivity, good adhesion and low chemical affinity of 3-Ta [2]. Therefore,
its investigation is also of practical importance. The necessity of precise structural information
of 5-Ta has been raised in all publications related to this structure [2,3]. Our single-crystal
study of 8-Ta gave us a unique opportunity to obtain precise structural data at room temper-
ature and below. The impurity-free quality of the crystal was checked by microprobe analysis
and confirmed by high-resolution single-crystal diffraction at 293 and 120K [4]. In [4], the
self-hosting two-component (host (H) - guest (G), fig. 1) composite structure with indistin-
guishable lattice constants, but different space groups for the components, is characteristic of
(-Ta. Based on the space groups of the components, it was shown that the phase transition
293 (RT-I modification) — 120 (LT-I modification) — 293 (RT-II modification) is reversible
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Fig. 1 — A (001) projection of the tetragonal Frank-Kasper o-structure type. Black and white spheres
belong to the host (H) substructure, which consists of two H-nets located at z = 0.25 (black),
respectively, z & 0.75 (white). Gray spheres (z = 0 and 0.5) belong to the guest (G) substructure.

Fig. 2 — Temperature dependences of the magnetic susceptibility x(7) (after [5]), the electrical re-
sistance R(T) and the first derivative dR/dT. The R(T)-dependence was measured in situ for two
polycrystalline bulks (cylindrical shape, 2-3 mm? in cross-section and 2-3mm in length) using the
four-point probe technique (measuring current 10™* A). The characteristic temperatures of 65 and
150 K, are indicated by vertical lines.

for H but irreversible for G. The x(7')-dependence measured on powder samples [5] indicates
a magnetic phase transition at 65K (fig. 2). The non-linear dependence of the magnetization
M(H) measured at 77K (1 < H < 4kOe) was satisfactorily approximated in [5] by assum-
ing a contribution of the magnetic spin-spin interaction between atomic clusters possessing a
localized charge, respectively, a magnetic moment: M (H) = My[coth(maH/T) — T/mq H],
where My = Nmg. Moreover, M (H) is slightly non-linear at 4.2 K [5]. However, these stud-
ies did not associate the concentration of the clusters, N ~ 10%° 1/mol, and their magnetic
moments, m¢ ~ 1000 pug, with any structural data.

The magnetic measurements triggered a new structural study of the same single crystal
at helium temperature and the in situ measurement of the temperature dependence of the
electrical resistance, which are reported here (R(T) in fig. 2). Only the most pertinent results
of the LT-II (15K) structure are presented in this letter; all details on the refinement will be
published elsewhere. The resistivity, as a characteristic of -Ta, cannot be directly extracted
from the R(T)-dependence (fig. 2). The important influence of the inter-grain boundaries of
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the resistance should be accounted for in the fine-grain bulks. Indeed, two samples showed
slightly different shape of the R(T) curve. Nevertheless, the first temperature derivative
reveals common characteristic temperatures at 65 and 150 K, which correspond precisely to
the x(7T') curve (fig. 2). Both this result and the data obtained for the LT-II structure complete
our previous studies [4,5] and allow us to present here a more consistent interpretation of the
low-temperature structure transformation.

In this letter, we report a new model of atomic cluster formation between 4.2 and 293 K
and its evolution into the metastable (3-Ta phase. We also report on the correlation between
the type of clusters and the magnetic and electrical properties. The temperature-dependent
evolution of the clusters is presented here with a new model of magnetic symmetry transforma-
tion of the commensurate composite structure for 3-Ta. It is shown that the same composite
characteristic and the temperature-dependent evolution of the clusters exist in another Frank-
Kasper o-structure, namely 3-U.

The nature of 3-Ta stabilisation. — It is most probable that the difficulty to obtain single
crystals of 8-Ta is directly linked to their stabilisation on the negatively charged surface of the
cathode. This phase is brittle and shows a higher resistivity (150-220 uf2cm) in comparison
to a-Ta (15-30 uf2cm) [2]. In B-Ta, these properties point to a partial localization of electrons
(PLE) in Ta-Ta bonds as opposed to metallic bonds in the bec structure of a-Ta. The PLE in
metal-metal bonds is usually mediated by a high valence electron concentration (VEC). In all
Frank-Kasper o-structures (about 30 binary intermetallics and 8-U) [6], the VEC is equal to 6-
7 e/atom, while metallic Ta contains only 5e/atom. We suggest that the high electron density
on the cathode surface stimulates the increase of the VEC for Ta in the crystallisation, and its
o-structure type can only be stabilised as negatively charged crystallisation nuclei. The crystals
can grow as neutral thin film or fine grains owing to a stabilisation by interface energy. Our
experience confirms this observation: a small (20 i) crystal of 8-Ta was isolated by mechanical
splitting of a two-phase specimen (50 11). Hence, a precise single-crystal structure investigation
of 3-Ta was possible owing to the rare case of an extended interface between two different
single crystals. This pure and unique crystal was used for X-ray diffraction experiments with
the following temperature changes: 293 — 120 — 293 — 15 K.

The impurity effect is discussed [2] as a possible reason for the formation of 3-Ta. Our
study leaves room for a possible VEC increase due to impurity. However, the stabilisation of
(B-Ta by impurity would favor its formation in some neutral environment, which is apparently
not the case.

Electrical and magnetic properties of B-Ta and the formation of clusters. — The term
cluster implies the formation of a group of atoms with interatomic distances essentially shorter
(4-7 per cents) than between groups. The decrease of some Ta-Ta distances in 5-Ta, compared
to the metallic bond length of 2.86 A in a-Ta, is not surprising, owing to the partial localization
of electrons in the Ta-Ta bonds mentioned above. Indeed, a careful analysis of the bond lengths
based on the high-resolution structure refinement [4] and the present work clearly reveals the
formation of clusters.

The histogram of the Ta-Ta bond lengths calculated for 293, 120 and 15K is represented
in fig. 3. Considering that the metallic bond is 2.86 4 0.05 A, values shorter than 2.81 A are
characteristic of cluster bonds.

As illustrated in fig. 3, the G(uest) substructure consists only of the shortest cluster bonds,
(~2.65A) at all temperatures. All G atoms are indeed associated to one-dimensional atomic
clusters, the G-chains, which are located in the channels formed by the H(ost) substructure
normal to the H-nets (fig. 1). The G-chains are temperature independent in the sequence
293-120-15 K. The other cluster bonds are confined in the H-net plane (fig. 4). In the lowest-
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Fig. 3 — Histograms of Ta-Ta bond lengths calculated for the RT-I, RT-II, LT-I and LT-II modifications
of B-Ta. The bonds within the H substructure, the G substructure and between them are shown with
black, white, respectively, gray colors. The bonds between H-nets are indicated with stars in order to
single them out. The dashed lines indicate the bond lengths 2.86 and 3.30 A observed in a-Ta. The
dotted lines show the conventional boundaries (2.81, 2.91 A) of metallic bonds (MB).

Fig. 4 — Schematic representation of the temperature-dependent evolution of the H substructure of
[B-Ta. The short intra-cluster bonds are indicated by bold lines. The metallic inter-cluster bonds
connecting the H-nets are indicated by thin lines. The dashed lines indicate the unit cells.

temperature modification, every H-net consists of infinite one-dimensional clusters of zigzag
H-chains, which are separated by five atom clusters forming a butterfly (fig. 4). Among all the
clusters, only the H-chains are temperature dependent. With increasing temperature, they
progressively evolve into clusters of atomic pairs at RT.

The continuous array of metallic bonds linking the H-nets along ¢, at both 120 and 15K
(fig. 4), is absent at 293 K. At this temperature, the H-nets are forming pairs with distances
about 2.885A. The shortest bond linking pairs, 2.97 A, is significantly longer. At 120 and
15K, some metallic bonds in the range 2.89 to 2.91 A are randomly distributed between the
H-nets along ¢ (fig. 4). The weaker interactions between the H-nets as well as between the H
and G substructures exhibit interatomic distances longer than 2.92 A. Distances longer than
3.28 A (fig. 3) represent the weakest inter-chain interactions in the structure.

Taking into account the existence of clusters and the dR/dT (fig. 2) dependence, our
analysis allows to draw the following conclusions illustrated in (fig. 4).

1) In the 150-293 K range, the nearly constant value of x(T) (fig. 2) is associated with a
stable cluster structure characteristic of the RT modifications.

2) In the 65-150K range, the infinite array of metallic bonds linking the H-nets gives
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TABLE I — Evolution of the space and magnetic group symmetry of 3-Ta at various steps of the thermal
history 293 — 120 — 293 — 15 K.

T, K (phase notation; a, ¢ unit cell Space (magnetic) groups
type of structure) parameters, A of substructures: H; G
293 (RT-I; non-composite) 10.211(3), 5.3064(10) Both: P42,m (P4 2jm *)
120 (LT-I; composite) 10.1815(5), 5.2950(1) P1 (PT);
P4/mbm (P4’ /mb'm *)°
293 (RT-II; composite) 10.201(1), 5.3075(5) PA2,m (PA'2ym ®);
P4/mbm (P4’ /mb'm *)P
15 (LT-II; composite) 10.167(3), 5.295(1) P4y /mnm (P45 /mn'm);

P4/mbm (P4’ /mb'm)®

# The most probable magnetic group (see the text and fig. 6); b cq =0.5 cu.

rise to changes in the dR/dT curve as compared to the 150-293 K range. Different
combinations of discrete clusters are possible within the zigzag H-chains. The average
number of atoms per cluster increases continuously by decreasing temperature. This is
associated to a continuous increase of x (7).

3) Below 65K, the stabilisation of the infinite zigzag H-chains relates to the flattening of
R(T). In addition, the transformation from the discrete clusters in the H-chains into
infinite clusters is associated with a sharp decrease of x(T") at 65 K.

The symmetry of the commensurate composite structure 3-Ta. — At low temperature, the
evolution of the 3-Ta clusters occurs as expected, i.e. the number of shorter distances increases
with decreasing temperature. However, the structure transformation shows an unexpected
symmetry transformation. Table I shows the evolution of the structure symmetry with the
thermal history 293 (RT-I) — 120 (LT-I) — 293 (RT-II) — 15 (LT-II) K. As indicated in [4] for
the RT-IT and LT-I modifications, the symmetry is characterized by three space groups: one for
the H substructure, one for the G substructure and one for the (H+G) combination. The sym-
metry of the LT-II modification confirms and reinforces this conclusion. After an initial cooling
from 293 to 120K, the structure transformed irreversibly from the non-composite RT-I state
(a common space group describing both H and G substructures) to a two-component compos-
ite state (the space group of G is a supergroup of H). Following a further thermal treatment
including heating and cooling, the G substructure maintains both symmetry and structure
(interatomic distances), while the H substructure changes both its symmetry (table I) and
cluster structure (fig. 4). The composite modifications are characterized by weak interactions
between H and G (fig. 3). No experimental evidence pointing to an incommensurate phase
was observed in our experiments. Therefore, this two-component composite is commensurate.

B-U, another example of Frank-Kasper o-structure containing atomic clusters. — We
postulate that every Frank-Kasper o-structure tends to have a two-component composite
structure (commensurate or incommensurate) under some specific P-T' conditions. For in-
stance, our brief analysis of the 8-U interatomic distances based on structural data obtained
at 955, 973 and 1030K [7] indicates important similarities with $-Ta. The unusually short
U-U bonds observed in the G-chains and in the plane of the H-net give rise to the formation
of clusters. This distance can be compared to the metallic bond, 3.06 A, observed in the
bee 4-U structure [6]. However, in contrast to -Ta, the G-chains of 3-U are temperature
dependent, whereas the H substructure is not (fig. 5). In the G-chain, different neighboring
U-U distances are observed at 955 (2.89(1), respectively, 2.76(1) A) and at 973K (2.92(1),
respectively, 2.74(1) A). Both types of short bonds exist in low-temperature a-U (2.75 and
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Fig. 5 — The cluster structure of the 3-U H-net. The intra-cluster bonds connecting U atoms (gray
spheres) with distances 2.90-2.98(1) A are indicated by bold lines. The inter-cluster atomic distances,
3.02-3.13 A, are metallic bonds; they are close to 3.06 A in 4-U. Interatomic distances between H-nets
fall into the 3.20-3.55 A range. These values correspond to the long U-U distances 3.27 and 3.45 A
in a-U. All distances in the H substructure vary within 0.5-1 standard deviation in the temperature
range 955-1030 K.

2.86 A [6]). At 1030 K, the difference between the bonds in the G-chain disappears as well as
the shortest U-U distances: the bond lengths 2.85(3) and 2.81(3) A are equal within one stan-
dard deviation. This transformation is perhaps associated to a phase transition between 973
and 1030 K. At 1030K, 8-U can be described with the same composite symmetry as §-Ta at
15K (table I). Experimental powder diffraction data of 5-U [7] cannot exclude a possible in-
commensurate structure. Therefore at 1030K [7], 8-U is a commensurate or incommensurate
two-component composite similar to §-Ta.

Temperature dependence of the magnetic symmetry of 3-Ta. — Taking into account the
contribution of the spin-spin interactions between magnetic moments of charges localized on
the clusters owing to PLE on each single intra-cluster bond [5], the magnetic space groups can
be related to the corresponding symmetry of $-Ta. In particular, the magnetic group of G
should be a supergroup of H at the same temperature and should allow the existence of some
clusters with opposite spins at the corresponding temperatures. The composite magnetic sym-
metry (H and (H+ G): P45/mn'm; G: P4'/mb'm (cg = 0.5cn)) is only possible at 4.2K, i.e.
below 65 K. Six other magnetic groups from the P4s/mnm family do not allow opposite spins

H G
I =I P4 mbm’ or Pdfm‘h'm'l
T>150K | P-si'zA1 rr|'|ur ' 2, Hﬁﬂr‘np'ﬂior P4/m'bm

P4'/mb'm | or P4lmbm’ or
===~ Pdim'b'm’ or P4/m'bm

Fig. 6 — The logical scheme of the magnetic symmetry identification. The unambiguous magnetic
groups are indicated in solid frames. The bold arrows show certain correlations between groups. The
dashed arrows show the most probable correlations, and the most probable groups are enclosed in
dashed frames. Gray rectangles mark the “black-and-white” magnetic groups, which are “gray” for
the G component owing to special atomic sites.

65<T=<150K
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in the H clusters and P4’/mb'm is the only magnetic supergroup of H. The magnetic symme-
try P71 of H and (H+ G) is only possible in the 65-150 K range. (The atlas of black-and-white
space group [8] was used for the magnetic space groups identification.) The unequivocal iden-
tification of other magnetic groups is not possible on the basis of the present data. However,
assuming a stable magnetic structure G, the most probable magnetic space groups have been
identified (fig. 6) for both H and G components at every temperature (table I). As could
be extracted from table I, the magnetic phase transition of 5-Ta at 65K corresponds to the
magnetic group transformation of the H component from P4’ to P4} /mn/m. Since the zigzag
H-chains are the only temperature-dependent structural units, it is logical to propose that this
phase transition is specifically related to spin-spin interactions within the H-chains. Indeed,
below 65K, in the magnetic group P45, /mn’m, all infinite H-chains located within one H-net
exhibit the same magnetic spin. Above 65K, in the magnetic group PZ/, at least two indepen-
dent clusters exist in each H-net. Therefore, two orientations of magnetic spin of the clusters
can exist within the same H-net. Hence, the magnetic phase transition below 65K can be
associated to the stabilisation of the single spin orientation for all H-chains within each H-net.

The unusually low concentration of clusters (1 cluster per 200 unit cell) and large magnetic
moment (1000 pp) of each cluster as obtained in [5] at 77K can now be explained with the
cluster model introduced in this study. Indeed, the length of the cluster is extending over
many cells when the temperature approaches 65 K, temperature at which the cluster reaches
an infinite length. The long cluster can have a large magnetic moment owing to the large
number of short intra-cluster bonds.
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