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Results of the LuB,, (100), (110), (111), LuB, (001), LuB, (001) thermionic properties
study in the temperature range T = 1200...1960 K at p < 10™* Pa pressure are presented.
The correlation between structure and composition of the lutetium borides single-crystal
samples and their thermionic properties are shown. The electron work function anisotropy
of the LuB,, low-index planes are determined by the lutetium and boron atoms reticular
density and the electric dipole moment of the unreconstructed (100), (110), (111) planes of
the UB,, type lattice structure.

IIpexcraBieHBl pPe3yAbTATHI MCCIEJZOBAHME TEPMOIMMCCHOHHEIX cBoiicts LuBy, (100),
(110), (111), LuB, (001), LuB, (001) B Temueparyprom gmanasoHe T = 1200...1960 K npu
maBinernn p < 107% IIa. IToxasaHa B3AMMOCBHSb CTPYKTYPHL M COCTABA MOHOKPHUCTAJLIIYUEC-
Kux 00pasiioB GOpPUIOB JIIOTENUA C UX TEPMOIMICCHOHHLIMIK XapakTepucrtukamu. Ha ocHoBe
TEOPETUUECKUX PACUYETOB PETUKYJIAPHOU IJIOTHOCTH HMOHOB METAJJIA M 60pa U SIEKTPUIECKO-
ro IWIIOJBHOTO MOMEHTAa HemepecTpoeHHBIX mosepxuocreir (100), (110), (111) pemreTkn Ttuma
UB,, obbacrena ammsoTponmsa pabOTHl BHIXOAA BHIEKTPOHA HUSKOMHAEKCHBIX ILJIOCKOCTEH
MOHOKpPHCTANI0B LUB;,.

TepmoemiciiiHi BJACTHBOCTI MOHOKpHUCTAJIiB Oopumie
A.O.Tapan, H.IO.Illiyesanosa, I'.B.Jlesuenro, B.5.Pininos.

IIpexcraBieHo pesynbTATH [OCHifMeHb TepMoemiciiimmx Bractmsocreit LuBy, (100),
(110), (111), LuB, (001), LuB, (001) y Temueparypromy giamasonmi T = 1200...1960 K npu
tucry p<10~¢ IIa. ITorkasaHO B3a€MO3B’I30K CTPYKTYPH 1 CKIALYy MOHOKPHCTAIIUHHX 3PasKim
Oopuaie JgroTerniio 3 iX TepMoeMiciiHMMM XapakKTepucTUKaMu. Ha OCHOBI TeopeTUYHUX PO3-
PaxyHKIB pPeTUKYJISAPHOI I'yCTUHHU ioHIB MeTany i 60py Ta €JI€eKTPUYHOrO AUIIOJBHOI'O MOMEH-
Ty HemepebyzoBaHmX moBepxoHb (100), (110), (111) rparku Tuny UB,, moacHeHo amizorpo-
mi0 PoGOTH BUXOAY eJeKTPOHA HHU3bKOIHZEKCHMX ILIONIMH MOHOKpHCTATiB LUB;,.
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1. Introduction

Four binary compounds: lutetium di-,
tetra-, dodeca- and hectoboride (LuB,, LuBy,,
LuB,y, and LuBgg, accordingly) — are known
among Lu-B systems [1]. Thermionic emis-
sion properties were studied only for LuB,,,
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and the investigations have been performed
with polycrystalline samples [2].

Earlier the thermionic properties anisot-
ropy of low-index crystallographic planes of
erbium dodecaboride ErBy, was experimen-
tally investigated [3]. The boron and erbium
reticular densities (d,) (number of atoms
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(ions) per unit area in any plane of a crystal
lattice) in ErBy, low-index planes were con-
sidered in [3] and it was shown that de-
creasing of electron work function for the
ErBy, crystallographic planes in row
(100) - (110) —> (111) correlates with the
following decreasing of reticular densities
d(B)/d (Er) ratio: 4 - 2 — 0. Taking into
account that LuB4,, as well as ErBy,, crys-
tallizes in a face-centered cubic lattice of
UB,, crystal structure type (space group
Fm3m—0,5l) [4] it can be supposed that de-

creasing of the electron work function for
the LuBy, low-index planes is similar to
ones of the corresponding ErB,, planes.
Reasons of the thermionic properties anisot-
ropy for dodecaborides with UB4,-type lat-
tice are unclear.

Lanthanum hexaboride is the most stud-
ied thermionic material among borides. Its
lower values of the electron work function
for (100) and (110) planes in comparison
with the (111) one are caused by electric
dipole moment of dipoles formed from sur-
face positively charged lanthanum ions and
the nearest to them negatively charged Bg
octahedra [5, 6]. The surface of LaBg (100)
consists of La atoms layer, under it the oc-
tahedra Bg layer is situated at a distance of
2.08 A (half of the LaBg lattice constant).
The surface atoms of La in LaBg (110) are
displaced outwards at 1.66 A in relation to
the Bg octahedra layer. Therefore the elec-
tric dipole moment of the LaBg (110) sur-
face layer is less than of the (100) one. The
surface atoms of La in LaBg (111) are dis-
placed outwards at 1.2 A relative to their
positions in the ideal lattice and situated at
grade with the Bg octahedra layer. And so the
electric dipole moment of LaBg (111) surface
layer equals zero. The greater is the electric
dipole moment of the LaBg surface layer, the
less the electron work function ¢ is.

It is very likely that the thermionic prop-
erties anisotropy of LuB,, single crystal un-
reconstructed surfaces also is governed by
different values of the surface electric di-
pole moment.

The aims of this work are:

— experimental research of the electron
work function temperature dependences of
LuBy, (100), (110) and (111); LuB, (001),
LuB, (001) at p < 10~% Pa pressure in the
temperature range T = 1200...1960 K;

— study of the thermionic properties an-
isotropy of the LuB4, low-index planes;
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— calculation of the electric dipole mo-
ment of the unreconstructed (100), (110),
(111) LuB4, surfaces;

— measurement of the evaporation rate
of lutetium boride single crystals;

— investigation of interrelation between
structure and composition of lutetium
borides with their thermionic properties be-
fore and after thermionic tests.

2. Experimental

Lutetium borides LuB4,, LuB, and LuB,
investigated in this study were grown by
crucible free inductive zone melting. The
preparation peculiarities and structure ex-
amination of the produced single crystals
are presented in [7]. The experimental
equipment and thermionic properties re-
search procedure of the lutetium borides
single-crystal samples were the same as for
ErB,, single crystals [3].

The evaporation rate G of the investi-
gated lutetium borides single crystals was
determined by rate of a weight loss obtained
as a difference between the specimen weight
before and after heating.

The evaporation rate of the most sub-
stances may be expressed by the following
relation

lgG = C - 0.51gT — (B/T),

where G is in grams per square centimeter
per second at temperature T in kelvins, C
and B are empirical constants [8]. For ex-
ample, for LaBg C =13 and B = 36850 K.
With increasing temperature the evapora-
tion rate significantly increases and the
main weight loss takes place at high tem-
peratures. At the same time a prolonged
heating at lower temperatures may result in
the same values of a weight loss. Therefore
hereinafter G is given either after the high-
est working temperatures for LuB4, (100),
LuB, (001), or after the prolonged heating
at the lower temperatures for LuBy, (111)
and (110), LuB, (001). The relative error of
G determination is 30 %.

3. Results and discussion

It is known that temperature depend-
ences of the electron work function of the
most studied borides are described by linear
functions in a certain temperature range
[9]. Therefore it we can expect that @(T)
dependences of the studied lutetium borides
specimens will be described by linear func-
tions in the certain temperature ranges too.
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It is also known that metal content in
emitting surface plays the main role in
thermionic activity of boride cathodes. The
planes (001) of LuB, and LuB, lattices are
composed only of lutetium atoms [10]. Al-
though anisotropy of the LuB, and LuB,
thermionic properties has not yet been stud-
ied it is supposed that the LuB, and LuB,
highest thermionic currents will be just for
(001) plane.

At first let’s consider results of the
study of LuBy, single-crystal thermioniec.
Measurements of the LuB4, (100), (110) and
(111) thermionic current were performed
with increasing temperature in the range of
T =1220...1960 K during 7 h. The ¢(T) de-
pendences calculated by use of current val-
ues are presented in Fig. 1. The equations
describing ¢(7) dependence for different
low-index crystallographic planes of LuB;,,
values of the thermionic current densities j
and according ¢ at 1800 K, the rates of
evaporation at 1900 K and calculated values
of j for polycrystalline LuB4, by use of data
from [2] are presented in Table 1. As in the
case of polycrystalline LuB;, the electron
work function temperature dependences
¢(T) for LuB4y (100), (110), (111) are de-
scribed by the linear functions in the cer-
tain temperature ranges.

As can be seen from the experimental
results the electron work function decreases
in the series (100) — (110) —» (111). It is in
a good agreement with decreasing of
d(B)/d (Me) ratio for low-index planes of
UB,, — type lattice in the same series [3].
The boride electron work function anisot-
ropy is conditioned on ¢ dependence on the
surface d(B)/d,(Me) ratio and the electric
dipole moment of the surface dipole per one
metal ion [6]. The dipole contribution A¢p
to the electron work function is propor-

¢, eV 4
42+
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3,4+
3,21
301
2,8

216 ! ! ! ! ! ! ! 1
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Fig. 1. Temperature dependences of LuB,
electron work function: 1 — (100), 2 — (110),
3 — (111), 4 — polyerystal [2].

tional to reticular density of the metal ions
d, and normal component of the electric di-
pole moment of the surface dipole p, per
metal ion [11]:

dp
A(pD:_ e’
€0

N
Po = %Ericosei,
i=1

where ¢, = 8.85:10712 F-m™! is the electric
constant, ¢ is the effective charge of a
metal ion (in coulombs), N is the quantity
of By, cubooctahedra nearest to the metal
ion on the surface, r; is the distance be-
tween metal ion and nearest ith By, cubooc-
tahedron, 6; is the angle between the direc-
tion from the metal ion to ith B4, cuboocta-
hedron and the surface normal n. Using
LuB;, three-dimensional modeling and its
lattice parameter [4] it was obtained that
the quantity of the By, cubooctahedra near-
est to the metal ion is equal to 5, 4, 3 for

Table 1. Thermionic properties and evaporation rates of low-index crystallographic planes of

lutetium dodecaboride

Characteristics LuB,
(100) (110) (111) polycrystal [2]
o(T), eV -0.16 + 24.5-107%T| 0.49 + 18.8.1074T | 0.50 + 18.5-1074T | 3.77 + 2.8.10°4T
T, K 1220...1800 1550...1950
0, eV (T = 1800 K) 4.25 3.87 3.83 4.27
j, A-em™2 4.9.107¢ 5.7-1073 7.41073 4.3.107*
(T = 1800 K)
G, 107kg-m2.g7! 25.8 9.4 14.4 —
(T = 1900 K,
p ~ 107 Pa)
268 Functional materials, 21, 3, 2014
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Fig. 2. Fragments of 8D model of LuB,, crystal structure and its basal (100), (110), (111) planes
centered on metal ion with the nearest to it By, cubooctahedra both in plane and outside it: a —

unit cell, b — (100), ¢ — (110), d — (111).

each metal ion located in (100), (110) and
(111) planes accordingly (see Fig. 2). Taking
into account the metal ions reticular density
from [3] and the lattice constant a (for
LuBy, a = 074646 A [4]) the value of Agp is
obtained (Table 2). As it should be from cal-
culations for the low-index planes of UB;,-
type lattice a metal enrichment of crystal-
lographic plane results in the surface elec-
tric dipole moment increase and the
corresponding electron work function de-
crease. In particular A decrease for LuB;,
in series (100) — (110) — (111) correlates
with the electron work function decrease
that has been observed experimentally

(Fig. 1). At the same time in spite of essen-
tial difference between A¢p for (110) and
(111) (Table 2), o(T) values for these planes
are almost the same (Fig. 1). This is may be
due to the fact that there is displacement of
the near-surface Lu ions outward the sur-
face that results in a difference in values of
the electric dipole moment of surface di-
poles in the real and ideal crystal struc-
tures. It is necessary to note the direct ex-
perimental measurements of p, have not
been performed to present day.

A deviation from the @(T) linear depend-
ence takes place with increasing tempera-
ture above T > 1800 K for all low-index
planes of LuBy, (Fig. 1). Earlier it was es-

Table 2. Some characteristics of low-index crystallographic planes of UB,,-type lattice

Crystallographic Reticular density d,, a2 d.(B)/d,(Me) Do G0 AQp, q/ega
plane
B Me
(100) 8 2 0.1 -0.2
(110) 2V2 V2 V2/8 -0.25
(111) 0 2V3/3 0 V3/6 -0.33
Functional materials, 21, 3, 2014 269
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Fig. 8. SEM images of the samples surfaces covered by LuB, layer after thermionic investigations
and corresponding X-ray diffraction patterns (inserts): a — [100], b — [110], ¢ — [111], d —
longitudinal section of LuBy, [111] cathode with near-surface layer LuB, (details are in the text).

tablished [10] that on LuBy, heating in the
range of T = 1400...1800 K the surface re-
structuring takes place with LuB, phase for-
mation in the surface layer due to preferen-
tial boron evaporation. In doing so disloca-
tions of the crystal lattice can be centers of
the LuB, phase nucleation. Taking into ac-
count the dislocations low density in the
studied LuB12 single crystals (less than
105 ecm~2, i. e. an average distance between
adjacent dislocations equals ~ 10 pm [7]),
we can assume that at the initial heating
of LuB45 single crystals in the range of
T = 1400...1800 K the emitting surface
have consisted of the starting LuB,, phase
and LuB, phase appeared during heating. As
shown in [3] the nonlinearity ¢(T) of this
surface consisting of tetra- and dode-
caboride can be caused due to extension of
the surface area with tetraboride with in-
creasing temperature (or during prolonged
annealing).

After thermionic current measurements
in the range of T = 1220...1960 K during
7 h the additional annealing of the LuBj,
single-crystal samples with different orien-
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tation was performed to establish how modi-
fication of the structure and phase composi-
tion of the surface affects on the thermionic
properties. Annealing duration and tem-
perature values were t = 10 h, T = 1550 K
for LuBy, (100); ¢t =40 h, T =1900 K for
LuBy5 (110) and (111). It was cleared up
that the annealing results in formation of
the lutetium tetraboride layer with coral-
like structure and =30 pm thick at the
starting LuB4, surface (Fig. 3).

The ¢(T) temperature dependences of
such LuBy, samples with the formed LuB,
surface layer are presented in Fig. 4, a.
These dependences were obtained both at
the temperature increase and decrease. Due
to phase transformation LuBi, — LuB, and
structure restructurings of the near-surface
layer the electron work function decreased
compared with the starting LuBy,. For in-
stance the electron work function for the
starting LuBq, (100) decreased by 0.88 eV
at T = 1900 K. Irrespective of the initial
orientation of the LuBy, single-crystal sam-
ples after annealing their @(T) are described
by the linear functions.

Functional materials, 21, 3, 2014
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After annealing all samples of the start-
ing LuBy, were characterized by different
values of the electron work function that is
apparently determined by two factors: by
various LuB, crystallographic facets on the
emitting surface (inserts on Fig. 8) to a
greater extent; by effective area enlarge-
ment of the emitting surface owing to its
coral-like structure to a lesser extent.

It is known [6] that activation energy of
lanthanum atoms evaporation for the LaBg
low-index crystal faces is almost the same.
At the same time the activation energy of
boron atoms evaporation depends on the
surface orientation. We suppose that the
similar dependence takes place for LuB,
crystal too i.e. the activation energy of the
boron atoms evaporation depends on the
emitting surface orientation that results in
thermal faceting of the emitting surface
and as a consequence the different electron
work function of the LuB4, samples covered
by LuB, layer after annealing.

Next stage of the researches was related
with the current density measurements and
electron work function calculation for (001)
plane of the specially grown LuB, [001] sin-
gle-crystal. At first the thermionic prop-
erties of LuB, (001) were investigated with
increasing temperature in the range of
T =1240...1910 K during 3 h. The ¢(T) de-
pendence of the starting LuB, (001) (Fig. 4, b)
is described by nonlinear function and
themselves the starting ¢ values differ from
the ¢ values of LuB, formed on the annealed
LuB,, surface (Fig. 4, a).

The obtained difference in the ¢ values is
explained by the structure and phase com-
position modification of the LuB, [001]
crystal under heating in vacuum. Due to the
preferential boron evaporation LuB, — LuB,
phase transformation took place [10]. Sub-
sequent LuB, [001] annealing at T = 1500 K
during 8 h resulted in increase of the ther-
mionic current. After annealing the LuB,
¢o(T) dependence had loop — shape form
with increasing temperature to 1900 K and
subsequent its decrease (Fig. 4, b). This
¢o(T) peculiarity may be explained by as-
sumption that lutetium flow rises from the
bulk towards the emitting surface with in-
creasing temperature, at the same time
boron evaporation prevails from the surface
that results in lutetium enrichment of the
surface and the thermionic current in-
creases accordingly. With temperature de-
creasing the thermioniec current values are
higher than at the previous temperature in-
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Fig. 4. Temperature dependences of the elec-
tron work function: a — LuB,, samples after
annealing covered by LuB, layer: 1 — [100],
2 — [110], 3 — [111];

b — LuB, [001] sample: I—source, 2 —
after annealing covered by LuB, layer;
¢ — LuB, [001] sample: I — source, 2 —
after annealing.

crease due to the "frozen” heightened con-
tent of lutetium at the surface. According
to X-ray phase and microprobe analyses the
LuB, surface layer after annealing consisted
of polycrystalline LuB, only (Fig. 5, a).

It should be noted that LuB, — LuB,
phase transformation took place not only at
the surface but also in the volume with for-
mation of the like-directed LuB, lamellae
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Fig. 5. SEM images and X-ray diffraction patterns (insert): a — LuB, at surface of LuB, [001], b —

x2.50k

longitudinal section of LuB, [001] with LuB, lamellae,

cross—section of LuB, [001] near-surface layer.

(Fig. 5, b). Therefore the thermionic cur-
rent of the starting LuB, sample after an-
nealing is defined both the LuB, thermionic
properties and boron diffusion towards the
emitting surface through the LuB,—LuB, in-
terface boundary and along interface bounda-
ries of the LuB, lamellae from LuB, volume.
The LuB, (001) evaporation rate equal
G =8.910" kgm 2sl at T=1900 K was
less than one for the LuBy, low-index planes
of (see Table 1) that resulted in formation
of the stable LuB, layer on the LuB, crystal
surface on heating in vacuum.

To clarify the origin of the LuB, ther-
mionic properties with the emitting surface
recovered by the LuB, phase that had been
generated due to heating of LuB, during
tests, the LuB, [001] single-crystal was
grown and its thermionic properties were
investigated in the temperature range of
T =1200...1940 K. At first temperature
was increased to 1635 K during 5 h and
then it was decreased to 1259 K during 1 h.
The results of measurements showed the
nonlinear @(T) dependence for LuB, (001)
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¢ — LuB, (001) after annealing, d —

(Fig. 4, ¢) and the larger thermionic current
values compared with the current values of
the LuB, layer generated on the LuB, sam-
ple. The highest thermionic current density
was equal to 27 A.ecm 2 (¢ = 2.80 eV) at
1635 K. Taking into account that some
metal diborides with AlIB,-type lattice are
characterized by cationic non-stoichiometry
[12] one can suppose that the preferential
lutetium diffusion towards the surface from
the near-surface layer takes place under
LuB, heating that results in the thermionic
current increase and electron work function
decrease.

At the following stage the LuB, [001] an-
nealing was carried out under 7 = 1900 K
during 4 h. After annealing the obtained
electron work function values were greater
than before annealing (Fig. 4, c¢). According
to the results of scanning electron micros-
copy with energy dispersive X-ray analysis
the LuB, surface restructuring took place
(Fig. 5, c¢). In doing so the individual boron
layer approximately 0.3 um in thick was
formed at the crystal surface due to prefer-

Functional materials, 21, 3, 2014
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ential lutetium evaporation and under this
layer it was situated the layer enriched by
boron approximately 5 um in thick (Fig. 5, d).
At the same time the X-ray phase analysis
detected only LuB, (001) (insert in Fig. 5, ¢)
because the boron layer of such size is
transparent to X-rays.

The @(T) dependences for LuB, (001) both
before annealing and after were obtained at
temperature increase and decrease and they
differ from each other (Fig. 4, c). The lower
values of the electron work function corre-
spond to the temperature decrease. Probable
explanation of this phenomenon is that the
temperature increase makes for increase of
the lutetium diffusion velocity towards the
surface resulting in the high metal concen-
tration in the near-surface layer. With de-
creasing temperature the evaporation rate
diminishes and the greater lutetium concen-
tration defines the lower ¢(T) values.

For LuB, (001) the evaporation rate
value is equal to G = 8.6:1077 kg-m~2.s7! at
T = 1900 K that practically amounts the G
value for LuB, (001). This fact explains for-
mation of the stable LuB, surface layer at
the LuB, sample.

4. Conclusions

For the first time the thermionic properties
of LuBy, (100), (110) and (111); LuB, (001)
and LuB, (001) are studied. The electron
work function of the LuB,, low-index planes
increases in series (100) — (110) — (111).
This reduction correlates with a decrease of
the reticular densities d,(B)/d (Er) ratio and
an increase of the surface electric dipole
moment in the same series. Preferential
boron evaporation from the surfaces of
LuBy, and LuB, borides results in the sur-
face lutetium enrichment and hence the
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thermionie current increase. This is sup-
ported by reduction of the electron work
function under LuBys, — LuB4 and
LuB, — LuB, phase transformations on the
surfaces of LuBy, and LuB, single crystals
accordingly. LuB, (001) is characterized by
the highest thermionic current density
(27 A-em™2 at T = 1635 K) among lutetium
borides studied in this research and may be
considered as perspective effective cathode
material.
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