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Physicochemical Problems in the Preparation of Defect-free Monocrystals
of Lanthanum Hexaboride

M.M.Korsukova and V.N.Gurin

The physicochemical basis of the preparation of single crystals of stoichiometric lanthanum hexaboride (a promising new
material for emission electronics) is discussed. It is shown that stoichiometric defect-free monocrystals can be prepared only
by allowing for the form of the homogeneity region in the phase diagram of the crystalline compound. Studies of defects in the
crystal structure are reviewed, and their results are shown to be related to the form of the homogeneity of lanthanum
hexaboride. Some physicochemical properties and some possible applications of lanthanum hexaboride monocrystals are
examined.
The bibliography includes 150 references.
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I. INTRODUCTION have recently published a comprehensive review1 of work on
the preparation of LaB6 monocrystals and on their properties
and potential applications, but little emphasis was placed on

Lanthanum hexaboride is used in several new instruments the physicochemical conditions needed to prepare very perfeci
(electron microscopes, microanalysers, Auger spectrometers) LaB6 monocrystals.
to study the surface and other properties of materials of vari- The aim of the present review is to highlight the physico-
ous types. However, the preparation of perfect and very chemical problems underlying the preparation of stoichiometric
pure single crystals of lanthanum hexaboride for use in the and defect-free monocrystals of LaB6.
cathodes of these instruments still presents some unsolved
problems. This is because of the difficulty in controlling the
chemical composition and in achieving a high level of struc- | | . HOMOGENEITY REGION OF LANTHANUM HEXABORIDE
tural perfection, and also in establishing adequate quality AND PREPARATION OF MONOCRYSTALS OF STOICHIOMET-
control. RIC COMPOSITION

Many papers have been published on lanthanum hexaboride,
dealing mainly with the preparation of LaB6 monocrystals, with Though lanthanum hexaboride has been known for a long
studies of their composition, structure, and properties, and time,2 we have little reliable information on the phase diagram
with their emission properties and practical applications. We of the La-B system and especially on the homogeneity region
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of LaB6. The phase diagram of the La-B system was first
described by Johnson and Daane,3 and a modified diagram was
subsequently published to include new data.1* In the most
recent publications5'6 the part of the phase diagram of the
La-B system containing the compound LaB6 is examined. At
present two compounds have been reliably identified in the
La-B system: 1) LaB^, which melts incongruently at 2073 Κ
with formation of LaB6 and of a liquid phase containing 66.7
at.% of B, 3 and 2) LaB6, which melts congruently at 2988 K > 5

The compound LaB^ has a tetragonal crystal lattice (UB4

structure type) with lattice constants α = 7.324 + 0.001 A and
c = 4.181 ± 0.001 A;7 its homogeneity region is very narrow.

The compound LaB6 has a cubic lattice (CaB6 structure
type) . 8 Its crystal structure can be treated as body-centred
cubic, with La atoms and octahedra of Β atoms occupyinar
positions analogous to those of the Cs+ and Cl~ ions in the
CsCl structure. 9 Each lanthanum atom is surrounded by 24
boron atoms, and each boron atom forms five Β—Β bonds: four
with boron atoms in the same octahedron and the fifth with a
boron atom from a neighbouring octahedron.

Published information on the homogeneity region of LaB6 is
inconsistent, and describes the region as broad 3 ' 1 0 or as rela-
tively narrow. 5 ' 6 ' 1 1 " 1 6 However, in either case the defect
structure of the LaB6 crystal is attributed to defects in the
metal (La) sublattice (assumed to be few in the case of a nar-
row region). The lattice constant of the LaB6 crystal is
found (experimentally) to be unaffected by the defect den-
si ty. 5 ' 1 1 ' 1 7 ' 1 8 Lastly, some workers have detected a LaB9

phase with the same structure, and lattice constant, as the
LaBb phase. 5 ' 1 9

2273 -

1873 -

1U73
90 [B],at.%

Figure 1. Part of the La-B phase diagram:5 a) is the homo-
geneity region of LaB6 b) is an enlarged presentation of the
high-temperature part of LaB6 homogeneity region, showing
the supercooling ΔΤ 8 .

Existing data on the La-B system suggest a number of con-
clusions of direct relevance to the preparation of stoichiomet-
ric single crystals of LaB6. Fig.l shows a part of the phase
diagram of the La-B system including the existence region of
lanthanum hexaboride.5 We note that the homogeneity region

of LaBb, which begins at -2073 K, broadens rapidly as far as
2325 Κ (the temperature of the LaB6-B eutectic) and remains
fairly wide up to Tm (the melting point of LaB6) (the "upper"
part of the homogeneity region has been described6 as "nar-
row" because it is slightly shifted from the stoichiometric com-
position Β/La = 6, and the same description is used in Ref.5).
The deviation of the singularity for lanthanum hexaboride from
the stoichiometric proportion Β/La = 6 is, in fact, substantial:
approximately 0.2 atom fraction of B, i .e. to LaB6.2. The
homogeneity region of the hexaboride is widest (from LaB6 - 1

to LaBb.7) at T e u t = 2325 K. Inspection of this region near
the singularity, i.e. at Tm of lanthanum hexaboride (see Fig. lb),
leads to important conclusions regarding the actual composi-
tion of the monocrystals obtained from melts at these tempera-
tures (for example, by zone melting).

Thus, if the supercooling of a melt of stoichiometric compo-
sition in the crystallisation volume reaches the value ΔΓ 8 the
composition of the resulting hexaboride monocrystals is
described by the point b (for example, LaB6 # 1). Since ΔΓ8

can vary from a fraction of a degree to hundreds of degrees,
and is not easy to control, especially at high temperatures,
the composition of the grown crystals can also be uncontrolled.
If the composition of the melt at the beginning of the crystal-
lisation corresponds to the point α (i .e. to LaB6.2) the resul-
ting monocrystals will also have this composition. On the other
hand if the initial composition deviates on either side of the
point α the composition of the resulting crystals will corre-
spond to points on the ab or ac boundaries of the homogeneity
region. This provides our first important conclusion: if the
published data5 for the La—Β phase diagram are correct, the
preparation of lanthanum hexaboride monocrystals of stoichio-
metric composition by a liquid-phase method, i.e. from the
corresponding melt, is impossible.

Another important aspect of this problem is that the com-
pound LaB6 dissociates fairly strongly at Τ = T m . Hence in
order to prepare monocrystals from the melt we need to apply
an overpressure of a few tens of atmospheres. We also know
that at T m of lanthanum hexaboride the La partial vapour
pressure is much higher than the pressure of B.20 Therefore
in order to prepare a melt of the required initial composition
(for example, LaB6,2) we must introduce the correct Β/La
component ratio into the initial charge. This means that
LaBb monocrystals prepared from the stoichiometric melt will
always contain an excess of Β and consist of a two-phase
system or of a solid solution of Β in LaB6. These solid solu-
tions can decompose into LaB6 and Β at low temperatures due
to the narrowing of the homogeneity region. This assumption
is confirmed to some extent by the presence of Β inclusions in
LaBt monocrystals.2 1

The strong narrowing of the LaB6 homogeneity region below
2280 K, accompanied by a shift of the left-hand boundary
which brings it almost exactly to the stoichiometric LaB6 com-
position at 1673—1773 K, suggests another conclusion: LaB6

monocrystals of stoichiometric composition can be prepared
only by methods which are applicable at temperatures not
higher than 1673 K.

I I I . METHODS OF PREPARING LANTHANUM HEXABORIDE
CRYSTALS

Only three of the four methods of preparing monocrystals of
refractory compounds (according to our classification22) have
so far been applied to the growth of LaB6 monocrystals: gas-
phase, liquid - ρ has e, and solution methods. We shall consider
the special features of each of these methods separately, and
compare their technological advantages and their potential
suitabilities for the production of stoichiometric monocrystals.
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1. The Gas-Phase Method

This method consists in the transport of the substance to be
crystallised through the gas phase to the substrate by gener-
ating a temperature or concentration gradient between the
source and the substrate or by chemical gas-transport reac-
tions. Depending on the chosen method of transport, the
monocrystals are grown in a vacuum or in the presence of a
carrier. Halogens or halogen-hydrogen mixtures are often
used in the preparation of LaB6 (see Table 1). In any par-
ticular method the following crystal growing procedures can
be used: a) sublimation, or Δ Τ transport (when the sub-
stance to be crystallised has a high vapour pressure and a
congruent evaporation); b) chemical, or Ac transport (when
the vapour pressure is low); c) transport of the substance
to be crystallised in an electric arc (for a low vapour pressure
and a high melting point); d) chemical reaction in the gas
phase (in which the synthesis precedes the crystallisation of
the substance). Only Ac transport2 3 '2 1* and chemical reac-
t ions 2 5 · 2 6 have been used so far, from the above list, to pre-
pare LaB6 monocrystals:

La2O, + Η, + BC1, -* LaBe + HC1
LaCl3(g) + 6BCl3(g) + (21 /2)H2(g) -> LaB6(s) + 21HC1

Table 1. Preparation of LaB6 monocrystals by the gas-phase
method.

Method of
preparation

Ac transport Br2
carrier

Ac transport
carriers (H2 +

BBr3) orH2 +
Br2)

Chemical reactions

Chemical reactions

Preparative conditions

Τ, Κ

1423-1173

1273-1573

zone A
1273;
zone Β
1623-
1723

373-1623

time,
h

-

3

0.5-2

other conditions

initial charge LaBg
powder, Ar inert
gas

initial charge LaBg.
substrate sintered
LaB6

initial charge
pressed La2U3:
substrate graphite

substrate graphite,
BCl3/LaCl3 = 1 0 : 1 ,
atmospheric pressure

Characteristics of the
resulting crystals

shape and size,
mm

needles; 0.50 χ
0.15 χ 2.00

(100) whiskers,
pyramidal
crystals

{lOOjcubes,
{lll}cubo-
octahedra;
l x l x l

(100) whiskers;
/ = 2-5, thick-
ness 0.001-
0.020; <100>
pyramids

other
character-

istics

colour
violet

-

colour
purple

colour
purple
(lattice con-
stant a —
4.151 A);
colour blue
(lattice con
stant a =
4.155 A)

Rets.

I 2 3 J

[24]

[25]

[26]

The control of crystal growth processes is complicated by
the need to monitor and control several factors within closely
specified limits: the rates of evaporation, the concentrations
of the initial components in the carrier gas, the temperature
gradient, etc. Data on the preparation of LaB6 monocrystals
by the gas-phase method are shown in Table 1.

The possibility of growing oriented and regular whisker
structures of various elements and compounds by a gas-phase
method, using Ac transport, is of great practical interest.21*

The results in Table 1 show that LaB6 monocrystals produced
by the gas-phase method are usually facetted, and grow pref-
erentially in a <100> direction. However, they tend to be
small, and difficult to use as single-crystal samples in phys-
ical experiments. Furthermore, their precise chemical com-
position has never been reported, except for a list of impuri-
t ies . 2 6 The same paper 2 6 gives the lattice constants of the
LaB6. Most other reports merely describe the colour of the
crystals, which varies from purple to blue, the latter being
ascribed to an excess of boron in the sample. However, this
interpretation cannot be tested unambiguously because of the
lack of chemical analyses. In view of the relatively low tem-
peratures and other conditions used in the gas-phase method,
and noting the data on the homogeneity region in Fig. l , it
would appear that stoichiometric LaB6 crystals can be pro-
duced, in principle, by this method. The main difficulty here
is the need for exact control over the initial concentrations,
which determine the La: Β ratio in the monocrystal, and also
the need for fine adjustment of many other factors (mentioned
above) known to affect the stoichiometry of the growing LaBb

crystals.

Another shortcoming of the gas-phase method (especially
for the growth of crystals by using chemical reactions) is the
possibility of co-depositing impurity phases such as boron
with the LaB6. As reported, 2 6 this danger can be avoided by
using a BC13 concentration much lower than the value corre-
sponding to the stoichiometric ratio BCl3/LaCl3 = 6. The
coprecipitation of boron is entirely suppressed at BCl3/LaCl3 < 2.

The gas-phase method has not so far produced monocrystals
of adequate quality and size. However, further developments
(including the use of seed crystals) may result in the produc-
tion of large and perfect LaB6 crystals. Another promising
line of research is aimed at the production of regular whisker
structures of LaB6, which may find practical application.21*

2. The Liquid-phase Method

The liquid-phase method consists in passing the substance
to be crystallised through a heated zone in which a tempera-
ture gradient is maintained, or in moving the zone relative to
the sample. The compound, which can enter the zone either
in the liquid or in the solid state, is first melted and then
crystallised. The wide variety of possible technological vari-
ants of this method has led to the development of a large num-
ber of different techniques for growing single crystals. 2 2

Only the zone melting method has been used for growing
monocrystals of LaB6, in the crucible-free form which avoids
contact between the hexaboride melt and any container mate-
rial. Data on the preparative conditions and characteristics
of LaB6 monocrystals prepared by zone melting are summarised
in Table 2. The ingot for zone melting is previously pre-
pared as a rod of the required diameter: the quality of the
final product is largely determined by the composition and
purity of these ingots. Various heating methods are used to
generate the molten zone in the sample. Thus, relatively
large (4—7 mm in diameter) monocrystals (or polycrystalline
ingots) have been obtained with high-frequency2 7 '3 1 or elec-
tron-beam heating. 2 1 Thinner monocrystals (-1 mm diameter
or less) have been prepared successfully by electric arc or
laser methods of heating. 2 8 Dissociation and evaporation of
the LaB6 are avoided by carrying out the zone melting opera-
tion in an atmosphere of purified gas (usually a r g o n ) . 2 7 " 3 0

Nitrogen, hydrogen, and helium have also been used. 2 1 The
concentration of impurities can be lowered to the 10~3-10~l*
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wt.% level by repeated zone passes (see Table 2). It is
reported 2 9 that a single zone pass can lower the impurity
concentration (transition metals of Groups IV-VIII, Cu, Al,
Ca, etc.) by a factor of 13-69, i.e. almost to the 10~2-10~3

wt.% level, increasing to a factor of 315 (10~3 wt.%) after
three passes.

Table 2. Preparation of LaB6 monocrystals by the liquid
phase (zone melting) method.

Preparative conditions

composition of initial
billet ctj.. wt.'i

LaB6; 99.9

LaB6 > 99.0;
LaBg + (1.6-2)

LaB6: cjy = 0.485

L a B 6.00±0.03:
LaBs 99 and LaB5 gj

4 = 1.125

La + B; c£ = 1.6

atmosphere:
pressure.

mmHg

Ar; 1.1Ί0 4

N'2; 20

Ar; 760

Ar; 52

inert gas

Ar; 760

formula

LaB6

LaxB(,. where
0.85 < χ <
1.0

-

L a B6.00±0.15·
L a B 5 8 6 ,
LaB5.72

LaB6

LaBs 9, LaB^

Characteristics of the monocrystals

impurities, wt.'/ί

non detected
(3 zone passes)

e%- < 0.1 (micro-
probe) (1 zone
pass)

cl = 0.043
72 zone passes)

cZ = 0.0045
(3 zone passes)

c | = 0.015

c\ = 0.01
(3 zone passes)

growth
direction;

crystal size, mm

not determined;
/ = 60, d = 7

not determined;
/ = 25. d =
3.6

< 100>; / = 60,
d = 1.1

<100>; / = 23-
26. d = 0.25-
1.50

not determined;
/ = 120,
d = 7

deviation from
(111)5°;
/ = 120,
d = 10

Refs.

[27]

[21]

[28]

[29.
30]

|31]

[32,
33]

Notes: cP is the total impurity concentration; I is the length

and d is the diameter of the crystal.

In most of this work the initial LaB6 had a stoichiometric
composition. However, some workers used specially pre-
pared initial samples which were deficient in lanthanum (i .e.
contained added boron). In this way it was shown21 that in
order to produce good-quality billets boron powder must be
added to the LaB6 powder (2 mole boron to 1 mole LaB6). The
resulting monocrystals were of good quality, but they con-
tained an excess of boron as well as the LaB4 phase. The
presence of LaB,, can be attributed to the high rate of crys-
tallisation used in those experiments,2 1 which was an order of
magnitude greater than normal values.

The LaB,, had an oriented distribution, and its presence had
almost no effect on the sharpness of the Laue diagrams of the
LaB6 monocrystals. A seed crystal containing an excess of
boron (86.9% B) was used 2 8 in addition to seeds of stoichiomet-
ric composition. By studying the melting points of the sam-
ples it was concluded that the composition of the crystals cor-
responding to the highest melting point is shifted from the
stoichiometric value towards the boron-rich side. This obser-
vation anticipated the publication5 of the phase diagram of the
La-B system. In addition, the LaB^ phase was detected in
samples prepared from billets of stoichiometric composition.
Its presence was attributed to incongruent melting of the LaB6.

As was stated above, according to data5 obtained by the
liquid-phase method (see Fig . l ) , the preparation of stoichio-
metric LaB6 by this method (including zone melting) is impos-
sible even when non-stoichiometric initial ratios of La to Β are

used to allow for differences in evaporation rate at the growth
temperature. However, some workers 2 7 ' 3 1 ' 3 3 have assigned
the formula LaB6 to their lanthanum hexaboride crystals on
the basis of chemical analysis (and within the precision of that
method, see Table 2). We should stress that, unfortunately,
the exact quantities of Β and La in the resulting LaB6 mono-
crystals are not stated in those papers, and no indication is
given of the precision of the chemical analysis. Therefore it
is difficult to establish the exact ratio of Β to La in those
samples and the exact formula of the hexaboride.

This shortcoming is not found in an analytical investigation30

specially aimed at determining the stoichiometry of the grown
LaB6 crystals (see Table 2) and at identifying the impurities
in the samples. All the monocrystals were found to be defi-
cient in boron both in respect of their stoichiometric composi-
tion and in respect of the composition of the initial ingot, but
they were free from inclusions of the LaB^ phase. Relatively
large amounts of carbon were detected in the crystals. The
low boron content was attributed 3 0 to the formation of a com-
pound between boron and carbon by the reaction of carbon
with the LaB6 melt (but no experimental evidence for this
suggestion is given). On the evidence of chemical analysis
and density data these workers concluded that the boron sub-
lattice contained defects and that La atoms could be accommo-
dated in the sites of the missing octahedra of boron atoms.

Thus the liquid-phase method can be used to prepare rea-
sonably large monocrystals of high purity, but it has serious
disadvantages such as a variable and non-stoichiometric com-
position of the resulting LaB6 crystals and the presence (in
some cases) of LaB^ and Β inclusions.

3. Crystallisation from Solutions

The solution method consists in the mass (or seeded) crys-
tallisation of refractory compounds from metallic, salt, or
hydrothermal solutions. The crystallisation takes place at a
fixed (or variable) solution supersaturation, produced by
evaporating the solvent or by lowering the temperature and
by the corresponding decrease in solubility of the substance
to be crystallised. The crystallisation is controlled by using
a seed crystal immersed in the solution, and by establishing
special regimes of solvent evaporation and cooling the system
or adding feed material to i t . 2 2

The variants of this method differ in the nature of the sol-
vent (elements, compounds, metals, salts) and in its relation-
ship to the solute (i .e. in its ability to form compounds with
i t ) . 2 2 One of the main attractions of the solution method is
the possibility of obtaining different morphological modifica-
tions of the monocrystals (needles, plates, isometric crystals),
and also the relatively low temperatures of the growth pro-
cesses and their technological simplicity. So far, only crys-
tallisation from solutions in metallic melt and electrocrystallisa-
tion have been used to prepare monocrystals by the solution
method. Information on the crystals prepared by these
methods is given in Table 3.

Let us examine in greater detail the solution method, which
appears to offer the most promising possibilities for the prod-
uction of stoichiometric LaB6 crystals. To control the crys-
tallisation of LaB6 from solution in Al we need information on
the phase equilibria in the ternary La—B—Al system at differ-
ent temperatures, and also data on the polythermal section of
the LaBb—Al phase diagram. If these data are available we
can establish the following:

1) the temperature dependence of the solubility of LaB6 in
an Al melt;

2) the phase relationships and interconversion during crys-
tallisation .
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However, the phase diagram of the La-B-Al system has not
so far been determined. The reported"*6 isothermal section of
the phase diagram at 873 Κ shows that ternary compounds are
not formed on this section and that the LaB6 is in equilibrium
with the Al, indicating the possibility of preparing LaB6 crys-
tals from the Al melt. Since the LaB^-Al equilibrium does not
appear on the isothermal section, the LaB4 phase cannot crys-
tallise and contaminate the LaB6 crystals. There is no infor-
mation on the temperature dependence of the solubility of LaB6

in an aluminium melt: the composition of the initial charge is
usually calculated approximately by equating the solubility of
LaB6 to that of boron in aluminium at the given temperature.
This estimate is only a rough approximation, and apparently
too high, but at present we have no better way of defining
the crystallisation regime of the LaB6.

An overall representation of the crystallisation regimes can
be based on the data in Fig. 2, which shows a polythermal sec-
tion with a metastable region in the phase diagram of refrac-
tory compound (MN)—solvent metal (R) systems, together with
possible variants of the mass crystallisation regime.

The metastable region, defined by the full curves, is divided
into two parts by the dot-and-dash curves, corresponding to
the spontaneous formation of singlet nuclei (part I, tempera-
ture range T1—T2) and to massive nucleation (part II, range
Τ 2 - Γ 3 ) , but not so massive as in the labile region below T 3.
After being heated to the required temperature and held at
that temperature for the time needed for the synthesis and
homogenisation of the molten solution the system can be cooled
according to several regimes, of which the most effective is
A1B1C1D1. After a hold at the temperature A1 the system is
rapidly cooled to the temperature B1 to form a relatively small
number of nuclei, then the temperature is raised to Cx to
redissolve the more unstable nuclei (in order to decrease the
number of nuclei and thus obtain larger crystals), and lastly
the system is cooled along the line C1D1, which is parallel to

the solubility curve of the crystallising compound. Other
regimes (see Fig. 2) yield smaller and less perfect monocrys-
tals, and are only used for special reasons.1*7

1 A ,

MN R

Figure 2. Metastable region (diagrammatic) in a polythermal
section of the MN-R phase diagram and mass crystallisation
regimes (from Ref.47).

LaB6 monocrystals of stoichiometric (or near-stoichiometric)
composition are obtained by crystallising the system by the
solution method according to the LaB6—Al polythermal section
(Fig. 3), starting from the temperature 2073 Κ at which the
left-hand edge of the homogeneity region begins to follow the
stoichiometric composition towards lower temperatures. This

Table 3. Preparation of LaB6 monocrystals by the solution method.

Initial components

Composition
(wt.%); weight
of solvent (g)

ΛΙ(99.9999)

Λ 1(99.9);
90—140

Λ 1(99.8); 58

Λ1(99.99); —

Al; 41

purity of Β and
La(wt.%);
B/La ratio

Β (99.99),
Ln(99.9); 6:1

Β (99.99),
La (99.9);
4.98:1

Β (99.8),
La 99.5)
5.8:1

Β (-99),
La(>99); 6:1
or 12:1

Β (99,9),La2On;
(4-5-8) :1

-

C. Wt.%

13.35

2.4-5-3.6

3.06

5--10

10

-

Prep

Τ, Κ

1773

1473

1773

1573—1673

1773

1073

arative conditions

t. h

0.16

5+-10

8

2-5-10

120

200-»-300

, K h - i

25

0.2-*-75

30

-

5-5-20

no cool-
ing

Chara

shape and size of crystals, mm

needles 5.0-7.0 χ 0.1 χ 0.1;
plates 2.00 χ 3.00 χ 0.05;
cubes

needles 5.0 χ 0.5 χ 0.5;
plates; cubes

needles; plates; cubes

needles 10.0 χ 0.5 χ 0.4;
plates 6.00 χ 7.00 χ 0.15;
cubes 1.90 χ 0.85 χ 0.85

needles 5 x 1 x 1 ; plates
2.0 χ 2.0 χ 0.1; cubes
l x l x l

cubes 6 x 6 x 5

teristics of monocrystals

method of analysis; formula

-

-

-

chemical analysis**;
LaB5 8 6 (31.0 wt.% B);
LaBfc.04 (32.0 wt.';i B)

microprobe: (30.00 ± 0.08
wt.% B)

microprobe;
La0.G7B«-:-La0.87B«

cP cZ, wt.%

0.01

0.045

0.005—0.01

0.056 (Al)

-

-

Refs.

[34.35.30.37]

[38J

[39]

[40-43]

[44]

[45]

Symbols: c is the concentration of LaB6 in solution, t is the hold time, ν is the cooling rate.

* Crystals prepared by electrocrystallisation from molten salts (melt composition, mole %: La2O3 0.1—4,
B2O3 33.5, Li2O 31.2, LiF 33.1.
**The calculated boron content of LaB6 is 31.8 wt.%.
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property of the system imparts some substantial advantages
to the solution method as compared with other methods of
producing LaB6 crystals of stoichiometric composition.

7,K

Al

Figure 3. Polythermal section (diagrammatic) of the LaB6-Al
phase diagram (from Ref.47).

The LaB6 crystals are usually prepared as follows. Known
weights of boron and lanthanum (in stoichiometric proportions)
are placed in an alundum crucible or boat together with the
aluminium, heated in an argon atmosphere to the required
temperature, held at this temperature for several hours in
order to homogenise the melt, and after rapidly lowering and
again raising the temperature the system is brought to 873 Κ
by forced cooling (see Fig.2).1*7 The fundamental condition
for successful crystallisation is that the point Bi(2) must
always lie within the metastability region (preferably, in its
upper part) . The following mass crystallisation regimes can
be defined (Fig.2): A XB 1ClD1 (the optimum) ; A1B2ClD1 (a
possible regime for a broad homogeneity region of the crystal-
lising substance); A1D2 (an "incorrect" regime, leading to
the deposition of very small crystals); A2D3D^(a possible
regime for a low synthesis temperature).

After being cooled the aluminium ingots are dissolved in
dilute HC1, NaOH, or KOH to isolate the LaB6 crystals. La2O3

can be used as one of the initial components instead of metallic
La: in this case the reaction La2O3 + Β + Al ->• LaBfc + A12O3 +
other products takes place in the aluminium melt.1*1*'1*8

In the temperature range 1473-1773 Κ (see Table 3) the
LaB6 crystallises from solution in an Al melt in three morpho-
logical modifications: needles, plates, or isometric cubic crys-
tals (Fig. 4a and 4b), the needles and plates being much larger
than the cubic crystals. It was reported 3 8 that under stated
experimental conditions (see Table 3) the needle-like crystals
greatly outnumber those of other morphologies. For example,
at a cooling rate of 75 Κ h " 1 the numerical ratio of the crys-
tals of different habit (needles : plates : cubes) was 76 : 23 : 1.
It is also reported1*3 that this ratio depends on the concentra-
tion of LaB6 in the Al: increasing the concentration increases
the proportion of platelets in the crystals.

From the Laue patterns of the crystals it was concluded1*9

that the plates and needles have {100} cube faces, i.e. the
plates have a large (100) face (several mm2 in area) and the

needles are elongated in the <100> direction. This is con-
firmed by data on the etching behaviour of the monocrystals.38'1*2

Some crystals have smooth faces, others show conical projec-
tions and growths steps, and skeletal growth forms are also
found (in the shape of hollow cubes and needles), denoting a
high degree of supersaturation during the growth (Fig.4b).
It was shown1*9 that many monocrystals have a block structure,
with a maximum mis-orientation of 2° in platelets and much
smaller (~10') in needles (the mis-orientation of the blocks was
calculated from photographic enlargements of the Laue spots).

1 r

Figure 4. General shape of monocrystals of lanthanum hexa-
boride and of solid solutions of the La-L-χΜχΒς type crystal-
lised from aluminium: a) needles and plates of LaB6; b) cubic
LaB6 crystals; c) La^^Ce^Be solid solution; d) La 1 _ x Tb x B 6

solid solution; magnification x6 (a, c, d) and x500 (b) .

The composition of the LaB6 monocrystals was determined
quantitatively only in two investigations,1*2'1*1* aiming to estab-
lish the effect of the Β/La ratio in the initial ingot on the com-
position of the resulting crystals. In one of these studies1*2

chemical analysis showed that the composition of the crystals
obtained for a stoichiometric initial ratio of the components
generally corresponds to the formula LaB6 - 0. An initial ratio
of 12 : 1 yields crystals deficient in boron (LaB 5 8 6 ) . Other
workers1*1* varied the Β/La ratio between 4: 1 and 8: 1 but
could not detect any difference between the compositions of
the resulting crystals. The reported composition in this case
corresponded to a deficit of boron in the lanthanum hexabo-
ride crystals. We should stress that in spite of the use of an
excess of boron in the initial charge there has not been a
single report of the deposition of a LaB3 phase by crystallisa-
tion from an Al melt.

Aluminium inclusions have been detected in some LaB6 crys-
tals.38'1*2 This type of solvent entrainment is observed at
high rates of growth of the crystals from solution.5 0 The
crystallisation regime should be defined so as to avoid the
formation of extraneous inclusions.
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The crystallisation from Al solutions yields lanthanum hexa-
boride crystals of various colours: from a bright purple to
violet and blue. There have been attempts to associate the
blue colour with the presence of finely divided inclusions of
free boron1 3 or with a small lanthanum defect 3 ' 5 ' 1 9 (for exam-
ple, the La content was found6 to be 66 wt.%). However an
X-ray microprobe analysis of crystals of different colour pre-
pared by the solution method detected identical boron concen-
trations in all the crystals. hh It was reported1*9 that after
brief etching in dilute HNO3 all the crystals display a bright
purple colour gradually turning to blue on long exposure to
air. The conclusion1*1*'1*9 was that the differences in colour
between the crystals are due to differences in the state of the
surface (mainly, the presence of an oxide film).

The total impurity content of these LaB6 monocrystals
according to spectrographic analysis is 0.005-0.05 wt.% (see
Table 3), i.e. fully comparable with the purity of the crystals
prepared by zone melting (Table 2). Obviously, even purer
crystals can be prepared from purer starting materials by
exploiting the distribution coefficients of the various impuri-
ties .

LaBb monocrystals containing the 10B and 11B isotopes,
needed in various investigations,1*9 have also been prepared
by crystallisation from a solution in molten Al.

In an attempt to improve the emission properties of LaBb

cathodes, monocrystals of solid solutions of the type La1_a..
.M xB b have been prepared,1*0'1*1*'1*8'51'52 where Μ is a rare-
earth (Ce, Gd, Tb, Pr, Nd, Sm, Dy, Y) or an alkaline earth
metal (Ba), and χ varies between 0.02 and 0.70 atom fraction.
These are similar in size to the pure LaBb crystals (needles
and platelets, see Figs.4c and 4d). It was reported1*1* that
the composition of the solid solution crystals is not exactly
correlated with the initial component ratio. The discrepancy
between the initial LaBb/MBb ratio and the composition of the
crystals can be as high as ±15 mole % in some crystals. Other
workers5 2 find this scatter to be less than 8 at.%.

Another method (electrocrystallisation from molten salt solu-
tions) has been used to prepare fairly large cubic monocrys-
tals of LaBb (see Table 3). The most significant feature of
this method is that electrolysis of the molten salts (or oxides)
is carried out at constant temperature. The driving force of
the crystallisation process is the applied potential gradient.
Electrolysis has been carried out at a constant voltage between
1.85 and 2.1 V, which gives the cathodic current density
(20—40 m\ cm"2) needed for crystal growth. Unfortunately,
the composition and impurity content of the LaBb crystals
(grown on a seed) is not quoted,1*5 and these results cannot
be compared with those obtained by other methods.

A comparison of all the methods of preparing lanthanum
hexaboride crystals (Table 4) shows that the highest tempera-
tures are used in the liquid-phase methods; in the gas-phase
and the solution methods the maximum temperatures are simi-
lar, and lower than T m for lanthanum hexaboride by almost a
factor of two; the liquid-phase method offers the highest rate
of growth of monocrystals. Though each of these methods
(in principle) can be used, with appropriate seeds, to grow
single crystals oriented in any required crystallographic
direction, this has been achieved, in practice, only in the
liquid-phase method. Different morphological modifications of
idiomorphic monocrystals can be obtained only by the solution
method. The limiting impurity concentrations in monocrystals
prepared by the different methods are approximately equal.
Allowing for the shape of the LaB6 homogeneity region (espe-
cially in crystallisation by the solution method) leads to the
production of stoichiometric or very nearly stoichiometric
monocrystals. The liquidphase method often produces inclu-
sions of LaBi, and B, while inclusions of Al are obtained when
the solution method is used.

The most perfect monocrystals are grown by the solution
method, with the smallest block misalignment end the lowest
dislocation density. Single crystals of a prescribed shape
can be prepared only by solution and by liquid-phase methods
(in the latter case, by using Stepanov's profiling method 5 3).
These aspects should not be forgotten when comparing the
future prospects of the various methods. On the whole it is
difficult to identify any one method as superior to all others.
Each method has its advantages and disadvantages, and each
can yield monocrystals of adequate quality. In view of the
practical requirement for monocrystals in needle or platelet
form for the preparation of hot or cold emission cathodes, and
of the difficulty of growing those crystals by the liquid-phase
method, the solution method of growing LaB6 crystals of stoi-
chiometric composition offers some advantage over the other
methods.

Table 4. Comparison of methods of preparing LaB6 monocrys-
tals.

gas phase liquid phase

Temperature range. Κ

Growth time or rate
of pulling (or cooling)

Other features and
prospects of the method

Preparative conditions

above 2988
(degree of
superheating
not quoted)

preparation of
oriented regular
structures

18-420 mm h"1

growth on seeds growth of crystals in a
prescribed orientation:
electrocrvstallisation

Characteristics of resulting monocrystals

Maximum size, mm

Impurity content, wt.'i

Structural perfection
(misorientation of the
blocks)

Dislocation density.
cm'2, and face

Possibility of preparing
monocrystals of
stoichiometric compo-
sition

/ = 5 (needles).
d = 2 χ Ι0"5

at the limit of
sensitivity of the
microprobe

no data

10 4 -10 5 : (100)

yes

d

10"

bet

1 0 6

no

120 (rods),
= 1-10

' - Ι Ο " 4

veen 20" and
ew degrees

- I 0 7 : (1(10)

needles 10.0 χ 0.5 χ 0.4:
platelets 6.00 χ 7.00 χ
0.15; cubic crystal
6 x 6 x 5

Al up to 2 χ 10"'-
(5-10) χ lir· '

platelets up to 2'. needles
up to 10'

10-'- HI5: ( 100)

yes

These conclusions are confirmed by X-ray structural
studies1 7 '5 1*'5 5 of three LaB6 monocrystals prepared by the
solution method with different Β /La ratios in an Al melt and at
different temperatures (B/La = 9 : 1 and 5 : 1 at 1673 K; B/La =
9: 1 at 2073 K). The results on the crystal structure of
LaBb, shown in Table 5, were unexpected. Instead of defects
in the lanthanum sublattice, which could have been expected
in boron-rich compositions,3'10 full occupancy of the lanthanun
positions and a small defect density in the boron sublattice
were observed in all three crystals, irrespective of their com-
position. It follows that the data on the homogeneity region
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of LaBb (see Fig.3), at least those at 2073 Κ and below, need
to be re-examined: it appears that the boundary coinciding
with the line of stoichiometric composition should be the right
(rather than the left) solidus line. With this exception the
shape of the homogeneity region should be as outlined in
Ref.6.

Table 5. Data on the structure of LaB6 (from Refs.54 and
55).

Structure parameters

Position of
boron atom.

Occupancy and
position factor of
the boron. ',!

Isotropic temperature
factor of the lan-
thanum i.'iso. A-

Anisotropic tempera-
ture factor of the
boron. A2; L'\ \
U22 = i'33

Divergence factor

B/La atomic
ratios:

from X-rav analvsis
data

from chemical
analysis data

Crystal No.l

0 l'M'Mi (Hi)

90.4 (71

O.UU53."> (3)

0.0031 (2)
0.0044(21

1.36 (935 reflections)

5.7C

5.7

Crystal No.2

0.10057 (15)

97.2(5)

0.00551 (2)

0.0032(2)
0.0040(1)

1.10(1224 reflections

5.80

—

Crystal No.3

ιι.10948(Ι4)

OS.2 (5)

0.00525(2)

0.0031 (2)
0.0046(1)

1.15 (1190 reflections)

5.86

6.S

Notes. The standard errors are shown in brackets. The
following initial ratios in the melt and temperatures were used:
crystal No.l, B/La = 9: 1, Τ = 1673 Κ; crystal No.2, B/La =
5:1, Τ = 1673 Κ; crystal No. 3, B/La = 9: 1, Τ =· 2073 Κ.

Figure 5. Crystal structure of LaB6; the thermal vibration
ellipsoids of the atoms are taken from Refs.54 and 55.

Another important result of these studies 5"' 5 5 is the recog-
nition of a large anisotropy in the thermal vibrations of the
boron atoms (see Fig. 5 and Table 5). It is clear that the

thermal vibrations of the boron atoms are weaker in the direc-
tion of the bond between octahedra than in the direction of
the bonds within the octahedron. This conclusion is consis-
tent with the results of studies of LaB6 monocrystals by Ramar
spectroscopy, 5 6 ' 5 7 according to which the force constants of
the Β—Β bonds between octahedra and within the octahedra
are 2.18 and 1.28 mdyn A"1 respectively. We should also
stress that the amplitude of the thermal vibrations of the La
atoms is greater than that of the Β atoms (see Table 5). This
suggests a rigid boron sublattice with lanthanum atoms vibrat-
ing relatively freely in its interstitial sites. These aspects
of the crystal structure of lanthanum hexaboride are respon-
sible for many of its properties, discussed in the next section.

IV. SOME PROPERTIES OF LANTHANUM HEXABORIDE MONO-

CRYSTALS

In this section we shall aim as far as possible to discover
the relationship between the properties and the composition of
LaBb monocrystals.

1. Electrophysical Properties

The electrophysical properties of LaB6 monocrystals have
been studied mainly on samples prepared by zone melting.27'58'55

The results confirm the metallic nature of LaB6, previously
established for polycrystalline samples.1 0 Hall effect mea-
surements on samples of two types (prepared with 1 pass and
3 passes of the molten zone respectively) gave the same value
of the Hall constant (i?n) i n both cases: in other words, this
constant is independent of the purity of the crystals. 2 7 The
carrier concentration calculated from R\[ is ~1 electron per La
atom, which agrees with the band structure of the hexaborides
of tervalent rare-earth metals suggested in the early publica-
t ions . 6 0 ' 6 1 An important characteristic of LaB6 monocrystals
is the ratio of the electrical conductivities at 300 and 4.2 Κ
( Ρ 3οο/Ρι*.2) · W e know that the electrical conductivity of
metals at room temperature is determined mainly by the scat-
tering of the conduction electrons on acoustic phonons,
whereas at liquid-helium temperatures it is determined by
scattering at impurity atoms and lattice defects.6 2 Therefore
this ratio is very sensitive to the quality of the crystals: the
fewer impurities and defects are present in the crystal, the
lower will be the residual electrical resistance ς>^.2, and the
higher the ratio ρ3Οο/Ρι».2· Thus, for melted polycrystalline
samples (1 zone pass) containing 10~1-10~2 wt.% of impurities
the ratio was 20-45, 2 7 ' 5 9 whereas for the purer monocrystals
(3 zone passes) containing -10"3—ΙΟ"1* wt.% of impurities the
ratio was 200—450,27'58 and even as high as 740.63 In mono-
crystals prepared by the solution method the ratio P300/P4.2 s

200 3 5 corresponds to the lower limit for the zone-melted crys-
tals . However, we should remember that the error in mea-
suring this quantity may be large in the case of small crystals.

A study 5 8 of the temperature dependence of the electrical
resistance of a zone-melted monocrystal (p3oo/Pi».2 — 4 5 °) i n

the range 360-4.2 Κ has shown the need to allow for the con-
tribution from the scattering of electrons on optical phonons,
which becomes appreciable at -100 K. At 300 Κ this contri-
bution accounts for -30% of the total resistivity of the LaBb.
The scattering of electrons on optical phonons is an important
difference between LaB6 and metallic elements, which confirms
the ionic nature of the interactions between the boron and
lanthanum sublattices.6 0 A study of the dynamic resistance
of a LaB6 monocrystal at 1.7 Κ by the point contact spectros-
copy method confirmed the predominance of electron-phonon
interaction processes in the scattering of electrons.6"
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Experimental studies of magnetoresistance and of the
de Haas—van Alphen effect have been made on monocrystals
prepared by solution and liquid-phase methods, 3 5 ' 6 3 ' 6 5 using
models of the Fermi surface for LaB6 which were consistent
both internally and with calculations of the band structure of
LaB f a .

6 6 ' 6 8 According to those measurements3 5 '6 3 '6 5 the con-
duction band of LaB6 is very wide, and the conduction elec-
trons have a negligibly small s character owing to the hybrid-
isation of the 5d orbitals of the lanthanum atoms with the 2s-2p
orbitals of the boron atoms. A study of the energy struc-
ture of the valence band by determining the angular depen-
dence of the photo-emission from the (100) faces of a LaBfc

single crystal prepared by zone melting69 revealed the pres-
ence of several sub-bands in positions agreeing to within
-0.5 eV with calculated results . 6 7

Information on the band structure can also be obtained from
the reflectance spectra, which have been studied on poly-
crystalline samples prepared by zone melting and on films of
LaBb in the energy range 0.05-6 eV.25'70"71*

2. Optical Properties

The optical properties of LaB6 monocrystals were first
studied over a wide range of energies (0.05-40 eV) on lami-
nated crystals (mosaics of platelets) prepared by the solution
method. 7 5 ' 7 6 The reflectance spectrum of LaB6 (curve 1 of
Fig. 6a) shows a deep minimum at an energy of 2.1 eV, due to
the interaction of light with the conduction electrons. It
corresponds to a sharp maximum in the loss function (-Ime λ,
curve 3 of Fig. 6b). At energies greater than 2.1 eV we
observe a steep increase in the imaginary part of the dielec-
tric constant e2 (curve 2 of Fig.6b), indicating band-to-band
transitions (direct band gap) of the electrons from the valence
band to the conduction band, whose lowest levels are filled
with electrons. Hence the spectra of the optical constants
in present energy range are determined both by the conduc-
tion electrons and by the inter-band transitions, and there-
fore the frequency cumjn corresponding to f?min is not equal to
the plasma frequency ωρ. By separating the contribution
from the conduction electrons ( c e ) (curve 4 of Fig.6b) to the
real part of the dielectric constant E± (curve 1 of Fig. 6b) we
can determine the true value of the plasma frequency ωρ.
Inspection of the characteristic loss function (-Ime"1, curve 3
of Fig. 6b) establishes the presence of a broad maximum at
energies of 27—30 eV, due to the onset of plasma vibrations of
the valence electrons. The calculated energy of these vibra-
tions is 20 eV, i .e. we find (as in the case of the conduction
electrons) a shift in the energy of the plasma vibrations as a
result of band-to-band transitions. The similarity between
the spectral dependence of the characteristic loss functions
for LaB6 and for the betarhombohedral modification of elemen-
tal boron suggests that the role of the boron atom in the for-
mation of the spectrum of the hexaboride is dominant in the
high-energy region. 7 6

The boron sublattice of LaB6 also determines the form of the
Raman spectrum, which was studied on monocrystals prepared
by zone melting. 5 6 ' 7 7 The spectra were measured on polished
(100) and (111) surfaces of monocrystals. Several peaks
were observed, and assigned to three modes of lattice vibra-
tion active in the Raman region:

χ = 0.02-0.046) and attributed to the local perturbation of the
symmetry produced by the replacement of La by Ba.

Au

From Ref.56

1258 cm"
1

1120 cm"
1

682 cm"
1

From Ref.77

1262 cm"
1

1138 cm"
1

688 cm"
1

B-Bbond
B-Bbond
distortion of the boron sublattice

A peak at 214 cm" attributed to scattering on defects of the
crystal structure, was also observed. 7 7 A similar peak at
208 cm"1 was observed5 8 in La 1 _ x Ba x B 6 monocrystals (where

η κ

JO HO
£, eV

ο.α

~y -

E.eV

Figure 6. Dependence of the optical constants of LaB6 on the
energy Ε of the incident radiation; 7 5 ' 7 6 a) reflectance R (1),
refractive index η (2), and extinction coefficient κ (3); b)
real ( e 1 ; 1) and imaginary (e 2 , 2) parts of the dielectric per-
meability function and of the loss function (-Im ε" 1, 3).

3. Mechanical Properties

The elastic properties of LaB6 are also determined mainly by
the boron sublattice, as shown by measurements of the elastic
constants of LaB6 on samples cut in the <001>, <110>, and
<111> directions from single crystals prepared by zone melt-
ing: 5 7

Cu = 45.33 χ 1010Pa
C1 2= 1.82 χ 1010Pa
C44=9.01 χ 1010Pa

The anisotropy factor is A = 2C1>lt/(C11 - C 1 2) = 0.41.
Young's modulus, calculated for the <100> direction, is 45.18 χ
10 l c Pa, while the value calculated from the force constants of
the bonds in the boron sublattice between octahedra and
within the octahedra5 6 is 40 χ 1010 Pa. This good agreement
is interpreted 5 7 as evidence that the elastic constants of LaB6

are determined by the rigid boron sublattice. The large ionic



10 Russian Chemical Reviews, 56 (1), 1987

contribution to the bond between the boron and the metal sub-
lattice accounts for the anisotropy factor A < 1 in LaB6 (a
value usually found in ionic crystals).

Young's modulus for polycrystalline LaB6 prepared by zone
melting is 39.24 χ 1010 Pa , 7 8 i .e. it is slightly lower than for
the monocrystals. It is interesting to note that a theoretical
calculation of Young's modulus for LaBfc

 7 9 gave a value of
47.09 χ 1010 Pa, i.e. in these monocrystals the measured
Young's modulus is very close to the theroretical value.

Data on the micro-hardness of LaB6 monocrystals prepared
by various methods are shown in Table 6. They cover a wide
range, but since the measurements were carried out with dif-
ferent loads it is difficult to compare the results. There is
an obvious tendency for the micro-hardness to decrease with
increasing load on the indentor. Furthermore, the micro-
hardness measured with a Vickers pyramid (Hy) is different
from that measured with a Knoop pyramid ( H R ) , which is a
characteristic of brittle materials.8 0 The brittleness of LaB6

is found to be similar to that of silicon.80

Table 6. Micro-hardness of LaB6 monocrystals measured by
different methods. ·

Method of preparation; crystal form;
face

Gas phase; needles; (100)
Solution; platelets, needles; (100)
Liquid phase
Liquid phase; (100)

(1 10)
(111)

Solution; (100)
ditto

Micro-hardness, kg mm"^

HV

3400-3700
2K20+S0

2020
—

—

—

_

—
—

18504-90)
1550+60}
14904-70J
2450
19804-130
1720

Load on
indentor, g

50
100
300

510

50
200
400

Rets.

[26]
142]
[21]
[80]
[80]
[80
181
[81
[81

constant of A = 120 cm"2 K~2 (we shall call this value §ef).
Both φβ and $ef values are used in published work, though
according to some workers8 3 the use of φβ/· is preferable.

The results of various workers on the work function of
polycrystalline LaB6 and of LaB6 monocrystals have recently
been critically examined in Refs.83 and 84 respectively.

Storms and Mueller83 examine in detail the various factors
responsible for the large scatter of the measurements of work
function on polycrystalline LaB6: deviations from stoichiom-
etry in the bulk of the sample, differences in composition of
the surface whose emission is measured, the temperature of
the experiment, and the hold time of the sample at this tem-
perature , the presence of impurities in the sample and in the
residual atmosphere, and many other factors. For polycrys-
talline samples of composition in the range LaB5-85-LaB6.5o the
surface composition at 1500 Κ varied between LaB6.032 and
LaB6 0 ( | 7, the work function $ef was 2.91-2.93 eV, and φ# was
3.15—3.12 eV. Surprisingly, a further increase in the overall
boron content produces an increase in $et and a decrease in
φ# (a sample of composition LaB8 - 6, with a surface composi-
tion LaB 6 1 , gave §ef = 3.17 and φ^ = 2.21 eV).

Evidently, these factors must affect the measured work
function also in the case of monocrystals. Furthermore, the
work function of the LaB6 sample depends on the crystallo-
graphic direction, as in metals with body-centred cubic, face-
centred cubic, or close-packed hexagonal crystal lattice. Data
on the emission properties of monocrystals prepared by liquid-
phase and by solution methods are shown in Table 7. We note
that the scatter in the φ values is large also in monocrystals.
Nevertheless the anisotropy in the work function with respect
to the crystal orientation is clearly observable: Φ(ιοο) =
Φ(ηο) = Φ(ιιι)·

Table 7. Work functions of different faces of LaB6 monocrys-
tals prepared by liquid-phase and solution methods.

The anisotropy of the micro-hardness has been studied on
monocrystals prepared by zone melting80 and by the solution
method.8 1 In a study 8 1 of the anisotropy of the hardness
(polar anisotropy) on the (100) face the maximum hardness
was found with the longer diagonal of the indentor oriented in
the <010> direction, and the minimum in the <011> direction
(the difference between the two measurements was 300 kgf
mm" 2). Ref.80 describes a study of the reticular anisotropy
of the micro-hardness, showing that the maximum value of Ηκ
occurs in the (100) plane, where the density of La atoms is a
maximum, and the minimum occurs in the (111) plane.

4. Emission Properties

Because of the extensive use of LaBb cathodes in various
types of electronic device, data on the thermo-electronic work
function φ of the material are of interest. The cathode cur-
rent density Ic during thermo-electronic emission is described
by the Richardson-Dushman equation

/c, A cm-2=A Γ exp (—βφΊ) (1)

where Τ is the temperature of the cathode (K), e is the charge
on the electron, and A is the Richardson constant. The work
function φ can be determined by two methods: 1) graphically,
from the slope of the linear plot of lg (IIT2) against e/kT (we
shall call this value of the work function φ#), and 2) by cal-
culation from formula (1), assuming a value of the Richardson

(1001

φφ, cV

2.4+0.2
2.91

2.8C+0.03

_
—

2,70

2.52+.0.05
—

2.75

2.47+0.06

3

2.3+0.1

2.38

2.70+0.05
2.86+0.04

—

(110)

VR, eV φφ, eV

(Ill)

«?,eV <Pef eV

Liquid-phase method

3.0!)
2.68+.0.03

2.74
—

_

2.98
—

2.64+0.05
—

2.88

_

2.85
3.4+0.2

—
2.0

—

3.35
—

2.90+0.05
—

2.98

So ution method

—
—
—

2.07
—
—
—
—

—
—
—
.—
—

—
—
—
—
—

Rets.

[S5]
[21]
86]

[84]
[87]
131]

13O[
[37]
188]
[89]
[52]
[90]

It would be interesting to compare the work functions of
monocrystals differing in purity and in composition. Unfortu-
nately, this comparison is possible only in a few cases because
of the inadequate specification of the experimental materials in
much of the published work. Thus, boron-rich crystals pre-
pared by zone melting (La^^Bg) and having a high impurity
concentration21 have a higher work function (on all faces)
than crystals with a boron deficit (LaB5.86) containing very
few impurities.30>81* The work function of the (100) face of
LaB6 monocrystals8 9 '9 0 prepared by a solution method 3 7" 3 9 and
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containing ~10~2 wt.% of impurity is close to that of crystals
prepared by zone melting and having a similar impurity con-
centration. 2 1 ' 3 1

By using modern methods of studying solid surfaces such as
Auger electron spectroscopy (AES) and low-energy electron dif-
fraction (LEED) the effect of impurities on the work function
of LaB6 monocrystals has been demonstrated more clearly. In
particular, it has been shown91 that the carbon present in the
sample prepared by zone melting with one zone pass diffuses
to the surface on heating the sample and forms a monolayer of
graphite which is stable for a long time even at 1500 K. This
effect increases the work function of LaB6.

It has been shown81*'90'92 that carbon and oxygen are the
main impurities on the (100), (110), and (111) surfaces of
LaB6 monocrystals. Their bond to the surfaces is fairly
strong, and they are completely removed only by heating the
sample to -1700 Κ in a vacuum of 10~8-10~10 mmHg. Studies
of the oxidation kinetics at room temperature of clean (100),
(110), and (111) surfaces of LaBb monocrystals showed that at
oxygen pressures of 10~7-10~9 mmHg O2 adsorption raises the
work function of these faces by 1.6, 1.3, and 1.1 eV respec-
tively. 9 2 " 9 6 Raising the temperature to 1700 Κ strengthens
the oxidation, and produces an increase of 2.4 eV in the work
function of the (100) face92 and a decrease in the emission
current . 9 0 ' 9 1 A large decrease in emission current is pro-
duced also by hydrogen, methane, and water vapour. 9 0 It
has been established that rearrangement of the (110) mono-
crystal surface with formation of (111) facets takes place in
an oxygen atmosphere at ~10~6 mmHg and 1700 K, leading to
an increase in the work function of the (110) face and a
decrease in emission current . 8 6 ' 9 8

Table 8. Atomic ratio Β/La on the surface of different faces
of LaB6 monocrystals prepared by solution and by liquid-
phase methods.

Measure-
ment
method

(100)

Solution method

2.3—2.6
2.3M—2.GO

2.0

Measure-
ment
method

Liquid-phase method

AES
A I S
A US

[30]
192]

[1]

(HHl)
1100)
(11")
(HI)

4.1+0.1
4.0

5.4-HO.I
5.94-0.2

AI:S
UPS
AES
AES

[84]
(101)
[84]
[84]

The nature of the work function anisotropy in different
faces of the LaB6 monocrystals is also of interest. Studies of
these faces by AES, LEED, UPS (ultraviolet photoelectron
spectroscopy), and XPS (X-ray photoelectron spectroscopy)
have shown 3 6 ' 8 1 *' 8 7 ' 9 2 ' 9 3 ' 9 9 " 1 0 1 that the Ba/La ratio on the mono-
crystal surface increases in the sequence (100) < (110) < (111)
(see Table 8). The work function decreases in the same
order, i.e. the greater the density of La atoms on the sur-
face, the lower is the work function. This observation is
unexpected, since the opposite effect is found on elemental
metals: φ increases with the density of metal atoms on the
surface. The explanation of this anomaly probably resides in
the atomic structure of the surface in the different faces of
the LaB6 c rys ta l s . 1 0 2 ' 1 0 3 ' 1 0 6 ' 1 1 2 According to current views,
the (100) surface consists of a plane of La ions, whereas in
the (110) and (111) faces the La ions are displaced from their
equilibrium positions by -1.66 and 1.2 A respectively (Fig.7),
i.e. the greater the displacement of the La ions "from within"

towards the surface, the lower is the work function. Accord-
ing to some workers 1 0 0 " 1 0 3 the difference in work function of
the LaB6 faces is explained by differences in the electrical
dipole moments created by the positively charged La0* ions
and the octahedra of Β atoms in the surface layer: the work
function of the (100) and (110) faces is lower than that of the
(111) face because their dipole moment is higher.

(100)

(111)

Ο La

Figure 7. Surface structure of different faces of the LaBe

crystal (from Ref.103).

Recent studies1 0 1*"1 0 6 of the energy structure of the LaB6

surface have identified several peaks in the region of 1.5 to
3 eV below the Fermi level from the UPS spectra of the (100),
(110), and (111) faces. These peaks are attributed to the
so-called "dangling" bonds, i.e. to uncompensated bonds of
the surface boron atoms. 1 0 7 The peaks disappear when oxy-
gen is adsorbed on the LaB6 surface, indicating an interaction
between the oxygen atoms and the uncompensated boron bonds.96

Adsorbed oxygen (or other gases) can form a dipolar surface
layer which alters the surface potential and therefore also the
work function.91*"96

However, residual gases, including oxygen, can increase
the emission rather than impair the emission propert ies . 1 0 8 ' 1 0 9

Thus, it was found1 0 9 that at an oxygen partial pressure of
10~ 1 0-(l-3) χ 10~9 mmHg the work function of the (210) face
is ~0.2 eV lower than for the clean surface, and the emission
is correspondingly higher. No explanation has yet been
suggested.

Problems of adsorption on the surface of LaB6 monocrystals
are of practical as well as of theoretical interest in relation to
the controlled modification of the emission characteristics by
the simultaneous adsorption of several elements. For example,
it has been shown110 that the adsorption of Cs on the clean
(100) and (110) faces of a LaB6 crystal lowers the work func-
tion from 2.78 to 1.97 and 1.88 eV respectively. However, if
the Cs is adsorbed on the same surfaces previously covered
with oxygen the work function falls to 1.35 and 1.47 eV respec-
tively. These surface coatings were found to have a reason-
able thermal stability: thus, the Cs is desorbed from a clean
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(100) surface of the LaB6 crystal at -900 K, whereas on a
surface previously coated with oxygen desorption takes place
at -1150 K.1 1 1 The work function of the clean (100) face may
not be the lowest, of course, Higher-index faces have also
given low values of the work function: φ# = 2.3eV for the
(321) face,8 5 <\>ef = 2.41 eV for (364) ,9h φ = 2.2 eV 1 1 2 ' 1 1 3 and
ΦΚ = 2.48 eV for (210). 1 0 2

Another method of improving the emission properties of
LaB6 monocrystals relies on doping the material. We know
that the work function is given by the expression

ρ=χ—μ ( 2 )

where χ is the difference between the electrical potentials in
the bulk of the metal and in the vacuum near the surface, and
μ is the chemical potential of the electron gas in the metal
(υ s Ep, where Ep is the Fermi energy). 8 2 By varying χ or
υ (for example, by doping) we can vary the work function of
the LaB6 in the required direction. In this respect the most
promising materials are solid solutions based on LaB6 in which
some of the La atoms are replaced by other materials, espe-
cially rare-earth and alkaline-earth metals.

The emission properties of some solid solutions have been
measured both on monocrystals and on polycrystalline sam-
ples. 5 1 · 5 2 ' 8 8 it was found that the work function of the (100)
face of the solid solution is higher than that of the LaB6 crys-
tals, and relatively insensitive to the nature of the added
metal. It was also shown52 that the surface of crystals of the
LaBb solid solutions gradually become enriched in La (with
respect to the bulk) at high temperatures as a result of the
preferential evaporation of the second metallic component.
These materials show a characteristic instability of the emis-
sion current . 8 8 Similar phenomena have been observed in
polycrystalline solid solutions of the MB6 type, where Μ = La,
Y, S c . l l u Nevertheless further work on these materials
should be of interest.

Studies of field emission from LaB6 monocrystals are also of
great theoretical and practical interest in connection with the
development of new materials for auto-emission cathodes. 1 1 5 " 1 1 7

The first studies of field emission in an ion beam were car-
ried out with monocrystals prepared by liquid-phase 1 1 5 ' 1 1 8 and
by solution methods. 1 1 9 It was shown that the image of a
LaB6 point in He ions at 78 Κ has an irregular structure. The
quality of the image was worse than for metal points. How-
ever, later workers obtained images of LaB6 points with a
regular structure.

Studies of the effect of various gases (hydrogen, 1 2 0 neon,
oxygen, and hydrogen 1 2 1) on the image from a LaB6 point
revealed a rearrangement in a hydrogen atmosphere from low-
index faces into faces with higher indices of the type of {012},
{013}, {112}, etc., whereas in the presence of oxygen the
surface becomes strongly disordered, with cluster formation.
The hydrogen reacts primarily with the surface Β atoms,1 2 0

and the oxygen with both the La and the Β atoms. 1 2 1

A study 1 2 2 of the mechanism of formation of images from
points of LaB6 and La0-58Sm0>it2B6 monocrystals in helium, neon,
and hydrogen ions showed that only the metal ions (La or La
and Sm) contribute to the formation of the image. However,
others 1 2 1 assume that the main contribution to the formation of
images of the points in He and Ne is from the uncompensated
bonds of the boron atoms in the octahedra. This point of
view is confirmed to some extent by studies of LaB6 by the
atomic probe method, with mass spectrometric analysis of the
ions produced by field evaporation.1 2 3 '1 2 1*

Swanson81* measured the work function and the field emission
current of monocrystal points, and he concluded that LaB6

has no real advantage as a field emitter over other refractory

compounds. However, by generating microscopic projections
on a point from a <100> LaB6 monocrystal an emission current
of ~10~5 A was obtained from the projection,1 2 5 corresponding
to a source brightness of -1011 A cm"2 steradian" 1 .

Nevertheless further studies of LaB6 in an ion beam are of
interest both from the standpoint of a more detailed under-
standing of the surface structure at the atomic level and to
explain the mechanism of image formation from points of com-
pounds. Furthermore it has been shown102 that the evapora-
tion under the influence of a field and the reconstruction of a
surface can affect the concentration of La atoms, and there-
fore also the work function of the various faces. This work
is extremely relevant, because using a thermo-emission cath-
ode made of monocrystalline LaB6 in an electron gun produces
a spotty emission, 1 2 6 ' 1 2 7 which can be eliminated (while at the
same time increasing the brightness of the image) by operating
the cathode in the thermal-field emission mode. 1 0 9

5. Some Practical Applications

Because of the unique combination of ρhysicochemical prop-
erties offered by LaB6 its practical applications are extremely
varied, and we shall only dwell on the most interesting and
important results (in our opinion). The use of LaB6 as a
thermo-electronic emitter in the cathodes assemblies of various
types of device should be mentioned first. The advantages
of cathodes made of sintered LaB6 over tungsten cathodes for
use in scanning electron microscopes have long been recog-
nised. 1 2 8 ~ 1 3 0

The preparation of LaB6 monocrystals stimulated the pro-
duction of monocrystalline thermo-emission cathodes, the study
of their characteristics, and the search for possible alterna-
tives to oxide and tungsten cathodes. θ 8 ' 1 0 6 ' 1 1 8 ' 1 2 6 ' 1 3 1 " 1 1 * 3 The
operating characteristics of a monocrystalline LaB6 cathode
used in commercial equipment (microanalysers and Auger
spectrometers) in place of a tungsten cathode have been mea-
sured. 1 0 6 ' 1 3 3 ' 1 3 1* The LaB6 cathode is shown to be brighter
than the tungstem cathode (2 x 105 A cm"2 steradian"1 and
1.5 χ 101* A cm"2 steradian"1 respectively), and to have a more
stable emission current (better than 1 χ 10"3 A h " 1 ) . It was
also shown131* that a cathode consisting of a LaB6 point with a
<100> orientation can produce a cathode current density of
-50 A cm"2, combined with an operating life of more than
300 h. An electron gun with a cathode made from a zone
melted LaB6 single crystal cut in the <100> direction has been
developed,1 3 5 giving an optimum brightness of 2.5 χ 105 A cm"2

steradian"1 at a cathodic current density of 50 A cm" 2 . A
cathode with a monocrystal oriented in the <100> direction was
reported81* to give a current density of -10 A cm~2 at 1600 to
1700 K; under these conditions the rate of evaporation of the
cathode was -1 urn year" 1 .

The successful replacement of a rhenium cathode by a mono-
crystalline LaB6 cathode in a commercial mass spectrometer
has been claimed.136 The life of the LaB6 cathode is 10 times
greater than that of the rhenium cathode, and its working
temperature is lower (1750 Κ instead of 2500 K), which allows
thermally unstable compounds to be analysed. The replace-
ment1 3 9 of a tungsten cathode in a micro-focus X-ray source
by a LaB6 monocrystal has given a 20 times higher current
density at the target with an operational life of -800 h.

A monocrystalline LaB6 cathode has been fitted1"*0 to an
electron microscope, giving a brightness of 2 * 106 A cm"2

steradian"1 and a stable operation time of over 100 h; the
resolution of the microscope was 0.14 nm.

Another promising application of monocrystalline LaBb catho-
odes is in the production of integrated circuits by electron-
beam lithography. 1 3 8 A very precise and fast lithographic



Russian Chemical Reviews, 56 (1), 1987 13

system has been based11*1 on a monocrystalline LaB6 cathode
consisting of a flattened point, giving an electron beam 6.4 χ
6.4 pm in cross-section and a current density of 10A cm" 2.

Work is also in progress on improved designs of cathode
assemblies1"*2 and on optimised conditions for using the mono-
crystalline(LaB6 cathodes.11*3 Thus a new method of attaching
the monocrystal of lanthanum hexaboride to the cathode assem-
bly gives a working life of 1000 h at a cathode working tem-
perature of 1800 K.11*2

Considerable effort is devoted also to the use of polycrys-
talline LaB6. For example, it has been shown that cathodes
made from hot-pressed or sintered polycrystalline LaB6 are
potentially useful for high-current ion sources in atomic tech-
nology, l l4l*~ l lt7 especially for the production of a high-density
plasma in apparatus of the "Tokamak" type.11*5'11*6 Sintered
LaB6-ZrB6 compositions have also been studied with the aim
of improving the mechanical and emission properties of LaB6

cathodes. l k S

Powdered LaB6 has been used in the isotopic analysis of
iodine,11*9 and found to give a relative sensitivity better than
materials like the W-Th alloy, ZrC, Hf, and Re.

A study of the catalytic activity of the clean surface of
LaB6 powders towards the hydrogen—deuterium isotope
exchange has been reported. 1 5 0 At 159 Κ the specific activ-
ity of LaB6 is two orders of magnitude greater than the activ-
ity of γ-Α12Ο3, and only slightly lower than the activity of Pt
or Ni.

- - - o O o - - -

Thus the preparation of perfect monocrystals of LaB6 by any
of the methods examined requires accurate information on the
La-B phase diagram, and in particular on the homogeneity
region of LaB6. Another important requirement is a very
accurate characterisation of the resulting LaB6 crystals in
both composition and structure, to allow these data to be
related to the other properties of the material. Only by
establishing these relationships can the controlled production
of perfect and defect-free LaB5 monocrystals, by any method,
be achieved.
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