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The in6uence of the concentration of iron (0.3 to 3.0 at.%) on
the dislocation structure and physical+mechanical character-
istics of boron has been studied. It was shown that Fe-doped
boron is p-type. A hole concentration increase from 631017 to
231019 cm23 leads to an increase of the absolute value of the
dynamic shear modulus at room temperature from 175 to
190 GPa. The activation energy of the mobility of twin disloca-
tions decreases from 1.30 to 0.75 eV, while those of partial
dislocations decrease from 2.1 to 1.8 eV. The interaction energy
of twin and partial dislocations with point defects also varies
between 0.45 and 0.11 eV. Changes of the structure-sensitive
properties observed in Fe-doped boron may be considered as
being due to the formation of shallow donor or acceptor levels
at defects like kinks on twin or partial dislocations. ( 2000
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INTRODUCTION

In order to elaborate new technologies for the fabrication
of boron-based materials with preassigned physical}mech-
anical properties, it is essential to study the characteristics of
boron doped with various elements. It is well known that Fe
atoms may simultaneously occupy di!erent positions in the
crystal lattice of boron, forming interatomic bonds of di!er-
ent types with the nearest neighbors (1). Consequently,
doping may a!ect the physical}mechanical properties of
boron. For these reasons investigation of the
physical}mechanical behavior of Fe-doped boron by the
internal friction (IF) method would be of interest from both
an analytical and a practical viewpoint.

We have investigated specimens of b-rhombohedral
boron doped with Fe (0.3 to 3.0 at.%). The specimens were
fabricated using special melting regimes in resistance furna-
ces. The charges were melted in boron nitride crucibles.

Measurements of the IF temperature dependence were
performed in a temperature range from 80 to 1000 K at
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&1 Hz frequencies on a torsion pendulum. The heating
rates varied between 1}3 degree/min. The absolute value of
the shear modulus was determined by comparing vibration
frequencies of the investigated specimens with the frequen-
cies of a standard one. The Fe concentration was deter-
mined with a &&Comebax'' microanalyzer. The activation
energy (H) of the process was measured by the IF maxima
frequency shift. The frequency factor q~1

0
was calculated

from the condition uq"1, where q"q
0

exp(H/k¹) (2).
Electrophysical characteristics were estimated from the Hall
coe$cient and electrical conductivity measurements. The
type of conductivity was determined from the sign of the
Hall electromotive forces.

Specimens alloyed up to 3 at.% Fe exhibited hole con-
ductivity with the hole concentration variation from
6]1017 to 2]1019 cm~3. According to Ref. (3), the hole
conductivity must change at 2.5 at.% Fe. Such a di!erent
behavior may be due to partial electron}hole compensation
in the presence of technological impurities.

The IF spectra of Fe-doped specimens were identical and
di!ered only in their activation characteristics. Therefore,
only the spectra of two specimens doped with 0.3 and 3.0
at.% Fe are presented (Tables 1 and 2).

In the IF spectrum of boron doped with 0.3 at.% Fe, two
low-temperature maxima of relaxation type at 140 and
250 K were observed (Fig. 1, curve 1), characterized by
activation energies of 0.15 and 0.45 eV; frequency factors are
1]108 and 5]109 sec~1, respectively. The intensities of the
IF maxima increase almost linearly with the increase of
vibration amplitude from 5]10~5 to 1]10~3 accompanied
by shifting 10 to 15 K to lower temperatures at higher
amplitudes. With the subsequent gradual lowering of the
amplitude, the initial characteristics of the maxima are re-
stored.

At temperatures from 80 to 300 K an almost linear de-
crease of the shear modulus can be observed, except near the
IF maximum temperature region where abrupt shear
modulus changes were "xed (Fig. 1, curve 1@).

With an increase of the Fe concentration in boron speci-
mens (accompanied by an increase of the hole concentration),



TABLE 1
Low-Temperature Physical}Mechanical Characteristics of Boron Doped with Fe

Shear Maximum Activation Frequency Maximum Hole
Materials modulus, GPa temperature, K energy, eV factor, sec~1 height, ]103 concentration

B#0.3 at.% Fe 175 140 0.15 8]108 0.8 6]1017

250 0.45 5]109 0.5

B#1.0 at.% Fe 182 125 0.13 3]108 1.3 1]1018

235 0.38 3]109 1.7

B#1.8 at.% Fe 185 122 0.12 5]107 1.7 3]1018

230 0.32 1]109 2.0

B#2.4 at.% Fe 190 120 0.12 1]107 2.2 8]1018

225 0.30 8]108 2.4

B#3.0 at.% Fe 195 115 0.11 1]107 2.7 2]1019

220 0.28 5]108 3.0
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decreases of the IF maximum temperatures and their activa-
tion characteristics were found. Simultaneously, the max-
imum height and shear modulus defect (Fig. 1, curve 2)
increased. Physical}mechanical characteristics of boron
doped with 0.3 and 3.0 at.% Fe are given in Table 1.

The IF spectrum of boron doped with 0.3 at.% Fe is
characterized by intense maxima at 500, 540, 570, and 700 K
(Fig. 2, curve 1). The maxima observed at 500, 540, and
700 K have activation energies of 1.0, 1.3, and 2.1 eV and
their frequency factors are 8]1011, 5]1013, and 5]1014
sec~1, respectively. The maximum at 570 K increases sharp-
ly with the increase of the vibration amplitude and has all
features of hysteresis type absorption. On the whole the
TABLE 2
Activation Parameters of High-Temperature IF Peaks of Boron

Doped with Fe

Maximum Maximum Activation Frequency
Materials temperature, K height, ]103 energy, eV factor, sec~1

B#0.3 at. % Fe 510 2.5 1.0 8]1011

540 4.5 1.3 2]1014

710 2.0 2.1 6]1014

B#1.0 at.% Fe 500 3.2 0.9 5]1011

530 3.0 1.3 1]1014

700 2.7 2.0 2]1014

B#1.8 at.% Fe 485 4.0 0.85 1]1011

530 2.5 1.3 1]1014

695 3.2 1.9 8]1013

B#2.4 at.% Fe 475 3.5 0.8 7]1010

530 2.0 1.3 1]1014

690 3.4 1.85 5]1013

B#3.0 at. % Fe 460 5.5 0.8 2]1010

530 1.5 1.3 1]1014

660 3.5 1.8 2]1013
curves of the shear modulus are characterized by a slight
linear decrease in the measured temperature range (300 to
1000 K).

Increasing the Fe content in boron specimens causes the
following changes in the IF spectrum: the intensities of
maxima 140, 250, 500, and 700 K increase, while the max-
imum temperatures and their activation parameters de-
crease; defects in the shear modulus at these maxima
increase. The intensity of relaxation processes at 540
K sharply decreases without any changes in activation para-
meters; the IF peak at 570 K is fully suppressed. Activation
parameters of the above-mentioned maxima are given in
Table 2.

Possible mechanisms explaining the observed relaxation
processes may be the following. It is well known that there
are a number of polysynthetic twins and stacking faults
along the M100N planes in the specimens of doped boron
(4, 5). This fact, as well as the strong amplitude dependence
FIG. 1. Internal friction Q~1 (1, 2) and relative shear modulus !f 2/ f 2
0

(1@, 2@) at temperatures ranging from 80 to 300 K in Fe-doped boron. 1, 1@:
B#0.3 at.% Fe. 2, 2@: B#3.0 at.% Fe.



FIG. 2. Internal friction Q~1 (1, 2) and relative shear modulus !f 2/ f 2
0

(1@, 2@) at temperatures ranging from 300 to 1000 K in Fe-doped boron. 1, 1@:
B#0.3 at.% Fe. 2, 2@: B#3.0 at.% Fe.
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of the heights of IF maxima "xed at 140 and 250 K, indicates
that they are connected with twin and partial dislocations.

The low-temperature maxima observed in metals and
covalent crystals at temperatures from 100 to 300 K are
considered to be due to the interaction between dislocations
and point defects (6). Relaxation processes in the vicinity of
140 K may be due to the detachment from point defects of
single geometrical kinks formed on twinning dislocations.

We observe the maximum at 250 K in quenched undoped
and in all doped specimens together with the increase of the
M100N stacking fault density (4). Therefore, the IF maximum
at 250 K may be connected to migration processes of geo-
metrical kinks on partial dislocations in local stress "elds of
point defects. If we compare the IF spectrum of Fe-doped
boron with that of undoped boron (7), then the maxima at
500 and 700 K may be considered as characteristic for
doped specimens. These peaks also must be related to twin
or partial dislocations.

Possible mechanisms for the explanation of these maxima
may be connected with (a) the movement of twinning sur-
face dislocations on (100) planes by creating and broadening
dislocation loops (maximum at &500 K) and (b) reversible
broadening of stacking faults along the (100) planes under
the in#uence of an external stress "eld (maximum at
&700 K). A hole concentration increase in Fe-doped boron
specimens from 6]1017 to 2]1019 cm~3 may cause signi"-
cant changes in the activation parameters of the IF maxima
at 500 and 700 K. Activation energy and prefactor decrease
phenomena were found in doped semiconductors by many
authors and are explained as the result of the formation of
donor or acceptor levels at kinklike dislocation defects (8).
The dislocation itself is thought to contain reconstructed
bonds only, while there may be dangling bonds at kinks.
The same reasoning may be true for partial dislocation kink
migration as well as for low-temperature peaks.

Our experiments showed a gradual increase of the shear
modulus at 300 K in Fe-doped boron specimens with an
increase of the Fe concentration. It was supposed that Fe
atoms occupy positions in A(1) holes (9), where they form
strong tetrahedral bonds with the nearest surrounding
boron atoms. This type of local strengthening of interatomic
bonds may cause the observed increase of absolute shear
modulus.
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