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Crystal growth of higher borides from melts in the AI-ME-B
(ME =Be, Mg, Cu) or Cu—-B systems and its properties

Shigeru OKADA*!, Takao MORI*2, Toetsu SHISHIDO*3, Kunio KUDOU*4,
Kiyokata I1zuMI*5, Kazuo NAKAJIMA*6

Abstract: Al, Bey 1B,z Al; 4Mgo.45B2, ALkCuyBygs (x=2.8—3.3, y=2.9—1.0), Al, 3Cu, ;B,s and CuBy; crystals
were grown from high-temperature melts of the systems AI-M-B (M =Be, Mg, Cu) and Cu-B in an argon at-
mosphere. The maximum dimensions of Al ;Bey B2, Al sMgo4sBas, Als CuyoBios and Al ;Cu,; Bys crystals
were obtained in the ranges of approximately 2.5 to 5.2 mm. CuB,; crystals prepared had maximum dimensions
of approximately 30 um. The Al ;Beg By, and Al 4Mgy 45B2; crystals were obtained as plate-like crystals having
well-developed {101} and {001} faces, and Al; ;Cu, oBos and Al 3Cu, ;B,s crystals were obtained in the form of
needle or rhombohedral plate as bounded by {001} faces and grew as prismatic shape extending in the c direc-
tion. The values of Vickers microhardness on relatively large {101}, {100}, {001} and {001} faces of Al, ;Beo;
B, Al 4Mgg4sBs2, AlCuyBjos (x=2.8—3.3, y=2.9—1.0) and Al, ;Cu, B,s crystals are in the ranges of 25.4
(0.5) to 27.8 (1.7) GPa. The TG curves show that the oxidation of Al, ;Bey B2, Al 4Mgg45Bas, AlygCusoBigs,
Al3JCU2_0B|05 A13‘3CU1.0B|05, A1|‘3CU1.1B25 and CUB23 crystals began to pl'OCCed at 1080, 1121, 746, 923, 984, 984
and 722 K, respectively. Anomalous magnetic behavior was not observed for any of the compounds, and the
good agreement of the temperature independent susceptibility for the Al,Cu,B,os compounds with different
metal stoichiometries indicate the non-metallic nature of this phase. None of the compounds measured in this
work are indicated to be superconducting down to 1.8 K.
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1. Introduction

Boron-rich compounds consisting of B,, icosahedra are
of great interest because of their remarkable physical and
chemical properties, which in many cases are of potential
interest for applications to thermoelectric, photodetectors
and neutron shelters [1]. In our previous work [2, 3] we
successfully prepared single crystals of Al ;Be ;B
(tetragonal), Al; ;Mg 4B, (orthorhombic), Al,CuyB,es (x
=2.8—3.3, y=2.9—1.0) (rhombohedral), Al,;Cu, By
(tetragonal) and CuB,; (rhombohedral) from high-temper-
ature melts in the AI-M-B (M =Be, Mg, Cu) or Cu-B sys-
tems using metals and boron powder as starting materials

by slowly cooling under an argon atmosphere. Those crys-
tals obtained are report for crystal growth and structure
refinement [2-4]. However, so far physical and chemical
properties of these compounds have not been sufficiently
reported. In the present paper, the size and morphology of
the crystals determined, and oxidation resistance heated in
air, Vickers microhardness at room temperature and mag-
netic susceptibility at low temperatures of the as-grown
crystals were investigated.

2. Experimental details

The reagents used to prepare the compounds and their
purities were as follows : Al, 99.99%; Cu, 99.999%; Mg,
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99.9999%; Be, 99.5%; B, 99.5%. The mixture of starting
materials was placed in the dense Al,0; (99.8%) or hBN
(99.9%) crucibles. Each of the starting mixtures with the
required composition was placed in an Al;O; crucible For
the Al-Be-B and Cu-B system solutions, BN crucibles
were used. The crucible was inserted in a vertical electric
furnace with a SiC heater, and heated in an Ar gas. The
mixture was heated at a rate of 300 K/h and kept at soak-
ing temperature 1673 K or 1773 K for soaking time 1 h or 3
h. The solution was cooled to 1073 K at a rate of 50 K/h
and then the furnace was switched off. The crystals grown
in the solidified mixture were separated by dissolving the
excess metal solvent Al or Cu with dilute hydrochloric acid
(6M-HCI) or nitric acid (6M—HNO?3). Al, |Bey B2, Al 4
Mg0.45B22, AGCUyBlos (X= 2.8— 3.3, y= 29-1 .0) and All.g
Cu, By crystals were selected under a stereomicroscope
for chemical analyses and measurements of X-ray diffrac-
tion, Vickers microhardness, oxidation resistance and
magnetic susceptibility. However, CuB,; crystals prepared
had maximum dimensions of approximately 30 um, and
not always sufficiently large for some property measure-
ments.

Phases analysis and determination of unit-cell
parameters were carried out using a powder X-ray diffrac-
tometer (XRD) (Rigaku, RU-200) with monochromatic
CuKa radiation. The morphological properties and impur-
ities of the crystals were investigated by a scanning elec-
tron microscope (SEM)(JEOL, T-20) and an energy dis-
persive X-ray detector (EDX)(Horiba, EMAX-2770). The
chemical compsitions of the crystals grown were deter-
mined by means of the inductively coupled plasma method
(Shimadzu, ICP-50).

Measurements on as-grown Al ;Beg 7B2s, Al; sMgo 45B2a,
AGCuyB.os (X= 2.8— 3.3, y= 2.9— 1.0) and A11.3CU|.|B25
crystals were done using a Vickers diamond indenter at
room temperature. A load of 1.96 N was applied for 15 s
at about eight positions on relatively large {101}, {100},
{001} and {001} faces of Al, ;Bey;By, Al 4Mgp.4sBas, Aly
CuyBys (x=2.8—3.3, y=2.9-1.0) and Al, ;Cu, B, crys-
tals , and the values obtained were averaged. Pulverized
samples of approximately 25 mg were heated between

room temperature and 1473 K in air at a rate of 10 K/min
by differential thermal analysis and thermogravimetric
(TG/DTA) analyses [7]. The oxidation products were ana-
lyzed by a powder XRD. The magnetic susceptibility of
the powder samples was measured in a field of 1 kG using
a superconducting quantum interference device (SQUID)
magnetometer in the temperature range of 1.8 to 300 K

[8].
3. Results and discussion

The synthesized crystals phases syntheses in the present
work are Al Beg7B2, Al 4Mgg4sBa, AlkCuyBjos (x=2.8
—3.3, y=2.9-1.0), Al;3Cu, B,s and CuBy; crystals are
obtained from melts in the systems AI-M-B (M =Be, Mg,
Cu) and Cu—-B. Typical experimental conditions and maxi-
mum size for growth of the crystals are shown in Table 1.
The unit-cell parameters and chemical analyses are
presented together with published references in Table 2
and 3. The unit-cell parameters of these compounds are in
relatively good agreement with data published previously
[2-5]. The chemical compositons obtained by the chemical
analysis are approximately equivalent to those obtained at
structure analyses [2—-4]. Although the impurity content of
each crystal was analyzed chemically, EDX established the
occurrence of traces of silicon, calcium and iron, combi-
nation of oxygen or nitrogen atoms into the obtained crys-
tals, which might come from the Al,O; or BN crucibles,
was found to be negligible. The single crystals of Al; |Beg
By, AljaMgousBa, Al CuyoBios and Al 3Cuy,Bys are
shown in Fig. 1. The Al, ;Bey;B,,; and Al; 4Mgg 4sB,; crys-
tals were obtained as plate-like crystals having well-deve-
loped {101} and {001} faces, and Al;;Cu,(B,os and Al, ;
Cu, B;s crystals were obtained in the form of needle or
rhombohedral plate as bounded by {001} faces and grew
as prismatic shape extending in the c direction.

The values of Vickers microhardness of Al, ;BegB,,,
Al; 4gMgo.4sB2, AlygCusoBes, Als1CuyoBios Aly3Cuy oByos
and Al; ;Cu, B, crystal are shown in Table 4. The values
obtained are in the ranges of 25.4 (0.5) to 27.8 (1.7) GPa.
The micrhardness values of each crystals were found to be
closely similar. The values of Al, ;Bey-B,, crystals meas-

Table 1 Typical growth conditions of higher borides obtained from melts in the systems AI-M—-B (M =Be, Mg, Cu) and Cu-B

Composition of the starting

Soaking temperature

Maximum

Compound ﬂl?tl\l/llre( ég’al\t/?gn’ug Stt:x% (K) and time (h) Phases identified size (mm)
Al-Be-B* 67:1:8 1673, 1 Al |Beg1Bx 5.2
Al-Mg-B 40:1:8 1773, 3 Al Mg 45B)2 4.5
Al-Cu-B** 0:20:4 1773, 3 Al gCu; 9Byos 3.5
Al-Cu-B 1:20:4 1773, 3 Al; 1Cu,y oByos 3.5
Al-Cu-B 4:20:4 1773, 3 Al sCu, oBios 4.5
Al-Cu-B 05:5:1 1773, 3 Al 3Cu, By 2.5
Cu-B* 0:35:1 1773, 3 CuBj; 0.03

* hBN crucible was used.

** Al atoms from the AL,O; crucible participated in the growth of the crystal.
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Table 2 Crystal data of higher borides

Unit—cell parameter

Compound Crystal system (i) (o) ¢ (am) Reference
Al, ;Beg 1B, tetragonal 1.017(1) — 1.425(1) This work
Al ,Beg 5By, 1.0174(1) - 1.4235(6) [2]

Al JMgg 45B2; orthorhombic 1.663(1) 1.755(1) 1.018(1) This work
AlMgB;, 1.6633(3) 1.7547(4) 1.0187(2) [3]
Al gCuj oBos* rhombohedral 1.100(1) — 2.396(1) This work
Al; ,Cu, oBos* rhombohedral 1.099(1) — 2.396(1) This work
Al; ;Cu, oB)os* rhombohedral 1.099(1) — 2.395(2) This work
Al; gCuyggB)os* 1.0983(1) — 2.3928(2) [3]
Al; ;Cuq B)os* 1.0980(1) — 2.3930(2) [4]
Al ;Cu; By tetragonal 0.902(3) . 0.508(2) This work
Al sCuq 7Bys 0.902(3) . 0.508(2) [3]
CuBy* rhombohedral 1.096(1) — 2.393(1) This work
CuBy* 1.0965(1) — 2.3925(2) [5]

For the rhombohedral unit—cell, hexagonal unit—cell parameters are given.

Table 3 Chemical analyses data of higher borides

Chemical analysis (mass% i
Compound Al Be Mg 4 F e( 0 Cu B cc?nlllre’?slict?én
All_lBeo.-/Bzz 10.0 2.7 — 0.08 0.01 Balance AIL()BC()_sBzz*
Al 4Mgp 4sB2y 12.1 — 3.5 = = 76.4 Al 4Mgg 4sB22
Al, 5Cu; sB1os 5.4 — — 0.03 13.0 81.1 Al, 5Cu; sB1os
Alg_ |CU1.0B105 6.1 - - 0.02 9.2 84.4 Al3 |CU2,oB|05
Al; 3Cu, oByos 6.8 — — 0.03 5.1 87.7 Al; 3Cu, oB)os
Al]JCU“st 9.0 — — _ 17.9 69.1 Al,,;Cu,_.Bn
CuBy; 0.02 — — 0.02 20.5 79.1 CuB,, ;

*

Reference [2]

\

/

—_—
10kV X1Se 100pm 123456

Al 1Beg 7B, Al 4Mg45B;,

10kU XSO N, Se0um 123490 20kV X100 100um 123458

Al; 1 CuzBygs Al 3Cuy 1By
Fig. 1 SEM photographs of Al, ;Bey 1Bz, Al sMgo.4sB2, Al Cu;,oBjos and Al, ;Cu, B, crystals.
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ured are in comparatively good agreement with the values
on {101} faces values for the crystals in the literature [2].
The hardness of thoes higher borides are relatively higher
than the values of REAIB, (RE=Tm, Yb, Lu) (TmAIB,,
14.5+1.4 GPa; YbAIB,, 14.2+1.4 GPa; LuAlB,, 14.0%+
0.6 GPa) or RE,;AlIBs; (RE=Lu, Sc) (Sc;AlBg, 12.7+0.8
GPa; Lu,AlBg, 18.9+0.7 GPa) (7, 9]. The values of the
crystals obtained in the present work are appreciably
higher than those measured of a—AlB;, (21.4+1.3 GPa)
obtained in the binary Al-B system [10]. This nature of
hardness seems to be related in the difference of B,, icoha-
hedral units and boron-boron networks built up (REAIB,
and RE,AlIBg) by five-, (add six-membered ring) and
seven-membered rings for linkage of boron atoms in the
structures, and in the number of B,, icosahedral per unit
area between the two-dimensional B, icosahedral net-
works.

The oxidation process of AlyCu,Bjos (x=2.8—3.3, y=
2.9—1.0), Al, ;Cu, ;B,s and CuB,; crystals were studied by
TG/DTA, and the results are shown in Fig. 2. The oxida-
tion of Al BegsBa, Al 4MgoasBr, Al sCuygBies, Alyy
Cu, ¢Bjos Al;3Cu;oBjos, Al 3Cu; Bys and CuB,; crystals
began to proceed at 1080, 1121, 746, 923, 984, 984 and 722
K, respectively. The weight gain of the compounds after
TG determination are 77.0 mass%% for Al ;BeysB2, 9.6
mass% for Al 4sMgg4sBy, in the range of 28.2 to 43.5
mass% for ALCu,Bs (x=2.8—3.3, y=2.9—-1.0), 25.8
mass% for Al ;Cu, By and 61.4 maa% for CuB,,
respectively. The final oxidation phases were BeAl,B,, a—
Al O3, a—AlB,,, Cu,0, CuO and B,0s;, and so the exother-

products. However, the oxidation products of Al 4Mgp.ss
B,, were not detected from powder XRD, probably due to
insufficient amount of these oxidation products. Data of
the oxidation resistance of higher boride compounds (Al, ;
Bey.7B2, Al 4Mgg4sBy, Al sCusoBips, Als1CuyoBios Alss
Cu, ¢Bjos, Al; 3Cu; B,s and CuB,;) consisting of B, icosa-
hedra have not been reported previously.

Recently, interesting magnetic behavior has been ob-
served in B, icosahedral compounds like REB,,C,N [8]
and REBg [11]. It has been indicated that the magnetic in-
teraction is mediated by the B, icosahedra [8, 11] which is
a completely new phenomena in boride compounds.
Therefore, it is important to characterize the magnetic
properties of the new B,, icosahedral Cu borides together
with other related compounds, since the magnetic proper-

Heating rate : 10K/min

DTA curves

1
400 600

mic peaks (see Table 5) are attributed to oxidation
60L Temperature (K)
501 TG curves
Table 4 Vickers microhardness of higher borides
Indentation ~ Hardness g 401 r -.
Compound Plane (GPa) Reference = —— CuB,, M
§30L ----- AlLCu By
Al ,Beg-Bs; {101} 26.02.2)  This work - — == Al ¢CuyBys
{101} 23.9-28.2 21 Zo20p T AlaCuzoBos
Al, Mgy 4B {100} 25.40.5)  This work 33-ho%s
Al 5Cu; 6B1os {001} 27.2(1.8)  This work 101
Alz ;Cu, oB)os {oo1} 27.8(1.7) This work 0 e
Al 1Cuy.oBios toory 21.62.7)  This work Fig. 2 TG/DTA curves for Al,Cu,Byes (x=2.8—3.3, y=2.9—
Al ;Cuy By {001} 26.3(2.3) This work 1.0), Al, sCu, Bys and CuBy; crystals.
Table 5 Results of the TG/DTA measurements for higher borides
Compound Oxidation start Exothermic maximum W(;llga];; %a)in Oxidation products
Al ;Bey 7By, 1082 1105, 1345 77.0 BeAl,O,4, a—Al, O3, a—AlB);
Al; 4Mgp.45B2 1121 1121, 1421 9.6 —
Al, §Cu, 9B g5 746 976, 1307 43.5 a—Al0;, Cu,0, B0,
Al; 1 Cu, oBgs 923 969, 1307 28.2 a—Al0;, Cu,0, B,0;
Al; 3Cu oB)os 984 1021, 1314 39.0 a—AlL0O;, Cu,0, B0,
Al 3Cu, By 984 1290 25.8 Cu,0, CuO, B,0;, a—Al,0;
CuB; 722 985 61.4 Cu,0, B,O,
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Fig. 3 Magnetic susceptibility of two Cu borides; CuB,; and
Al 3Cuy  Bys.
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Fig. 4 Magnetic susceptibility of three AlyCu,Bjos (x=2.8—-3.3,

y=2.9—1.0) samples.

ties are completely unknown to date. The magnetic suscep-
tibilities of all the borides measured in this work are shown
in Figs. 3 to 5. In Figs. 3 and 4 we see that the Cu borides
have a relatively strong paramagnetic contribution at low
temperatures which indicates that there is contribution of
magnetic moment from Cu. This is in contrast to Al; ;Beg;
By, and Al, 4Mgg 4sB; (Fig. 5), in which we observe a siza-
bly smaller paramagnetic contribution indicating impuri-
ties or defects. This non-intrinsic low temperature
paramagnetic tail has typically been observed for many of
the higher borides [12]. None of the Cu borides show any
anomalies at low temperatures down to 1.8 K indicative of
a magnetic transition. Because of the presence of a non-in-
trinsic paramagnetic tail, we did not determine exact
values for the effective magnetic moments of Cu.

In Fig. 4 we plotted the magnetic susceptibility of three
Al,Cu,B,os samples which were synthesized with slightly
different crystal growth conditions. From the chemical
analysis it is revealed that this causes a large difference in
the stoichiometry. We can see that the susceptibility be-
havior of all the samples is similar and importantly, that

-2 107

Susceptibility (emu/g)

410"

6107 : : —
0 50 100 150 200 250 300

Temperature (K)
Fig. 5 Magnetic susceptibility of Al ;Bey;B;, and Al Mgy .s
B22.

the base, i.e. the temperature independent part of suscep-
tibility, takes a similar value regardless of the variations in
stoichiometry of the metal elements. This result indicates
that the compounds are non-metallic, which is reasonable
considering the extremely boron-rich nature of the com-
pounds. None of the compounds measured in this work
are indicated to be superconducting down to 1.8 K.

4. Conclusion

1. Al Beo.sBy, Al 4MgoasBa, Al,CuyBs (x=2.8—-3.3,
y=2.9—1.0), Al;3Cu, Bys and CuB,; crystals were
grown from high-temperature (1673 K or 1773 K)
melts of the systems AI-M-B (M =Be, Mg, Cu) and
Cu-B in an argon atmosphere.

2. The maximum dimensions of Al ;Beg7By;, Al 4Mgg 45
B,,, Al; Cu,0Bos and Al ;Cu, B,s crystals were ob-
tained in the ranges of approximately 2.5 to 5.2 mm.
The Al, ;Bey By, and Al 4Mgg.4sB,; crystals were ob-
tained as plate-like crystals having well-developed
{101} and {001} faces, and Al;;Cu,¢B;os and Al, ;
Cu, B;s crystals were obtained in the form of needle
or rhombohedral plate as bounded by {001} faces and
grew as prismatic shape extending in the ¢ direction.
CuBy; crystals had maximum dimensions of approxi-
mately 30 um.

3. The values of Vickers microhardness on relatively
large {101}, {100}, {001} and {001} faces of Al Bey 4
By, Aly 4Mgo 4sB2, ALCuyByos (x=2.8—3.3,y=2.9—
1.0) and Al, ;Cu, B,s crystals are in the ranges of 25.4
(0.5) to 27.8 (1.7) GPa.

4. The oxidation of Al, ;Bey7Biy, Al 4Mgg4sBr, Alyg
Cu;9Bios, Al CuyoBios Aly3CujoBigs, Al 3Cuy, Bos
and CuB,; crystals began to proceed at 1080, 1121,
746, 923, 984, 984 and 722 K, respectively.

5. This result indicates that the compounds are non-
metallic, which is reasonable considering the extreme-
ly boron-rich nature of the compounds. None of the
compounds measured in this work are indicated to be
superconducting down to 1.8 K.
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