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Observation of the interplay of microstructure and thermopower
in the Al71Pd21Mn8ÀxRex quasicrystalline system
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In an effort to garner further insight into the behavior of thermopower in quasicrystalline materials, a series
of quartenary Al71Pd21Mn82x Rex polygrain quasicrystals was synthesized. X-ray data confirm that the addition
of a fourth element does not alter the quasiperiodicity. It is found that there is an intricate interplay of the
microstructure and the magnitude and temperature dependence of the thermopower in this series of materials.
Results are presented relating the temperature dependence of the thermopower to the presence and nature of
secondary phases within the microstructure.
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INTRODUCTION

Quasicrystals are a class of materials that exhibit lo
range rotational order without the translational symmetry
a crystal. These materials are cluster-based structure
which electrical conduction occurs primarily throug
electron-electron interaction, weak localization, or variab
range hopping. Atoms are arranged nonperiodically. Qua
rystals may be viewed as being structurally ordered o
short-range scale and behave electronically in a manner s
lar to that of a semimetal while thermally behave like
glass.1 Since the discovery of stable quasicrystalline phas
extensive work has been preformed to assimilate the me
nisms which govern the electrical transport in the
materials.2 Two predominant symmetries exist in quasicry
talline materials: icosahedral @fivefold with three-
dimensional~3D! quasiperiodicity# and decagonal~tenfold
with 2D quasiperiodicity and 1D periodicity!.3

The thermopower in quasicrystals does not behave lik
‘‘typical’’ material. Nominal Al-Pd-Mn and Al-Pd-Re quasi
crystals have been observed to exhibit thermopower va
as large as 80 and 70mV/K, respectively.4,5 Many quasicrys-
talline materials are composed primarily~;70%! of alumi-
num. Metals such as Cu, Ag, and Au as well as ‘‘metall
like’’ materials such as amorphous metals typically have l
thermopower values at room temperature, on the orde
1–10mV/K, while the thermopower in quasicrystalline ma
terials is observed to be much larger.

Small variations in the quality or preparation of quas
rystals can greatly influence the electrical properties of th
materials.6 This reflects a small variation in the total numb
of conduction electrons, which can become very import
when the Brillouin zone is nearly full. We also know th
small amounts of impurities in quasicrystals may subst
tially enhance the thermopower.7 Given this background, a
series of Al71Pd21Mn82x Rex quasicrystals were synthesize
wherex50, 0.08, 0.25, 0.4, 0.8, 2, 5, and 8 in an effort
systematically investigate the effect of substitutional dop
in these materials. Systematic doping between two w
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characterized materials may provide a method in wh
subtle changes in the thermopower due to differences
composition can be more fully understood. Thermopowe
both the Al-Pd-Mn and Al-Pd-Re systems appears to be la
and predominatelyp type (S<185 and 1120 mV/K,
respectively!.8,9 AlPdMn and AlPdRe form with comparabl
levels ~;10%! of Re or Mn, making a solid solution
possible.10

In this paper, we demonstrate evidence indicating that
thermopower in quasicrystalline systems is a strong func
of sample microstructure. This is observed through pow
x-ray diffraction ~XRD!, electron microscopy, electron m
croprobe analysis~EMPA!, and measurements of the tem
perature dependence of thermopower on the series of q
tenary Al71Pd21Mn82x Rex quasicrystals. We report on th
thermoelectric properties of quaternary quasicrystals as
lated to the interplay of microstructure with electrical and
thermal properties.

EXPERIMENTAL DESCRIPTION

Powder XRD was carried out on the series
Al71Pd21Mn82x Rex quasicrystals using CuKa radiation on a
Scintag XDS-2000Q-Q diffractometer with a resolution o
;0.03°. High-angle diffraction data were used to identify t
crystal structure of the sample. EMPA was used to determ
the composition of all the samples using a Cameca SX
with a 15-keV accelerating voltage, a 60-nA beam curre
and a minimum (1.560.5mm) spot size. Backscattered ele
tron images were obtained for each sample using EMP
Thermopower was measured on these samples betw
10 K,T,300 K as described elsewhere.11

RESULTS AND DISCUSSION

XRD data for several compositions of Al71Pd21Mn82x Rex
are shown in Fig. 1 and indicate that samples are quasic
talline when compared to previous XRD results.12 Note that
the peaks are shifted to slightly smaller angle with increas
levels of Re, indicating a larger lattice, which is expect
©2001 The American Physical Society02-1
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due to the larger size of Re~atomic radiusr'1.37 Å) when
substituted for Mn(r'1.27 Å). For small additions of Re
x<2, no changes are observed in the XRD other than a sl
peak shift. For intermediate concentrations of Re, 2<x<5,
additional small intensity peaks are detected that are not
sistent with the primary quasicrystalline icosahedral pha
The emerging secondary phase is much less prevalent in
bulk quasicrystal than that of the icosahedral phase. The
rows in Fig. 1 indicate a few of these peaks. The emerg
peaks are evidence of a secondary phase believed to be e
a decagonal phase or crystalline Al3Pd2. No evidence of el-
emental Re is present in the samples. Except for the pa
quasicrystals and systems with very low levels of Re dopi
all samples contain mixed phases.

Backscattered electron~BSE! images were taken of eac
Al71Pd21Mn82x Rex quasicrystal in order to assess homog
neity of the compound. These images are shown in Fig. 2
various concentrations of Re. Here EMPA indicates the p
ence of two phases. Lighter regions in the micrograph
areas with higher average atomic number, indicating t
these regions have more Re than Mn present (MRe
'3.5MMn). Darker regions still have a composition cons
tent with being quasicrystalline.

Pure Al-Pd-Mn and Al-Pd-Re appear to be homogeneo
and for compositions of Al71Pd21Mn82x Rex wherex<0.25,
a uniform appearance is observed~see upper left-hand corne
of Fig. 2!. All of these samples are determined to have s
ichiometry consistent with quasicrystalline composition w
no observable secondary phases present. These sample

FIG. 1. X-ray diffraction data for Al71Pd21Mn82x Rex indicate
that all patterns are quasicrystalline with a secondary phase of e
decagonal Al-Pd-Mn or crystalline Al3Pd2 occurring whenx55.
The presence of the secondary phase is identified by the emerg
of a new set of small intensity peaks, some~'4 of 8! of which are
indicated by the arrows.
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have very low porosity as determined by visual inspection
an Olympus metallurgical microscope with up to 5003 mag-
nification. For the region where 0.4<x<2, XRD indicates
pure icosahedral phase quasicrystals. It must be noted
XRD is not extremely sensitive and low levels of a secon
ary phase may be present in these quasicrystals.

At x50.4 a secondary phase is observed and takes on
form of rosettes. Some rosettes have fivefold symmetry
are compact and well formed. Threefold rosettes are a
observed. Twofold, threefold, and fivefold symmetry pa
terns are observed in electron diffraction patterns
quasicrystals.13 It would be expected that a twofold symme
try might be observed for some of the rosettes, but this
yet to be observed in this microstructure. Some rosettes
pear to be elongated and look like ‘‘snowflake’’ structure
Bulk materials which contain intermediate levels of Re a
more porous than quasicrystals with lower levels of Re d
ing.

At x50.8, we observe that the rosettes have elongate
form dendrites. The dendritic needles are not perfec
formed, and remnant rosette structures remain~see Fig. 2 for
x50.8). Rosettes appear to be elongating from the nu
ation site of the rosette (x<0.8) and forming the dendritic
structure observed for all higher-level doping of Rex
>0.8). Porosity of thex50.8 sample increases substantia
over that for smaller levels of Re doping. At larger conce
trations of Re doping (x>2), the samples become muc
more porous~porosity increasing from;5% to ;50%! and
the quasicrystal is now composed of interpenetrating nee
which are once again primarily single phase and a mixture
Al, Pd, Mn, and Re. A small dendrite, however, is in th

er

nce

FIG. 2. Backscattered images of several concentrations
Al71Pd21Mn82x Rex displaying a secondary phase. Asx increases,
small threefold or fivefold rosettes develop and appear to elon
into dendrites for higherx. Insets are enlarged regions of the ind
cated sections.
2-2
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center of some of the bulk needles and is observed to ha
higher Re concentration than the rest of the material. X
measurements indicate that the secondary phase does n
pear until x>2, although secondary phases forx,2 may
have been too small to be detected by XRD. It is noted t
the composition of the rosettes and dendrites is not consis
with crystalline Al3Pd2. Secondary phases may be explain
by preferential formation of quasicrystalline AlPdRe ov
quasicrystalline AlPdMn. Formation of the needlelike stru
tures forx>2 may be due AlPdRe growing in platelets.

Thermopower in quasicrystalline materials is known to
a strong function of composition and annealing conditions
the sample.14 Figure 3~a! shows the thermopower as a fun
tion of temperature from 10 K,T,300 K for this series of
samples. Also, note the variability in the magnitude of t
thermopower with composition. The thermopower in t
Al70Pd20Mn10 system increases almost monotonically w
temperature, varying asT0.4 at high temperatures. The the
mopower in the Al70Pd20Re10 system increases rapidly a
low temperatures and then increases gradually above 3
going also to aT0.4 dependence at higher temperaturesT
.50 K). Below 40 K the conduction in AlPdRe is governe
by variable-range hopping (S;T1/2), which may explain the

FIG. 3. ~a! Thermopower vs temperature for several compo
tions of quasicrystalline Al71Pd21Mn82x Rex . ~b! It is observed that
thermopower behaves asTd whered'0.4, 1, and 1.5 for different
levels of Re doping.
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increase in magnitude of AlPdRe over AlPdMn.15

With the growth of secondary phases in the bulk quas
rystal, the resulting transport properties in th
Al71Pd21Mn82x Rex system are significantly affected
AlPdRe and AlPdMn have reasonably high room
temperature thermopower values~70 and 64mV/K, respec-
tively!. With the addition ofx50.08, the thermopower is
seen to reduce to 27mV/K. With larger Re doping (0.25
<x<0.8), the thermopower is seen to drop even further
;10 mV/K. However, it is noted that with additional Re(
<x<6) the thermopower begins to increase, though it ne
exceeds the thermopower of the parent AlPdRe system@Fig.
3~a!#.

The thermopower behavior is clustered into three disti
regions as shown in Fig. 3~b!. In the first region, the paren
materials AlPdMn and AlPdRe show a temperature dep
dence whereS;T0.4 aboveT'50 K. In the second region
(2<x<6), the thermopower increases linearly with tem
perature, indicating a diffusionlike thermopower. In this r
gion, XRD indicates the presence of a secondary phas
addition to the icosahedral phase. A diffusionlike the
mopower (S'AT, whereA is a constant! would be expected
in a crystalline phase, but it is not obvious what the dep
dence would be for a quasicrystal. Backscattered images
dicate the formation of needlelike structures. The th
mopower for these compositions exhibit intermedia
magnitudes of thermopower with room-temperature val
being;50 mV/K.

In the third region the thermopower increases asT1.5.
This behavior occurs for quasicrystals with relatively lo
concentrations of Re doping (0.08<x<0.8). Here XRD in-
dicates pure icosahedral phase quasicrystals. Backscat
images indicate several different microstructures. The th
region involves quasicrystals with no secondary phases
quasicrystals with rosettes and dendrites. Values of the t
mopower are reduced with room-temperature magnitude
the thermopower (S<30mV/K).

By coupling results from the temperature dependence
the thermopower with the results from the microstructu
~XRD, EMPA, and EBS!, we observe a pattern relating th
thermopower and microstructure. The temperature dep
dence of the thermopower is clustered into three distinct
gions: S;T0.4, S;T, and S;T1.5, as seen in Fig. 3~b!.
Low concentrations of Re exhibit rosettes and needle
dendrites, lower values of thermopower (S'20mV/K), and
the strongest temperature dependenced'1.5. The interme-
diate concentrations of Re exhibit the presence of the s
ondary phase, intermediate values of the thermopowerS
'50mV/K), and approximately a linear temperature depe
dence, i.e.,d'1. The end members or pure parent quasicr
tals Al-Pd-Mn and Al-Pd-Re exhibit a thermopower that i
creases asT0.4 and yields the highest values of th
thermopower (S'75mV/K). The XRD data indicate icosa
hedral quasicrystals, and the EMPA shows no second
phase. BSE shows AlPdMn to be dense, while AlPdRe
porous. The thermopower for these quasicrystals has
largest magnitude. These results could be key in the un
standing of the thermopower in many quasicrystalline s
tems. Work in progress includes a full investigation of t

-
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BRIEF REPORTS PHYSICAL REVIEW B 63 052202
electrical resistivity, thermopower, and thermal conductiv
in this series of samples and relating these results to
microstructure in this series of Al71Pd21Mn82x Rex materials.

SUMMARY

The addition or substitution of Re to the AlPdMn syste
drastically changes the electrical transport properties and
microstructure of these quasicrystalline materials. The a
tion of Re results in the growth of secondary phases.
believe the secondary phase to be either decagonal
Pd-Mn or crystalline Al3Pd2. Further work is in progress to
elucidate which phase is dominating or if possibly bo
phases are present. Thermoelectric properties are sub
tially changed with the addition of Re in the AlPdMn syste
The mechanisms governing thermopower in this system
materials are difficult to understand. Thermopower is o
served to be very sensitive to doping with small, impur
levels of Re, which results in a substantial decrease of
n
s

05220
is

he
i-
e
l-

an-
.
of
-

e

thermopower and begins to increase again with further
creases in Re doping. More work is needed to understand
electrical and thermal transport in this fascinating class
materials. Extensive characterization of the electrical re
tivity, thermal conductivity, and heat capacity of this seri
of materials is in progress. These results point out the imp
tant role that the composition and microstructure play in
electrical and thermal transport in quasicrystals.
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