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Abstract

Scanning thermal microscopy is used to examine the thermal behavior of specific surfaces of a �0.8 cm3 single-grain

Al74Ni10Co16 decagonal quasicrystal. The response of a micro-thermal probe in contact with aperiodic and periodic surfaces in air

reveals the anisotropic heat flow of the decagonal structure. Heat dissipation with the probe on the aperiodic surface is higher than

when the probe is on the periodic surface. While the SThM technique is generally considered to be constrained to the surface region

below the nominally 2–5 lm probe tip radius, the heat flow data obtained are clearly comprised of contributions from both the

lateral surface around the probe tip and a volume normal to the surface in contact. Heat flow in the decagonal Al74Ni10Co16
quasicrystal can be modeled by an elliptical distribution of thermal diffusion. Parameters for the model used in this study were

obtained by making bulk thermal diffusivity measurements using the laser flash method on specimens along the 2- and 10-fold

directions. The model was applied to a surface oriented 45� to the major axes and verified from bulk measurements obtained from a

sample cut along this orientation.

� 2004 Elsevier B.V. All rights reserved.

PACS: 61.44.Br; 64.70.Kb; 61.10.Nz; 81.05.Kf
1. Introduction

Thermal transport in quasicrystals is well known
to be anomalously low compared to intermetallic pha-

ses; moreover, the dependence of thermal diffusivity on

temperature and sample purity is unique to quasicrys-

tals. For example, icosahedral Al–Cu–Fe shows an iso-

tropic thermal conductivity around 2.0 Wm�1 K�1 at

273 K that increases to near 8 Wm�1 K�1 at 1000 K [1].

Decagonal quasicrystals, which are constructed of a

periodic stacking of planes having aperiodic 10-fold
rotational symmetry, exhibit highly anisotropic behav-

ior. Single grains of Al–Ni–Co decagonal quasicrystals
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have been used to determine thermal conductivities

along aperiodic and periodic directions [2,3]. Most

thermal transport studies, however, have focused on
temperatures at and far below 300 K. In addition, the

conventional thermal transport measurement techniques

used with decagonal quasicrystals interrogate the entire

bulk of the sample; near-surface effects are not separable.

To investigate the thermal transport behavior of

aperiodic and periodic surfaces, a relatively new tech-

nique referred to as scanning thermal microscopy

(SThM) is being utilized. This method is a derivative of
the scanning probe microscopy family and is conceptu-

ally very similar to atomic force microscopy (AFM).

With SThM a miniature thermal probe (tip radius� 2–5

lm) replaces the cantilevered tip in AFM and is utilized

to collect simultaneous information about the localized

heat dissipation and surface topography at the point of

physical contact between the probe tip and the surface.
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Because of the comparatively large tip size, the spatial
resolution of surface topography is lower than with

conventional (AFM). As reported by Gorbunov et al.,

the spatial resolution of the surface distribution of

thermal response is around 1 and 0.1 lm for compliant

and hard surfaces, respectively [4,5]. In an alternate

configuration using a reference probe, differential micro-

thermal analysis may be performed up to 725 K. The

general thermal probe and sample orientations are de-
scribed in Refs. [4–7].

The objective of an ongoing program in our lab is

to examine and distinguish between the thermal behav-

ior of aperiodic and periodic surfaces in a decagonal

Al74Ni10Co16 quasicrystal. Experimental details and

initial results compared to recently obtained bulk ther-

mal properties from the same quasicrystal sample are

presented here.

Fig. 1. Schematic drawing of a decagonal quasicrystal to illustrate

orientation of samples machined for SThM and bulk thermal mea-

surements.

2. Experimental procedures

A large (0.8 cm3) single-grain decagonal Al74Ni10Co16
quasicrystal was grown using the flux growth technique

[8]. The sample has a rod-like morphology, with the c-
axis parallel to the length of the rod and 10-side growth
facets oriented normal to the c-axis, reflecting the dec-

agonal symmetry of the quasicrystal structure. Spark

erosion was used to cut samples for the SThM experi-

ments. Samples with parallel faces of approximately 1

cm2 in area and 0.2 cm in thickness were ground and

mechanically polished to a roughness of 0.1–0.5 nm, as

measured with tapping mode AFM. As shown sche-

matically in Fig. 1, the aperiodic and periodic sample
surfaces are perpendicular to the periodic c-axis and

the aperiodic radial axes, respectively. Pieces of the

remaining single-grain adjacent to the harvested samples

were cut and crushed into powder for X-ray analysis.

The structural quality of the sample used in this study is

comparable, based on powder X-ray diffraction data, to

the sample having the same nominal composition de-

scribed in Ref. [8].
Initially, the SThM measurements were performed in

a thermal mapping mode where the probe is scanned

across the sample surface, as in normal AFM tech-

niques. The probe is kept at a constant temperature and

heat dissipation is monitored to obtain a landscape of

thermal conductivity contrast over the area scanned,

which is typically about 5 · 5 lm2 to 100 · 100 lm2.

During thermal mapping, topographical information
from the surface is also recorded as the tip position is

monitored. Subsequently, a micro-thermal analysis

mode was used to measure localized heat dissipation of

a particular surface with the probe tip held stationery at

tip temperatures up to 525 K.

Following the SThM experiments, bulk thermal dif-

fusivity measurements were performed using the laser
flash method on similar specimens that were harvested

from the original single-grain sample, as depicted in Fig.

1. One face of a sample was irradiated with a 628 nm

laser using a 1 ms pulse. The resulting thermal transient

was measured as a function of time on the opposite
surface using a liquid nitrogen cooled InSb infrared

detector. Further details are discussed elsewhere [9]. In

this configuration, irradiating the aperiodic and periodic

surfaces provides bulk thermal diffusivity data along the

2-fold and 10-fold directions, respectively. Additionally,

the same measurements were performed on the sample

having faces oriented at 45� from the major axes: see the

middle portion of Fig. 1. To calculate thermal conduc-
tivity values from the thermal diffusivity results, the

density was measured by the Archimedes technique to

be 4.01 g/cm3, and the temperature-dependent heat

capacity, measured in a Perkin Elmer Pyris 7 DSC,

ranged from 22 to 65 Jmol�1 K�1 between 325 and 900

K. The thermal conductivity was then determined from

the product of the thermal diffusivity, density, and heat

capacity.
3. Results

Characteristic surface topography and heat dissipa-

tion maps from aperiodic and periodic surfaces at 323 K

are presented in Fig. 2. The surface roughness measured

from multiple samples ranged between 0.1 and 0.5 nm.
Based on previous work with other materials, this

roughness is adequate to ensure constant probe tip

contact area during SThM (i.e., heat dissipation is not

influenced by geometrical contributions) [4,5]. The

thermal maps obtained from 80 · 80 lm2 areas illustrate

two features. First, good agreement exists between the



Fig. 2. Thermal maps (50 · 50 lm) of (a) aperiodic and (b) periodic

surfaces and corresponding topography profiles for (c) aperiodic and

(d) periodic surfaces obtained at 325 K using SThM. Insets display

maximum and minimum heat dissipation and surface height measured

over each surface.
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Fig. 3. Average micro-thermal analysis heat dissipation data measured

with the SThM thermal probe applied perpendicular to the aperiodic

surface (i.e., parallel to the 10-fold axis) and applied perpendicular to

the periodic surface (i.e., parallel to a 2-fold axis) at different tem-

peratures. Heat dissipation measured from a polycrystalline alumina

sample is shown for comparison.
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Fig. 4. Bulk thermal diffusivity data collected parallel to the 10- and 2-

fold axes and along a sample oriented at 45� to the major axes. The

standard deviation of each data point is less than 0.007, 0.0009, and

0.003 for measurements made parallel to the 10-fold, 2-fold, and 45�
axes, respectively.
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heat dissipation and topography data. For example,

foreign debris is visible on the thermal map of the ape-

riodic surface (Fig. 2(a)) and appears on the corre-

sponding topography map (Fig. 2(c)). This debris clearly

has different thermal properties from the quasicrystal

sample. Second, with the thermal probe scanning over

the aperiodic surface, the range of total heat dissipation
is larger than under the same conditions with the probe

scanning the periodic surface (see insets in Fig. 2(a)

and (b)). This latter observation illustrates the resolu-

tion capability of this SThM technique to distinguish

between these two surfaces having different thermal

transport characteristics.

Similar experimental SThM evidence for higher heat

flow at the aperiodic surface was observed in a micro-
thermal analysis made as a function of temperature. Fig.

3 shows the variation in heat dissipation at the probe–

surface contact point at different temperatures for both

surfaces. Again, higher heat dissipation was measured

while keeping the probe at constant temperature and in

contact with the aperiodic surface. Heat dissipation

measured by the same micro-thermal analysis technique

from a polycrystalline sample, which has a higher ther-
mal conductivity than typical quasicrystals, is displayed

for comparison [1]. Although not shown here, similar

surface-dependent heat flow was measured in a micro-

differential scanning calorimetry analysis mode.

The bulk thermal diffusivity data obtained along the

2-fold and 10-fold directions are shown in Fig. 4. A clear

anisotropy is visible, with the expected higher thermal

transport along the periodic, 2-fold direction (i.e., axis
perpendicular to the aperiodic face outlined in Fig. 1).

This is consistent with the anisotropy observed in the

SThM experiments described above. When diffusivity is
used to deduce thermal conductivity, these results along

the primary directions appear to be a continuation of

the lower temperature conductivity values measured by

Zhang et al. using an Al–Ni–Co decagonal quasicrystal

[2]. At 300 K, they report thermal conductivities of 16

and 2.5 Wm�1K�1 along the 2-fold and 10-fold direc-

tions, respectively. Thermal diffusivity values measured

from the sample having faces oriented 45� to the major
axes are between the results from the other two direc-

tions. A suggestion for why the thermal diffusivity

through the 45� off-axis direction is closer to that of the

aperiodic, 10-fold direction is presented below.
4. Discussion

Low temperature measurements reported by Zhang

and Matsukawa, show that thermal conductivity in
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Fig. 5. Bulk thermal conductivity values parallel to the 10- and 2-fold

axes and along a sample oriented at 45� to the major axes. Included are

values calculated from the elliptical thermal diffusion model discussed

in the text. The propagated standard deviation for each data point is

less than 3, 0.4, and 0.9 for measurements made parallel to the 10-fold,

2-fold and 45� axes, respectively.
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decagonal quasicrystals is higher along the periodic axis
[2,3]. Our measurements of thermal conductivity dem-

onstrate that this trend continues to higher tempera-

tures. The SThM experiments are also consistent with

this trend, although it is noted that the ratio of heat flow

measured between the two surfaces with SThM (Fig. 3)

is much lower than that seen in the thermal conductivity

shown in Fig. 5. The lower anisotropy in the SThM

measurements suggest that the SThM measurements
made in this study comprise heat flow contributions

from the lateral region of a specific surface surrounding

the thermal probe, as well as from the bulk (i.e., con-

tributions to overall heat flow arise from components of

the two major axes).

To understand aperiodic and periodic directional

thermal transport contributions, which are considered

to be vector quantities corresponding to principal axes,
it is necessary to resolve them individually. To do this,

we use the thermal ellipsoid model, first described by

Voigt [10]. This model has been used by Bridgman to

explain anisotropic conductivity in metallic single crys-

tals [11]. The ellipsoidal boundary of our isothermal

may be represented by Eq. (1).

x2

r2Ka

þ y2

r2Kp

¼ 1

Kh
: ð1Þ

Kp is the periodic axis of thermal conductivity. This axis
is coincident with the 10-fold symmetry axis. Ka is the

aperiodic axis of thermal conductivity, which is coinci-

dent with the 2-fold symmetry axis. x and y are the

coordinates at which the heat flux vector r, intersects the
isotherm. Kh is the thermal conductivity in the direction

of vector r.
The direction of vector r may also be described in

terms of h, the angle of r measured relative to the 10-fold
symmetry axis. Eq. (1) may be written in terms of h, by
using cos h ¼ y

r and sin h ¼ x
r to transform to a polar

coordinate system. This is shown, simplified, as Eq. (2).
Kh ¼
1

Ka

�
þ 1

Kp

�
� 1

Ka

�
cos2 h

��1

: ð2Þ

Solutions for Kh are generated using experimentally

determined values of Ka and Kp at given temperatures.

Solutions are calculated for h ¼ 45� over the measured

temperature range and compared to experimental data

for a decagonal Al74Ni10Co16 sample cut with a 45�
normal axis.

Fig. 5 shows the bulk thermal conductivity values of

the Al74Ni10Co16 decagonal quasicrystal along the two
primary axes and along an axis oriented at 45�. Also

shown is the calculated thermal conductivity for h ¼ 45�
based on the thermal ellipsoid model. The prediction

agrees reasonably well with the measured data. Notice

that it appears that Kp does not contribute to Kh as

significantly as Ka. This is a consequence of the aniso-

tropic heat flow. For h ¼ 45�, the flux vector intersecting
the isotherm contains a higher percentage of the total
aperiodic flux vector than of the periodic flux vector. In

fact, by the thermal ellipsoid model we would not expect

an equal periodic and aperiodic flux contribution until

h � 21�. This is why the conductivity values along the

45� axis are skewed towards those values measured

along the 2-fold axis.
5. Conclusions

The thermal behavior of a large, single-grain

Al74Ni10Co16 decagonal quasicrystal was examined

using scanning thermal microscopy at temperatures be-

tween 325 and 725 K. Heat dissipation was measured

with the thermal probe tip in contact with an aperiodic

surface (i.e., surface normal to the 2-fold axis) and a
periodic surface (i.e., surface normal to a 10-fold axis).

Anisotropic heat flow was observed, with higher heat

dissipation with the probe on the aperiodic surface.

Thermal transport properties were also investigated

using bulk diffusivity, heat capacity and density mea-

surements to calculate thermal conductivity. Again,

anisotropic heat flow was observed, with the higher heat

flow occurring perpendicular to the aperiodic surface.
The SThM measurements show a lower extent of

anisotropy, indicating that heat flow in these experi-

ments is not limited to the lateral surface surrounding

the thermal probe, but also extends into a volume within

the bulk normal to the surface. Thermal conductivity

measurements were analyzed using an ellipsoidal ther-

mal diffusion volume to describe the anisotropic heat

flow. Bulk conductivity measurements along the prin-
cipal axes were used to predict the conductivity through

a surface oriented 45� to the major axes. Bulk mea-

surements obtained from a sample cut along this ori-

entation show good agreement with the values predicted

using the thermal ellipsoid model.
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