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Thermal conductivity of three high purity synthetic single crystalline diamonds has been measured with high
accuracy at temperatures from 6 to 410 K. The crystals grown by chemical vapor deposition and by high-pressure
high-temperature technique demonstrate almost identical temperature dependencies « (7') and high values of ther-
mal conductivity, up to 24 W cm~! K~! at room temperature. At conductivity maximum near 63 K, the magnitude
of thermal conductivity reaches 285 W cm~! K~!, the highest value ever measured for diamonds with the natural
carbon isotope composition. Experimental data were fitted with the classical Callaway model for the lattice
thermal conductivity. A set of expressions for the anharmonic phonon scattering processes (normal and umklapp)
has been proposed which gives an excellent fit to the experimental «(7') data over almost the whole temperature
range explored. The model provides the strong isotope effect, nearly 45%, and the high thermal conductivity
(>24 W cm™! K1) for the defect-free diamond with the natural isotopic abundance at room temperature.
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I. INTRODUCTION

Diamond in the form of a bulk crystal has a very high
thermal conductivity «(7") at room temperature, however,
its value depends strongly on impurity content and crystal
lattice imperfections. For example, nitrogen, which can present
in a large concentration in diamonds [1], up to 0.25 at.%,
reduces the thermal conductivity by several times [2-9]. Also,
diamond shows a strong isotope effect in thermal conductivity:
eliminating of isotopic mass disorder in the crystal lattice
with the natural carbon isotopes abundance (98.93% '*C and
1.07% '3C) by using the isotopically enriched carbon-12 for the
diamond synthesis increases the value of thermal conductivity
up to 50% at room temperature [10-13,15]. The highest
observed value of thermal conductivity for natural high-quality
type Ila diamond, 25 W em ™' K~!, was reported by Berman
and Martinez [16] in 1976, and has not been confirmed until
now. In most publications on thermal conductivity of pure
single crystalline diamonds [2—4,7-10,12,13,15], the values of
k are 10%—-20% below the Berman and Martinez value. This
discrepancy means that a significant uncertainty exists in the
magnitude and temperature dependence of thermal conductiv-
ity for highly pure and low-defect single crystal of diamond
that results in a corresponding inaccuracy in assessment of
intrinsic phonon scattering processes in diamond.
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The key reasons for the high diamond thermal conductivity
are well known: the small carbon atomic mass, the strong
interatomic bonding in a simple diamond crystal lattice, and
low anharmonicity of the interatomic potential [3]. Several
theoretical approaches have been used in an attempt to describe
the temperature dependence of the thermal conductivity «(7")
of single crystalline diamond. Among them are different mod-
ifications of the Callaway theory [17] (see the brief review by
Berman [18], and Refs. [19,20]), ab initio numerical solutions
of the Boltzmann transport equation [21-25], and the kinetic-
collective model [26]. The high sensitivity of thermal con-
ductivity of diamond to the lattice defects originates from the
unusually weak umklapp three-phonon scattering processes
near the room temperature [22]. Besides, the interaction of
acoustic heat-carrying phonons with optical phonons plays a
very important role in thermal conductivity at room and higher
temperatures. Recent calculations [27] using ab initio Green’s
function approach show that nitrogen impurities and vacancies
are very effective phonon scatterers in diamond, whereas
estimations based on the Born approximation underestimate
the rate of phonon scattering by nitrogen impurities and
vacancies by factors of 3 and 10, respectively.

To test modern theories of heat conduction in crystals,
which provide with numerical data for thermal conductivity, a
comparison of theoretical results with accurate experimental
data in the most simple case of chemically pure and structurally
perfect crystals is one of the best ways. In the last decade, the di-
amond growth techniques demonstrated a remarkable progress
[28] resulting in synthesis of chemically very pure bulk single
crystals with nitrogen content below 1 ppb (Ref. [29]) and
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superior crystal lattice perfection [30]. However, the accurate
measurements of «(7) for high-quality diamond from very
low to high temperatures are still rear. In this work, we
revisit experimental study of thermal conductivity in highly
pure state-of-the-art synthetic single crystalline diamonds and
present precise experimental data in a wide temperature range
from 6 to 410 K. Three different crystals, all of type Ila, were
investigated: two chemical vapor deposition (CVD) and one
high-pressure high-temperature (HPHT) crystal. The data ob-
tained are analyzed within the single-mode phonon relaxation
time approximation using the phenomenological Callaway the-
ory of low-temperature thermal conductivity [17] in its simple
original form. We have achieved a very well fit of the theoretical
model to experimental data over the entire temperature range
using refined parameters for the phonon-phonon scattering
processes. This model predicts very high magnitude of thermal
conductivity (7T, about 700 Wcem~' K~! in maximum at
T =~ 70 K, for the perfect defect-free diamond enriched with
2C 10 99.9%.

II. EXPERIMENT

All single crystalline diamonds studied in this work were
synthetic ones with natural isotopic composition of carbon.
One specimen (denoted NE6) in the form of a rectangular
parallelepiped with dimensions 4.20 x 4.10 x 0.50 mm? was
the commercial electronic-grade CVD crystal from Element
Six LLC with the concentration of substitutional neutral
nitrogen [N;] <5 ppb and boron [B] <1 ppb according
to producer information [29]. Two large faces were {100}
oriented: the long edges had orientation along [110] axis. The
single crystal HPHT diamond was produced by New Diamond
Technology Company Ltd. (St. Petersburg, Russia) [31]. The
sample NDT from this crystal in the form of rectangular plate
had dimensions 4.51 x 4.50 x 0.54 mm?® with polished large
{100} faces, and the same orientation as NE6. It contained
nitrogen and boron in concentrations below 5 ppb each, as
was evaluated from optical absorption spectra in UV and IR
ranges. The third crystal was grown homoepitaxially on a
HPHT substrate at General Physics Institute RAS (Moscow,
Russia) using a microwave plasma-assisted CVD process
[32]. The bar-shaped specimen GPI had the length 7.25 mm
with orientation along [110] crystal axis, average thickness
0.32 mm, and two large {100} faces with the width 1.54 mm.
The concentrations of nitrogen and boron were estimated from
optical absorption spectra (according to procedure described in
Refs. [33,34]) to be less than 110 and 5 ppb, respectively. The
large {100} faces were polished to the roughness of Ra < 5nm
(NDT and NE6 samples) and Ra < 7 nm (GPI). The small
faces were laser cut surfaces for all three samples; they were
not polished.

The thermal conductivity was measured by a steady-state
longitudinal heat flow method. A constant heat current was
directed along the long axis of a sample, the resulting temper-
ature gradient was measured with a thermopile consisting of
10 type E (chromel/constantan) thermocouples. The chromel
and constantan wires (from OMEGA Engineering, Inc.) had
a diameter of 25 um. The thermocouple has been calibrated
by us with using a couple of calibrated Cernox thermometers
(LakeShore CX-1050-SD). The thermopower S(7') of this

thermocouple relative to the standard dependence for the type
E thermocouple amounts to about 0.95 at 7 > 273 K, 0.96
in the range from 35 to 273 K, and 09 at 4 K < T < 12 K.
The thermopile was attached to the large face of the sample
with a U-shaped spring clip. The distance (along the sample
surface) between the thermopile legs was about 2.5 mm with
uncertainty of +50 pm, which represented the major source of
systematic experimental error (£2%) in thermal conductivity.

The heat was generated in the chip-resistor mounted to one
end of the sample with a GE7031 varnish. The opposite end
of the sample was contacted to a heat sink, a copper block
with regulated temperature. The mechanical connection was
achieved by pressing the sample to the copper block with a
force applied by a flat bronze spring to the sample end that
carried the heater. To improve the contact thermal conductance,
a thin indium metal foil was placed in-between the sample
end and the heat sink. The sample GPI in the form of long
bar was attached to the heat sink with a crocodile clip. To
measure the temperature gradient in the sample, the two-step
procedure similar to that proposed by Cappelletti and Ishikawa
[35] was used. At the first step with the sample heater off
and at the second with the heater on, the temperature of the
heat sink was controlled to be the same within ~10737.
The temperature gradient was determined from the difference
between thermopile voltages measured at the heater on and
off. The temperature drop over the contact sample/sink was
measured with a separate type E thermocouple. In the case
of the heater on, the contact temperature drop increased from
about 0.1 K at lowest temperatures to about 0.3 K at 50 K
and kept almost constant above. The temperature difference
between the thermopile legs upon the heat flow through the
sample ranged from a few millikelvin (for temperatures from
6 K to conductivity maximum temperatures) to several tens
millikelvin (at 7 > 150 K). The magnitude of this temperature
difference was restricted from above by the relatively high
thermal resistance between the heat sink and the liquid helium
bath at low temperatures. So small temperature gradient makes
the measurements for millimeter-scale sample very difficult;
this could explain why the accurate experimental data for « (7")
are still scarce. We used the Keithley 2002 multimeter with
Keithley 1801 preamplifier to measure the thermopile voltage
within 1 nV (standard deviation), which corresponds to the
temperature noise of approximately 0.05 mK at 5 K, 0.01 mK at
30K, and 0.003 mK above 100 K. However, the fluctuating and
drifting spurious voltage in the thermopile extension wires and
the finite-temperature fluctuations of the heat sink increased the
temperature noise very much. The temperature difference was
determined as an average over the 200 readings, so the random
error was reduced by about one order of magnitude. The drift-
ing spurious voltage was the main source which determined
the random error of conductivity measurements. To reduce
this error at 7 < 10 K, the conductivity measurements were
performed up to 10 times at a given temperature. The following
random errors in the thermal conductivity measurements were
achieved: 10% at 6 K, 2% at 10 K, then the error decreased to
1% at 100 and 0.1% at T > 300 K.

To minimize the systematic errors of measurements, the
following measures were realized. The measurements were
carried out in vacuum (the pressure was typically <5 x
107® mbar) to exclude the conduction through the residual

144305-2



THERMAL CONDUCTIVITY OF HIGH PURITY SYNTHETIC ...

PHYSICAL REVIEW B 97, 144305 (2018)

400

100 £ ,:‘f

= 477 .

z 7

2 4 .

Q

3 /}fg’

= —«— NDT

S 10 £/ / NE6

S o/

= )/ ——GPI

é t ;>/f/ ---o-- Slack73

2 —o— Slack73

= £ —+— BHM75

i
5 10 100 500

Temperature (K)

FIG. 1. Thermal conductivity of type Ila single crystalline dia-
monds versus temperature. This work: circles and triangles. Slack73:
experimental data [3] for two HPHT diamonds with cross sections
3.4 x 3.4 mm? (open squares) and 1.0 x 1.0 mm? (open diamonds),
and with [N] = 0.1 and 50 ppm, respectively. BHM75 (stars): mea-
sured data [4] for natural diamond with cross section about 1 x 1 mm?
and length ~6 mm. The error bars are larger than the symbols size
only at temperatures below 9 K.

gas. The sample was placed inside a multilayer radiation shield
to minimize radiation losses at 7 > 90 K. All electrical leads
and the sample clamp were made from low thermal conductive
materials with small cross section to minimize the conduction
through them. We estimate that the heat lost due to the residual
gas and electrical leads was negligible, <0.1%. The heat lost
through the sample clamp (used in measurements of samples
NEG6 and NDT) was about 1% at 6 K and decreased to below
0.4% at T > 10 K. The error due to radiation losses could be
about 0.5% at 410 K and varied nearly as 7° with temperature.
The systematic errors in calibration of our chromel/constantan
thermocouple amounted to 2% at 5 K, reduced to 0.3% at 10 K,
and then to 0.1% at T > 100 K. The total experimental error
in determination of absolute value of thermal conductivity
is estimated to be 2%-3%, except the lowest and highest
temperatures where it is noticeably higher due to a reduced
sensitivity of the thermocouple at liquid helium temperatures
and a dramatic rise of radiation heat loss from the sample with
temperature at 7 > 300 K.

III. RESULTS AND DISCUSSION

A. Experimental data

The experimental data for the samples studied in this work
at temperatures from 6 to 410 K are presented in log-log
scale in Fig. 1. The data for type Ila high-quality single
crystalline diamonds from other works [3,4] are also shown
here for comparison purposes. The observed dependencies
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FIG. 2. The temperature dependence of thermal conductivity of
diamonds at high temperatures. Symbol designation is as in Fig. 1.

k(T) are characteristic for the phonon thermal conductivity
of dielectric crystals. At high temperatures, it is dominated by
the anharmonic phonon-phonon scattering processes. These
processes weaken with temperature decrease, giving rise to
the phonon mean-free path. The phonon free path becomes
comparable with sample dimensions at low enough temper-
ature, where «(T) reaches a maximum. The conductivity
value near the maximum depends strongly on the impurity
content and the concentration of crystal structure defects. At
temperatures below the maximum, the behavior of «(7T') is
determined by the phonon interaction with sample surfaces
and subsurface damage layer if the latter exists. For example,
if phonons scatter diffusively off the surfaces, the phonon free
path is temperature independent and equals approximately to
the sample cross-section dimension [36]. In this case, the k (T')
varies with temperature as the phonon heat capacity does, i.e.,
as T3.

To highlight the dependencies «(7) at high temperatures,
above 230 K, the data are reproduced in a linear scale in Fig. 2.
Itis seen at high temperatures our data are in a good agreement
with the data of Berman et al. [4]. At moderate and low
temperatures, our data are systematically higher than the
literature data [3,4]. These observations unambiguously point
to the lower concentration of structural defects and impurities
in the samples studied in this work.

The measured «(7T') curves for HPHT and CVD samples
(NDT and NE6) of similar orientation, surface treatment, and
close dimensions practically coincide, within experimental
errors, in the whole measurement temperature range, except
the low temperatures (<30 K). At conductivity maximum
at 63 K, where crystal lattice defects strongly influence the
magnitude of thermal conductivity, the almost identical values
Kmax Of 285 and 278 Wem ™' K~! are found for these two
samples, respectively (see Table I). Since the concentration
of chemical impurities and structural defects may be very
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TABLE 1. The measured values of thermal conductivity at room
temperature RT = 298.15 K and in maximum with corresponding
values of Tpax-

K (RT) Kmax Tmax
Sample (Wem™'K™) (Wem™'K™h) (K)
GPI (CVD) 23.840.5 235+ 7 70.0
NDT (HPHT) 22.340.5 285+ 7 63.6
NE6 (CVD) 22.14+0.5 278 +17 62.1
Slack73* (HPHT) 20.0+1° 175+9 65

4Data from Ref. [3].
"The value for 7 = 300 K.

different, but are low, and the samples have similar form and
sizes, this identity in k.« indicates that the rates of point-defect
scattering are nearly the same in these samples. The common
for both samples scattering from impurity isotope *C is,
evidently, much stronger than scattering processes from any
other point defects, and determines the value of k.. Itis worth
noting that the measured «nax values are the record high for
diamonds with the natural isotopic composition, demonstrating
a more than 60% gain with respect to the data reported
by Slack [3].

The «(T) for sample NE6 varies steeper than for NDT
at temperatures below 20 K. The temperature exponent n, in
dependence «(T) ~ T", is about 2.75 for NE6 in the interval
10-20 K. These values are very close to 3, the value expected
for the exponent in the boundary scattering regime with the
scattering rate independent of phonon frequency, this being
characteristic to k (T') for temperatures below Ti,.x. For sample
NDT, the mean value of # is lower, 2.33 at temperatures from
10 to 20 K. We ascribe tentatively the different behavior of
k (T) for these two samples at low temperatures to a difference
in the phonon boundary scattering due to specific polishing
procedures of the diamond producers. Indeed, not only the
surface roughness, but also the properties of the subsurface
damaged layer induced by the polishing, the thickness of which
can be of the order of 1 um [37], may play a role in the
phonon scattering. It seems that the contribution of the specular
scattering of phonons at the sample surface is much more
significant in the case of specimen NDT. For the sample GPI,
the exponent 7 is 2.50 in this temperature range, in-between
values for the samples NDT and NE6.

The sample GPI has the «(RT) = 23.8 Wcem ™! K~!, about
7% exceeding those for our other two samples. This value
is one of the highest for thermal conductivity of synthetic
diamonds at room temperature. Note that for single crys-
talline CVD diamonds, the thermal conductivity as high as
23.0+£3.3 Wem™ 'K~ at RT (Ref. [32]) and even 25+
2.5 Wem ™' K~! (Ref. [38]) have been reported, but in both
those works a laser-flash technique was used for the mea-
surements, with accuracy five to six times worse compared to
our steady-state method. Since the sample GPI exhibited the
enhanced nitrogen content compared to other two samples, its
superior conductivity looks surprising. It has a smaller cross
section. For smaller cross-sectional dimensions, the bound-
ary scattering rate is higher, and, consequently, the thermal
conductivity is lower in the boundary scattering regime [36].

TABLE II. Dimensions of the samples and their Casimir lengths.
Ly, is a sample thermal length (the length over which the temperature
gradient is nonzero), c; is the correction factor due to deviation of the
sample cross section from the square shape, c; is the correction factor
due to finite length of the sample, [2 = 1.115(d; x d»)"/?, I¢ is the
corrected Casimir length.

d dy L Ly IV le
Sample (mm) (mm) (mm) (mm) (mm) ¢ ¢,  (mm)
GPI 032 154 725 6.2 0.79 0.871 0.906 0.62

NDT 054 450 451 451
NE6 050 4.10 420 4.20

1.74 0.781 0.778 1.06
1.60 0.784 0.780 0.98

It is for this reason the «(7") for GPI is systematically lower
than for our other two samples below conductivity maximum.
However, at room temperature for samples of millimeter size
the boundary scattering does not contribute sizably to the
thermal conductivity. The higher «(RT) for sample GPI may
originate from the lower concentration of lattice defects in it,
such as vacancies, stacking faults, dislocations, etc., in spite
of rather high impurity abundance. Therefore, we suggest
that ultimate value of « (RT) for perfect diamond with natural
isotope composition should exceed 24 W ecm~! K~

B. Modeling

At low temperatures, where the phonon scattering due to
anharmonic phonon-phonon interactions and phonon interac-
tions with lattice defects and impurities is negligible comparing
to the scattering from sample boundaries, the phonon free
path becomes of the order of sample dimensions. Casimir
[36] has found that in a case of elastically isotropic, infinitely
long rod, having a square cross section, and diffusive phonon
scattering from the sample surface, the thermal conductivity is
given by

k(T)=1Cuclc, (1

where C is the volume specific heat; vc is the Casimir veloc-
ity, which is an average phonon velocity (vc = (s72)/(s73),
(s7%)y = 1/3 Zi slfk, k =2,3, s; is the directional average
phase velocity for polarization i); and /¢ is the phonon mean-
free path equal to Casimir length. For the rod with square
cross section [c = 1.115d, d is the side dimension. For the
rectangular rod with length L and cross section d; X ds, ¢ =
cica x 1.115(d da)"/?, where ¢, < 1is a correction factor [39]
depending on the ratio d; /d,, and the correction factor c; < 1
for the finite-length rod is &1 — [/ L in the first approximation
[40,41]. The dimensions of the studied samples and parameters
of the boundary scattering are listed in Table II. Debye velocity
vp = 13.36 x 10° cm/s and Debye temperature Tp = 2230 K
for diamond were calculated by us from the room-temperature
elastic moduli of Vogelgesang er al. [42]. The temperature
variation of the elastic moduli and density p is so small that
the changes of vp and Tp upon cooling to low temperatures
are negligible (about 0.1%). Note also that Casimir velocity
ve = 12.98 x 10° cm/s, only slightly (R3%) lower than
vp, so we used vp instead of ve and other mean phonon
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velocities (having omitted the subscript) in our calculations
below.

Nepsha et al. [43] and Berman [44] have found that normal
processes play an important role in thermal conductivity of
diamond with natural isotopic composition. Therefore, to
analyze experimental data, we used the Callaway expression
for thermal conductivity in its original full form [17], which
takes into consideration the specific role of normal scattering
processes. In this theory, no distinction is made between
phonon polarization modes, and the isotropic phonon spectrum
with linear dispersion (Debye model) is assumed. The phonon
thermal conductivity is a sum of two terms, the Debye (kinetic)
term « and Ziman (drift) term «,:

k(T) =K1 + K2, 2
where
k1 =G Trc), ©)
(tc/tn)?
=Gr3—~1 4
“ (e /Ty o) @
T omRdy’

Here, v is a mean phonon velocity, kp is the Boltzmann
constant. The combined relaxation rate 7, Uis defined by

—1 —1 —1
o =1 +1y (6)
where 7 ! is the total scattering rate of all resistive processes,

and 7 !is the rate of the normal processes. The angled brackets
(f) represent the following operation:

Tp/T X4 er
h=[" G rwar ™)
where x = hiw/kpT, w is the phonon frequency.

In the fitting of the model to the experimental data, the
limited number of phonon scattering processes were taken
into consideration: the boundary scattering, the point-defect
scattering, and the three-phonon scattering processes. The
boundary scattering has the rate 7, ''—= v/I,. The adjustable
parameter [, is obtained from the fitting procedure: it measures
the phonon free path in the boundary scattering regime. The
point-defect scattering rate is given by rp_dl ,

T = Apaw* = Apax*T*, 8)

where A,q is determined by the point-defect properties and
their concentration. In the simplest case of isotopic impurity
in the long-wavelength approximation [45]

~ ~ Vo
Apd = Ajgo = 8273 9
g2 =) fi(AM;/M)*. (10)

Here, f; is the concentration of ith isotope with mass M;,
which differs from the mean mass M = Zi fi M; by AM; =
M; — M, V, is the volume per atom (5.6736 x 10~2* cm?
here). For diamond with the natural mixture of carbon isotopes
matC, g = 7,39 x 1075, and AT = 4.109 x 1073 s~ 'K~

180

Evidently, this isotope scattering represents the minimal pos-
sible scattering of phonons from point defects, and A,q cannot

be less than A" in real crystal.
The following expressions were used to calculate the scat-

tering rates for N and U processes:
T};l — A’an T" = Ayx" Tn+m’

an

1! = Ay T e /el = ApxPTPH e To/eT - (12)

where Ay, Ay, and o are adjustable parameters, and n, m,
p, r are integers. For real crystal, it is practically impossible
to derive exact analytical expressions for three-phonon scat-
tering due to complicated nature of the phonon dispersion
relations and a number of contributions from processes in-
volving various polarization combinations (see, for example,
Refs. [46-50]). Different expressions for phonon-phonon
scattering rates have been used in analysis of experimen-
tal data in the frame of the Callaway theory (see, e.g.,
Refs. [13,19,43,51,52]). Morelli, Heremans, and Slack [19]
discussed in detail the anharmonic scattering processes and
proposed a simple model for numerical calculations of the
phonon-phonon scattering rates. Within the Debye-Callaway
model modified to include both transverse (T) and longitudinal
(L) phonon modes explicitly, the quantitative account for
the observed isotope effect in diamond [12] was obtained
using (n,m|p,r) = (1,4]2,1) and (2,3|2,1) for T and L modes,
respectively. The combination (1,3|2,1) has been used by Wei
et al. [13] for isotopically modified single crystal diamond.
They have found that a single set of values, Ay = 1.50 sTIK—,
Ay =487 s7'K73, and Tp/a = 670 K, well describes their
experimental dependence « (T) and the observed isotope effect
at temperatures above 100 K. This combination has been also
used by Graebner et al. [53] and Inyushkin et al. [54] for fitting
k(T) measured for polycrystalline diamonds.

The experimental data for diamonds with natural and
enriched isotopic compositions from different experiments
[11-13] (symbols), and our calculations of x (T (dotted lines)
using the above-mentioned Wei’s model for the phonon-
phonon scattering rates are displayed in Fig. 3. Also shown
here are our experimental data for the CVD sample NE6 (blue
triangles) and the theoretical curve calculated with Wei’s set
of parameters for Ay and Ay, but with adjusted value for /;,
are also shown here (blue dotted line). The calculations have
been performed with the parameter of point-defect scattering
Apg = Ai(:st), which corresponds to the perfect crystal without
chemical impurities and structural defects. These curves denote
the upper limit for thermal conductivity of crystals with speci-
fied isotope compositions within the frame of this model. It is
seen from Fig. 3 that the Wei’s set of parameters is inadequate
to describe the «(T') for the sample NE6 at temperatures near
the conductivity maximum and up to approximately 150 K:
the calculated data are much lower than the experimental. It
is noteworthy, however, that this set provides a good fit to
the «(7T') data of different experiments [11-14] in the range
200 < T < 1200 K, a high value for the isotope effect, 35%
at room temperature, close to the experimental value (45%—
50%), and k(RT) =~ 24 Wem~! K~!'. We think that it is not
surprising that the single set of expressions for three-phonon
scattering processes can not account for experimental «(7)
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FIG. 3. The temperature dependence of thermal conductivity of
single crystalline diamonds: experimental (symbols) and theoretical
(lines) data. The dashed lines are calculation results of the Wei’s model
for their experiment [13] with diamonds with natural "C and enriched
12C(99.9%) isotopic compositions; the dotted line is the Wei’s model
result for our sample NE6; solid lines are the fits to experimental data
with our model.

in a very wide temperature interval, from boundary scattering
regime to 1200 K for diamond. It is well known (see, e.g.,
Refs. [49,50,55,56]) that the low- and high-temperature limits
for anharmonic scattering rates have different temperature and
frequency dependencies.

We have tested several different forms for frequency and
temperature dependencies of three-phonon scattering rates in
order to obtain the best fit to (i) the experimental data on
k(T) for NE6, (ii) the isotope effect (45%—50%), and (iii) the
value near 25 W cm~! K~! for highest quality crystal of natural
isotopic abundance at room temperature. The following com-
binations (n,m|p,r) for N- and U-scattering rates have been
examined: (1,3|2,1), (2,2]2,1), (1,41,2), (1,4]1,3), (1,4]2,1),
(1,412,2), (2,3]2,1),(2,3]3,0), (2,3]3,1). It has been found that
a satisfactory matching can be obtained with the sets (1,4[1,2)
and (1,4]1,3). Both sets give a good fitting to the experimental
k(T) and the correct magnitude of isotope effect of about 45%
for the defect-free sample at room temperature. The former
combination (1,4|1,2) seems to be preferable since it provides
the higher value of «(RT) as compared to the latter combina-
tion. The best fit to the experimental data for sample NE6 using
the combination (1,4]1,2) is shown by the solid line (red) in
Fig. 3. There is a good agreement between the experimental
and calculated data over almost entire temperature interval.
Only near the interval borders some deviations are seen. At
high temperatures, above approximately 400 K, our calculated
k (T) is steeper than the experimental one [57]. This can suggest
that the anharmonic scattering rates change their temperature
dependence significantly with temperature increase to this end

TABLE III. Adjustable parameters of best fittings for samples
of single crystal diamond. Parameters Ay = 3.353 x 1073 s~! K3,
Ay =1272s7'K™3, and Tp/a = 560 K were obtained with fitting
to the data of NE6. The values of isotope scattering parameter Aj,
were calculated using Eq. (9). n is the root-mean-squared surface
roughness.

Apd Ao lb n
Sample (107%s 'K (1073s'K™) (mm) @m) I/l
GPI 4.41 4.109 1.54 4.1 2.48
NDT 4.47 4.109 2.57 35 242
NE6 4.88 4.109 262 10.1 2.67
natca 5.80 4.109 3.3°
12¢a 0.59 0.388 3.3°

2Samples from Ref. [13], sample '2C had enrichment of 99.9%.
"Taken from Ref. [13].

[49,55,56]. A slight downward deviation of the theoretical
curve from the experimental (7)) below 10 K can be attributed
to the specular scattering of phonons from the sample bound-
aries; this contribution increases substantially with temperature
decrease but it was not accounted for in this version of our
model. Adding the dislocation scattering (xw or ®?) or the
scattering from stacking faults (ocw?) has not improved notably
the fit. Note also that the model fit practically does not change
with the Debye temperature decrease from 2230 to 1820 K,
the cutoff energy of the longitudinal acoustic phonons [57].
The optimal fitting parameters to the data for the sample NE6
are listed in Table III. In fitting the model to the experimental
data for other samples, the parameters Ay, Ay, and o were
fixed. The model approximates well the experimental  (7"); the
adjustable parameters for them are also presented in Table III
[57]. The sample GPI has the lowest rate of point-defect
scattering (in spite of higher nitrogen content) as follows from
Table Il in accord with its highest conductivity at room temper-
ature. Therefore, the model is compatible with all three samples
simultaneously.

We applied our model to the experimental data from Wei
et al. [13] using our values for Ay and Ay, and the value
for I, from Ref. [13]; A,q was an adjustable parameter. The
best fitting results are shown in Fig. 3 by solid lines for the
samples with the natural isotope mixture (dark cyan line) and
enriched with '2C (black line) composition. It is seen that
the quality of this fitting is good, practically the same as that
achieved in Ref. [13]. Our results show, however, that the rate
of scattering from point defects is substantially higher than
that from isotopic defects in these two samples (see Table III).
This indicates the relatively high concentration of point defects
in the crystals in Ref. [13]: the sample NE6 demonstrates the
scattering rate from nonisotope point defects by more than two
times lower than for "™C from Ref. [13], yet comparable with
that caused solely by isotopic contribution. Taking into account
the high chemical purity of the sample NE6 we have to look for
point defects other than nitrogen or boron impurity atoms. We
suggest the extra scattering in sample NE6 (aside from the 1*C
isotope) to originate from vacancies in the crystal lattice. The
vacancies are known to be very effective phonon scatterers in
crystals [27,58]. According to Ref. [58], the phonon scattering
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rate from single vacancies is given by Eq. (8) with

9V
4 v3

where cy is the atomic concentration of vacancies. Using Ayq
from Table III and taking into account the isotope scattering
we find that ¢y ~ 1.5 ppm. Recent accurate theoretical cal-
culations of the phonon scattering from vacancies in diamond
[27] show that the scattering rate is about four times higher
than that obtained using Eq. (13). Thus, within this theory
the concentration of vacancies is estimated to be rather low,
0.4 ppm, the value reasonable for the high-quality diamond
crystals (see, e.g., Ref. [59]).

The phonon mean-free path [, in the boundary scattering
regime determined within the fitting to the experimental data
for the sample NE6 is 2.6 mm (Table III). This value is
substantially larger than the theoretical Casimir free path
lc = 0.98 mm calculated from the sample geometry. The same
is valid for the samples NDT and GPI. This result is similar
to that obtained by Vandersande [6] and Berman [16] for the
polished samples of natural diamond, which had not been
post-processed after polishing. It was proposed (Ref. [6] and
references therein) that the heat-carrying phonons do not reach
the sample boundaries, but specular reflected within a thin sub-
surface damaged layer. Since the observed x(7") shows nearly
T3 dependence, the rate of this specific scattering is almost
independent from the phonon frequency. The mechanism re-
sponsible for such phonon specular reflection is still unknown.
The phonon focusing (PF) effect can increase substantially,
by 10%, the phonon mean-free path comparing with the
Casimir length in certain directions in elastically anisotropic
crystals below the thermal conductivity maximum [39]. For
example, for silicon the calculations of McCurdy, Maris, and
Elbaum [39] and recent ab initio calculations of Li and Mingo
[60] showed approximately 40% enhancement for the [100]
direction in comparison with [110] direction in agreement with
experimental results [39,61]. The calculations of Kuleyev et al.
[62] for silicon in the frame of generalized Callaway theory
represented very well the experimental data on « (7)) below the
conductivity maximum. For diamond, the theory [39] predicts
about the same value of the PF effect, the conductivity in
the [110] direction being close to the Casimir value within
few percent in the case of diffuse boundary scattering. The
PF effect becomes weaker for finite length samples [63].
The only available experimental data [64] are in qualitative
agreement with the theoretical results for diamond. Therefore,
taking into account the PF effect in attempt to explain the
increased experimental [, does not reduce the discrepancy
between the theoretical and experimental values of free paths
in the boundary scattering regime for the samples studied in
this work. For all our samples the ratio [, / [ falls in the narrow
range of 2.4 to 2.7, while Vandersande [6] has found that 2 <
Ip/lc < 3 for polished natural type Ila diamonds at T < 20
K. The good agreement between our model calculations and
our precise experimental data over a wide temperature domain
suggests that thermal phonons have a single elongate [, at tem-
peratures above ~10 K up to the conductivity maximum at the
least.

Adding to our model the possibility for phonons to re-
flect specular from sample boundaries improves the fitting to

A;d ::;IV::

Cy, (13)

experimental data at lowest temperatures leaving /;, practically
unchanged [57]. The scattering rate for this type of boundary
scattering is given by [41]

o vl=P (14)
b T L1+ P’

where the probability P of specular reflection increases with

the decrease of phonon frequency and effective surface rough-

ness nerr (see, e.g., Refs. [65,60]):

P = exp[—(21]enrw/v)’] (15)
with negr = 21/, n is the root-mean-squared surface rough-
ness. The parameters of the best fitting for samples studied in
this work are presented in Table III. The values for » are rather
close (within factor of 2) to the average surface roughness
Ra < 5 nm specified by the manufactures. Noteworthy, Van-
dersande [6] has found that the specular reflection of phonons
from the polished sample boundaries becomes pronounced in
heat transport below about 2 K where the thermal phonon
wavelength exceeds 80 nm. This results in the further increase
of the phonon mean-free path over the Casimir value with the
temperature decrease.

The particular form of the N processes used in this work
is characteristic for the Landau-Rumer mechanism [67] of
TLL type, the interaction between transverse and longitudinal
phonons results in formation of longitudinal phonon. Herring
[46] has concluded the same dependence for the N processes
for transverse phonons at low temperatures in anisotropic
media. Kuleyev et al. [68] have suggested that in anisotropic
cubic crystals transverse phonons can participate also in the N
processes of TTT type, involving only transverse phonons, with
the high rate of scattering as compared with the Landau-Rumer
case. Since the transverse phonons contribute mostly to the
heat flow at low temperatures, one can expect that this form is
appropriate in our modeling. The x T3 form for the N processes
has been used by Hass ez al. [51] in the analysis of isotope effect
in thermal conductivity of single crystal diamond using the full
version of Callaway theory.

The form for U processes with linear frequency depen-
dence is rather unusual. The w? frequency dependence is
commonly assumed (see, for example, Refs. [13,18,19,69]),
however, the linear dependence is not excluded theoretically
(see Refs. [47,48]). Noteworthy, the usual representation of
the anharmonic scattering rate as a product of frequency- and
temperature-dependent terms can be considered as an approx-
imation for rather complicated function of phonon frequency
and temperature [50]. In this connection, we consider the
functional form of 7y as an empirical one.

The classical Callaway model makes no distinction be-
tween transverse and longitudinal phonons. To examine the
consequences of this simplification, we have performed ad-
ditional computations with the model of Morelli, Heremans,
and Slack [19], which treats the contributions of longitudinal
and transverse phonons explicitly [57]. We have found our
simple model to fit the experimental data very well through all
the investigated temperature range, not worse than the more
complex model.

144305-7



A. V. INYUSHKIN et al.

PHYSICAL REVIEW B 97, 144305 (2018)

400 T 1T T T T T T 71T I T T T
'TA
4
| - p—
£ 100 ¢ :
o - -
2 I ]
> - 1
ER
E
E L
=]
o
S
= 10 =
g C exp. data
< L best fit
= A4 47 - defect-free
1 1 1111 I 1 1 1

6 10 100 500
Temperature (K)

FIG. 4. Contributions of Debye and Ziman terms (7)) and «,(T")
to the thermal conductivity of diamond. Triangles are measured data
for the sample NE6, solid red and dashed red lines represent the best
fit to experimental data and the calculations for defect-free sample,
respectively. Two close pairs lines (black) depict «;(7) and «,(T),
respectively, for the best fit (solid) and for the defect-free (dashed)
cases.

Figure 4 shows the calculated temperature dependencies
of the Debye «;(T) and Ziman k,(T) terms to the total
thermal conductivity of the sample NE®6. It is seen that «(7")
dominates over k,(7) at temperatures 7 < 400 K. However,
if point defects are eliminated, it is the increase of «,(7) that
determines mostly the increment in total thermal conductivity
at temperatures above the maximum. This result indicates the
very important role of normal processes of phonon-phonon
scattering in thermal conductivity of diamond with natural
isotope abundance [44], which leads to the strong isotope effect
ink(T).

It is interesting to note that the calculated dependence «(7')
for perfect diamond crystal (dashed red line in Fig. 4) with
Apg = Ajso (the values for other parameters are taken from
Table III) lays only slightly above the best-fit curve (solid red
line in Fig. 4) by 8% to 5% at temperatures near and above
the maximum: cmax = 299 Wem™' K1 at T = 63-64 K,
and«(RT) = 24.2 W cm~! K~!. Thus, our model indicates that
the thermal conductivity of the sample NEG6 is close to that of
defect-free single crystalline diamond.

Our highest measured «(RT) = 23.8 Wem ™' K~! is very
close, but a bit exceeds by 4% the theoretical upper value of
22.9 Wem ™' K~! from the ab initio calculations by Broido
et al. [23] for defect-free diamond with natural isotopic
composition. Interestingly, they considered a sample with
diameter of 1 mm, very close to the Casimir length for our
specimens measured, therefore, the direct comparison of their
modeling with the present experiment is justified. In addition,
our maximum conductivity k(63 K) =285 Wem ™' K™!
noticeably exceeds also kmax & 190 Wem~! K1, obtained

from the first principles by Fugallo et al. [24] for diamond
with the diameter of 3 mm. This may give grounds to further
refine the parameters of the ab initio models.

IV. CONCLUSIONS

Accurate data on thermal conductivity «(7") of highly
pure single crystals of HPHT and CVD diamond at tem-
peratures from 6 to 410 K have been obtained using newly
developed version of the steady-state heat flow method for
direct measuring thermal conductivity of extremely high heat
conduction materials. The precise data for «(7) with total
error less than 3% (random error ~1%) were obtained also at
temperatures near the conductivity peak, where many previous
experiments failed to gather such data. The results, being in
general consistency with previously published experimental
data for high-quality natural and synthetic diamonds, show
one of the highest values for thermal conductivity at room
temperature (23.8 0.5 Wem™! K1), and the record high
conductivity at low temperatures (285 7 W em ™! K~! at the
peak). Paraphrasing Morelli [70], we have demonstrated that
state-of-the-art synthetic diamonds (both CVD and HPHT) are
“the final testing ground for determining the intrinsic thermal
conductivity of the best heat conductor known to man.”

We have analyzed our measurements of «(7) within the
original Callaway theory of thermal conductivity taking into
account the boundary scattering, point-defect scattering, and
anharmonic three-phonon scattering processes. It was found
that the previously widely used expressions for the N and
U processes of phonon scattering [13,53,54] cannot describe
adequately the obtained experimental extraordinarily high
k(T) near the conductivity peak. A set of expressions for
anharmonic scattering processes is proposed, that provides
a very good agreement of the model with a collection of
experimental data for «(T) for T < 400 K, presented in this
work, as well as reported by other authors, including the data
for isotopically enriched diamond. According to the modeling,
the values of thermal conductivity of diamonds measured in
this work are close to those predicted for a perfect single crystal
diamond with natural isotopic composition at temperatures
above the conductivity maximum, being only ~5% below the
calculated «(T') for ideal crystal (no defects other than '3C
isotopes are present) at room temperature. In the boundary
scattering regime, the phonon mean-free path exceeds the
Casimir length by about 2.4-2.7 times for polished samples;
this is a remarkable narrow interval as compared with the
results (from 2 to 3 times) reported previously by Vandersande
[6] and Berman [16]. At lowest temperatures <10 K, the
specular reflection of phonons at the sample surface becomes
sizable on the background of frequency-independent boundary
scattering.
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