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a b s t r a c t 

Hyperbolic materials have been newly discovered that can enhance near-field radiative transfer. Multi- 

layer and three-dimensional hyperbolic materials require challenging fabrication techniques. From a prac- 

tical point of view, natural hyperbolic materials serve better in applications requiring near-field radiative 

transfer enhancement. In this study, we investigate enhancement of near-field radiative transfer using 

natural hyperbolic material – calcite, and compare with that from (also natural) polar dielectric materials, 

SiC, where phonon polaritons are responsible for enhanced near-field heat transfer. Spectral analyses of 

enhanced near-field radiative transfer from hyperbolic modes in hyperbolic materials and surface phonon 

polaritons in polar dielectric materials are carried out and compared, which determine the origin and 

amount of near-field radiative transfer enhancement in these materials. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

For over a century, it was established that thermal radiation is

overned by the Stephan Boltzmann’s law and not exceeding the

lackbody radiation limit. However, when two bodies are brought

o a distance less than the characteristic radiation wavelength de-

ermined by the Wien’s displacement law, it has been predicted

heoretically [1–4] and proven experimentally [5 –15] that near-

eld radiation is much enhanced, and surpasses blackbody ra-

iation. Hence, near-field radiation has become an exciting ex-

loratory area for heat transfer enhancement. Exploiting the near-

eld radiation behavior, various applications have been proposed

uch as negative luminescent [16] , thermoradiative energy conver-

ion [17,18] , radiative cooling [19] , thermal spectroscopy [20–22] ,

hermophotovoltaic [23] , thermal refrigeration [24] , thermal recti-

er [25–28] , thermotronics [29] and boolean operation [30] . How-

ver, convenient implementation methods are also needed. 

One of the most recent materials studied for near-field heat

ransfer enhancement is hyperbolic material [31–36] , where the

overning mechanism enabling near-field enhancement is the hy-

erbolic modes. Hyperbolic materials are so named because of

heir topology of isofrequency surface [37] , and wavevector range

upported inside the hyperbolic materials extends to infinity

ithin hyperbolic bands, hence called high- κ modes. Due to vari-

tions in intramolecular or intermolecular bond strengths, the di-

lectric response of hyperbolic materials is relatively independent
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ith respect to principal axes, and electromagnetic radiation prop-

gating through hyperbolic material is subjected to negative and

ositive dielectric responses simultaneously. The Reststrahlen dis-

ersion relation in one of the principal components of permittivity

ensor modifies the isofrequency surface, producing a hyperboloid

hat supports high- κ modes inside the material within certain

requency bands (Reststrahlen bands). These modes are the main

ource of near-field enhancement at the interfaces between the

yperbolic material/vacuum/hyperbolic material. Hyperbolic mate- 

ials were first constructed using hybrid layered structures [38–

0] or 3D structures [41,42] . However, natural hyperbolic materi-

ls also exist including hBN, calcite, and Bi 2 Se 3 [43] . Compared to

he fabrication challenges of layered and 3D hybrid material struc-

ures, natural hyperbolic materials are easier to implement for ap-

lications. Field confinement enables the use of natural hyperbolic

aterials in sub-diffraction imaging and super-resolution focusing

44] . For radiative heat transfer, hBN [45] and calcite are promis-

ng due to their low losses ( ε′ ′ ∼ 0.1) and thus suitable for long-

istance transport of radiative heat flux [32] within certain fre-

uency bands that support the hyperbolic modes. 

Another class of (natural) material that has been investigated

xtensively for near-field radiative transfer is polar dielectric ma-

erials, where the governing mechanism is the coupling of surface

honon polaritons (SPhP) excited by photons [46 –53] . Being a sur-

ace phenomenon, these polaritons propagate along interface. In

ontrast to hyperbolic materials with directional dependency, these

olar materials are usually isotropic. Along the polar dielectric sur-

ace, surface waves originate from negative dielectric permittiv-

ty in the Reststrahlen band where ε ≤0, but fades away in the

https://doi.org/10.1016/j.jqsrt.2018.10.022
http://www.ScienceDirect.com
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Fig. 1. Schematic of semi-infinite plates separated by vacuum. Here, for uniaxial 

material, optical axis is along z -axis. Medium 0 is vacuum ( ε0 = 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Real component of in- and out-of-plane dielectric functions of calcite in 

mid-IR at temperatures of interest. Inset shows variation with respect to temper- 

ature of in-plane component around the Type-II frequency band. 
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direction perpendicular to the interface, and hence needs to be

coupled to another nearby surface for heat extraction [6] . SPhP

resonance also leads to quasi-monochromatic thermal emission by

means of structured surfaces [54] . Furthermore, studies showed

that grating structures on the interface with spatial coherence en-

able directional thermal radiation [46] . Due to SPhP and low losses

compared to metals, polar dielectrics are also preferred in building

hybrid hyperbolic materials [37] . 

This study is devoted to examining contributions to near-field

radiative heat transfer by the hyperbolic modes in natural hy-

perbolic material calcite, and comparing the different underlying

mechanisms of enhancement of near-field radiative heat transfer

in calcite and polar dielectric material SiC. Near-field radiative heat

transfer between bulk natural hyperbolic materials such as calcites

has not been reported before. Here radiation transfer across two

flat surfaces of calcite at different temperatures separated by a

small gap is studied to analyze the effect of material properties on

the underlying mechanisms, and, in turn, the enhanced near-field

radiation. 

2. Methods, materials, and geometry 

We consider two semi-infinite parallel plates, separated by dis-

tances comparable to or smaller than the characteristic radiation

wavelength. Fig. 1 shows media with in-plane ( ε‖ ) and out-of-
plane ( ε⊥ ) dielectric components. In case of ε⊥ = ε‖ , the schematic

represents isotropic materials. 

Heat flux as a function of distance between the two flat plates

is expressed as [55] : 

q Tot ( d ) = 

∫ ∞ 

0 

dω 

2 π
[ �( ω, T 2 ) − �( ω, T 1 ) ] 

×
∑ 

i = s,p 

[∫ ω/ c o 

0 

dκ

2 π
κ × T prop 

i ( ω, d, T 1 , T 2 ) 

+ 

∞ ∫ 
ω/ c o 

dκ

2 π
κ × T evan i ( ω, d, T 1 , T 2 ) 

⎤ 

⎦ (1)

Here, �( ω, T ) stands for probability of states being populated by

modes at frequency ω and temperature T , and κ is wavevector par-

allel to interface. Subscripts s and p stand for TE and TM waves,

respectively. This expression is in a general form and applicable to

isotropic as well as hyperbolic materials [56] . The Landauer-type

formalism composed of T prop 
i 

and T evan 
i 

represents transmission

functions of propagating and evanescent waves, respectively, which

is the fraction of total energy carried by the mode κ: 

T prop 
i ( ω, d, T 1 , T 2 ) = 

(
1 − | r i, 1 ( T 1 ) | 2 

)(
1 − | r i, 2 ( T 2 ) | 2 

)
∣∣1 − r i, 1 ( T 1 ) r i, 2 ( T 2 ) e 2 i γo d 

∣∣2 (2a)
 
evan 
i ( ω, d, T 1 , T 2 ) = 

4 Im ( r i, 1 ( T 1 ) ) Im ( r i, 2 ( T 2 ) ) e 
−2 Im ( γo ) d ∣∣1 − r i, 1 ( T 1 ) r i, 2 ( T 2 ) e −2 Im ( γo ) d 

∣∣2 (2b)

here r is the Fresnel reflection coefficient at the interface be-

ween the materials of interest and vacuum, which can be ex-

ressed as [57] : 

 p, j = 

ε ‖ , j γo − γp, j 

ε ‖ , j γo + γp, j 

(3a)

 s. j = 

γo − γs, j 

γo + γs, j 

(3b)

In the expressions above, γp (= 

√ 

ε ‖ ω 
2 /c 2 o − ε ‖ / ε ⊥ κ2 ) and γs (=

 

ε ‖ ω 
2 /c 2 o − κ2 ) are wavevectors in the direction perpendicular to

he interface for p- and s-polarized waves inside the material, and

o (= 

√ 

ω 
2 /c 2 o − κ2 ) is the wavevector in vacuum. The numerator of

q. 2(a) accounts for the portion of transmitted radiative energy by

ropagating waves through the material interface, and the denom-

nator represents multiple reflections between material interfaces

cross vacuum gap. In Eq. (2b) , Im( r i ) in the numerator can be in-

erpreted as near-field emission [58] or a quantity proportional to

he local density of states (LDOS) [3] . 

We choose calcite as an example uniaxial hyperbolic material

or this study. It has two distinct Reststrahlen bands in mid-IR. Also

eferred to as lower and upper bands, these Reststrahlen bands

xhibit negative dielectric behavior. The lower band spans a fre-

uency range 1.64 ×10 14 < ω < 1.69 ×10 14 rad/s, and has a Type-

 hyperbolic dispersion, i.e., a positive in-plane component and

 negative out-of-plane component (see Fig. 2 ). The upper band,

.64 ×10 14 < ω < 3.08 ×10 14 has a Type-II hyperbolic disper-

ion with a negative in-plane component and a positive out-of-

lane component. Also, calcite has a weak in-plane dielectric re-

ponse due to molecular vibrations around ω ∼1.33 ×10 14 rad/s.

hese dielectric components shape the spectral radiation via al-

owable/forbidden propagating waves inside the hyperbolic mate-

ial. From the wavevector expressions γ p ( = 

√ 

ε ‖ ω 
2 /c 2 o − ε ‖ / ε ⊥ κ2 )

nd γs (= 

√ 

ε ‖ ω 
2 /c 2 o − κ2 ), we can see that in the lower Type I

and, propagation of s-polarized (also called ordinary) modes with

< 

√ 

ε ‖ ω/ c o and all p-polarized (extraordinary) modes are al-

owed, while in the upper Type-II band propagation is forbid-
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Table 1 

Fitting-parameters of Lorentz models for calcite and SiC as a function of temperature. Fitting-parameter, �, is in unit of meV for calcite and 

cm 
−1 for SiC. 

Material T (K) A m (meV) 2 ω m (meV) ω T (1/cm) ω L (1/cm) � ε∞ 

SiC 

/isotropic 

300 – – 793 969 4.76 6.7 

500 787 965 8.5 

700 781 960.5 12.2 

Calcite/ 

asymmetric 

300 18.4 173.9 – – 2.02 1.698 

500 178.7 – – 2.93 

700 172.3 – – 4.31 

Calcite/in- 

plane 

300 0.110 88.7 – – 0.423 1.698 

500 

700 

Calcite/out- 

of- 

plane 

300 1.272 108.0 – – 0.207 1.647 

500 107.9 0.317 

700 107.7 0.420 
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f  
en for all s-polarized mode, and is allowable only for waves

ith κ > 

√ 

ε ⊥ ω/ c o for p-polarized modes. Note that any mode

ith κ > ω/ c o inside the material does not propagate in vacuum

nd is evanescent in near-field because of momentum mismatch

ith that of light in vacuum ( ω/ c o ). However, these evanescent

odes can tunnel through vacuum to a material nearby, which

ive rise to enhanced near-field radiative transfer between two ma-

erials. Accordingly, in the Type I band, near-field enhancement

ccurs for κ ∈ [ ω / c o , 
√ 

ε ‖ ω / c o ] for s-polarized waves, and for κ ∈
 ω/ c o , ∞ ] for p-polarized waves; and in the Type II band, near-field

nhancement occurs for κ ∈ [ 
√ 

ε ‖ ω/ c o , ∞ ] for p-polarized waves

nly. Since radiation enhancement occurs only in a narrow wave-

ength band for s-polarized wave, contributions to radiation en-

ancement are mainly from p-polarized waves. 

For comparison, SiC is chosen as a polar dielectric which has

een widely studied. Excitation frequency of SPhP at SiC-vacuum

nterface corresponds to ∼1.78 ×10 14 rad/s within the Reststrahlen

and of SiC. SPhPs are transverse surface waves propagating along

he interface with large wavevectors that contribute to the en-

ancement of near-field radiation by increasing the number of

oupled resonant modes. Due to transverse optical phonon oscil-

ations in the direction normal to the interface, only p-polarized

aves can excite SPhPs. Dielectric properties of calcite and SiC can

e modeled with good approximation using the Lorentz oscilla-

or model in infrared frequencies [59,60] . Moreover, calcite and

iC are both durable materials at elevated temperatures: calcite

hanges its form into CaO with loss of CO 2 at around 1100 K, while

iC withstands even higher temperatures. Since this study covers

 relatively large temperature range, temperature dependent opti-

al properties are used, and are expressed for calcite [60] (a two-

scillator model) and SiC [61] as: 

 ( ω ) = ε ∞ + 

∑ 

m 

A m 

ω 
2 
m 

− ω 
2 − i �ω 

(4a) 

 ( ω ) = ε ∞ 

(
1 + 

ω 
2 
L − ω 

2 
T 

ω 
2 
T 

− ω 
2 − i �ω 

)
(4b) 

ere, ω T ( ω L ) is the transverse (longitudinal) phonon frequency and

accounts for losses. ω m is the frequency of the m th Lorentz os-

illator. The fitting-parameters are listed in Table 1 . For calcite, the

tting-parameters at room temperature were obtained from ellip-

ometry data [62] , and the fitting-parameters for higher tempera-

ures are derived from dielectric properties reported in ref. [60] .

or SiC, considering the fact that variation in ω T and ω L of SiC

s < 2% and the change in � is linear with respect to temperature

61] , linear interpolation in resonant frequencies is used in calcu-

ations within the temperature range of interest (between 300 K

nd 700 K). Fig. 2 shows dielectric function in both in- and out-of-

lanes of calcite computed from values in Table 1 . 
. Results and discussion 

.1. Transmission coefficients for calcite and comparison with SiC 

The transmission function, Eq. (2b) , plays a significant role in

ear-field radiative transfer, and also conveys insightful informa-

ion. Here we first discuss parameters determining this transmis-

ion function. Fig. 3 shows the frequency and wavevector depen-

ency of the transmission function, for calcite (a) and SiC (b),

or p-polarized waves. Due to the negligible contribution of s-

olarized waves to total heat transfer in hyperbolic bands ( ∼1%

n Type-I), only p-polarization is shown. As can be seen, calcite

as two regimes with large κd in which the transmission function

as non-zero values. These high- κ modes propagate inside cal-

ite within these regimes, and hyperbolic evanescent waves tunnel

hrough vacuum. It is also seen that these regimes are bound by

ertain κd values, which is related with penetration depth, propor-

ional to ∼ κ−1 . Transmission of evanescent modes with small κ
alues occurs nearly without loss because the penetration depth of

hese modes is greater than the separation distance, d . Across the

ame gap, the modes with higher κ values decay faster according

o e −2 Im ( γo ) d in the transmission expression. 

Fig. 3 (b) shows for SPhP there are also high- κ modes contribut-

ng to the transmission function. Comparison of Fig. 3 (a) and (b)

ndicates there are larger κ values for SPhP that contribute to

ransmission. This difference can be explained using Fig. 4 , which

llustrates the imaginary component of Fresnel reflection coeffi-

ients for nonradiative p-polarized waves in Eq. 3(a) . Fig. 4 , as a

esult of Eq. 3(a) and dielectric properties of hyperbolic material

nd polar material, indicates that Im r p in hyperbolic bands cannot

xceed 1 for calcite whereas that of SiC has a value over 20 around

he resonance frequency. With smaller Im r p in Eq. 2(b) , T evan p ap-

roaches 0 at relatively smaller κ value for calcite compared to SiC.

he largest wavevectors that enhance energy transfer in calcite is

bout ∼3 times smaller than that in SiC. 

Fig. 4 also reveals that for larger κ ( � ω/ c , electrostatic limit),

he magnitude of Im r p within the Reststrahlen bands is a constant

f ∼0.9 for calcite and ∼10 for SiC. Modes with κ � ω/ c can trans-

er energy at the near-field, d < 100 nm. This implies that at the

ear-field, enhancement in near-field radiation at shorter distance

s not due to the number of modes. Rather, the contribution for

he enhancement solely arises from “accessible” larger κ values

han that at longer separation as seen in the integral for near-field

ontribution in Eq. 1 along with constant Im r p in Eq. 2(b) . Thus,

ear-field enhancement at extreme near-field is dominated by the

ontribution of the modes with accessible κ values. 

.2. Evaluation of near-field radiative transfer 

To analyze the contribution of high- κ modes on radiative trans-

er in hyperbolic materials, we consider two semi-infinite plates at
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Fig. 3. Transmission function of p -polarized waves between materials of calcite (a) and SiC (b) with a separation of 100 nm at 300 K. These plots show the contribution of 

non-propagating modes in vacuum. 

Fig. 4. Imaginary reflection coefficients of nonradiative p-polarized waves for calcite (a) and SiC (b) in Reststrahlen bands. Color bar is from 0 to 1 (for (b), color bar is 

saturated at 1). 
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different tem peratures separated by a gap. The temperature of one

plate is fixed to 300 K, and the temperature difference ( 	T ) be-

tween two plates is 1 K, 200 K, and 400 K. We validated the code

for SiC by comparing our results to the results in [55] and [58] .

Fig. 5 (a) illustrates the total radiative heat flux ( q Tot ) as a function

of the separation distance between the plates at all temperature

differences. At lar ge separation distances (close to 10 μm) when

propagating waves in vacuum is the main contribution to radiative

heat transfer, calcite transfers slightly more energy. This is a conse-

quence of the term 1 − | r 1 | 2 in Eq. 2(a) , which represents emissiv-

ity of the material. Compared to SiC, calcite has a real component

of dielectric function closer to that of air and a lower dielectric

loss, which lead to smaller reflectance and in turn, higher emitted

radiation. 

In the near-field regime, q Tot,calcite increases with the decreas-

ing separation distance due to the tunneling of larger κ-modes

supported in the Type-I and -II bands. As discussed above, e −2 κd 

in Eq. 2(b) , which governs the transmission function, decays and

approaches 0 when κd � 1. A shorter separation distance allows

larger κ to contribute to near-field radiation enhancement. The

same reason explains the contribution of SPhP in SiC at shorter

distance. 
Fig. 5 (a) demonstrates radiative heat transfer as a function of

eparation distance at various temperature differences. In general,

 Tot,SiC > q Tot,calcite owing to the contribution of the modes with

arger κ values ( Fig. 3 ) and larger number of modes than that in

alcite at all temperature differences. Fig. 5 (b) shows radiation nor-

alized to blackbody radiation at the corresponding temperature

ifference. At 1 K and 200 K temperature differences, the magni-

ude of normalized radiative heat transfers for calcite ( q Nor, calcite ),

s nearly equal (see inset in Fig. 5 (b)). This is because on one

and, increasing temperature shifts λmax , the peak wavelength of

adiation at the corresponding temperature, towards the Type-

I band. Consequently, more populated states, or high- κ modes

ithin the Type-II band enhance near-field radiation. On the other

and, increasing temperature results in broadened Type-II band

nd weaker dielectric response, as shown in the inset in Fig. 2 .

his results in smaller Im r p , and hence, smaller contribution of

yperbolic evanescent modes to near-field radiation. Increasing 	T

o 400 K decreases the normalized near-field radiation due to even

eaker dielectric response as well as λmax moving out of the Type-

I band. For SiC, at 1 K difference, the maximum thermal energy

xcites states around the resonance frequency, 1.78 ×10 14 rad/s

10.5 μm), and moves out of this frequency when temperature in-
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Fig. 5. (a) Total heat flux between two materials, (b) normalized heat transfer to the corresponding blackbody radiation. The inset zooms in extreme near-field range for all 

cases and is also in log-scale. 

Fig. 6. Spectral heat transfer between calcites (a) and SiC (b) separated by 100 nm for 	T = 1 K. For completeness, contribution of s- and p-polarized propagating waves are 

included. BB: blackbody. 
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reases. Thus, the normalized q Nor,SiC reduces as temperature in-

reases. Similar to calcite, the temperature dependent dielectric

roperties of SiC also contributes to the decrease of q Nor, SiC at

arger temperature differences. 

Fig. 5 (a) and (b) also shows that the increases of both q Tot,SiC 
nd q Tot,calcite from 	T = 200 K to 	T = 400 K are not as high as

he increases from 1 K to 200 K and q Tot, calcite and q Tot, SiC are al-

ost the same at the extreme near-field (less than ∼20 nm). In-

pection of T evan p for SiC reveals that at this temperature differ-

nce, the frequency of maximum T evan p is shifted towards a range

here SPhPs have κ values smaller than maximum κ values in dis-

ersion relation of supported polariton modes, which arises from

he difference between the resonance frequencies at high temper-

ture. Also, at the resonance frequency for 700 K, wavevectors of

olariton modes are nearly half the κ values at the resonance fre-

uency for 300 K due to temperature dependent dielectric prop-

rties. Therefore, only the polariton modes with about half the κ
alues can strongly couple between two surfaces. In contrast, the

igh- κ modes in calcite within Type-I and -II bands can tunnel

hrough vacuum because each band of the two interfaces for these

emperatures still overlaps and supports all the high- κ modes.
 c  
hus, calcite has about the same near-field radiation enhancement

s SiC at the extreme near-field for 	T = 400 K. 

.3. Spectral radiative heat transfer 

We now further examine the spectral near-field radiative trans-

er across calcite ( q ω, calcite ) and SiC ( q ω,SiC ) surfaces. Fig. 6 shows

pectral near-field radiative transfer (for all wavevectors) along

ith near-field contribution of s-polarized evanescent wave ( q ω, s )

nd p-polarized evanescent wave ( q ω, p ) at a separation distance

f 100 nm. A temperature difference 	T = 1 K is used here. Cal-

ite exhibits three characteristic peaks due to p-polarized waves,

nd the two of them with higher frequencies are related to the

ype-I and Type-II bands. The peak at lower frequencies around

 = 1.35 ×10 14 rad/s is due to a larger value of Im r p ( Fig. 4 (a)),

hich originates from a larger imaginary part of the dielectric con-

tant ( ε′ ′ ‖ ∼ 3). The peak of spectral heat transfer in the Type-I

and is higher than that in the Type-II because of λmax falling onto

he Type-I band at 300 K. It is also seen that q ω, p dips near fre-

uencies right to the Type-I band, because ɛ ⊥ ∼1 at those frequen-

ies, leading to small γp (= 

√ 

ε ‖ ω 
2 /c 2 o − ε ‖ / ε ⊥ κ2 ) . Another obser-
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vation is that q ω, calcite outside hyperbolic bands (and the peak

around ω = 1.35 ×10 14 ) is higher than the spectral blackbody ra-

diation. Each component of the evanescent waves, q ω, s and q ω, p ,

mostly remain below blackbody radiation. However, contributions

of radiation due to propagating waves (not shown here) are very

close to the spectral blackbody radiation. Therefore, q ω, calcite , is

higher than q ω, BB . 

Contributions of s-polarized modes to q ω, calcite are minimal in

the Type-I and Type-II regions, as discussed previously. (The peak

to the left of the Type II band is due to bulk resonance. [63] ) For

frequencies beyond the Type-II band, there is a drastic reduction

of the contribution of s-polarization evanescent waves since 0 <

ε‖ < 1 (see Fig. 2 ), meaning that the s-polarized evanescent waves

cannot be excited inside the material. 

For SiC, only p-polarized waves excite surface polaritons. From

Fig. 6 (b), it is seen within the Reststrahlen band of SiC, the con-

tribution of s-polarized mode is also minimal. We noticed that q ω, s 

and q ω, p for SiC exceeds the spectral blackbody radiation outside of

the Reststrahlen band. This is due to high εSiC outside of the Rest-

strahlen band, hence SiC supports large evanescent waves, ω/ c o <

κ < 

√ 

ε ω/ c o , contributing to near-field radiation for both polariza-

tions. Fig. 6 (b) also shows that q ω,SiC at resonance frequency is

higher than that due to the hyperbolic modes in calcite, because,

as discussed above, modes with relatively larger κ values in SiC

can contribute near-field radiation. 

4. Conclusion 

In this study, we carried out analyses on radiative heat trans-

fer of natural hyperbolic material, calcite, and compared to that

of a polar material SiC. Our study reveals that, the high- κ modes

within the hyperbolic bands are responsible for the largely en-

hanced near-field radiation. Comparison of calcite with SiC illus-

trates the significance of the high- κ modes in calcite vs. surface

polariton modes in SiC in their contributions to near-field radi-

ation enhancement, for temperature differences ranging from 1 K

to 400 K. We also noticed that the contribution of high- κ modes

in calcite to near-field radiation is comparable to that of surface

polaritons in SiC. However, in general, the contribution of high- κ
modes over the entire spectrum is not as high as the polariton

modes in SiC due to contributions of wavevectors with a smaller

range. On the other hand, at very near-field, the enhancement from

calcite is about the same as that from SiC at a large temperature

difference of 400 K. This is because the resonance frequencies of

SPhPs in SiC for these temperatures shift and polariton couplings

take place only at smaller κ values. In contrast, despite of the shift

with temperature in Type-I and -II bands in calcite, each band at

these temperatures still mainly overlaps. The results of these anal-

yses will be helpful in the search of hyperbolic materials that can

enhance near-field radiative transfer. 
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