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In macroscopic solid-state thermal diodes (MSTDs), spatial and temperature asymmetry arises
from combining two materials whose thermal conductivities vary differently with temperature!'.
These devices offer strong potential for passive directional heat control in cryogenic environ-
ments. However, current state-of-the-art MSTDs exhibit rectification factors (RF) that remain
too low for practical implementation. The RF is defined as the ratio between forward and re-
verse heat fluX, grorward/dreverse — 1. Examples of approaches to improving performance include
introducing asymmetries via nanoscale defects!? and examining the effects of thermal contact

resistance (TCR)E.

Our analysis explores a new approach to enhance MSTD performance: leveraging the
temperature dependence of TCR. At cryogenic temperatures, TCR increases exponentially
with decreasing temperature due to a transition from diffusive to ballistic heat transport!.
This occurs when the mean free path of heat carriers approaches the characteristic surface
roughness of the contact interface. This effect, combined with suitable material thermal con-
ductivities, can further enhance asymmetric heat flow across the interface.

We investigate this numerically using Fourier’s law and the finite volume method. The tem-
perature dependence of the materials’ thermal conductivities and the TCR are incorporated
into the model. Thermal expansion is neglected. Examples of temperature-dependent TCR
values at low temperatures as well as thermal conductivities are taken from the literature®*®l
and shown in Figure 1. The material pairs considered are: rhodium-iron alloy (RhFe) - sap-
phire (Al,O3), and diamond (C) - gold (Au). Rh thermal conductivity is used as a proxy for

RhFe due to the missing available data.
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Figure 1. Thermal contact resistance for pairs of known materials and their thermal conductivities at low temper-
atures. (a) TCR value between different materials. The values of the TCR are theoretically determined values
from the reference papers!®®l. (b) Thermal conductivity of selected materials at low temperatures.

The MSTDs in this study are modeled with segments of equal length . = 100 um (Figure 2)

and fixed terminal temperatures. Cold terminal temperature Toqter. iS S€t for each material

pair individually, between just above 0 and 20 K. The thermal bias AT = Thotter. — Tcold ter.

ranges from 5 to 45 K. Forward and reverse biases are realized by swapping the terminal
temperatures.
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Figure 2. Representative MSTD configurations used in the analysis of the impact of temperature-dependent TCR
at material interfaces on device performance.

The calculated RF values are compared with the case where the TCR is not temperature-

dependent and has a constant value equal to the value above 100 K (Figure 1a). This com-



parison isolates the temperature dependence of the TCR to assess its influence relative to the

TCR itself.

Figure 3 shows the simulation results across different temperature intervals. The results
reveal a substantial increase in RF in some cases, particularly when the MSTD operates in
the temperature range where the TCR function is steepest. The most significant improvement
in the RF value occurs for material pair RhFe - Al,O5 (Figure 3a), when the RF increases from
6x1073 (in the case of a constant TCR) to 0.94 (in the case of temperature-dependent TCR)
at a thermal bias of only 5 K, just above absolute zero.

Except for the RhFe - Al,O3 pair, literature data for TCR function near absolute zero are
scarce, leaving the steepest region of the TCR function unresolved. Consequently, Figure 3b
for the C - Au pair shows no improvement, or even a reduction, in RF values at the lowest
temperatures. At slightly higher temperatures (10-20 K), however, the C - Au pair exhibits a
moderate RF increase of up to 27 % (from 0.73 t0 0.92 at Teogter, = 16 K and AT = 45 K).
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Figure 3. Influence of temperature-dependent TCR on RF for the selected MSTDs, plotted against AT, at differ-
ent cold terminal temperatures. The filled circles represent the values of RF at constant TCR, the empty triangles
the RF values at temperature-dependent TCR. (a) RhFe - Al,O3 pair, plotted on a logarithmic scale. (b) C - Au
pair, plotted on a linear scale.

The present analysis of temperature-dependent TCR effects indicates that this factor can



be exploited to improve thermal rectification in cryogenic environments. Potential applications
for cryogenic MSTDs include integration into the thermal management architecture of space-
craftl”l, cryogenic electronics!®l, and low-temperature sensor systems!®. In these contexts,
MSTDs can suppress parasitic heat loads and protect temperature-sensitive components. This
work provides a foundation for future experimental validation and targeted design optimization
of MSTDs. In particular, further exploration of the interplay between thermal conductivity and

(temperature-dependent) TCR, along with the effects of thermal expansion, will be important.
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