

[bookmark: Tables][bookmark: MaterialsMethods]Supplementary information 

Nanoscale Architecture Unifies Electron and Dislocation Transport in Metals

A.K. Giri1, M. Martinelli2, B.C. Hornbuckle1, A.J. Roberts1, M. Weisenberger2, and K.A. Darling1*
	
1Army Research Directorate, DEVCOM Army Research Laboratory, Aberdeen Proving Ground, MD, 21005, USA.
2Center for Applied Energy Research, University of Kentucky, 2540 Research Park Drive, Lexington, KY, 40511, USA.

*Corresponding author. Email: kristopher.a.darling.civ@army.mil (K.A.D.)


Supplementary Note 1. Common Flux Representation of Electron, Phonon, and Dislocation Transport

Generalized Carrier-Flux Framework
Although electrons, phonons, and dislocations are physically different, their transport equations share the same general form:

The Orowan relation is therefore also a flux relation because it relates the density and velocity of moving dislocations to the resulting plastic strain rate.

Electron, Phonon, and Dislocation Flux Relations

Supplementary Table 1. Comparison of electron, phonon, and dislocation transport in a generalized flux framework
	Carrier
	Flux relation 
	Carrier density
	Velocity
	Quantity transported

	Electrons
	
	, electron density
	, electron velocity
	, energy per electron

	Phonons
	
	, phonon density
	, phonon group velocity
	, energy per phonon

	Dislocations
	
	, mobile dislocation density
	, dislocation velocity
	, shear displacement



Common Dependence on Carrier Population and Velocity
Thus, each macroscopic transport response depends on the population of mobile carriers, their velocity, and the physical quantity transported through their motion.

Supplementary Note 2. Estimation of the Electron Mean Free Path in Copper

Matthiessen-Type Treatment of Electron Scattering
The effective electron mean free path, , is expressed as a Matthiessen-type summation of independent scattering processes:

where represents the temperature-dependent mean free path associated with electron–phonon scattering, and  accounts for the temperature-independent mean free path arising from structural defects, including the grain boundaries and Ta-rich clusters present in Cu–3Ta.

Drude–Sommerfeld Calculation of Electron Mean Free Path
The electron mean free path in metals is estimated using the Drude–Sommerfeld model1, in which the mean free path is defined as:

where is the Fermi velocity (m/s)2 and is the electron relaxation time. The relaxation time is obtained from electrical conductivity via:

such that the mean free path can be written as:

where is the electron mass (kg), is the elementary charge (C),  is the electron density ), and is electrical resistivity at various temperatures as provided in Supplementary Table 2 below.
 

Supplementary Table 2. Temperature-dependent electrical resistivity of pure copper a

	Temperature (°C)
	(Ω·m)

	25
	

	100
	

	200
	

	300
	

	400
	

	500
	

	600
	



a Electrical resistivity values for pure copper were obtained from the recommended values reported by Matula3. The resistivities listed in Supplementary Table 2 are corrected for thermal expansion. Values at temperatures not explicitly tabulated were obtained using the interpolation procedure recommended by Matula3 for the solid state.








Supplementary Table 3. Estimated electron mean free path in pure copper as a function of temperature
	Temperature (°C)
	(nm)

	25
	~39

	100
	~30

	200
	~23

	300
	~18

	400
	~15

	500
	~13

	600
	~11



Temperature Dependence of the Electron Mean Free Path
These calculations show that in pure copper, the electron mean free path decreases by approximately a factor of four between room temperature and 600 °C.

Supplementary Note 3. Estimation of Dislocation Acceleration and Travel Distance
To determine whether dislocations can reach the high-velocity regime associated with substantial phonon drag, the acceleration of a single dislocation was evaluated using the treatment developed by Gillis and Kratochvil4. In this model, dislocation motion is governed by the competition between the driving force produced by the applied resolved shear stress and the opposing drag force. The applied stress acting on an individual dislocation was first estimated from the flow stress measured during microprojectile impact5. 
The effective applied tensile stress was calculated as

where is the average hardness measured following microprojectile impact,  provides an estimate of the corresponding flow stress, is the threshold stress associated with thermally activated dislocation glide, is the Hall–Petch contribution, and is the contribution from the Ta-rich clusters.

The Hall–Petch contribution was calculated as

where is the Hall–Petch coefficient and is the average grain size. The contribution associated with the Ta-rich clusters was estimated using

where is the volume fraction of Ta-rich clusters and is their hardness. The contribution from Orowan looping was assumed to be small because Cu–Ta exhibits limited strain hardening under these conditions. Substitution of the measured and reported material parameters yielded an effective applied tensile stress of approximately 689.2 MPa. Using a Taylor factor of 3.06, the corresponding applied resolved shear stress was

These stress calculations and the parameter values used in them follow the published supplementary treatment for nanocrystalline Cu–3Ta. 
The applied resolved shear stress was then used in the Gillis–Kratochvil4 expression for the velocity-dependent acceleration of a dislocation:

where

Here, is the instantaneous dislocation velocity, is the shear-wave velocity, is the mass density of Cu, is the magnitude of the Burgers vector, and is the characteristic drag coefficient of the Cu matrix. The first term represents acceleration produced by the applied shear stress, whereas the second term represents the resistance associated with dislocation drag. As the dislocation velocity increases, the drag contribution becomes progressively more important and the acceleration decreases. 
The acceleration history was calculated numerically using an initial dislocation velocity of zero and a time increment of s. At each time step, the acceleration was evaluated using the velocity obtained at the end of the preceding step. The velocity after time steps was calculated as

and the corresponding total travel distance was calculated as

This procedure provides the normalized dislocation velocity, , as a function of uninterrupted travel distance. The calculation shows that a dislocation in an unconstrained Cu matrix accelerates rapidly at first, but approaches its steady-state velocity more gradually as the drag force increases. Under the applied stress considered here, the dislocation approaches a steady-state velocity of approximately after traveling approximately 85 nm. 
This calculated acceleration distance is substantially greater than the approximately 15 nm architectural spacing measured in the Cu–Ta alloy considered in the present study. The internal cluster network therefore interrupts dislocation glide well before the calculated steady-state velocity can be reached. The comparison provides the basis for interpreting the Ta-rich cluster spacing as an architecture-imposed upper bound on dislocation acceleration and the transition into the phonon-drag-dominated regime. The current manuscript already frames this contrast as approximately 85 nm of required uninterrupted glide compared with an architectural spacing near 15 nm. 
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