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Highlights 

- Electron scattering mechanisms are studied through resistivity vs. temperature from 7 to 300 K. 

- The Bloch-Grüneisen function well describes the electrical properties of hcp metal films. 

- Resistivity of bcc metal films saturates at high temperature consistent with the Mott-Ioffe-Regel limit. 

- Electron scattering is more complex in Cr films with multiple temperature-dependent effects. 
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Abstract 

Nine transition metals, namely, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W, are DC sputter-deposited 

by oblique angle deposition (OAD). The deposition angle α is gradually changed from 0 to 85° while 

keeping the films thickness at 400 nm. The electronic transport properties of these metallic 

nanocolumnar thin films are investigated by means of resistivity vs. temperature measurements from 7 

to 300 K. Electron scattering phenomena by phonons, defects and electrons strongly depend on the 

nature of deposited metal, and deposition angle. Temperature-dependent models are applied as a 

function of the different electron interaction mechanisms. It is shown that the conventional Bloch-

Grüneisen theory of bulk metals well explain the electronic transport properties of hcp metals. 

However, it cannot fit with the various evolutions of resistivity vs. temperature measurements of bcc 

thin films. A saturation effect in resistivity occurs for bcc metals when they are fabricated with the 

most glancing deposition angles (α > 70°). A more complex behavior is also obtained for chromium 

thin films, which clearly illustrates the significant deviation from the Matthiessen’s rule due to the 

increasing number of growth-induced defects and voids favored by the OAD process.  

 

Keywords: Oblique Angle Deposition, Thin Films, Transition Metals, Resistivity, Temperature, 

Electron Scattering. 
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1. Introduction 

For the last decades, metallic thin films have received widespread attention since they can be 

easily used for various applications in microelectronics, corrosion-resistant coatings, optical filters, 

catalysis among others [1]. Although operating with such films often appears to be non-challenging 

task and in spite of some remarkable progress in understanding electron scattering phenomena in many 

monometallic materials, several studies on the electrical conductivity of these films have attracted 

much attention due to the significant reduction compared to the bulk values and the size effect, 

especially at the nanometric scale [2, 3]. As a result, understanding the electronic transport properties 

in monometallic thin films still remains a first ranking scientific motivation, particularly at very low 

temperatures since electron scattering strongly depends on interactions with impurities, defects, grain 

boundaries, phonons and so on. Various scattering phenomena predominate depending on temperature. 

In addition, the dimension of the system (1D for wires, 2D for thin films or 3D for bulk materials) 

influences the flux of conduction electrons [4]. Thus, electron scattering can be strongly affected in 

thin films exhibiting different structures at the micro- and nanometric scales and therefore plays a 

decisive role in the resistivity behavior of nanostructured thin films [5]. 

Experimentally, the temperature dependence resistivity of thin films is a conventional approach 

for investigating the electron scattering mechanisms requiring measurements with well-controlled and 

reduced temperature down to a few K [6]. Theoretically, the magnitude and temperature behavior of 

the electrical resistivity in metallic thin films are often non-trivial to calculate quantitatively. In the 

most classical model for the electrical resistivity in metals, the latter is presumed to consist of two 

terms: The residual resistivity due to electron scattering from random potential (defects, impurities), 

and the temperature dependent part of resistivity assigned to electron scattering from lattice vibrations 

of atoms, i.e., phonons [7, 8]. This last contribution is commonly described by the Bloch-Grüneisen 

equation. According to the Matthiessen’s rule, these two contributions are assumed to be independent 

on each other, and thus the total resistivity is a simple linear combination of these two contributions. 

For bulk metals and metallic alloys, the Bloch-Grüneisen theory can be successfully applied to many 

systems. It allows an accurate prediction of resistivity vs. temperature evolution from a few K up to 
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room temperature [9-11]. For thin films, grain boundaries and growth-induced defects become 

substantial. Electron scattering is favored and discrepancy with the Bloch-Grüneisen theory frequently 

occurs [12, 13]. As a result, it has been reported for years that significant deviations from the 

Matthiessen’s law exist in many metallic thin films [14-17]. Recently, some authors clearly showed 

that such deviations can be particularly noticeable in films containing impurities, porous structures, or 

structural defects [18]. Some mechanisms of electron scattering have been suggested with a 

temperature dependence such as electron-electron [19], electron-defect [20], or electron-phonon 

interactions, which are the most reported phenomena [21]. Interference between these mechanisms can 

also occur over a given range of temperatures (related to the Debye temperature) leading to some 

inconsistencies with the Bloch-Grüneisen law [22]. In metallic thin films exhibiting a columnar 

nanostructure, electronic scattering can be modified compared to bulk materials due to size effects, 

grain boundaries, surface roughness, structural defects, and so on. When the films are prepared by 

unconventional vacuum processes, especially by oblique angle deposition (OAD), the columnar 

architecture may become more complex producing unusual metallic behaviors [23]. One can easily 

figure out that there is a lack of knowledge about electronic transport properties at cryogenic 

temperatures of OAD metallic thin films since only a few studies have been reported in the literature 

[24-26]. 

 The motivation of this article lies in understanding the electron scattering mechanisms in 

monometallic thin films sputter-deposited by oblique angle deposition. Nine transition metals 

belonging to groups 4, 5 and 6 (also called “early” transition metals): Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, 

and W, with a thickness of 400 nm, are prepared by DC sputtering using a gradual change of the 

deposition angle α from 0 to 85°. The electronic transport properties of these nanocolumnar films are 

investigated by means of resistivity vs. temperature measurements from 7 to 300 K. Different 

temperature-dependent models are applied depending on the electron scattering mechanisms. The 

conventional Bloch-Grüneisen theory successfully explains the electronic transport properties of 

metallic thin films adopting the hexagonal-close-packed structure (hcp), whereas a saturation effect of 

resistivity occurs for body-centered cubic (bcc) metallic thin films especially when they are sputtered 
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with the highest glancing deposition angles. A more complex behavior is obtained for chromium thin 

films with an unusual resistivity temperature-dependence and a substantial deviation from the 

Matthiessen’s rule. 

 

2. Material and methods 

 Thin films were prepared on glass substrates from pure metallic targets (with a purity higher 

than 99.9 at.% for all metals and a diameter of 51 mm) in a homemade DC magnetron sputtering system. 

The latter was a 40 L vacuum chamber evacuated with a turbomolecular pump backed by a primary 

pump. This pumping unit reached a residual pressure lower than 10-5 Pa. The distance between the 

center of the substrate and the target was 65 mm. The target was sputtered in a pure argon atmosphere 

with a flow rate of 2.6 sccm. For all depositions, a constant pumping speed of 13 L s-1 was used 

producing an argon sputtering pressure of 0.3 Pa. The target current was fixed at 200 mA for all 

depositions. Glass substrates were grounded during all depositions with no external heating. Before 

depositing, they were ultrasonically cleaned in acetone and ethanol. The deposition angle α was 

progressively changed using the following angles: 0, 30, 60, 70, 80 and 85°. The deposition time was 

adjusted to get the same film thickness (obtained by profilometry) of 400±20 nm for each deposition 

angle. 

DC electrical resistivity measurements were systematically performed from 7 to 300 K for all 

thin films deposited on glass substrates (5×5 mm2) using the four-probe van der Pauw method. Such a 

method, following the NIST procedure (National Institute for Standards and Technology) allows 

reliable measurements with four gold tips located at the circumference of the sample. A cryostat system 

from Advanced Research Systems Incorporation (ARS cryocooler series CS-204-AE) was used to cool 

the sample temperature down to about 7 K in a chamber equipped with a pumping system leading to a 

vacuum below 10-4 Pa. A temperature ramp of 1 K min-1 was applied for all resistivity measurements. 

Relative error on resistivity and temperature values was around 1%. 

A homemade software tool was developed for fitting DC electrical resistivity vs. temperature 

with equations describing the different electron scattering mechanisms using the PyCharm Python 
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Integrated Development Environment (IDE): PyCharm Community Edition 2023.2.1 version. To 

minimize the relative error between measurements and theory, the Nelder-Mead simplex algorithm 

was implemented with the number of parameters adapted to the equations describing the electronic 

transport properties. 

 

3. Results 

For the nine transition metals, DC electrical resistivity ρ vs. temperature T exhibits a metallic-

like behavior for a deposition angle α gradually increasing from 0 to 85°, as typically illustrated for Ti, 

Zr and Hf films in Fig. 1 (and also shown in Supplementary Materials: cf. Fig. S1 and S2 of section I 

for the other transition metals). For temperatures higher than a few tens of K, resistivity shows a typical 

linear evolution with temperature, whereas it becomes constant as the temperature decreases towards 

0 K. This ρ vs. T linear evolution is commonly encountered in nonmagnetic metallic crystalline 

compounds. It is mainly assigned to electron-phonon interactions. When the temperature is reduced to 

a few K, the temperature becomes temperature independent and corresponds to the residual resistivity, 

namely ρ0 (Ω m), which is related to electron scattering by defects. As typically reported, and as applied 

in this study, resistivity measured at 7 K will be assumed as the residual resistivity (i.e., ρ0 ≈ ρ7K). For 

conventional films and for the nine investigated metals, the resistivity of films deposited by the 

conventional method (α = 0°) presents values higher than those of the bulk (about one order of 

magnitude), as usually observed and in agreement with the Matthiessen’s rule [27]. The latter assumes 

a linear combination of resistivity attributed to two effects: electron-defect and electron-phonon 

scattering. It also supposes that there are no interactions between these two effects. Due to the 

polycrystalline structure of sputter-deposited thin films, the electron mean free path is limited by the 

crystal size, and is systematically lower than that of bulk metals. When the deposition angle increases 

from 0 to 85° and for all metals, the classical ρ vs. T curve is shifted to higher resistivity values, as 

clearly illustrated for Ti, Zr and Hf metallic films in Fig. 1. 
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Figure 1: DC electrical resistivity ρ as a function of the temperature T and for different deposition 

angles α changing from 0° to 85° of: a) Titanium; b) Zirconium and c) Hafnium 400 nm thick films 

sputter-deposited on glass substrates. A typical metallic-like behavior is measured for these hcp 

metallic films with a residual resistivity at very low temperature (T less than around 10 K) exhibiting 

a nearly temperature-independent evolution, whereas a linear temperature-dependence appears when 

temperature increases and tends to the room temperature. 

 

 Films prepared with a deposition angle α = 0 or 30° exhibit very close ρ vs. T behaviors, whereas 

resistivity rises when α is higher than 60°. This deposition angle is often reported as a critical angle 

required to observe significant modifications of many physical properties in OAD thin films [28]. At 

this angle, the shadowing effect becomes pronounced, enhancing the porous columnar structure and 

favoring a high concentration of structural defects. Mean free path of electrons is then reduced due to 

barrier potential created by voids between columns, and elastic collisions with defects. As a result, the 
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most resistive metallic films are always produced when the deposition angle tends to the normal 

deposition, i.e., for α = 85° in our study. 

It is also worth noting that for deposition angles varying from 0 to 85°, the jump of resistivity 

is lower than one order of magnitude for Ti films (ρ is around 10-6 Ω m in Fig. 1a), whereas for Zr 

films the amplitude spans over a bigger range, i.e., from 3×10-7 to more than 10-4 Ω m, while 

maintaining the metallic-like behavior as a function of the temperature (Fig. 1b). At first, this increase 

of resistivity in OAD metallic films as the deposition angle approaches grazing values, can be assigned 

to a reduction of the electron mean free path. Increasing the α angle leads to more tilted, defined and 

separated columns. A much more voided and fibrous structure is produced, which favors the electron 

scattering by surfaces and grain boundaries induced by the enhanced porous structure, the latter being 

promoted as the deposition angle tends to 90° [29]. It is also worth remarking that because of the 

significant porosity in OAD metallic films, oxygen may diffuse and produce oxide compounds that 

certainly contribute to the resistive behavior. However most of the studied films exhibit oxygen 

concentration around 5 to 10 at.%, and sometimes more for some metallic films (cf. Supplementary 

Materials) without a clear evolution as a function of the deposition angle. As a result, the large increase 

of resistivity is mainly attributed to the enhanced electron scattering by grain boundaries, interfaces 

between columns (voided structure) and structural defects.  

 All three metals Ti, Zr and Hf adopt the hcp structure. Although the reduction in crystal size 

(especially when the deposition angle is higher than 60°; cf. Supplementary Materials in [30] for XRD 

patterns) contributes to the increase of the film resistivity, it does not explain the different amplitudes 

of resistivity clearly measured for these metals in Fig. 1. For Ti films, the resistivity variation is barely 

one order of magnitude for a given temperature, whereas Zr films exhibit the biggest jump when α 

changes from 0 to 85° (e.g., at 300 K more than two orders of magnitude are measured since ρZr (α = 

0°) = 7.37×10-7 Ω m and ρZr (α = 85°) = 1.08×10-4 Ω m). Such a strong resistivity variation in Zr films 

is related to the occurrence of structural defects such as vacancies, dislocations, and interstitials. Former 

investigations have ever reported that in OAD films the concentration of this kind of defects is favored 
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as the deposition angle rises [31, 32]. Because of the directional character of the sputtered particles 

impinging on the growing films, the shadowing phenomenon becomes a predominant parameter 

producing more voids between columns and thus reducing the film density (cf. [30] and Supplementary 

Materials for SEM observations). Structural defects such as column biaxial alignment or branching 

[33], vacancies and interstitials [34] are of crucial importance for the film structure and the resulting 

electronic transport properties of metallic compounds. Among, Ti, Zr and Hf, the metal that typically 

retains the highest concentration of structural defects (vacancies, dislocations, or interstitials) under 

similar fabrication conditions is generally zirconium. The latter tends to retain more defects due to 

slower self-diffusion rates than Ti and Hf at comparable temperatures [35]. This means that vacancies 

and interstitials recombine and migrate more slowly, leading to longer persistent defects. On the other 

hand, Hf is a dense and heavy metal that exhibits a low concentration of defects since they can be easily 

recombined or trapped in the lattice. As a result, one can expect the most significant variation of 

resistivity in Zr OAD thin films. 

 From ρ vs. T measurements, the derivative at 100 K, namely (dρ/dT)100 K, is as simple and 

noteworthy parameter to characterize the electron-phonon interactions and commonly assumed as a 

measure of the electron-phonon coupling constant [36]. Similarly, the residual resistivity taken at 7 K, 

namely ρ7K, is also an interesting data since it is directly related to electron scattering by defects. Both 

parameters, (dρ/dT)100 K and ρ7K have been determined and plotted for all metals sputter-deposited by 

conventional sputtering (α = 0°), with the highest deposition angle (α = 85°) and for bulk materials [37] 

(Fig. 2). As expected, bulk materials exhibit the lowest (dρ/dT)100 K and ρ7K values since electron mean 

free path is supposed to be the longest (a few tens nm in a single crystal), and metals are intended to 

show the highest purity (lowest concentrations of structural defects). For conventional films (α = 0°), 

slope at 100 K remains nearly the same as the bulk value for all metals. Although the mean free path 

of electrons is reduced in films due to the decrease in crystal size (typically a few tens nm [30]) 

compared to single crystal, the strength of the electron-phonon coupling is kept. Such a strength can 

be affected by the crystal size, especially when the latter is reduced to the nanoscale. On the other hand, 
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residual resistivity is strongly influenced by the deposition angle, as it increases with ρ7K for thin films 

prepared with α = 0° in-between 10-7-10-6 Ω m, whereas it is lower than 10-8 Ω m and goes down to a 

few 10-13 Ω m for bulk metals. 

 

Figure 2: Derivative of resistivity by temperature at 100 K (dρ/dT)100K vs. DC electrical resistivity at 

7 K ρ7K for the three hcp (Ti, Zr, Hf) and the six bcc (V, Cr, Nb, Mo, Ta, W) metallic thin films. Bulk 

data from [37] can be compared to the film values obtained for conventional sputtering (α = 0°) and 

the highest deposition angle (α = 85°). The Mott-Ioffe-Regel (MIR) limit is also specified (red dashed 

line). 

 

 Growing defects, impurities as well as the polycrystalline structure commonly produced in 

conventional thin films disturb the electron mobility in the metal. In addition, because of the sputtering 

conditions (no external heating during growth and an argon pressure of 0.3 Pa) and the resulting 

columnar structure systematically obtained for the nine metallic thin films (cf. Supplementary 
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Materials in [30]), electron scattering by grain and column boundaries contribute to the increase of 

residual resistivity. 

Depositing with an oblique angle and particularly for the most grazing angle α = 85°, 

(dρ/dT)100K and ρ7K both increase as illustrated in Fig. 2. As previously noted from ρ vs. T 

measurements in Fig. 1, residual resistivity is around 10-5 Ω m (or even higher for some metals) since 

OAD growth favors structural defects (vacancies, interstitials, grain boundaries) of the columnar 

architecture and voids between tilted columns. It is worth remarking that for these grazing deposition 

conditions, the Mott-Ioffe-Regel (MIR) limit (close to 10-8 Ω m K-1 [38]) is reached and even exceeded 

for most of the studied metals (red dashed line in Fig. 2). This limit corresponds to the maximum 

resistivity a metal can reach when the electron mean free path is comparable to or smaller than the 

atomic distance [38]. In other words, it represents the strongest electron scattering rate (the concept of 

carrier velocity is lost and electron displacement cannot be viewed as propagating freely), which is 

well emphasized and illustrated by a resistivity at saturation as the temperature rises. Tending to the 

MIR limit, the electron mean free path reduces and cannot be smaller than the nearest interatomic 

distance. For the highest deposition angle of 85°, structural defects and porosity between and inside 

the tilted columns are particularly favored and thus, metallic films prepared with the most grazing 

angles exceed the MIR limit, behaving as “bad” metals [38] (cf. § 4.2).  

 The relative resistivity (ρ - ρ7K)/ρ300K is also an interesting indicator of the electronic transport 

properties in metallic thin films, especially when the temperature changes. Fig. 3 shows this evolution 

for titanium (hcp), vanadium (bcc) and chromium (bcc) thin films sputter-deposited with the two 

extreme deposition angles α = 0° and 85°. Plotting this relative resistivity vs. temperature is relevant 

for illustrating the different electron scattering interactions, namely the temperature range 

corresponding to the electron-phonon-defect interference or saturation effect [39]. In addition, 

normalizing the measured resistivity better shows the role of the deposition angle on the applicability 

of the Matthiessen’s rule since raw data exhibit various amplitudes of resistivity as α changes and 

according to the nature of the metal (as previously discussed in Fig. 1). 
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Figure 3: Relative resistivity (ρ - ρ7K)/ρ300K vs. temperature T of: a) Titanium (hcp structure); b) 

Vanadium (bcc structure) and c) Chromium (bcc structure) thin films prepared with two extreme 

deposition angles α = 0° and 85°. As the temperature rises, a typical linear temperature-dependence 

is obtained for Ti films, whereas a saturation effect is measured for vanadium films. Chromium films 

show a minimum value at low temperature and those obtained with a deposition angle α = 85° give 

rise to an unusual maximum relative resistivity at a temperature T = 262 K. 

 

 For titanium films (and similarly for other hcp metals, i.e., Zr and Hf; not shown here but from 

measurements given in Fig. S1 of Supplementary Materials), the typical metallic-like behavior is 

clearly obtained. A linear evolution is observed for temperatures down to a few tens of K for the three 

hcp metals (Fig. 3a). This temperature dependence of the electrical resistivity is mainly attributed to 

the electron-phonon interaction. When the temperature is lower than about 20 K, the metal resistivity 

becomes temperature-independent and related to electron scattering by defects (defining the residual 

resistivity). As the deposition angle increases, all Ti, Zr and Hf films exhibit this linear behavior (with 

no significant saturation) at high temperature and they become more resistive, which corresponds to a 

stronger electron-phonon interaction. This increase of relative resistivity with α is also connected to 
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structural disordering in the films induced by the OAD process. An enhancement of the electron-

phonon interaction has been reported in metallic films and depending on the purity and defect 

concentrations [40]. This is consistent with the increase of a (dρ/dT)100K and it can be assigned to the 

softening of phonons [41]. 

 Vanadium films and the four other bcc metals: Nb, Ta, Mo and W all exhibit a similar (ρ - 

ρ7K)/ρ300K vs. T behavior. As previously revealed for hcp films, the metallic-like behavior of bcc films 

is again measured with a constant resistivity for temperatures lower than a couple of tens K, followed 

by a temperature-dependent resistivity. However, as the temperature rises, resistivity shows an obvious 

deviation from the linear dependence with a substantial saturation effect of resistivity at high 

temperature [42] (Fig. 3b). Once more, increasing the deposition angle till the most grazing value leads 

to more resistive films and emphasizes the saturation. The electron mean free path tends to the nearest-

neighbor atomic distance, which correlates with the MIR limit. These results suggest a discrepancy 

with the Matthiessen’s rule and the Bloch-Grüneisen theory is no longer valid (cf. § 4.2). 

 Regarding the Cr thin films, a more complex evolution of (ρ - ρ7K)/ρ300K vs. T is recorded as 

shown in Fig. 3c for the two extreme deposition angles α = 0° and 85°. For temperatures around 50 K 

and for all deposition angles (cf. Section VII in Supplementary Materials), resistivity exhibits a 

minimum value that varies with the α angle. This kind of behavior has ever been reported by 

Boekelheide et al. [43] in Cr thin films prepared by magnetron sputtering. The authors showed that this 

minimum in resistivity at low temperatures is attributed to resonant impurity scattering. They also 

investigated the effect of the sputtering pressure and post-annealing treatment on the temperature 

position and minimum value. It was clearly demonstrated that the resistivity minimum is directly 

related to the number of defects (favored for Cr films grown at high pressure), which are reduced by 

the annealing. The same argument can be applied for our OAD Cr thin films, i.e., as the deposition 

angle increases, the most pronounced minimum at α = 85° is similarly due to the increasing 

concentration of structural defects. 
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Although relative resistivity shows the saturation phenomenon at high temperature, it does not 

gradually increase vs. α (like in hcp and other bcc metals). An opposite effect is rather measured for α 

= 85° and even displays a maximum around 2×10-2 at T = 262 K. This resistivity maximum is 

sometimes reported for alloys [44], superconductors [45], or other compounds [46] but remains an 

unusual feature for simple metallic films. As formerly stated by Krasny et al. [47] for amorphous alloys, 

one may suggest that this emphasis of saturation resistivity leading to a maximum at moderated 

temperature is due to another scattering of electrons by phonons, i.e., on rotons associated with a 

minimum in the dispersion curve of longitudinal acoustic excitations (cf. § 4.3). 

 

4. Discussion 

4.1. Electron-phonon interactions in hcp metallic films 

 The temperature-dependent electrical resistivity of the three hcp metallic films (Ti, Zr and Hf) 

systematically exhibits the typical metallic-like behavior, regardless the deposition angle. It is in 

agreement with the Matthiessen’s rule where resistivity is the sum of two independent electron 

scattering mechanisms: electron-defect and electron-phonon. As a result, ρ vs. T measurements, and 

specifically the electron-phonon contribution, can be fitted with the Bloch-Grüneisen formula 

expressed as: 

���� =  �� +  �	
            (1) 

with ρ0 = residual resistivity that results from structural scatterings due to grain boundaries, 

impurities, defects, surfaces and so on (Ω m), 

�	
 =  � × 
�
��

�
× � ��

������������� ��
�
�

�         (2) 

and ρBG is the temperature dependent electrical resistivity phonon scattering (Ω m) 

where A = electron-phonon coupling constant (Ω m), 

 T = temperature (K), 

 θ = Debye temperature (K), 
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 n = constant taking the values of 2 (electron-electron scattering), 3 (electron-magnon scattering) 

or 5 (electron-phonon scattering) depending on the nature of electron interactions. In this study, Ti, Zr 

and Hf are nonmagnetic metals and the dominant charge carrier interaction mechanism involves 

phonons, so n = 5 has been chosen for the fitting procedure. About residual resistivity and for each 

sample, the experimental value measured at 7 K has been used as a fixed fitting parameter. 

In order to investigate the influence of the deposition angle on electron transport properties in 

OAD hcp films, the amplitude and temperature behavior of the electrical resistivity were calculated 

assuming equations (1) and (2) and implementing the fitting procedure using a home-made Python 

program (cf. Section II of Supplementary Materials). The electron-phonon coupling constant A, as well 

as the Debye temperature θ, were taken as adjustable coefficients for fitting over the whole temperature 

range 7-300 K (measured and fitted ρ vs. T, along with the corresponding relative error, are shown in 

Fig. S4, Section III of Supplementary Materials for all hcp films prepared with different deposition 

angles). Fig. 4 shows fitting results of θ and A vs. α for the three hcp metallic films. For all films, 

Debye temperatures deduced from fitting are systematically lower than the bulk values with θTi = 420 

K, θZr = 291 K and θHf = 252 K [37]. These reduced values obtained for films have previously been 

mentioned for other metallic compounds [48]. Although ρ vs. T measurements often give rise to an 

underestimation of the Debye temperature compared to the heat capacity approach [49], or from elastic 

constants of the material [50], the effect of the polycrystalline structure inherent to thin films also 

affects θ, as pointed out by several studies focused on monovalent metallic films [51-53].  

Very recently, we also showed that the same deviation to the bulk occurs for OAD Au thin films 

[54]. These discrepancies systematically recorded for the Debye temperature between bulk and films 

can be expected assuming that θ is related to the atomic density and sound velocity of the material [55]. 

Although the sputtering process leads to a quite dense microstructure of thin films, it is well-known 

that physical and chemical characteristics of films are systematically lower than those of the bulk. 

Growing defects, impurities and grain boundaries disturb the long-range order and thus influence the 

film properties. In addition, among the few studies focused on acoustic wave propagation in OAD 

metallic films, the sound velocity is strongly reduced (divided by 2 or even more compared to the bulk) 
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due to the porous architecture favored as the deposition angle rises [56, 57]. As a result, a low atomic 

density as well as a reduced sound velocity both contribute to the lowered Debye temperature obtained 

for Ti, Zr and Hf OAD thin films. 

 

Figure 4: Fitted parameters, namely a) Debye temperature θ and b) A coefficient, determined from the 

Bloch-Grüneisen law (Eq. (1) and (2)) as a function of the deposited angle α for the three-hcp metallic 

thin films: Ti, Zr and Hf. 
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 It is also worth noting how the deposition angle influences A and θ as illustrated in Fig. 4. For 

α angle between 0 and 60°, the Debye temperature exhibits no clear trend, whereas the highest 

deposition angles (α > 70°) produce a significant increase of θ for the three hcp metals. Regardless of 

the nature of the deposited OAD thin films (metals, ceramics or semi-conductors), a gradual change of 

the deposition angle in the 0-50° range does not create the most substantial evolution of many physical 

properties. For these low angles, shadowing effect does not act as the key parameter of the growing 

process and despite the formation of a tilted columnar structure, film behaviors are slightly modified 

as α increases. For the most grazing deposition angles, especially when α overpasses 60° (namely, 

glancing angle deposition conditions), shadowing effect becomes predominant leading to an increasing 

number of structural defects, a higher voided structure and consequently, many characteristics of the 

films change markedly. As a result, one should expect a reduced Debye temperature as the deposition 

angle tends to grazing values since disorder and defects weaken sound velocity and elastic modulus. 

From results in Fig. 4a, no clear trend can be seen although the fitted Debye temperatures obtained for 

the three hcp metallic films exhibit the highest θ values when α reaches 85°. 

 On the other hand, the A coefficient rises a little as the deposition angle changes from 0 to 60°. 

A further increase of α up to 85° produces higher A values (around one order of magnitude), and 

exceeds 10-5 Ω m for Ti and Zr films. Based on Yeh et al. investigations [58], this A coefficient is 

directly connected to the electron-phonon interaction, namely the electron-phonon coupling constant. 

Such a constant represents the softening effect of phonons. Increasing A coefficient with deposition 

angle means that the electron-phonon scattering rate (depending on the longitudinal-to-transverse 

phonons ratio) decreases, and so electron scattering is dominated by interactions with longitudinal 

rather than transverse phonons. 

 

4.2. Saturation of resistivity in bcc metallic films 

 The temperature-dependent resistivity of metallic thin films may exhibit anomalous behaviors, 

i.e., saturation phenomenon when the resistivity becomes large enough and as the temperature rises 

[42]. This was formerly reported for A15 (intermetallic metastable phase) thin films and mainly 
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attributed to the electron mean free path, which tends to be nearly as small as the lattice constant of the 

material [59]. The thermal disorder induced by the high temperature lattice vibrations is not the only 

parameter leading to the saturation resistivity. Some static disorders induced by radiation damage, ion 

bombardment or growing defects may also generate this saturation effect. As a result, the film 

resistivity rises with a less than linear temperature dependence and the Bloch-Grüneisen law becomes 

inappropriate. While hcp metallic films exhibit classical ρ vs. T behaviors (i.e., the typical metallic-

like behavior whatever the deposition angle), it looks very different for the six bcc films, as illustrated 

in Fig. 3b and 3c for vanadium and chromium films, respectively (ρ vs. T of the other metals can be 

seen in Fig. S1 and S2, Section I of Supplementary Materials; Cr thin films exhibit more complex 

characteristics and will be discussed in § 4.3). On the other hand, resistivities of V, Nb, Ta, Mo and W 

thin films all increase with the deposition angle and their temperature dependence deviates significantly 

from linearity. In many metallic and alloyed materials, the ρ vs. T evolution has been described by 

Wiesmann et al. [60] as a “shunt resistor model” based on a simple-parallel resistor formula: 

�
���� =  �

�� !"#��� +  �
�$"%

          (3) 

where ρideal(T) is the ideal resistivity (Ω m) given by the sum of residual resistivity, namely ρ0, and the 

resistivity due to electron-phonon interactions, i.e., ρBG. However, some studies reported that equation 

(3) is not valid for some transition metals and alloys [61, 62]. Hussey et al. [63], and more recently 

Sundqvist and Tolpygo [64, 65] suggested an approximation of the electron-phonon scattering term 

giving rise to: 

�&'�()��� = �� +  *� +  +�,         (4) 

with B (Ω m K-1) and C (Ω m K-p) being fitting parameters, and p = 2, 3 or 4 depending on the agreement 

of the fitting with the data. The same authors also proposed a modified expression of the saturation 

term based on more realistic values for the fitted parameters, thus obtaining the following equation:  

���� = �� +  �
-

.� !"#
/ -

.0"1
          (5) 

where ρpar (Ω m) is defined from the difference between saturation and residual resistivities: ρsat - ρ0. 
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 From ρ vs. T measurements of V, Nb, Ta, Mo and W OAD thin films and for all deposition 

angles, the best fits were obtained assuming equation (5) (cf. sections IV and V of Supplementary 

Materials) with p = 2 and neglecting ρ0 compared to BT and CT2 values that produced the following 

equation: 
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Therefore, four fitting parameters: ρ0, ρSat, B and C coefficients were determined and optimized by 

means of a home-made Python program in the entire temperature range 7–300 K (cf. Section IV of 

Supplementary Materials). As a key parameter, the saturation resistivity ρSat is at first plotted as a 

function of the deposition angle α, and for the six bcc metallic thin films (Fig. 5). All films exhibit the 

same ρSat vs. α evolution, i.e., a more or less constant saturation resistivity until α = 60°, followed by 

an abrupt increase as the deposition angle tends to the grazing angle of 85°. The range of angles around 

60° is again a critical value of the OAD process from which many physical properties of the films 

sharply vary [28]. Since the resistivity at saturation mainly depends on the electron density (ρSat ∝ n-

2/3 [64]), and assuming that an increase of the deposition angle develops a voided structure, and a higher 

number of growing defects as wells as interfaces, the electron recombination is favored. This becomes 

particularly marked for glancing angles (i.e., α > 70°). The shadowing length exceeds the surface 

diffusion length of the sputtered atoms impinging on the column apex. The ballistic shadowing effect 

becomes the key parameter of the film growth that directly impacts the film microstructure and thus 

the physical properties. 

 It is interesting to note that the increase of resistivity saturation with the deposition angle is less 

marked for W, Ta or Cr OAD thin films (barely one order of magnitude between ρsat obtained at α = 

0° and 85°). For these three metals, the lowest variation of ρsat vs. α can be connected to their propensity 

to develop other phases, especially the non-equilibrium A15 phase. It was previously reported that 

some bcc transition metals (especially W, Ta and Cr) easily produce this particular A15 metastable 

phase (A3B structure) during the film growth when impurity level (oxygen, carbon …) is high enough 

in vacuum processes [66]. This also occurs in OAD thin films due to their voided structure enhanced 
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at grazing deposition angles [67]. Investigations focused on electronic transport properties of these bcc 

metals prone to the A15 phase formation showed a high electrical resistivity when bcc + A15 

metastable phases both coexist, which correlates with a high resistivity at saturation for these three 

metallic thin films, even for the lowest deposition angles. 

 

Figure 5: Resistivity saturation ρSat as a function of the deposition angle α of the six bcc metallic thin 

films: V, Cr, Nb, Mo, Ta and W. The resistivity at saturation ρSat is determined from fitting ρ vs. T 

experimental data with equation (6) based on the parallel resistor formalism [60]. 

 

 So, when the deposition angle changes from 60° to 85° and for all metallic thin films, the 

resistivity saturation tends to be between 8.56×10-6 and 2.95×10-5 Ω m (Fig. 5). This also correlates 

with the MIR limit previously discussed from ρ vs. T measurements in Fig. 1. This upper bound of 

resistivity ρMIR can be roughly estimated from the Drude model assuming the electron density of the 

bulk metal, as described in [45]: 
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where kf = (3π2n)1/3, n is the effective carrier density (m-3), M the atomic mass (kg mol-1), and d the 

density (kg m-3) (ℏ, h, q and NA are universal constants). For the six studied metals, ρMIR ranges from 

9.02×10-6 (Cr) to 1.03×10-5 Ω m (Nb or Ta), which is in the same order of magnitude of the resistivities 

at saturation obtained for α = 85°. 

 Based on fitting results and assuming equation (5), residual resistivity and saturation resistivity 

have been determined for the six bcc metals. Plotting ρsat vs. ρ0 ≈ ρ7K allows an interesting comparison 

since there are two important but distinct characteristics of electronic transport properties in metals at 

low and high temperature (Fig. 6). Both resistivities exhibit the same order of magnitude, regardless of 

the deposition angle. This proves again that there is a breakdown of the Matthiessen’s rule of bcc OAD 

metallic thin films, especially when the deposition angle rises. This is consistent with previous results 

demonstrating a high number of structural disorders and defects in the columnar structure, as well as a 

short mean free path of carriers (i.e., free electrons) when α tends to grazing values. As a result, and 

for the six bcc metallic thin films, residual and saturation resistivities similarly increase with deposition 

angle. Since imperfections in the metal's structure such as structural defects, impurities, grain 

boundaries, and so on, contribute to the residual resistivity and knowing that high deposition angles 

involved in the OAD process favor a voided architecture with an increased number of growing defects, 

the highest residual resistivities can be expected as the deposition angle tends to be grazing, whatever 

the metal. 

About the resistivity at saturation, we can argue that saturation is not caused by the thermal 

disorder produced by the high temperature lattice vibrations, but rather to static disorder typically 

favored by the increase of α. The electron-phonon scattering becomes less significant due to the voided 

structure and defects. These metallic bcc OAD thin films can be considered as “bad metals”, as 

previously suggested for single metals, alloys and superconductors [38, 59]. In addition, these six 

studied transition metal thin films are likely to form A15-compounds particularly when the deposition 

angle rises (cf. Supplementary Materials from [30]). Because of the oxygen stabilizes the A15 
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metastable phase and assuming the increasing porous structure in OAD thin films, the A15 occurrence 

may also contribute to the resistivity saturation. 

 

Figure 6: Resistivity saturation ρSat as a function of the residual resistivity ρ0 taken at 7K ρ7K (Log 

scales) of the six bcc metallic thin films: V, Cr, Nb, Mo, Ta and W. Both resistivities similarly increase 

(more than two orders of magnitude) when the deposition angle α changes from 0° to 85°. ρ7K measured 

at 7 K is nearly the same as ρ0 obtained from fitting ρ vs. T assuming Eq. (5) (cf. Supplementary 

Materials). ρSat is also determined from the same fitting procedure. 

 

 Finally, it is interesting to remark that Guo et al. [38] reported a similar ρSat vs. ρ0 evolution, 

i.e., a simultaneous increase of both resistivities depending on the nature of the metal, and type of 

compound (superconductors, conductive oxides, metallic alloys). They relevantly suggested a 

classification of the metals, i.e., from normal metals for the lowest residual and saturation resistivities 
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to bad metals when the scattering of electrons by defects or impurities is emphasized, corresponding 

to the highest residual and saturation resistivities. For these six bcc OAD thin films, an increase of the 

deposition angle clearly leads to enhanced residual and saturation resistivities with a linear Log-Log 

evolution. Such evolution illustrates again the growing number of defects in OAD metallic thin films 

as α tends to the grazing values. 

Similarly, B and C coefficients defined from equation (6) can be obtained from the fitting 

procedure described in sections IV and V of Supplementary Materials. Each coefficient can be plotted 

vs. resistivity at 300 K ρ300K for the six bcc OAD thin films and for an increasing deposition angle (Fig. 

7. They both increase as α changes from 0° to 85° with B coefficients that are systematically around 

two orders of magnitude higher than C coefficients for the same ρ300K. From the expression of ρideal in 

equation (6), this means that resistivity is dominated by a strong linear component at low temperature. 

According to Guo et al. [38], the C coefficient, it is related to the electron-electron scattering 

phenomenon and encompasses the non-linear character of the scattering rate. On the other hand, the B 

coefficient is connected to the scattering time of free electrons, i.e., the shortest possible time between 

electron scattering events limited by the temperature (namely, the Planckian dissipation limit). In other 

words, increasing this B coefficient correlates with a reduced scattering time (ρsat contribution is 

emphasized), which agrees again with a more marked scattering of carriers by defects, impurities and 

structural disorders in OAD thin films. In addition, the B coefficient tends to saturate to the maximum 

value of 10-8 Ω m K-1 for the highest deposition angles, which corresponds to the MIR limit previously 

discussed for films prepared with grazing deposition conditions (Fig. 2). 

However, and for Mo films, although B coefficient evolution is rather spread as α rises, it is not so 

affected by the deposition angle, whereas C coefficient increases, and even exceeds B. This implies 

that the saturation effect in Mo films occurs at higher temperature compared to other metals. This 

behavior can be assigned to the low m*/n ratio (where m* is the effective mass of electrons and n the 

density of free electrons), which influences electron scattering and transport properties [38]. This low 
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ratio delays the onset of electron-phonon scattering and thus the resistivity saturation is shifted to higher 

temperatures. 

 

Figure 7: Evolution of a) B and b) C coefficients vs. DC electrical resistivity at room temperature ρ300K 

for the six bcc metallic thin films: V, Cr, Nb, Mo, Ta and W. Both coefficients are determined from the 

fit of ρ vs. T data assuming Eq. (6). The Mott-Ioffe-Regel (MIR) limit is indicated with the red dashed 

line (BMIT = 10-8 Ω m K-1). The effect of the deposition angle α is also shown. 
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 A classification of metallic compounds based on ρ vs. T measurements can be suitably 

performed considering the relative importance of B and C coefficients (the magnitude of B/C ratio 

represents the temperature at which the linear and quadratic terms in Eq. (6) become equal) and the 

residual resistivity [38, 68]. These two parameters, namely B/C and ρ0, provide a simple and consistent 

classification of metallic transport behaviors as shown in Fig. 8 for the six bcc OAD thin films (residual 

resistivity is taken at 7 K, i.e., ρ0 ≈ ρ7K). Compared to bulk values (ρ0 in-between 10-11-10-9 Ω m), 

residual resistivities of conventional metallic thin films (α = 0°) are systematically higher leading to 

their ranking at least one order of magnitude above the limit of the normal metals in the ρ7K vs. B/C 

diagram (i.e., ρ7K > 10-7 Ω m). This high residual resistivity is often reported in sputter-deposited single 

metallic coatings although the very low vacuum reached or specific operating conditions set in the 

deposition chambers [69]. Grain boundaries, growing defects and impurities cannot be completely 

prevented in such films giving rise to a relatively high residual resistivity, especially for W films where 

ρ7K is around 10-6 Ω m. Its reactivity towards oxygen and difficulty in obtaining very pure and defect-

free crystals in sputtered W thin films (easily occurrence of the A15 phase) favor electron-defect 

scattering. 

It is also worth remarking how B/C and ρ0 both vary vs. α, but above all, depending on the nature of 

the metal. As expected, increasing α from 0° to 85° produces a more voided material and a rising 

number of structural defects. The resistivity development is attributed to the enhancement of the 

electron scattering by surfaces and grain boundaries induced by a much more porous film’s architecture. 

The latter is promoted as α tends to 90°. This result (certainly extended to other metals) is clearly 

illustrated in Fig. 8 since for the six bcc metals, residual resistivity systematically increases of more 

than one order of magnitude, reaching and even exceeding 10-5 Ω m for metals like Nb and Ta. 
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Figure 8: Classification of the six bcc OAD metallic thin films (according to Guo et al. [46]) based on 

residual resistivity taken at 7 K and B/C coefficient ratio (B and C are determined from fitting of ρ vs. 

T from Eq. (6)). Nature of the deposited metal and deposition angle α both influence the classification 

of OAD thin films. 

 

Concerning the B/C ratio, the ρ vs. T behavior of these six bcc OAD thin films is clearly 

determined by the relative importance of B and C coefficients. Excluding OAD Cr thin films (cf. § 4.3 

for discussion in detail), even conventional thin films (α = 0°) show a wide range of B/C ratios 

regarding the nature of the metal. B/C is lower than 101 for Mo films, whereas Ta films exhibit the 

highest ratio, exceeding 102. For such conventional deposition conditions (α = 0°), these metallic thin 

films cannot be assumed as bad metals, but rather as correlated metals (in the limit of normal metals 

although boundaries between each zone is not clearly defined [38]). One can notice that improving 

purity and crystalline structure of the films would reduce their residual resistivity and they would 



 - 29 -

become normal metals. Increasing the deposition angle from 0° to 85° shifts the OAD thin films to the 

bad metals zone. For each metal, the B/C coefficient tends to be reduced with the strongest change for 

Mo films. This again verifies the saturation effect in Mo films arising at higher temperature compared 

to other metallic films, and thus a delayed electron-phonon scattering. OAD Cr thin films exhibit a 

surprising and opposite effect. This means that Hussey formalism applied to Cr (i.e., T-linear with B 

coefficient and T-quadratic with C coefficient components and in parallel with a saturation term) does 

not properly describe the ρ vs. T behavior for various deposition angles. 

 

4.3. Cr films: A more complex system 

 Instead of tending to a constant residual resistivity at the lowest temperatures, one can notice 

an upturn in resistivity below a few tens of Kelvin. This is typically observed for some metallic alloys 

containing dilute magnetic constituents giving rise to the Kondo effect [70], or when the film thickness 

reduces down to a few nanometers [52]. For other metallic systems free of any magnetic constituent 

but conducive to structural disorder, this resistivity minimum is often assigned to electron-electron 

interactions [71]. Therefore, the shunt resistor model successfully applied for the five bcc OAD thin 

films (§ 4.2), or the classical Bloch-Grüneisen model able to reproduce the low-temperature resistivity 

evolution of Ti, Zr and Hf OAD thin films (§ 4.1), does not match for Cr ones and for the full range of 

temperatures (Fig. 9). A systematic saturation effect of resistivity is measured as the temperature rises 

with a minimum at temperatures close to 50 K. In addition, a maximum of resistivity is recorded for 

Cr thin films obliquely deposited with α = 85°, which supports the observation that ρ vs. T of OAD Cr 

thin films exhibit a complex behavior. An electron-electron scattering phenomenon can be suggested 

involving a T1/2 temperature dependence of resistivity at low temperatures [51, 78]. More recently, Li 

et al. [73] also showed a resistivity minimum around 90 K in Be films. The authors showed that 

electron-phonon-impurity interference effect mainly contributes to the ρ vs. T compared to the 

electron-electron interaction because of the high Debye temperature θBe of beryllium (θBe = 1481 K for 

bulk Be at 0 K). In the case of Cr bulk, θCr = 606 K at 0 K and thus electron-phonon-impurity 
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interference can be neglected. On the other hand, Boekelheide et al. [43] interestingly reported 

resistivity vs. temperature from 0.6 to 300 K for epitaxial and polycrystalline Cr thin films. They 

measured a resistivity minimum in the temperature range of 50 K with a magnitude depending on the 

sputtering pressure implemented for the film deposition, and as a function of a post- deposition 

annealing temperature. They successfully fitted the ρ vs. T data to a model including the electron-

phonon scattering and resonant impurity scattering for temperatures in-between 2-150 K using the 

following equation: 
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where ρ0 is the residual resistivity (Ω m), ρ0
res the magnitude of resonant resistivity (Ω m), θres a 

resonant scattering energy parameter (Ω m K-1), D a constant (Ω m K) and θ the Debye temperature 

(K). 

Since ρ vs. T of OAD Cr thin films show very similar behaviors in the low range of temperatures, we 

applied a least-squares fit of equation (8) to our resistivity data recorded from 7 to 150 K. For the upper 

temperature range (i.e., 150 to 300 K), we applied the former fitting procedure involving equation (6) 

for bcc metals because Cr films exhibit a significant saturation effect of resistivity when the 

temperature is higher than 150 K (cf. sections VI and VII of Supplementary Materials). Results 

presented in Fig. 9 show the very good agreement between experimental data (Exp. with black and 

blue open circles) and fits (Th. with red and green solid lines) for the two temperature ranges (7-150 K 

and 150-300 K, respectively). The fitted parameters obtained with home-made Python programs (cf. 

Supplementary Materials) for all deposition angles, and for the temperature ranges 7-150 K and 150-

300 K are tabulated in Tables 1 and 2, respectively. 

 For all OAD Cr thin films, ρ vs. T show a saturation effect of resistivity with the addition of a 

maximum ρ = 1.46×10-5 Ω m at around 260 K for Cr films prepared with a deposition angle of 85°. As 

earlier noticed for the other hcp and bcc metallic films and as typically reported many metallic 

compounds [23-26, 29, 30], resistivity is largely enhanced as the deposition angle becomes grazing 

with a change of nearly two orders of magnitude between Cr films prepared with α = 0 and 85°. Again, 
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the growing voided architecture vs. α combined with the rising number of structural defects and 

impurities all contribute to reduce the electron mean free path, and consequently emphasize the 

resistive character of OAD Cr thin films. 

 

Figure 9: DC electrical resistivity ρ as a function of the temperature T for Cr films sputter-deposited 

with a systematic increase of the deposition angle α from 0 to 85°. Open circles correspond to 
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experimental data (Exp.), whereas lines represent fitting (Th.) from Eq. (8) for temperatures in-

between 7-150 K (red line) and from Eq. (6) for temperatures in-between 150-300 K (green line). 

 

Table 1: Fitted parameters vs. deposition angle α obtained for Cr thin films from ρ vs. T measurements 

and assuming Eq. (8) for the temperature range 7-150 K. ρ0
res is the magnitude of resonant resistivity 

(Ω m), θres a resonant scattering energy parameter (Ω m K-1), D a constant (Ω m K), θ the Debye 

temperature (K), ρ0 the residual resistivity (Ω m). D/4θ2 is the resulting linear resistivity slope at high 

temperature (Ω m K-1). Fitting accuracy of the data is below 1%. 

α (°) 0 30 60 70 80 85 

ρ0
 res (Ω m) 1.04×10-8 4.30×10-9 2.44×10-9 3.25×10-9 1.98×10-8 2.07×10-7 

θ res (Ω m K-1) 68.6 33.9 38.3 12.8 17.0 44.0 

D (Ω m K) 8.92×10-5 1.76×10-4 1.07×10-4 1.10×10-4 1.30×10-3 1.35×10-3 

θ (K) 318 409 222 157 341 343 

ρ0 (Ω m) 5.10×10-7 6.49×10-7 1.65×10-6 2.42×10-6 7.31×10-6 1.41×10-5 

D/4θ 2 (Ω m K-1) 2.21×10-10 2.63×10-10 5.43×10-10 1.12×10-9 2.79×10-9 2.87×10-9 

 

Table 2: Fitted parameters vs. deposition angle α obtained for Cr thin films from ρ vs. T measurements 

and assuming Eq. (6) for the temperature range 150-300 K. Fitting accuracy of the data is below 1%. 

α (°) 0 30 60 70 80 85 

ρ0 (Ω m) 4.77×10-7 5.95×10-7 1.59×10-6 2.42×10-6 6.50×10-6 1.37×10-5 

ρSat (Ω m) 4.77×10-7 4.77×10-7 2.42×10-6 2.42×10-6 2.42×10-6 -3.68×10-4 

B (Ω m K-1) 6.12×10-10 8.32×10-10 1.15×10-9 1.20×10-9 1.54×10-8 7.11×10-9 

C (Ω m K-2) 7.85×10-13 6.36×10-13 8.39×10-13 5.12×10-13 6.35×10-12 -1.38×10-11 
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The resistivity minimum assigned to resonant scattering from defects in the films evidences 

deviations from the Matthiessen’s rule [43]. The latter should be illustrated with parallel ρ vs. T curves 

for the same material when the amount of defects varies. Results in Fig. 9 are clearly inconsistent with 

this rule with a growing slope in the linear part taken at 150 K, and a resistivity minimum depending 

on the deposition angle. In order to better understand how α influences the electronic transport in the 

low temperature range, fitted parameters reported in Table 1 have to be considered. At first, the Bloch-

Grüneisen prefactor defined by D/4θ 2, represents the slope of the Bloch-Grüneisen function where the 

resistivity is linear in temperature, i.e., around 150 K for our films. This prefactor is equal to (dρ/dT)150K 

that is directly related to the electron-phonon coupling constant, namely λtr. Data from Table 1 show 

that D/4θ 2 and ρ0 are proportional (despite a small discrepancy for α = 85°). This evolution reveals 

that electronic transport properties of OAD Cr thin films are mainly influenced by geometric 

constrictions [51]. This means that electrons move with longer and tortuous paths through the film, 

corresponding to an increased effective length of the sample. 

It is also interesting remarking that the Debye temperature θ obtained from the fitting procedure 

is systematically lower than the bulk one (θBulk = 606 K at 0 K) whatever the deposition angle, and as 

previously discussed for hcp metallic films in § 4.1. This is explained by the phonon softening 

phenomenon (variation of the phonon density of states decreasing the phonon energy), which is favored 

as disorder in the films increases and corresponds to a rising deposition angle. This result agrees well 

with the evolution of the derivative of resistivity at 100 K (dρ/dT)100K commonly used as an indicator 

of the electron-phonon coupling constant, and also reduced in other OAD metallic thin films prepared 

with the highest deposition angles [30]. 

The two fitting parameters ρ0
res and θres related to the resonant impurity scattering both 

characterize the resistivity minimum with ρ0
res corresponding to the magnitude of the minimum, and 

θres a resonant scattering energy parameter. Assuming a simple linear relationship between ρ0
res and ρ0 

indicates that resonant scattering mainly contributes to the increase of ρ0 as deposition angle tends to 

grazing values [43]. Although these two parameters actually increase as a function of α (Table 1), their 
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proportionality is not obvious, which means that the resonant impurity scattering phenomenon is not 

the only mechanism explaining the evolution of the residual resistivity. On the same line, θ res is not a 

constant as α changes but rather reduces. This suggests that there are different types of localized states 

produced by the defects. Since OAD process favors the development of a porous architecture vs. α, 

structural defects due to the OAD growth are not the only scattering source, i.e., all free electrons do 

not participate in the same way in the resonance scattering, but other factors due to voids between and 

inside the columnar structure (e.g., oxygen as dopant, impurities among others) have to be considered. 

Regarding the fitted parameters obtained in the temperature range 150-300 K (Table 2), their 

variations with α have been discussed previously in § 4.2 and compared to other bcc metals in Fig. 5 

to 8. For Cr films prepared with α = 85°, it should however be noticed that negative values of ρSat and 

C fitted parameters have been required to get a good agreement between experiment and equation (6). 

These negative figures are currently meaningless. They require further investigations and obviously 

remain an open question. 

The resistivity maximum recorded for Cr films prepared with α = 85° (and well fitted with Eq. 

(6)) gives rise to an unexpected behavior since this kind of maximum is sometimes observed for other 

metallic alloys [44-46] but to the best of our knowledge, never for single metallic films. For binary, 

ternary or even multinary compounds, the development of such a resistivity maximum always depends 

on the composition. For our OAD Cr thin films, despite the occurrence of oxygen in the films around 

a few at. % (no clear trend of the oxygen content vs. α), films are mainly made of Cr metal. As a result, 

some competing free electron scattering mechanisms due to impurities, growing and structural defects, 

and voids through and inside the columnar structure have to be regarded. As stated before in § 3, Krasny 

et al. [47] explained extrema in the ρ vs. T. evolution by an additional scattering of electrons on rotons. 

In other words, anomalous features of the electron-phonon dispersion curves of metals also affect the 

electronic transport properties and so their resistivity temperature dependence. Some metals can show 

some minima in their dispersion curves, namely roton-like dips. These interactions act as additional 

scattering for free electrons leading to abnormal resistivity changes as temperature increases (resistivity 
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upturn). Roton-like phenomena correspond to nests on the Fermi surface. They are usually connected 

to the bad metal behavior and thus make some significant deviations from the Bloch-Grüneisen law. 

For transition metals, a maximum of resistivity as a function of the temperature is not expected but 

only a smooth increase with a saturation effect in some instances (like for OAD bcc films other than 

Cr). However, dips in the phonon dispersion associated with Fermi surface nesting is a Kohn anomaly, 

which may happen in alloys and other compounds. In elemental metals and especially in transition 

metals, such a characteristic is unusual, except in Cr (and less in Mo) due to a well-nested Fermi surface 

assigned to a half-filled 3d-band [74]. As a result, these nesting conditions strengthen the electron-

phonon coupling and favor roton-like excitations. 

 

5. Conclusions 

The purpose of this study was to understand the electronic transport properties in the low 

temperature range of early transition metal (groups 4, 5 and 6) thin films sputter-deposited by oblique 

angle deposition. To this end, nine metals: Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W, were prepared with 

deposition angle α increasingly changing from 0 to 85° and with the same film thickness of 400 nm. 

DC electrical resistivity vs. temperature measurements were performed from 7 to 300 K. Increasing the 

deposition angle from 0° to the highest grazing value produces a more voided medium and a rising 

number of structural defects. The resistivity development was mainly attributed to the enhancement of 

the electron scattering by surfaces and grain boundaries induced by a much more porous film’s 

architecture. 

 For the three hcp metallic thin films (Ti, Zr and Hf), the classical Bloch-Grüneisen law 

accurately describes the conductivity mechanism whatever the deposition angle. An independent 

temperature contribution is obtained as the temperature tends to 0 K that corresponds to electron-defect 

(or impurity) interactions and represents the residual resistivity. It is associated with a linear 

temperature dependence of the resistivity as the temperature rises. The latter is related to electron-

phonon interactions, as typically observed for bulk metals and alloys. 
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A two-channel scattering description of resistivity (Hussey formalism) was successfully applied 

to OAD bcc metallic thin films made of V, Cr, Nb, Mo, Ta and W elements. It consists of a temperature-

linear and quadratic component added to the residual resistivity and in parallel with a saturation term, 

thus providing a good description of the resistivity vs. temperature and for various deposition angles. 

A saturation effect (depending on the nature of the metal and deposition angle) of resistivity was 

observed as the temperature rises. These six systems were classified as a function of fitted parameters 

connected to the residual and saturation resistivities. It was shown that correlated metals (close to 

normal metals) were produced by conventional sputtering. Using a higher deposition angle shifts the 

thin film characteristics from correlated to bad metals due to the growing number of voids, defects and 

impurities in the tilted columnar architecture. However, Mo films exhibited a slight saturation effect at 

higher temperature compared to other metallic films, meaning a delayed electron-phonon scattering. 

OAD Cr thin films showed a surprising resistivity vs. temperature behavior depositing with a 

more grazing deposition angle. The Hussey formalism applied to Cr with T-linear and T-quadratic 

components and in parallel with a saturation term does not properly describe the complete ρ vs. T 

behavior. It was used for temperatures higher than 150 K where electronic transport properties of Cr 

films were governed by geometric constrictions. For the lowest temperatures (from 7 to 150 K), 

anomalous features of the electron-phonon dispersion curves (additional scattering of electrons on 

rotons) were assumed to describe the resistivity minimum.  

 Combining experimental resistivity vs. temperature data and theoretical analyses based on 

various electron scattering mechanisms, our study provides fundamental insights for understanding 

electrical properties OAD metallic thin films prepared by sputtering, particularly at low temperatures. 

Other transition metals with more filled d-bands and adopting other crystallographic structures or more 

innovative architectures such as core-shell or Janus-like structures, could further extend these 

investigations. These original systems would require further investigations (e.g., annealing treatments 

to change the defect concentration) to better understand electron scattering mechanisms. They also lead 

to an array of applications focused on sensing, cryogenic and involving physical phenomena at the 

micro- and nanoscales.  
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Figure captions 

Figure 1: DC electrical resistivity ρ as a function of the temperature T and for different deposition 

angles α changing from 0° to 85° of: a) Titanium; b) Zirconium and c) Hafnium 400 nm thick films 

sputter-deposited on glass substrates. A typical metallic-like behavior is measured for these hcp 

metallic films with a residual resistivity at very low temperature (T less than around 10 K) exhibiting 

a nearly temperature-independent evolution, whereas a linear temperature-dependence appears when 

temperature increases and tends to the room temperature. 

 

Figure 2: Derivative of resistivity by temperature at 100 K (dρ/dT)100K vs. DC electrical resistivity at 7 

K ρ7K for the three hcp (Ti, Zr, Hf) and the six bcc (V, Cr, Nb, Mo, Ta, W) metallic thin films. Bulk 

data from [45] can be compared to the film values obtained for conventional sputtering (α = 0°) and 

the highest deposition angle (α = 85°). The Mott-Ioffe-Regel (MIR) limit is also specified (red dashed 

line). 

 

Figure 3: Relative resistivity (ρ - ρ7K)/ρ300K vs. temperature T of: a) Titanium (hcp structure); b) 

Vanadium (bcc structure) and c) Chromium (bcc structure) thin films prepared with two extreme 

deposition angles α = 0° and 85°. As the temperature rises, a typical linear temperature-dependence is 

obtained for Ti films, whereas a saturation effect is measured for vanadium films. Chromium films 

show a minimum value at low temperature and those obtained with a deposition angle α = 85° give rise 

to an unusual maximum relative intensity at a temperature T = 262 K. 

 

Figure 4: Fitted parameters, namely a) Debye temperature θ and b) A coefficient, determined from the 

Bloch-Grüneisen law (Eq. (1) and (2)) as a function of the deposited angle α for the three-hcp metallic 

thin films: Ti, Zr and Hf. 

 



 - 47 -

Figure 5: Resistivity saturation ρSat as a function of the deposition angle α of the six bcc metallic thin 

films: V, Cr, Nb, Mo, Ta and W. The resistivity at saturation ρSat is determined from fitting ρ vs. T 

experimental data with equation (6) based on the parallel resistor formalism [68]. 

 

Figure 6: Resistivity saturation ρSat as a function of the residual resistivity ρ0 taken at 7K ρ7K (Log 

scales) of the six bcc metallic thin films: V, Cr, Nb, Mo, Ta and W. Both resistivities similarly increase 

(more than two orders of magnitude) when the deposition angle α changes from 0° to 85°. ρ7K measured 

at 7 K is nearly the same as ρ0 obtained from fitting ρ vs. T assuming Eq. (5) (cf. Supplementary 

Materials). ρSat is also determined from the same fitting procedure. 

 

Figure 7: Evolution of a) B and b) C coefficients vs. DC electrical resistivity at room temperature ρ300K 

for the six bcc metallic thin films: V, Cr, Nb, Mo, Ta and W. Both coefficients are determined from 

the fit of ρ vs. T data assuming Eq. (6). The Mott-Ioffe-Regel (MIR) limit is indicated with the red 

dashed line (BMIT = 10-8 Ω m K-1). The effect of the deposition angle α is also shown. 

 

Figure 8: Classification of the six bcc OAD metallic thin films (according to Guo et al. [46]) based on 

residual resistivity taken at 7 K and B/C coefficient ratio (B and C are determined from fitting of ρ vs. 

T from Eq. (6)). Nature of the deposited metal and deposition angle α both influence the classification 

of OAD thin films. 

 

Figure 9: DC electrical resistivity ρ as a function of the temperature T for Cr films sputter-deposited 

with a systematic increase of the deposition angle α from 0 to 85°. Open circles correspond to 

experimental data (Exp.), whereas lines represent fitting (Th.) from Eq. (8) for temperatures in-between 

7-150 K (red line) and from Eq. (6) for temperatures in-between 150-300 K (green line). 
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Table captions 

Table 1: Fitted parameters vs. deposition angle α obtained for Cr thin films from ρ vs. T measurements 

and assuming Eq. (8) for the temperature range 7-150 K. ρ0
res is the magnitude of resonant resistivity 

(Ω m), θres a resonant scattering energy parameter (Ω m K-1), D a constant (Ω m K), θ the Debye 

temperature (K), ρ0 the residual resistivity (Ω m). D/4θ2 is the resulting linear resistivity slope at high 

temperature (Ω m K-1). Fitting accuracy of the data is below 1%. 

 

Table 2: Fitted parameters vs. deposition angle α obtained for Cr thin films from ρ vs. T measurements 

and assuming Eq. (6) for the temperature range 150-300 K. Fitting accuracy of the data is below 1%. 

 


