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Using dc transport and wide-band spectroscopic ellipsometry techniques, we study localization

effects in the disordered metallic Ta interlayer of different thicknesses in the multilayer films

(MLFs) (Ta–FeNi)N grown by rf sputtering deposition. In the grown MLFs, the FeNi layer was

0.52 nm thick, while the Ta layer thickness varied between 1.2 and 4.6 nm. The Ta layer dielectric

function was extracted from the Drude-Lorentz simulation. The dc transport study of the MLFs

implies non-metallic ðdq=dT < 0Þ behavior, with negative temperature coefficient of resistivity

(TCR). The TCR absolute value increases upon increasing the Ta interlayer thickness, indicating

enhanced electron localization. With that, the free charge carrier Drude response decreases.

Moreover, the pronounced changes occur in the extended spectral range, involving the higher-

energy Lorentz bands. The Drude dc conductivity drops below the weak localization limit for the

thick Ta layer. The global band structure reconstruction may indicate the formation of a nearly

localized many-body electron state. Published by AIP Publishing.
https://doi.org/10.1063/1.5009745

Under the condition of increased disorder, scattering by

static structural defects may occur more frequently than

inelastic scattering by phonons in the appropriate tempera-

ture range. This condition may be fulfilled in high-resistivity

alloys, where the mean free path of conduction electrons in

the process of elastic scattering at the static defects is of the

order of magnitude of interatomic distance le� a � k�1
F

(where kF is the Fermi wavenumber). It was proposed that

due to this condition, weak localization correction1 may take

place in disordered metals and determine non-metallic char-

acter of their dc transport and negative temperature coeffi-

cient of resistivity (TCR)2 till room temperature.3,4

b-Ta films are known to possess negative TCR.5

Recently, using dc transport and wide-band spectroscopic

ellipsometry techniques, we have studied b-Ta films grown

by rf sputtering deposition.6 We found that the temperature

variation of their dc transport, qðTÞ ¼ q0½1þ a0ðT � T0Þ�,
shows non-metallic behavior ðdq=dT < 0Þ with negative

TCR (a0). The determined (a0, q0) values well fit the range

of the Mooij plot for disordered or amorphous metals having

negative TCR2,3 and show a similar trend. This implies that

the physics of the studied b-Ta films is driven by static disor-

der. An additional spectroscopic ellipsometry probe showed

that with increasing the TCR absolute value, specifying an

elevated degree of disorder, the free charge carrier Drude

response decreases. Moreover, it was found that the pro-

nounced changes occur in the extended spectral range,

involving also the high-energy Lorentz bands, related to the

electron correlation effects accompanying the weak

localization.6

Here, we would like to explore the elaborated

approach,6 which combines dc transport and wide-band spec-

troscopic ellipsometry techniques, to gain insights into the

localization phenomena for disordered metallic systems,

driven by additional magnetic disorder. Anderson localiza-

tion is expected under conditions of strong magnetic disor-

der. For example, sputtered ultrathin Fe21Ni79 permalloy

films show complex disordered structures composed of

single-domain ferromagnetic (FM) nanoislands, comprising

many atomic moments �103–105 lB, where lB is the Bohr

magneton. Therefore, a study of multilayer composite metal-

lic films, incorporating FeNi nanoisland layers, provides an

ideal platform for exploring the Anderson localization mech-

anism in two dimensions. By controlling the thickness of the

metallic layer, one can tune the critical distance from the

magnetic nanoisland layer for the onset of the Anderson

localization, which can lead to a many-body localized state.7

We developed an experimentally relevant system of

multilayer composite metallic Ta films (Ta–FeNi)N, incorpo-

rating FeNi layers, represented by inhomogeneously distrib-

uted flat FM nanoislands.8,9 The multilayer films (MLFs)

(Ta–FeNi)N were grown by rf sputtering deposition from

99.95% pure Ta and Fe21Ni79 targets on an insulating glass

Sitall substrate. The vacuum chamber was subjected to

annealing at the temperature of 200 �C for 1 h. The chamber

base pressure before beginning the rf sputtering was about

2� 10�6 Torr. The background Ar pressure was

6� 10�4 Torr, and the actual substrate temperature was

about 80 �C. We used the Sitall substrates with typical sizes

of 15� 5� 0.6 mm3. The Ta and FeNi layer nominal thick-

ness was determined by the deposition time defined by the

film deposition rate.a)Electronic mail: N.Kovaleva@lboro.ac.uk
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In the grown MLF samples N1, N2, and N3 [schemati-

cally illustrated in Fig. 1(a)], the FeNi layer nominal thick-

ness was 0.52 nm, and the thickness of the Ta interlayer was

4.6, 2.3, and 1.2 nm, where the number of layers is N¼ 10,

11, and 14, respectively. Below the percolation transition at

the critical thickness dc ’ 1.5–1.8 nm, the FeNi layer has a

nanoisland structure.8,9 The lateral sizes of the islands are

5–30 nm, and the distance between them is 1–5 nm. It was

shown that in the multilayer structures of periodically alter-

nating layers of nanoislands and continuous layers, they do

not mix.10 This is verified by the X-ray reflectivity showing

three Bragg peaks in evidence of a good periodicity. We

would also anticipate that the 1.2 nm Ta layer in the sample

N3 has a nanoisland structure. Then, the sample N3 is com-

posed of periodically alternating nanoisland FeNi and Ta

layers. It was shown that in periodic nanoisland multilayer

structures, the island layer mixing is insignificant.10

However, since nanoislands of neighboring layers are practi-

cally in contact with each other, the nanoisland metallic mul-

tilayer structure will be percolating. We would also expect

that the thinner Ta layer grown at the same rf sputtering con-

ditions will possess a higher degree of disorder. Indeed, ele-

vation of the MLF surface temperature caused by rf

discharge leads to the annealing effect and promotes the

effective mechanism of defect annihilation upon increasing

the Ta layer thickness. By contrast, we suppose that the con-

centration of oxygen defects, which can be caused by the

presence of oxygen at a background level of 10�8–10�9

mbar in Ar gas, will be much less thickness dependent, as its

absorption occurs permanently. The grown MLFs were

capped in situ with a 2.1 nm thick Al2O3 layer.

X-ray reflectometry was used to characterize layered

structures of the grown MLF samples (Ta–FeNi)N. We uti-

lized Bede 200 Goniometer operating at 55 kV and 300 mA

with Cu Ka radiation produced by an X-Ray Generator with

rotating anode Rigaku RU 300. For the MLF structure analy-

sis, we used the Bruker Diffrac plus Leptos computational

simulation, based on the theory of X-ray reflectometry. In

the simulation, all layers in the MLF structure were consid-

ered to be homogenously pure materials. Ta and FeNi com-

ponents were considered to be identical through the whole

MLF structure. The best fit was searched by changing the

thicknesses and densities of the Ta and FeNi layers, and

some roughness of interfaces was also taken into account. In

Figs. 1(b)–1(d), we show the X-ray reflectivity data for the

studied MLF samples N1, N2, and N3 and the result of com-

putational simulation. The basic features, obtained from the

simulation process, like the parameter of periodicity, the

whole thickness of the set of layers, and the layer densities,

were consistent with the structure and content of the grown

FIG. 1. (a) Schematics of the grown MLFs (Ta–FeNi)N. The nominal thickness of the FeNi layer was 0.52 nm. (b)–(d) X-ray reflectivity of the MLF samples

N1, N2, and N3, respectively. Gray lines show the result of computational simulations.
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MLFs. The MLF N1 shows three Bragg peaks in evidence of

a good periodicity [see Fig. 1(b)]. Missing Bragg peaks for

the MLF N3 [see Fig. 1(d)], where the Ta layer is non-

continuous, can be related to the small ratio of the FeNi and

Ta layer densities. In this case, it is possible that X-rays do

not detect the superlattice structure. The estimated thickness

of the Ta (FeNi) layer of 4.86 (0.96), 2.68 (0.5), and 1.37

(0.48) nm is in good agreement with the nominal Ta (FeNi)

thickness values in the MLFs N1, N2, and N3, respectively.

The estimated density of the Ta (nanoisland FeNi) layer was

14.2 (4.1), 10.2 (3.4), and 11.6 (5.8) g/cm3. The estimates

are in satisfactory agreement with the bulk Ta density of

16.6 g/cm3. It is also reasonable to assume that the estimated

density of the nanoisland FeNi layer is less than the bulk

FeNi density of 8.62 g/cm3. The estimated roughness for the

Ta and FeNi interfaces in the MLFs was about 0.6 nm. Some

features, however, were not explained well by the simula-

tion, most probably due to the inhomogeneous character of

the FeNi layer.

The objective of our present dc transport measurements

was precisely to study how the negative TCR regime of b-Ta

layers is affected by additional structural and/or magnetic dis-

order in the MLF samples (Ta–FeNi)N–Ta/Sitall N1, N2, and

N3. Sheet dc resistance of the MLFs samples (Ta–FeNi)N–Ta/

Sitall N1, N2, and N3 was measured on cooling from 180 K

down to 125 K, using the four-point probe home-made system.

For that, the MLF samples were mounted on a cold finger of

the helium cryostat with an optimized temperature controller

supporting a temperature stability of 60.1 �C. The used multi-

channel electrical circuit allowed us to measure the tempera-

ture dependence of the sheet dc resistance simultaneously on

several samples. Figure 2 shows the temperature dependence

of the sheet dc resistance of the MLF samples N1, N2, and

N3, having different thicknesses of the Ta layer: 4.6, 2.3, and

1.2 nm, respectively. One can see that the measured tempera-

ture dependence demonstrates non-metallic ðdq=dT < 0Þ
behavior. Below 180 K, their sheet dc resistance is well

approximated by the linear temperature dependence having a

negative slope: RN1ðTÞ ’ �0.585(60.037) Tþ 574(66) X,

RN2ðTÞ ’ �0.311(60.38) Tþ 475(66) X, and RN3ðTÞ
’ �0.192(60.016) Tþ 284(63) X (see Fig. 2). The negative

slope decreases in the investigated series of the MLF samples

N1, N2, and N3 with decreasing the Ta layer thickness. This

is in contrast to the recently studied single layer b-Ta films,

grown on the Sitall substrate at the same rf sputtering condi-

tions.6 There, the absolute value of negative TCR increases

with the increasing degree of disorder in the thinner b-Ta sin-

gle layer films. The TCR behavior in the studied MLFs can be

associated with the presence of inhomogeneous FM nanois-

land FeNi layers, which have profound effects on the conduc-

tivity properties of the Ta layer.

Complex dielectric function spectra of the MLFs

(Ta–FeNi)N–Ta/Sitall [schematically illustrated in Fig. 1(a)]

were investigated in the wide photon energy range of

0.8–8.5 eV with a J.A. Woollam VUV-VASE Gen II spectro-

scopic ellipsometer. The ellipsometry measurements were per-

formed at two incident angles of 65� and 70� at room

temperature. Additionally, the corresponding ellipsometry

measurements were performed on the blank Sitall substrate.

For each angle of incidence, the raw experimental data are rep-

resented by real values of the ellipsometric angles, WðxÞ and

DðxÞ. These values are defined through the complex Fresnel

reflection coefficients for light-polarized parallel rp and per-

pendicular rs to the plane of incidence as tan W eiD ¼ rp

rs
. The

measured ellipsometric angles, WðxÞ and DðxÞ, were simu-

lated by multilayer models using the J.A. Woollam VASE soft-

ware (see more details in the supplementary materials).

The complex dielectric function response, ~eðxÞ ¼ e1ðxÞ
þ ie2ðxÞ, of each layer was modelled by a Drude term,

responsible for free charge carrier response and contributions

from Lorentz oscillators

e ¼ �1 �
�h2

e0q sE2 þ i�hEð Þ þ
X

j

SjE
2
j

E2
j � E2 � iEcj

: (1)

Here, E � �hx, the Planck’s constant �h and the vacuum

dielectric constant e0 are the physical constants, and �1 is

the core contribution to the dielectric function. The zero-

frequency resistivity q and the mean scattering time s are the

variable parameters in fitting the Drude term. In addition, Ej,

cj, and Sj are the fitted parameters of the peak energy, full

width at half maximum, and oscillator strength of the jth
Lorentz oscillator, respectively.

The MLFs N1, N2, and N3 were simultaneously fitted

by using the Drude-Lorentz model [Eq. (1)]. The multisam-

ple fitting procedure was used to minimalize the number of

free parameters. This method is commonly used for a set of

samples having an identical dielectric function of incorpo-

rated layers. The VASE software makes this procedure pos-

sible. In the simulation of the ellipsometry data, the layers

having a nanoisland structure (the FeNi layer in the MLFs

N1, N2, and N3 and the Ta layer in the sample N3) were rep-

resented by the effective dielectric function. The FeNi layer

effective dielectric function was represented by one disper-

sion model in all MLFs, including three identical Lorentz

oscillators. The Lorentz parameters were fitted dependently

(simultaneously). During the fit, the FeNi layer thickness

was fixed at the nominal thickness value of 0.52 nm. The Ta

FIG. 2. Temperature dependence of the sheet dc resistance of the MLFs N1,

N2, and N3. Dashed lines correspond to the linear approximation (see the

text).
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layer in each MLF was described by a different dispersion

model, including the Drude term and three or four Lorentz

oscillators; however, the parameters were fitted indepen-

dently. The high quality of the fit is demonstrated in Fig. 3,

where we present the measured ellipsometric angles, WðxÞ
and DðxÞ, along with the fitting results. The simulation

with the incorporated intermix layer (an effective medium

with the layer thickness equivalent to the interface rough-

ness) or interface roughness does not improve the fit. The

thickness of the Ta layer estimated from the simulation was

4.6 6 0.1 nm, 2.10 6 0.07 nm, and 1.27 6 0.07 nm, in good

agreement with the respective nominal thickness values in

the MLFs N1, N2, and N3. This means that the Ta–FeNi

interface roughness (of about 0.6 nm, as estimated from the

present X-ray reflectometry study) is essentially incorpo-

rated in the effective dielectric function of the nanoisland

FeNi layer. From the simulation, the complex dielectric

function of the Ta layer of different thicknesses in the

investigated MLFs (Ta–FeNi)N–Ta/Sitall was extracted.

The extracted effective dielectric function of the porous Ta

layer in the sample N3 was subsequently simulated in the

effective medium approximation (EMA) by Ta: 24% air

voids. The obtained Ta intralayers e2ðxÞ and e1ðxÞ are dis-

played in Figs. 4(a) and 4(b), respectively. One can see that

the Ta intralayer e2ðxÞ dramatically decreases at low

probed photon energies upon increasing the Ta layer thick-

ness in the MLFs. At the same time, one can notice that the

Ta intralayer e1ðxÞ of the MLFs N2 and N3 displays down-

FIG. 3. The ellipsometric angles, WðxÞ and DðxÞ, measured at the angle of

incidence of 70� and the fitting results by the Drude-Lorentz model [Eq. (1)]

for the MLFs N1, N2, and N3.

FIG. 4. (a) e2ðxÞ and (b) e1ðxÞ dielectric function spectra of the Ta layer of different thicknesses in N1, N2, and N3, shown by solid red, blue, and green

curves, respectively. The simulation for N1 and N2 with 0.6 nm roughness and EMA for N3 are shown by the dashed curves. (c)–(e) The Ta layer optical con-

ductivity, r1ðxÞ ¼ 1
4p xe2ðxÞ. The Drude term (cyan shaded area) and Lorentz oscillators (solid gray lines) contributions.
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turn to negative values at the lowest probed photon ener-

gies, indicating a trend towards metallic-like behavior. This

is in contrast to the e1ðxÞ behavior for the single layer b-Ta

films of different thicknesses, grown at the same rf sputter-

ing conditions, where it showed the peculiar non-metallic-

like behavior, with up-turn to positive values.6 This behav-

ior was associated with the presence of the pronounced

Lorentz band around 2 eV, being a signature of the impor-

tant role of electron correlations.6

Figures 4(c)–4(e) display evolution of the Ta intralayer

optical conductivity, r1ðxÞ ¼ 1
4p xe2ðxÞ, upon increasing the

Ta layer thickness in the MLFs (Ta–FeNi)N. Here, the contri-

butions from the Drude term and Lorentz oscillators obtained

from the Drude-Lorentz modeling [Eq. (1)] of the complex

dielectric function of the MLFs [shown in Figs. 4(a) and

4(b)] are explicitly demonstrated (as in Ref. 11). From Figs.

4(c)–4(e), one can notice that the Drude term notably

decreases upon increasing the Ta layer thickness (1.2 nm

! 2.3 nm! 4.6 nm). Moreover, the optical conductivity

changes are extended to the higher photon energies, involv-

ing the low-energy Lorentz bands (around 2–3 eV) and the

high-energy Lorentz bands (around 6–8 eV). A very similar

trend was observed with the increasing degree of disorder in

the single layer b-Ta films upon decreasing the film thick-

ness from 200 to 5 nm.6,12 The estimated values of the Drude

dc limit ropt
x!0 of the Ta intralayer �2550 (2.3 nm) and

�2050 (4.6 nm) X�1 � cm�1 are somewhat less than those of

the single layer 5–70 nm thick b-Ta films [see Figs. 4(d) and

4(e)].12 This may reflect some drawbacks of the present

ellipsometry model. However, the main trend [shown in

Figs. 4(a)–4(e)] is reproducible for sensible values of the

incorporated intermix layers or interface roughness. We note

that the effective Drude dc conductivity of the 1.2 nm thick

Ta layer of �4640 X�1 � cm�1 is higher than that of the well

annealed 200 nm thick b-Ta film (of �4100 X�1 � cm�1).

The EMA simulation of the porous Ta layer in the sample

N3 [Figs. 4(a) and 4(c)] suggests that the conductivity differ-

ence is positive and constitutes more than 12% (it is

also possible that there is an additional contribution from

the narrow Drude peak at low photon energies). For compari-

son, the positive magnetoconductivity effect determined

from far-IR reflectivity spectra of the colossal magnetoresis-

tive (CMR) compound La0.67Ca0.33MnO3 in an external

magnetic field of 16 T is 16% at T¼ 307 K.13 However, for

the 4.6 nm thick Ta layer, the Drude dc conductivity drops

well below the weak localization limit for disordered metals

1=q	0 ’ 3300 X�1 � cm�1, where the resistivity q	0 ¼ �hkF

ne2le
¼

�h
e2

1
kF
’ 300 � lX cm corresponds to an average mean free path

le � a � k�1
F . From Fig. 4(e), one can follow the pronounced

increase in the Lorentz band around 6–8 eV, while the

Lorentz band at 2 eV becomes essentially suppressed. We

suggest that this may indicate the transition to a many-body

localized state, where the additional polaronic-like contribu-

tion appears (with the binding energy 2Eb� 6–8 eV).

In summary, the dc transport study of the MLFs

(Ta–FeNi)N implies non-metallic ðdq=dT < 0Þ behavior

with negative TCR. The TCR absolute value increases

upon increasing the Ta layer thickness, implying enhanced

localization effects. The extracted Ta intralayer optical

conductivity indicates the positive magnetoconductivity

effect for the thin 1.2 nm Ta layer. Upon increasing the Ta

layer thickness to 2.3 nm, the Drude term decreases, and

the optical conductivity changes become extended, involv-

ing the low-energy (around 2–3 eV) and the high-energy

(around 6–8 eV) Lorentz bands. Upon further increasing

the Ta layer thickness to 4.6 nm, the Drude dc limit falls

well below the weak localization limit, and the pronounced

increase in the 6–8 eV Lorentz band was discovered. The

observed global band structure reconstruction may be

indicative of the formation of a nearly localized many-

body electron state.7

See supplementary material for the atomic force micros-

copy (AFM) study of the MLFs and for details of the spec-

troscopic ellipsometry study.
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