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The direct and parameter-free measurement of anisotropic electrical resistivity of a magnetic Mn+1AXn (MAX) phase
film is presented. A multitip scanning tunneling microscope is used to carry out 4-probe transport measurements with
variable probe spacing s. The observation of the crossover from the 3D regime for small s to the 2D regime for large
s enables the determination of both in-plane and perpendicular-to-plane resistivities ρab and ρc. A (Cr0.5Mn0.5)2GaC
MAX phase film shows a large anisotropy ratio ρc/ρab = 525± 49. This is a consequence of the complex bonding
scheme of MAX phases with covalent M–X and metallic M–M bonds in the MX planes and predominately covalent,
but weaker bonds between the MX and A planes.

In recent years, layered materials such as graphite, hexago-
nal boron nitride, and transition metal dichalcogenides have
attracted great interest due to their intriguing fundamental
properties and their high potential in a variety of applica-
tions since their highly anisotropic crystallographic structure,
which comprises covalently coordinated two-dimensional
atomic layers that are stacked and van der Waals-bonded in
the third dimension, carries over to anisotropic electronic,
optical, and mechanical properties of the bulk material.1,2

The ternary carbides and nitrides with the general formula
Mn+1AXn with n = 1,2,3 (M is an early transition metal, A
is a A-group element mostly of the main groups 13-16, and
X is C or N) represent a further material class with nanolam-
inated and anisotropic atomic structures, but with predomi-
nantly covalent bonds both within the two-dimensional build-
ing blocks formed by M-X-M planes as well as between them.
As a consequence, MAX phases combine metallic and ce-
ramic properties in a unique manner.3 MAX phases are elec-
trically and thermally conductive, thermally stable, elastically
stiff, light-weight, and readily machinable.4 Great potential of
MAX phases in applications ranging from electrical contacts,
magnetic sensors, spintronics devices to coating materials in
aerospace technology 5–7 has triggered the development of a
environmentally friendly, sustainable, and cheap MAX phase
synthesis scheme that can be scaled up to industrial scale.8

Electrical conductivity is a key property of any material and
often of decisive relevance for its application. Hence, in the
last four decades research on the measurement of anisotropic
electrical transport has increased.9,10 The transport proper-
ties of a solid are characterized by the second-rank resistivity
tensor ρ comprising a symmetry-dependent number of inde-
pendent components that can be determined from resistance
measurements along different directions of the sample. Sev-
eral modified versions of the van der Pauw technique can be
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used for the measurement of anisotropic resistivity compo-
nents in the surface plane of a sample.10–14 However, this
straight-forward determination of the in-plane resistivities ρa
and ρb becomes quite challenging if the out-of-plane resistiv-
ity ρc has to be taken into account as well. Then the sam-
ple must be cut to get access to another crystalline surface
orientation,10 which is inherently difficult for samples syn-
thesized in thin-film form. This particularly applies to MAX
phases, which due to the crystalline asymmetry predominantly
grow in (0001) orientation (i.e. in c-direction), thus preventing
the determination of ρa,b and ρc by measuring two suitably
oriented thin-film samples. There are some alternative strate-
gies for measuring ρc that we briefly discuss in the following
in the context of experimental data for MAX phases. A direct
measurement of ρc

15 requires sufficiently large single crys-
tals that are difficult to grow and patterning efforts to achieve
a specific device structure,16 which allows to extract ρc using
geometric correction factors. Individual grains of a polycrys-
talline sample can be addressed with transmission electron mi-
croscopy measuring the dielectric response in different crys-
talline orientations by electron energy loss spectroscopy. Sub-
sequent semiclassical Drude–Lorentz modeling then provides
an estimate of the resistivity anisotropy.17,18 The compari-
son of in-plane resistivity measurement of a (0001)-oriented
thin film (yielding ρa,b) with the resistivity of a polycrys-
talline bulk sample (which depends on both ρa,b and ρc) allows
deducing the resistivity anisotropy in an effective medium
approach.19,20 However, the large parameter space of effective
medium models and different defect and impurity densities re-
sult in large uncertainties.

Here, we report a parameter-free experimental procedure
to accurately measure both ρab and ρc from a single (0001)-
oriented MAX phase thin film. The method is based on 4-
probe measurements with variable probe spacings realized by
a 4-probe scanning tunneling microscope (STM) featuring for
all four probes individual lateral positioning and well-defined
vertical approach to the contact regime. Regarding the sam-
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ples, this method is based on only one single oriented thin-
film sample and does neither require a specific device struc-
ture, nor a comparison of samples with different microstruc-
ture, or modelling of transport or effective medium properties.
A (0001)-oriented (Cr0.5Mn0.5)2GaC MAX phase film yields
ρab = (1.14±0.04)µΩm and a large resistivity anisotropy ra-
tio ρc/ρab = 525±49.

The two-dimensional building blocks of Mn+1AXn phases
are evident in the crystal structure for n = 1 shown in
Fig. 1(a). M2X layers formed by face-sharing M6X octahe-
drons and planar A layers are stacked alternately along the
c-axis. As a consequence, MAX phases exhibit chemical
bonding anisotropy.6 All bonds are predominantly of cova-
lent character with different degrees of admixed metallicity or
ionicity.6 The mixed bonding character gives rise to the com-
bined metallic and ceramic properties of MAX phases. Strong
hybridization between the d-orbitals of the M elements and
the 2p-orbitals of the X elements leads to M-X-M chains with
strong covalent pdσ and pdπ bonds as schematically shown in
Figs. 1(b) and (c), respectively. The primarily covalent M-A
bonds between the M2X and A planes sketched in Fig. 1(e) are
typically weaker than the M-X bonds. The d-orbitals of the M
elements also form metal-metal ddσ bonds with adjacent M
atoms [Fig. 1(d)]. The energy of these states, which are spa-
tially confined in the M2X layers, is in vicinity of the Fermi
level EF. These states dominate the overall density of states
at EF and accordingly also the electric conductivity, which
is thereby much higher in the ab plane compared to the c-
direction.6 This is corroborated by density-functional theory
(DFT) calculations of band structures of various MAX phases.
Most MAX phases do not have bands that cross the Fermi sur-
face along the c-axis.5 Therefore, the anisotropy in the elec-
tronic structure is theoretically predicted to lead to anisotropic
electronic transport. The anisotropy of the transport may
be further enhanced by electron-phonon interaction.20 Typ-
ically, the resistivity (inverse conductivity) in the ab-plane
ρab ≡ ρa = ρb is significantly lower than the resistivity along
the c-axis ρc,5,6,15,21 where ρab and ρc are the two independent
components of the diagonal second-ranked resistivity tensor
with respect to the hexagonal structure of the MAX phases.

M XA

c

(b)

(d)

(a)
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(c)

FIG. 1. (a) Layered crystal structure of M2AX phases. The red lines
indicate the unit cell. Bonds in the M2X layer: (b) Covalent M–X
pdσ bonds, (c) covalent M–X pdπ bonds, and (d) mixed covalent-
metallic M–M ddσ bonds. (e) Covalent M–A pdσ bonds between
M2X and A layers. (b)–(e) are reprinted with permission from Thin
Solid Films 621, M. Magnuson and M. Mattesini, 108-130 (2017).
Copyright 2017, Elsevier.

The resistance R measured in a 4-probe configuration de-
pends on the intrinsic resistivity tensor ρ of the sample and on
the configuration of the contact probes, but also on the shape
and dimension of the sample. We exploit the interplay be-
tween these dependencies to extract the anisotropy between
ρab and ρc. Parasitic resistances of the probe-sample contacts
and the leads are negligible in the 4-probe configuration,9 as
separate pairs of probes are used for injecting the current I and
detecting the voltage drop V [Figs. 2(a) and (b)]. Expressions
for the measured resistance R =V/I have previously been de-
rived for isotropic resistivity ρiso ≡ ρab = ρc in two limiting
cases, namely for an infinitely thick, three-dimensional (3D)
and a thin, two-dimensional (2D) sample:22

R3D = ρiso
2πs for t� s (1)

R2D =ρiso
πt ln(2)for t� s, (2)

where s is the equidistant probe spacing and t the sample
thickness. In the 3D case the current spreads spherically from
the injection points, and R3D ∝ s−1. For the 2D case, the cur-
rent spreading is cylindrical, because the current distribution
is compressed at the sample bottom due to the finite film thick-
ness, and R is independent on s, but R2D ∝ t−1. These s de-
pendencies are against common experience, which is based
on 1D measurements of long wires with R1D ∝ s. In the 2D
and 3D cases, the increase of resistance along each current
path is compensated (2D) or overcompensated (3D) by the
increasing number of current paths.9 In Figs. 2(a) and (b) the
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FIG. 2. Crossover between 3D and 2D electron transport regimes.
Sketches of 4-probe transport measurements in a film with thickness
t and equidistant probe spacing s for (a) s� t (3D case) and (b)
s� t (2D case) according to Ref. 9. Dashed lines indicate the cur-
rent distribution, which is unperturbed spherical in the 3D case, but
compressed at the sample bottom in the 2D case. (c) Transient be-
havior of the normalized resistance as a function of the normalized
probe spacing s/t according to Eq. (6) for isotropic (solid line) and
different anisotropic resistivity (dotted and dashed) as indicated.
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crossover from the 3D to the 2D case is accomplished by vary-
ing s instead of t from s� t to s� t, which is key for the here
presented measurement procedure to determine the resistivity
anisotropy of a thin film with homogeneous resistivity. The
different s dependencies for the 3D and 2D cases have previ-
ously been used to separate surface and bulk contributions to
the conductivity at semiconductor and ternary transition metal
oxide surfaces.23,24 Their spatially inhomogeneous conductiv-
ity σ(z) is described in the N-layer model25 by layers with
different, but isotropic resistivity values.

For a given geometry of current injection, the potential is
given by the Laplace equation. Albers and Berkowitz pre-
sented an approximate solution for the crossover from the 3D
to the 2D region for the case of isotropic resistivity ρiso≡ ρx =
ρy = ρz:26

R =
ρiso

πt
· ln
(

sinh(t/s)
sinh(t/2s)

)
. (3)

In Fig. 2(c), we show this transient behavior by plotting di-
mensionless normalized resistance πRt/ρiso as a function of
normalized probe spacing s/t (solid line). The crossover from
the 3D behavior in the left part of the curve with R ∝ s−1 to
the 2D case in the right part, for which R does not dependent
on s, occurs at

ζiso =
s
t
=

1
2 ln(2)

, (4)

where R3D = R2D [see Eqs. (1) and (2)]. This result is only
valid for isotropic resistivity as indicated by the index "iso".
For s/t ratios exceeding this value, the finite thickness of the
sample affects and compresses the spatial current distribution
as sketched in Figs. 2(a) and (b).

The accuracy of the Albers-Berkowitz approximation has
been investigated experimentally 27 and theoretically,28 and
it was found that the approximate resistance values deviate
by less than 10% near the crossover point ζiso and much
less elsewhere. Note that the approximation does not affect
the accuracy of the determination of crossover point and the
anisotropy ratio derived therefrom [see below and Eq. (7)],
since these quantities are obtained from the intersection of the
(exact) curves for the 2D and 3D regimes [Eqs. (1) and (2)]. In
the Supplementary Information 1 we generalize the crossover
function in Eq. (3) for arbitrary probe positions and apply it
to the square configuration and to in-line configurations when
only two of the four probe positions are varied to observe the
3D-2D crossover.

If we now consider an anisotropic resistivity with enhanced
(reduced) resistivity normal to the sample surface, then the
current distribution will be deformed such that the current
flow is closer to (farther from) the sample surface. Accord-
ingly, the onset of the perturbation due to the finite thickness
of the sample and, thus, the 3D-2D crossover will be shifted to
smaller (larger) sample thickness. For the formal description
of this effect, we restrict ourselves to crystallographic symme-
tries (cubic, tetragonal, hexagonal, trigonal, and orthorhom-
bic), for which the resistivity tensor is diagonal and comprises
three resistivity components ρx, ρy, and ρz. For the treatment

of an anisotropic sample van der Pauw 29 suggested a transfor-
mation of the coordinates of an anisotropic cube with edge
length l onto an isotropic parallelepiped of resistivity ρ and
dimensions l′i

l′i =
√

ρi

ρ
l with i = x,y,z, (5)

where ρ = 3
√

ρx ·ρy ·ρz. This transformation does not affect
the resistance R as it preserves voltage and current.9 With-
out loss of generality we define the coordinate system so that
the sample surface lies in the xy plane and the probes are
aligned along the x-axis. Applying the above transformation
to Eqs. (1)–(4) yields general expressions for the 3D-2D tran-
sient behavior for anisotropic samples:

R =

√
ρxρy

πt
· ln

 sinh
(√

ρz
ρx
· t/s

)
sinh

(√
ρz
ρx
· t/2s

)
 (6)

ζ =
s
t
=

√
ρz/ρx

2 ln(2)
. (7)

Equation (6) is plotted in Fig. 2(c) for different anisotropy ra-
tios of the perpendicular-to-plane and in-plane resistivities
ρz/ρx = 102 (dashed), 1 (solid), and 10−2 (dotted), for clar-
ity under the assumption ρx = ρy. Obviously, the crossover
between the 2D and 3D case depends on the anisotropy
ratio, as explained above phenomenologically. For fixed
sample thickness t, the crossover occurs for ρx < (>)ρz at
larger (smaller) probe spacing s. Equations (6) and (7) quan-
tify the anisotropy-dependent shift of the 3D-2D crossover
point ζ and reveal a parameter-free method to determine the
anisotropy ratio ρz/ρx from the measurement of the 3D-2D
crossover.

Experimentally, we apply this scheme to the MAX
phase (Cr0.5Mn0.5)2GaC 30 to directly measure the resistivity
anisotropy. (Cr0.5Mn0.5)2GaC has attracted interest due to its
peculiar spin structure and resulting magnetic properties that
both originate from the nanolaminated crystal structure.30,31

Our thin-film sample with thickness t = 155 nm was grown
at Linköping University by magnetron sputter epitaxy on
a MgO(111) substrate.30 X-ray diffraction and transmission
electron microscopy have proven the MAX phase structure on
MgO(111) with [1120]MAX||[101]MgO in the surface plane and
[0001]MAX||[111]MgO out of the plane, i.e. the a and b axes
lying in the thin-film plane and the c axis along the surface
normal. Hence, we can identify ρab ≡ ρa = ρx = ρb = ρy as
the in-plane resistivity and ρc ≡ ρz as the out-of-plane resis-
tivity. The 4-probe transport measurements are performed at
room temperature with a 4-probe STM (LT Nanoprobe from
Scienta Omicron), which is operated in ultra-high vacuum
(UHV, base pressure < 5× 10−10 mbar) and features a top-
mounted scanning electron microscope (SEM) for monitoring
the probe positioning. Tungsten probes are wet-chemically
etched and flash-annealed in the UHV system to remove ox-
ides. Before the transport measurements each probe is in-
spected in the SEM to ensure a probe diameter of less than
200nm. After transfer into UHV, the sample was annealed
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for 1 h at 150◦C to desorb physisorbed contaminants from
the chemically inert surface. For each resistance measure-
ment, the four STM probes are first positioned under SEM
control in an in-line configuration with the desired equidis-
tant probe spacing s [Fig. 3(a)]. Experimental challenges lim-
iting the smallest probe spacing for our setup to 1µm are dis-
cussed in Supplementary Information 2. Each probe is then
approached into the tunneling regime (typically 1 nA tunnel-
ing current at 1 V bias voltage) using the approach procedure
of the STM controller. Finally, the probes are individually
moved (using the z-axes of the STM piezo scanners) by about
1nm towards the sample to establish Ohmic contacts. This
gentle procedure ensures that the contact diameters do not ex-
ceed 200 nm,32 and therefore they have no significant influ-
ence on the measurement (see Supplementary Information 3).
For the resistance measurements, the probes are disconnected
from the STM controller and connected to a current source
and a voltmeter. The current I is injected from a current source
(Keithley 2636A) through the outer probes (I+ and I−), and
the voltage drop V between the inner probes (V+ and V−)
is measured by an digital multimeter (Agilent 3458A). The
current is swept from -1.0 to +1.0 mA to record a V -I curve
[red dots in Fig. 3(b)], from which we obtain the resistance R
by fitting the linear function V (I) = R · I +V0 [blue curve in
Fig. 3(b)]. V0 is always of the order of 50µV and thus much
smaller than the voltage drop. The error bar of the resistance
values is within 0.1%.

Figure 3(c) shows a compilation of 38 resistance measure-
ments (red symbols) for a set of probe spacings ranging from
s = 1 to 50µm that were performed with numerous probes
and at several spots of the sample surface as well as in dif-
ferent in-plane directions. For each probe spacing s, we plot
the mean R with an error bar both obtained by averaging
several measurements, each consisting of positioning and ap-
proach of the probes followed by recording and fitting a V -I
curve. The thus determined errors of R are typically about
10% that can be traced back to the uncertainty of the probe
positioning, in particular along the line connecting the probes,
of 5–10% as discussed in the Supplementary Information 3.
For s values, where only one R measurement could be ob-
tained, the same relative error is assumed. Obviously, R is
constant for large s and increases for s < 5µm. This behav-
ior can be fitted in a parameter-free manner with the tran-
sient behavior described by Eq. (6) as shown by the solid
blue line. The least-square fitting simultaneously yields both
ρab = (1.14±0.04)µΩm and ρc = (599±52)µΩm leading to
the anisotropy ratio ρc

ρab
= 525± 49 and the 3D-2D crossover

point ζ t = (2.6± 0.1)µm. The low in-plane resistivity ρab
confirms theoretical predictions 5,6,15,21 and is in the range of
experimental values reported for various MAX phases.6,15,20

In particular, the value compares well with the resistivity
ρpoly = 2.2µΩm reported by Lin et al. 33 for sintered polycrys-
talline (Cr0.5Mn0.5)2GaC pellet samples, for which the impact
of ρc is largely suppressed because the current paths can pass
primarily in the ab-planes of the crystallites due to current
percolation. While numerous theoretical reports predict that
in MAX phases ρc � ρab,5,6,15 there is only very few exper-
imental data on the anisotropy ratio and no previous mea-
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FIG. 3. 4-probe transport measurements of a 155 nm thick
(Cr0.5Mn0.5)2GaC thin film. (a) SEM image of an in-line config-
uration with equidistant probe spacing s. (b) V -I curve for s =
15µm. Red dots are measured values (including error bars) and
the blue line a linear fit yielding R = (1.7738±0.0005)Ω and V0 =
(51.0±0.2)µV. (c) Measured resistances R (red) versus equidistant
probe spacing s. The blue curve is a fit of Eq. (6) to the data yield-
ing ρc/ρab = (525± 49). Black curves show for comparison the
isotropic behavior (solid line) and anisotropic cases for anisotropy
ratios 102 (dotted) and 104 (dashed).

surement for the (Cr0.5Mn0.5)2GaC MAX phase. Our result
ρc
ρab

= 525±49 clearly deviates from the isotropic case [black
solid line in Fig. 3(c)] found for the Ti2GeC MAX phase 19

and is also exceeds the ratio of 14–18 reported for the Ti2AlC
MAX phase.20 However, it is of the same order of magnitude
as reported for Cr2AlC (300–475 at 300 K) and V2AlC (3000–
9000 between 300 and 4 K) MAX phases.15 For comparison,
the dotted and dashed lines in Fig. 3(c) indicate the transient
behavior for ρab = 1.14µΩm and anisotropy ratios 102 and
104, respectively.

In conclusion, we have measured the in-plane and
perpendicular-to-plane resistivity of a nanolaminated MAX
phase thin film using a specifically developed parameter-free
experimental procedure, which is based on 4-probe measure-
ments with variable probe spacings performed with a 4-probe
STM. This method relies on a single oriented thin-film sam-
ple and does neither require a specific device structure, nor a
comparison of samples with different microstructure, or mod-
elling of transport or effective medium properties. In partic-
ular, it can be applied to materials that are not available as
micrometer-thick crystals or are unstable unless stabilized in
thin film form. Concerning MAX phase films the method en-
ables the characterization of anisotropic electrical transport
with unprecedented accuracy, reliability, and ease of sample
fabrication, allowing for systematic studies of the impact of
the chemical composition on the resistivity tensor in order to
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achieve a deeper understanding of the electronic structure of
MAX phases. The measured sizable resistivity anisotropy of a
(Cr0.5Mn0.5)2GaC MAX phase thin film ρc/ρab = 525±49 re-
flects the complex bonding scheme of MAX phases with pre-
dominately covalent bonds in the basal planes as well as be-
tween the MX and A planes, but mixed with different degrees
of metallicity and ionicity, resulting in the unique combina-
tion of metallic and ceramic properties of MAX phases. Our
data provide clear evidence for a sizable resistance anisotropy
in a magnetic MAX phase, thus opening an avenue for in-
vestigating the so far unexplored interplay between electronic
structure near the Fermi surface and the magnetic order that
may add novel spintronic functionality to the versatile class of
magnetic MAX phases.

SUPPLEMENTARY MATERIAL

See supplementary material on (i) a generalized expression
for 4-point transport measurements with arbitrary probe po-
sitioning, (ii) details about the control of small lateral probe
spacings, and (iii) a discussion of sources for the error of four-
probe resistance measurements.
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In this supplemental material, we (i) derive and discuss a generalized expression for 4-point transport
measurements with arbitrary probe positioning, (ii) present details about the control of small lateral
probe spacings, and (iii) discuss the sources for the error of four-probe resistance measurements.

SUPPLEMENTARY INFORMATION 1:
TRANSPORT MEASUREMENTS WITH ARBITRARY PROBE POSITIONING

The approximate solution for the crossover from the 2D to the 3D transport regime by Albers and Berkowitz
[Eq. (3) of the main text] is only valid for an in-line probe configuration with equidistant probe spacing [1]. In a four-
probe STM setup, however, each probe can be positioned individually, which allows for arbitrary probe positioning
configurations, e.g. by varying the position of at least one probe staring from an equidistant in-line configuration or
by performing measurements in a square configuration. Below, we first derive a generalized crossover function for
arbitrary probe positioning and then discuss three specific configurations.
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Supporting Figure S1. (a) Arbitrary probe configuration, where the voltage drop is measured without loss of generality between
probes 2 and 3. The relation between the probe spacings si and the vectors rij connecting the probes are indicated. (b) In-line
configuration with equidistant probe spacing. The assignment of the probe spacings si is indicated for the case that the current
is injected through the outer probes 1 and 4 and the voltage drop is measured between the inner probes 2 and 3.

Tehrani et al. derived an expression for a 4-probe transport measurement with arbitrary probe positioning, where
the voltage drop is measured between the probes 2 and 3 [Fig. S1(a)], for a thin film sample on a non-conducting
substrate [2],

∆V23 =
[
V (r21) + V (r24)

]
−
[
V (r31) + V (r34)

]
(S1)

=
Iρiso
2π

[∫ ∞
0

[
J0(kr21)− J0(kr24)− J0(kr31) + J0(kr34)

]
coth(kt)dk

]
. (S2)

Here, J0 is the zeroth-order Bessel function of the first kind, rij are the distances between the probes [Fig. S1(a)] and
t the sample thickness. The coth(kt)-term originates from the boundary conditions due to the finite film thickness,
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i.e. the boundaries towards vacuum and the non-conducting substrate. Using the probe spacings si instead of the
probe distances rij , Eq. (S2) can be rewritten as

∆V23 =
Iρiso
2π

[∫ ∞
0

[
J0(ks1)− J0(ks2)

]
coth(kt)dk +

∫ ∞
0

[
J0(ks4)− J0(ks3)

]
coth(kt)dk

]
, (S3)

where the first(second) term represents the potential at the probe 2(3) due to the currents injected at probes 1 and
4. Similar to Albers and Berkowitz [1], the integrals can be simplified by removing the Bessel functions, but limiting
the integration limits with a for times being unknown function f(1/si) such that the values of the definite integrals
are approximately preserved,

∆V23 =
Iρiso
2π

[∫ f(1/s1)

f(1/s2)

coth(kt)dk +

∫ f(1/s4)

f(1/s3)

coth(kt)dk

]
. (S4)

The function f can be obtained by considering the limiting case of an infinitely thick sample (t→∞), for which the
boundary condition coth(kt)→ 1. The integrals in Eq. (S3) can then be solved analytically

∆V∞23 =
Iρiso
2π

[∫ ∞
0

[
J0(ks1)− J0(ks2)

]
dk +

∫ ∞
0

[
J0(ks4)− J0(ks3)

]
dk

]
(S5)

=
Iρiso
2π
·
(

1

s1
− 1

s2
− 1

s3
+

1

s4

)
. (S6)

As expected for an infinite sample, this is the expression for the 3D transport regime with inequidistant probe spacings
as, for instance, derived by Miccoli et al. [3]. Accordingly, we define f(1/si) = 1/si and solve the integrals in Eq. (S4)
to obtain a general expression for resistance R in a 4-probe transport measurement with arbitrary probe positioning
that solely depends on the spacings si defined in Fig. S1(a) and the film thickness t,

R =
∆V23
I

=
ρiso
2πt
· ln
(

sinh(t/s1) sinh(t/s4)

sinh(t/s2) sinh(t/s3)

)
. (S7)

Obviously, for equidistant probe spacing s1 = s4 = s and s2 = s3 = 2s [Fig. S1(b)], Eq. (S4) reduces to Eq. (3) of
the main text. In the following we present and discuss the crossover function in Eq. (S7) for three specific probe
configurations and compare them to the general 3D and 2D expressions given in Eqs. (S27) and (S28).

First, we consider a square arrangement of the probes as shown in the inset of Fig. S2. The corresponding 3D and
2D equation are (see for instance [3])

R3D, square =
2−
√

2

2πs
ρiso (S8)

R2D, square =
ln(2)

2πt
ρiso, (S9)

and the crossover function in Eq. (S7) becomes

Rsquare(s) =
ρiso
πt
· ln
(

sinh(t/s)

sinh(t/
√

2s)

)
. (S10)

In Fig. S2, we plot these three expressions [Eqs. (S8)-(S10)] assuming typical values for the isotropic resistivity ρiso =
1µΩm and the sample thickness t = 200 nm. Obviously, the expressions for the 2D (blue line) and 3D (green line)
regimes fit well to the respectively parts of the crossover function (red line). The black curve shows the crossover
function for the in-line configuration with equidistant probe spacing, which, in comparison to the square configuration,
reveals about twice as large resistance values. Furthermore, we determine the crossover point ζsquareiso of the square
configuration by setting R3D, square = R2D, square,

ζsquareiso =
s

t
=

2−
√

2

ln(2)
= 0.845, (S11)

which is slightly larger than the crossover point of the in-line configuration [see Eq. (4) in the main text]

ζ in-lineiso =
s

t
=

1

2 ln(2)
= 0.721. (S12)



S3

0.1

1

R
e

s
is

ta
n

c
e

R
[

]
Ω

0.5

1 10

Spacing [ m]s μ

s =s1

s =s4

Probe 1 Probe 2

Probe 3Probe 4

s =√2 s2s3=√2 s

ζ
square

iso

ζ
in-line

iso

Supporting Figure S2. Crossover function (red line) for the square configuration as sketched in the inset. The green and blue
lines represent the corresponding 3D (R3D, square) and 2D (R2D, square) transport regimes, respectively. The black line shows
for comparison the crossover function for the in-line configuration with equidistant probe spacing s according to Eq. (3) of the
main text. The crossover point ζ for both curves is also indicated. All curves are plotted for resistivity ρiso = 1µΩm and
sample thickness t = 200 nm.

In our setup, the injected current is limited to a maximum of 30 mA, but is often chosen in the 1 mA range or below
to obtain a gentler, thermally less influenced measurement. Since larger resistance values are easier to measure due to
the correspondingly larger voltage drop, we prefer the in-line configuration, although the square configuration shifts
the crossover point to slightly larger probe spacings.

Next, we consider an in-line configuration, where the current probes 1 and 4 are the two outer ones and the voltage
probes 2 and 3 the two inner ones, and we perform the measurement by simultaneously moving the two inner probes
in opposite directions, see inset of Fig. S3. Starting from a fixed, equidistant probe spacing s between all probes, the
probe spacings si change according to

s1 = s1 + x (S13)

s2 = s2 − x (S14)

s3 = s3 − x (S15)

s4 = s4 + x. (S16)

This leads to the expressions for the crossover function Rinner probes as well as for the 2D and 3D transport regimes

Rinner probes(x) =
ρiso
2πt
· ln
(

sinh(t/[s1 + x]) sinh(t/[s4 + x])

sinh(t/[s2 − x]) sinh(t/[s3 − x])

)
(S17)

R3D, inner probes =
ρiso
2π
·
(

1

s1 + x
− 1

s2 − x
− 1

s3 − x
+

1

s4 + x

)
(S18)

R2D, inner probes =
ρiso
2πt
· ln
(

(s2 − x)(s3 − x)

(s1 + x)(s4 + x)

)
. (S19)

All three expressions are plotted in Fig. S3 for a starting equidistant probe spacings s1 = s4 = s = 50µm and
s2 = s3 = 2s = 100µm, ρiso = 1µΩm, and t = 200 nm. Obviously, Rinner probes (red line) becomes zero at x = 25µm,
where probes 2 and 3 meet in the center of the in-line configuration. For negative values of x probes 2 and 3 are
moving apart from each other towards the outer probes 1 and 4, respectively. For x = −50µm, the inner probes
reach the outer ones. Obviously, the 2D transport curve (blue line) describes the crossover function very well in the
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entire physically meaningful x-range. Only, for x < −47µm there is a small, hardly visible deviation, where the 3D
transport curve (green line) contributes weakly. This behavior is due to the large distance between the current probes
1 and 4 (3s � t) that leads to a cylindrical current spreading in the thin film independent of the positions of the
voltage probes 2 and 3. Only in the very vicinity of the current injection points (radius ≈ t) is the current spreading
spherically distorted, which gives rise to a weak 3D-type contribution. Therefore, this measurement procedure is not
useful for the observation of the 2D/3D crossover for experimentally feasible probe spacings.

0.1

1

10

-50 -40 -30 -20 -10 0 10 20

R
e

s
is

ta
n

c
e

R
[

]
Ω

Spacing mx [ ]μ

Probe 1

Probe 2

Probe 3

Probe 4
x x-x -x

Supporting Figure S3. Crossover function (red line) for the in-line configuration with variable positions of the voltage probes and
an initial equidistant probe spacing s = 50µm as sketched in the inset. The green and blue lines represent the corresponding 3D
(R3D, inner probes) and 2D (R2D, inner probes) transport regimes, respectively. All curves are plotted for resistivity ρiso = 1µΩm
and sample thickness t = 200 nm.

Finally, we consider again an in-line configuration, but now we move the outer current probes 1 and 4, while keeping
the positions of the voltage probes 2 and 3 constant, see inset of Fig. S4. Taking the results in Fig. S3 into account,
the starting equidistant probe spacing is chosen rather small (s = 50 nm) such that the distance between the current
probes r1,4 can be varied in the range from r1,4 < t to r1,4 � t. For increasing x, the probe spacings si change
according to

s1 = s1 + x (S20)

s2 = s2 + x (S21)

s3 = s3 + x (S22)

s4 = s4 + x. (S23)

This leads to the expression for the crossover function Router probes as well as for the 2D and 3D transport regimes

Router probes(x) =
ρiso
2πt
· ln
(

sinh(t/(s1 + x)) sinh(t/(s4 + x))

sinh(t/(s2 + x)) sinh(t/(s3 + x))

)
(S24)

R3D, outer probes =
ρiso
2π
·
(

1

s1 + x
− 1

s2 + x
− 1

s3 + x
+

1

s4 + x

)
(S25)

R2D, outer probes =
ρiso
2πt
· ln
(

(s2 + x)(s3 + x)

(s1 + x)(s4 + x)

)
. (S26)

All three expressions are plotted in Fig. S4 for a starting equidistant probe spacings s1 = s4 = s = 50 nm and
s2 = s3 = 2s = 100 nm, and ρiso = 1µΩm and t = 200 nm. As expected, for small displacements of the current probes
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(x < 20 nm) the crossover curve Router probes(x) follows the 3D behavior (green line), whereas for large displacements
(x > 1µm) the 2D regime (blue line) fits well the crossover curve. Hence, the crossover in this configuration is
observable at similar minimum probe distances rij ≈ 50 nm as in the in-line configuration with equidistant probe
spacing (see black line in Fig. S2).
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Supporting Figure S4. Crossover function (red line) for the in-line configuration with variable positions of the current probes and
an initial equidistant probe spacing s = 50 nm as sketched in the inset. The green and blue lines represent the corresponding 3D
(R3D, outer probes) and 2D (R2D, outer probes) transport regimes, respectively. All curves are plotted for resistivity ρiso = 1µΩm
and sample thickness t = 200 nm.

In conclusion, there are several probe configurations to characterize the crossover between the 2D and 3D transport
regimes. The in-line configuration with equidistant probe spacing deviated by Albers and Berkowitz [1] is experimen-
tally and theoretically well established [2, 4, 5] and therefore used in this work. The square configuration as well as
the in-line configuration with moving the outer current probes are also well working solutions and require the control
of similar small probe distances. However, the in-line configuration with equidistant probe spacing yields the largest
resistance values near the crossover point, making it the experimentally preferred probe configuration in our case.

SUPPLEMENTARY INFORMATION 2:
CONTROL OF SMALL LATERAL PROBE SPACINGS

In our four-probe STM setup (LT Nanoprobe from Omicron), the positioning of the four probes can be controlled
and observed using the scanning electron microscope (SEM) mounted on top of the STM stage. The best SEM
imaging resolution is achieved with the STM stage in the fixed position, which ensures a short and rigid mechanical
loop between SEM column and sample. On the other hand, the gentle approach of the STM probes to the sample
surface, which is achieved by detecting the onset of a tunneling current, is best performed with the STM stage in the
so-called hanging position. In this position, the STM is suspended from springs in the recipient, so that the springs
together with eddy-current damping mechanically decouple the STM stage from the recipient and the environment.
Weak oscillations of the stage with respect to the recipient and thus the SEM column are detrimental to SEM imaging
and reduce the resolution, which also limits the smallest achievable probe spacing to about 1µm. Supporting Figure S5
shows an SEM image of four probes at a lateral spacing s ≈ 2µm.
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2 µm
I + V –

I –V +

Supporting Figure S5. SEM image of four STM probes in linear arrangement with a mutual lateral spacing of approximately
2µm. The wavy appearance is an image artifact due to slight oscillations of the STM stage relative to the SEM column in the
hanging position. The yellow dots mark the approximate contact points between probes and surface, and the labels indicate
the probes used for current injection (I− and I+) and for the measurement of the voltage drop (V − and V +).

SUPPLEMENTARY INFORMATION 3:
ERROR SOURCES OF THE FOUR-PROBE RESISTANCE MEASUREMENT

A. Probe contact diameter

A major advantage of using a four-probe STM to perform four-probe measurements is the possibility to realize much
smaller and variable probe spacings than with conventional setups. However, the expressions relating the measured
resistance R to the resistivity ρ [e.g. Eqs. (S27) and (S28) below] are derived under the assumption that the probe
spacings s are much larger than the probe contact diameter d, i.e. s� d. For STM probes brought into Ohmic contact,
we estimate d < 200 nm, and the smallest probe spacing considered in this work is s = 1µm. Hence, s/d ≥ 5 and
the error due to the finite size of the contacts needs to be considered. Ilse et al. [6] performed numerical simulations
to determine geometrical correction factors for finite-size probes. They find that for large sample size (> 10d, which
is clearly fulfilled in our case) and for s/d >∼ 5 the error due to the finite probe contact radius is less than 5%. A
similar result was obtained by Just et al. [7] in the framework of the N -layer conductance model. Probe contact
diameters up to 200 nm at a similar probe spacing as in our case did not have a significant influence on the results
of the calculations. Hence, we conclude that the errors due to the finite probe contact diameters do not exceed a few
% and should not lead to a significant variance between measurements taken at different sample positions (but with
the same nominal probe spacing s), since the probe approach procedure ensures the probe contact diameters to vary
only in a limited range.

B. Precision of probe positioning

The advantage of four-probe STM setups allowing for smaller and in particular variable probe spacings comes at
the price of larger errors of probe positioning, compared to, for instance, lithographically fabricated micro-multi-point
probes [8]. Positioning errors arise due to (i) unfavorable SEM imaging conditions caused by mechanical oscillations
of the STM stage in the hanging position for smallest probe spacings (see Supplementary Information 2 and Fig. S5),
(ii) reduced SEM resolution due to the large field of view [up to 100µm wide, see Fig. 3(a) of the main text] required
for large probe spacings, and (iii) uncertainties in identifying the exact point of contact, which is hidden by the body
of the probe. Note for the latter point that the axes of the four probes are 45◦ inclined with respect to the surface.
We estimate that the positioning error in the whole range of probe spacings in our experiments amounts to 5–10% of
the nominal probe spacing s.
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In order to quantify the influence of the positioning error on the resistance (or resistivity) measurement, we consider
the expressions relating the measured resistance R to the (isotropic) resistivity ρ for both the 3D (sample thickness
t� s) and 2D (t� s) limits [9]

R3D =
ρ

2π

[
1

|~s2 − ~s1|
− 1

|~s4 − ~s2|
− 1

|~s3 − ~s1|
+

1

|~s4 − ~s3|

]
(S27)

R2D =
ρ

2πt
ln

[
|~s3 − ~s1| · |~s4 − ~s2|
|~s2 − ~s1| · |~s4 − ~s3|

]
, (S28)

where ~si denotes the position of probe i (i = 1 . . . 4). The current is injected through probes 1 and 4, and the voltage
drop is measured between probe 2 and 3. For a linear equidistant arrangement of the probes (|~si − ~si−1| ≡ s for
i = 2, 3, 4), Eqs. (S27) and (S28) reduce to Eqs. (1) and (2) in the main text.

In the experimental procedure the first probe is placed at a random position ~s1 on the thin-film sample and the
other three probes are positioned relative to ~s1 at nominal equidistant spacings ~s, 2~s, and 3~s. This procedure involves
the errors described above and results in the effective probe positions

~s1 (S29)

~s2 = ~s1 + ~s+ δ2~s (S30)

~s3 = ~s1 + 2~s+ δ3~s (S31)

~s4 = ~s1 + 3~s+ δ4~s, (S32)

where δi (i = 2 . . . 4) denote the relative positioning errors in the direction of ~s. Of course, in practice there are
also positioning errors perpendicular to the ~s. However, they have only a second-order effect on the lengths |~si − ~sk|
(i, k = 1, 2, 3, 4) and lead to additional, but much smaller errors of the resistance measurement. We calculated the
propagation of the relative errors δi (i = 2 . . . 4) in Eqs. (S27) and (S28) for the measured resistances R3D and R2D

and plot the result in Fig. S6. For both the 3D and 2D case the relative error of the resistance measurement is larger
than the relative positioning error by a factor of about 1.6 and 1.2, respectively. The estimated positioning error in
our experimental setup of 5–10% thus cause resistance variations of about 7–14%. Taking positioning errors in the
direction perpendicular to ~s into account slightly increases this error.

On the basis of this analysis, we conclude that positioning errors, in particular along the line connecting the four
probes, are the main source for the observed variance of the resistance measurements taken under identical conditions,
but after re-positioning the probes.
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Supporting Figure S6. Relative error of the measured resistance ∆R3D,2D/R3D,2D for the 3D (red) and 2D (blue) cases
according to Eqs. (S27) and (S28) as a function of the relative positioning errors, which are assumed to be equal for probes 2–4
(δ2 = δ3 = δ4 ≡ δ).
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