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On the origin of the low temperatures resistivity minimum in Cr thin films

E. Osquiguil, L. Tosi, E. E. Kaul, and C. A. Balseiro

Centro Atomico Bariloche and Instituto Balseiro, Comision Nacional de Energia Atomica, 8400 Bariloche,

Argentina

(Received 20 August 2013; accepted 26 November 2013; published online xx xx XXxx)

We present measurements of the electrical resistivity and Hall coefficient, p and Ry, in Cr films of
different thicknesses grown on MgO (100) substrates, as a function of temperature T and applied
magnetic field H. The results show a low temperature minimum in p(7), which is thickness
dependent. From 40K to 2K, the Hall coefficient is a monotonous increasing function as 7T is
reduced with no particular signature at the temperature T,,;,, where the minimum develops. We
explain the resistivity minimum assuming an imperfect nesting of the Fermi surface leading to
small electron and hole pockets. We introduce a phenomenological model which supports this
simple physical picture. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4846757]

. INTRODUCTION

Chromium metal is the only simple metal showing itin-
erant antiferromagnetism at room temperature. After the
seminal works by Overhauser in the early 1960s,! Cr has
been recognized as the paradigmatic case of density waves
instabilities, a macroscopic manifestation of collective quan-
tum states of the charged electrons in metals.

The stability and structure of the spin density wave
(SDW) state in metals depends crucially on the nesting prop-
erties of the Fermi surface (FS). SDW states occur when the
FS of the interacting electrons present large parallel regions
spanned by a nesting wave vector Q. The condensation of a
SDW, a broken symmetry state with long range magnetic
correlations modulated by the wave vector Q, is accompa-
nied by the destruction of part of the FS or, for good nesting
or large enough SDW amplitudes, the development of a
semiconductor gap in the spectrum. Consequently, the trans-
port properties are sensitive to the occurrence of the SDW
showing either an increase of the resistivity p(7) and changes
in the Hall resistance at the transition temperature 7y or a
real metal-insulator transition for good FS nesting.

In Cr single crystals, the SDW is characterized by wave
vectors O+ = (2n/ac,;)(1%0) along the (100) directions,
ac,=2.88 A is the lattice parameter of the Cr bee unit cell at
room temperature, and ¢ is the deviation from commensur-
ability. The resistivity p(T) shows an increase at the transi-
tion temperature Ty =311K, an effect that together with the
behaviour of the Hall resistance suggests the partial destruc-
tion of the FS at the onset of the SDW leading to the
formation of small electron and hole pockets.? Notably, in
dirty samples, a low temperature minimum is observed in
po(T). The first systematic studies of the resistivity minimum
in the incommensurate-SDW phase of Cr were done by
Semenenko.? In these studies, it was shown that in several
Cr samples with different unknown levels of impurities, the
temperature of the minimum in p(7) increased rather sharply
as the residual resistivity of the sample increased. It was then
found that bulk Cr samples with small amounts of Fe
produced not only a minimum in p(7) but also changed the
Néel temperature and the resistivity behavior below it.*?

0021-8979/2013/114(24)/000000/7/$30.00

|D: sarathyo Time: 18:27 |

114, 000000-1

Triggered by these works, Arajs and coworkers extended the
study of the resistivity behavior at low temperatures of bi-
nary Cr alloys with small and varying atomic quantities of
different solutes®’ such as Fe, Ni, Co, Mn, Ge, and Si.
Although the minimum in p(7) was observed in all but Mn
alloys, an interpretation in terms of a Kondo-like scattering
of the conduction electrons could not account for their data,
in particular, the disagreement observed for the solute con-
centration dependence of the minimum temperature and the
lack of Curie-Weiss paramagnetic response in the SDW
state.

The disagreement of these and other experimental
results in Cr binary and ternary alloys with the Kondo model
led Volkov and Tugushev to introduce a theoretical model
Resonant Impurity Scattering(RIS) based on the formation
of local rity states in systems with a SDW ground
state.* ! predicted that under certain conditions, non-
magnetic impurities may generate spin-polarized states
within the SDW gap. The interaction of electrons with these
localized states could produce an increasing resistivity when
lowering T, which combined with the electron-phonon tem-
perature dependence for the scattering time may give rise to
a minimum i . The model also predicts a negative mag-
netoresistancl;%j])ow temperatures. It has been speculated
that within this scenario, a wealth of experimental data in Cr
binary and/or ternary alloys with varying solute concentra-
tions may be explained.'?

During the last decade, the advances in spintronics
renewed the interest in Cr base materials including superlat-
tices and thin films."*° The resistivity minimum has also
been observed in Cr thin films prepared by different growing
methods.?! In thin films, the three crystallographic directions
become non-equivalent as the film thickness decreases and
the wave vector Q orients perpendicular to the film surface.
The critical temperature T, decreases, and the SDW are
transverse, with the spin perpendicular to the wave vector Q,
down to the lowest studied temperatures. Boundary condi-
tions at the film surfaces leads to the quantization of the
wave vector (, giving rise to very interesting
phenomena.”>** In these films, the residual resistivity is in
general quite large, increasing as the film thickness decreases

© 2013 AIP Publishing LLC
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due to crystallographic defects induced at the sample sub-
strate interface. Despite of the different nature of the defects
in films and in impurity-doped crystals, and due to the lack
of a universal—independent of the defect nature—theory,
the RIS model has been recently used to analyse the mini-
mum in p(T) observed in some films.

In this paper, we explore the low temperature and mag-
netic field dependence of the transport properties of Cr films.
We present a systematic study of samples of different thick-
nesses prepared following the same procedure. We show that
the observed resistivity minimum can be explained using a
general model that does not rely on the specific nature of the
defects. We argue that it suffices to assume an imperfect
nesting of the hole and electron sheets of the FS and a gen-
eral electron-phonon scattering to account for our experi-
mental results: the minima in p(T). We also discuss its
evolution with magnetic field, and the positive magnetore-
sistance. We argue that the same mechanism can also explain
the low temperature resistivity of other systems containing
spin or charge density waves.

ll. EXPERIMENTAL RESULTS AND DISCUSSION
A. The samples

Cr thin films were grown on MgO (100) substrates using
DC Magnetron Sputtering in a similar way as that reported
by Kummamuru et al.** using a unique 99.99% pure Cr tar-
get. The films, with thicknesses between 10 nm and 350 nm,
were characterized by x-ray diffraction showing rocking
curves that have an angular dispersion at FWHM around the
[002] peak of 0.5, indicating a preferred orientation in the
(100) direction. Results from AFM scans show a mean sur-
face roughness of about 2 nm, which is the third part of the
SDW wavelength Agpy at low temperatures. The samples
were patterned in a six terminal configuration bar of 2 mm
long and 140 um wide using photolithography and chemical
etching. The resistance was measured using a dc current of
10 uA as a function of T in steps of 0.5 K: between 20K and
320K in a commercial cryo-cooler and between 2K and
40K in an Oxford 18T Teslatron. Hall measurements
between 2K and 40K were performed in an Oxford 18T
Teslatron system following the field inversion method.

B. The low temperature resistivity

In the upper panel of Fig. 1, we show the resistivity p(T)
for films with different thicknesses at zero magnetic field. As
can be seen, the resistivity increases as the film thickness is
reduced. In order to quantify this, in the inset, we show
p(4K) as a function of L. Unlike the results of Ref. 21, all
samples were prepared following the same procedure and
with the same Cr target. Therefore, it is reasonable to assume
that the type of defects and impurities are the same in all
films. Those defects are structural defects mainly due to, or
generated by, the mismatch between the lattice constant of
Cr and MgO substrate. However, as it is well known, the
relative importance of such defects to determine the residual
resistivity increases as the film thickness is decreased. An
important feature of the results in Fig. 1 upper panel that
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FIG. 1. (a) Resistivity of the films as a function of temperature for different
thicknesses L. The label near each curve corresponds to the thickness
expressed in nm. The inset shows the resistivity at 4 K as a function of L. (b)
Resistivity p(T) at H=0 and Hall coefficient Ry(T) for the 10 nm thick film
at H=12T.

cannot be observed due to the scale is the existence of a min-
imum in p(7) at low temperatures for all measured samples.

This is shown in Fig. 1 lower panel for the thinnest film
(L=10nm). The figure also shows the behaviour of the Hall
coefficient Ry(T) measured at H= 12T in the same tempera-
ture window where the minimum displays. Two interesting
features should be noted: (i) the amplitude of the minimum
defined as p(4K)—p(T,.;,) is two orders of magnitude
smaller than p(7,,,,), and (ii) the Hall coefficient is a monot-
onous decreasing function of temperature, showing no sign
of the minimum displayed by p(7). Both features are shared
by all measured films.

The low temperature resistivity for films of different
thicknesses is shown in Fig. 2. In order to compare the differ-
ent curves, the residual resistivity po, of each sample has
been subtracted. As can be observed, the minimum shifts to
lower temperatures and its amplitude decreases as the film
thickness increases. The continuous lines are fittings using
the expression p(T) = po(1 +AT?)/(1 + BT?) as discussed
below.

In the upper panel of Fig. 3, we plot the temperature at
which the minimum in p(7T) occurs as a function of the film
thickness L. The solid line in the main panel is a guide to the
eye. Notably, T,,;, increases sharply as L is reduced. In the
inset, we show that this increase follows a power law.
Although we do not have an explanation for this particular
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FIG. 2. Low temperature resistivity difference p(T) — po for films of differ-
ent thicknesses L. The curves correspond to films of L = 10, 40, 75, 110, and
350nm from bottom to top. The inset shows the normalized parameters A
and B used in the fitting (see text).

thickness dependence, what is interesting to note is that an
increase in the residual resistivity p(4 K) is accompanied by
an increase in the temperature where the minimum occurs.
This is clearly observed in a plot like that shown in the lower
panel of Fig. 3. If we interpret p(4 K) as a measure of the dis-
order present in each film, then an increase in the film’s
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FIG. 3. (a) Temperature at which the resistivity is minimum 7,,;, as a func-
tion of film thickness. The solid line is a guide to the eye. The inset shows
that 7,,;,(L) follows a power law (see text). (b) Temperature of the minimum
resistivity as a function of the residual resistivity. The solid line is a guide to
the eye.
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structural disorder shifts resistivity minimum to higher tem-
peratures and increases the residual resistivity shifting the
p(T) curves to higher values. These data display a similar
behavior as those shown in Fig. 2 of Ref. 3. We believe that
this is not a fortuitous coincidence but a clear sign that the
origin of the resistivity minima in Cr samples with small
amounts of non-magnetic impurities is more universal than
previously thought,® and that it should have an explanation
independent of the type of impurity that is added to Cr.

C. The magnetoresistance

A new insight on the minima’s origin may be obtained
by looking on the effects of applying a magnetic field H to
the films. We present the results for a 10nm thick film,
measurements performed in a film one order of magnitude
thicker show similar behaviors. First we note that, within ex-
perimental error, no longitudinal magnetoresistance was
observed for fields parallel to the films. For transverse fields
two new features appear: (i) a positive magnetoresistance for
temperatures above and below T, which follows an H?
behavior up to ~12 T with a tendency to saturation at higher
magnetic fields as seen in Fig. 4 upper panel, and (ii)
although the amplitude of the minimum Ap= p(T,,;,)
—p(2K) is reduced by approximately 80% the minimum is
not suppressed by fields up to 16T, as clearly illustrated in
Fig. 4 lower panel. Both results points against an interpreta-
tion of the minima as due to the existence of magnetic
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FIG. 4. (a) Magnetoresistance for two temperatures (5K squares, 35K
circles), as a function of the square of the applied magnetic field. The solid
line is a guide to the eye. (b) Resistivity minimum for the 10nm thick film
for increasing applied magnetic fields. In order to appreciate the whole vari-
ation of p(T, H), we have subtracted the value p(2 K) in each curve.
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impurities giving rise to a Kondo-like or RIS m ism.
We elaborate more on this point in Secs. III and IV!

D. Discussion of the experimental results

There are two main effects that may generate a mini-
mum in p(7): a reduction of the carrier density n as T is
reduced, or the appearance of a new scattering mechanism
with a characteristic energy scale of the order of kgT,,;,. In
simple metals, n hardly changes with 7, and therefore, if a
minimum is observed in p(T), it is probably due to a scatter-
ing process that turns on at or near the temperature of the
minimum. This is in fact the case of the Kondo effect®¢
and, as mentioned above, of the RIS model developed to
explain the minima in p(T) of different Cr samples.”' As for
the Kondo effect, a negative magnetoresistance is also
expected in the RIS model.®

In what follows we give a plausibility argument suggest-
ing that the possibility of having a new scattering mechanism
responsible of the minimum in p(7) of Cr may be ruled out
whatever the origin of this new process might be.

In a simple one band metal, the ratio between the resis-
tivity and the Hall coefficient r = p(T)/Ry is a quantity that
depends on the relaxation time 7(7) and is independent on
the carrier density n, i.e., r o< 1/7(T). In such a metal, it is
expected that if a new scattering (ns) mechanism turns on, or
becomes relevant, at a certain temperature 7, r should
increase when the temperature drops below T, Indeed,
because of Matthiessen’s rule, the effective relaxation rate
becomes 1/t (T) = 1/7(T) + 1/1,5(T), and the resistivity
should grow below T,,. The same type of argument can be
applied to a compensated two band metal, as is the case with
Cr. It is easy to show that r(T) again is a function solely of
the electron and hole effective masses, and the electron and
hole relaxation times, but is independent of the carrier den-
sity n=ny;, = n,. Moreover, even if n,#n;, with a temperature
independent ratio n./n, the same argument holds.?’
Therefore, in all these cases, a reduction of either the hole 1,
or electron 7, scattering time (or both), due to the develop-
ment of a new scattering process at a certain temperature,
will give rise to an increase of the ratio (7).

In panel (a) of Fig. 5, we show the Hall coefficient for a
10nm thick film in the temperature window where the mini-
mum in p(7) displays, measured at different magnetic fields.
The first characteristic we may see is that, as anticipated in
the lower panel of Fig. 1, the temperature dependence of Ry
has no particular feature at 7,,;,. The second result is that the
Hall coefficient is not linear in H in this temperature window

Stage: Page: 4 Total Pages: 8
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(Ry(H) is linear in H at 150K and 310 K). Non-linearities in
Ry(H) at 42K have also been observed in some dilute Ti
alloys whose resistivity show a minimum at low tempera-
tures.”® In our case, Ry(H) decreases monotonously with
increasing temperature.

In panel (b) of Fig. 5, we plot the ratio r as a function of
temperature. Note that for the purpose of showing its temper-
ature dependence, it is irrelevant to plot p(T)/Ry(T) or
R(T)/Ry(T). Each resistance curve has been measured at the
same magnetic field as the Hall coefficient.

As can be easily seen, r is a smooth increasing function
of T with no trace of the minimum observed in p(T) in the
whole temperature range. This result, based on the plausibil-
ity argument presented above, also indicates that the minima
in p(T) may not be due to the appearance of a new scattering
mechanism. Altogether these results are consistent with a
change in the carrier density as the temperature is varied at
low temperatures, an effect that should be expected in sys-
tems with small and temperature dependent electron and
hole pockets.

In Sec. III, we show that our results can be consistently
explained by assuming a mechanism that is related to an
imperfect nesting of the FS and the occurrence of the SDW.
As we show below, this produces a power law increase of
n(T) as T is increased, an effect that is ined with a rea-
sonable assumption for the scattering ‘rate of the carriers
makes it possible to reproduce the behavior of p(T), the evo-
lution of the minimum as the magnetic field is varied and the
positive magnetoresistance.

lll. MODEL

In this section, we give a qualitative description of the
SDW state in a system with no perfect nesting of the FS.?*°
The following discussion aims to give a simple picture of the
effect of partial nesting of the FS and is not based on the par-
ticular electronic structure of Cr. The model includes an
electron and a hole bands described by the following
Hamiltonian: H = Hy + H’, where

_ T T
Hy = E (8161 4o C1 ko T €24C2 46 C ko)
k.o

with &1 = =D, + 1> (k} /2m¢ + k3 /2m, + k2 /2m¢) and ey
=Dy — I*(K2/2m" + k2 /2m!' + (k. — Q)* /2m").  Energies
are measured from the Fermi energy (Er=0). The SDW
breaks the translational symmetry mixing the two bands, and
thus, at the mean field level, the Hamiltonian H’ is given by

%

6T

FIG. 5. (a) Hall coefficient as a
function of temperature for different
applied magnetic fields H. (b) Ratio
r=R(T)/Ry(T) for different applied
magnetic fields. For both panels the
label near each curve denotes H in
Tesla.
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where A is the SDW order parameter of wave vector Q and
is given by the solution of the following equation:

v J"nmf(E;) ~f(E;

1 =—
@n)’lo B —Ef

)dk3,

where V is an effective interaction, k., @ momentum cutoff,
Sf(E) is the Fermi function, and

ELk T Ekro

E = 3

2
1k — &2k+0 2
A“.

In order to minimize the number of independent parame-
ters of the model, we take

2
D+

ek (L4 + (1 =k +&2),

2m*
2

(1 =)k + (1 +9)k; + k2),

(&)

V/
E2k+Q = D — o

where y measures the lack of nesting of the electron and hole
Fermi surfaces. Fig. 6 shows a schematic representation of
the band structure and the behavior of the SDW order param-
eter in the (7, y) plane. Fig. 7 shows the density of states

S
&

o o o o
o N B oo ® e

FIG. 7. Density of states arising from the model with (a) y =0, (b) y=0.02,
and (c¢) y=0.04 showing a finite value at the Fermi level for imperfect-
enough nesting.

|D: sarathyo Time: 18:27 |

(DS) for different values of the nesting parameter 7. For sim-
plicity, we have chosen to preserve the electron-hole symme-
try, an extension to a more general case is straightforward.

This simple model, which captures the essential aspects
of the conventional SDW theory, illustrates what are the
main consequences of the lack of nesting (y): (i) for suffi-
ciently large y, the DOS develops a pseudogap rather than a
real gap, and (ii) at low temperatures, the mean field order
parameter A shows a power law temperature dependence
rather than an exponential one. The structure of the DS
shown in the Fig. 7, with the characteristic van Hove singu-
larities and a gap that closes as the nesting is reduced, is a
general result that depends only on the nesting properties of
the FS and not on the details of the electronic structure. In
Cr, the two pieces of the Fermi surface have different vol-
umes as schematically shown in Fig. 6(d), and the DOS for a
given A shows a pseudogap with the Fermi energy shifted
from the minimum.

In summary, in Cr single crystal and in Cr films, the
Fermi energy in the SDW phase lies in a pseudogap with
small electron and hole pockets. First principles band struc-
ture calculations in the SDW phase of Cr show the occur-
rence of the pseudogap.®!*? The total number of electrons in
the conduction band is given by

1

") = Gy

Kmax
j f(EZ)dk3=JDc(8)f(8)d8, @

0

where D.(E) is the density of states of the conduction band.
The low temperature behaviour of the carrier density changes
from exponential for the semiconducting case to a power-law
behaviour, n(T) ~ ny(1 + BT?), for the gapless situation.
This temperature dependence of the carrier density is central
to the behaviour of the resistivity. To show this, let us first
consider the simplest description: using the Drude formula
for the conductivity we get o°(T) = n.(T)e*t(T)/m* for the
contribution of the conduction band, a similar expression
gives the contribution of the valence band. The temperature
dependence of the relaxation (scattering) time is due to the
electron-phonon interaction, which in simple metals gives
1/7(T) = 1/t9 + AT™ with m=35. However, in transition
metals, the exponent m changes due to interband transitions
or due to the presence of disorder’> and in what follows we
take the value m = 3 that is often observed in these materials.
Combining these temperature dependent quantities, the resis-
tivity can be written as
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(1+AT?)

(1+BT?)’ ®)

p(T) = pg

In the above equation, the constant A =7¢4 measures the
ratio of the electron-phonon and the impurity contributions
to the resistivity. The largest the residual resistivity the
smaller the value of A. The parameter B can be estimated
using the Sommerfeld expansion to evaluate the integral of
Eq. (2) with an approximate DOS of the form (see Fig. 7)
D.(¢) = y\/eo + ¢ giving B = n’k3/8¢3. For a very rough
estimation, taking &, of the order of A, which in turn is of the
order of the critical temperature Ty, we finally get a value
for B ~ 107> K2, which is in good agreement with the val-
ues used to fit the experimental curves (see below).

To be more precise, we calculate the conductivity using
Kubo formula. For the conduction band we have

(vF (k) e (k)dk’,

X

o= [T
o 2n)? o OE!

where v (k) = (1/h)OE," /Ok,. Summing the contributions
from the conduction and valence bands and assuming a
k-independent relaxation time t = 7(k), we numerically eval-
uate the integrals obtaining, as expected, a low temperature
dependence of the form Ct(1 + BT?) with a new coefficients
B and C. This is shown in Fig. 8. The values of B are similar
to the ones obtained in the calculation of the carrier density.

In Figs. 2 and 9 we show the fits of the resistivity data
with Eq. (3). A very good agreement with the model predic-
tion can be observed.

IV. DISCUSSION AND CONCLUSIONS

The above discussion suggests that in the case of imper-
fect nesting of the FS, the low temperature resistivity of the
SDW phase is given by p(T)/py = (1 +AT?)/(1 + BT?).
Here the numerator comes from the temperature dependence
of the relaxation time t characteristic of transition metals
and the coefficient A decreases as the residual resistivity
increases. The denominator is due to the temperature change
of the carrier density, and the coefficient B is determined by
the nesting properties of the FS. The magnitude of A is of the
order of that used in Ref. 21, while a rough estimation of B
is in good agreement with values used in the fittings of the
experimental curves.

An important point concerns the variation of the fitting
parameters with the film thickness. As the thickness
decreases, we expect the residual resistivity to increases due
to the relative importance of the structural defects induced
by the film-substrate mismatch (see inset of Fig. 1). This
increase should be reflected in a decrease of the parameter A.
At the same time, except for very thin films where the stress
can affect the electronic structure and consequently the
SDW structure, we expect the number of carriers and its tem-
perature dependence (the parameter B) to be thickness inde-
pendent. This is precisely what is observed in a wide range
of thicknesses (see inset of Fig. 2). Only for the thinner films
(L =50nm), we observe small variations in the parameter B.
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FIG. 8. Conductivity divided by relaxation time as a function of temperature
calculated from the model using Kubo formula.

Concerning the magnetic field effect on the transport
properties, we observe a small anomalous positive magneto-
resistance following a H* behaviour for temperatures above
and below T,,,. The temperature of the minimum 7,,;, is
weakly dependent on H although the amplitude of the mini-
mum Ap is reduced but not suppressed by fields up to 16T.
The effect of external magnetic fields on the SDW structure,
and consequently on the particular features of the magneto-
transport properties, is controlled by the details of the

2800
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w1600}
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FIG. 9. Resistance for the 10nm thick film as a function of temperature
showing the variation of the minimum as the magnetic field is increased.
The lines are fits with Eq. (3).
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electronic structure of the system, details that are far beyond
the scope for the simple model presented in Sec. III. Here, the
important aspect to be considered is that all these effects are
small and the observed low temperature magnetoresistance is
positive.

In summary, we have shown that the minimum of the re-
sistivity in thin Cr films is consistent with a simple picture
that considers an imperfect nesting in the FS producing a
gapless state. The consequent temperature dependence of the
effective number of carriers in combination with a reasona-
ble proposition for the relaxation time allows to account for
the experimental results quite satisfactorily. We believe that
our model is advantageous in the sense that it does not
depend on a particular kind of impurity (magnetic, non-
magnetic, with bond-states at the Fermi level, defects, vacan-
cies), and thus, it can be useful to understand the low temper-
ature behaviour of the resistivity of a great variety of
systems containing spin or charge density waves.
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