zumn.edu/MURA]J

MURAJ E

Minnesota Undergraduate Research & Academic Journal

Structural and Transport Characterization of Ti and
Lag;Sro3Mng; Thin Films to become Non-Local Spin
Valves

Emma Bernard

Abstract

Structural and transport characterization of thin films is important for the fabrication and
performance of non-local spin valves, NLSVs, especially when new materials are integrated into
the device. In the present study, thin films of one non-magnetic metal, Ti, and one ferromagnetic
oxide, La0.75r0.3MnO3 (LSMO), were characterized to illustrate the general process of preparing
and analyzing thin films for NLSVs. NLSVs allow for the material properties of spin polarization
and spin diffusion length to be measured. These properties have applications in expanding the
efficiency of spintronic devices. For structural characterization, the thickness of each thin film
was measured using x-ray reflectometry. For transport characterization, the resistance of each
thin film was measured over a range of temperatures. The resistance of the thin film was related
to resistivity using the Van der Pauw equation. The relationship between resistivity and
temperature provides insight into the purity of the thin film through the residual resistivity ratio,
RRR, and the Curie temperature, Tc, (for ferromagnetic materials). A comparison of the
properties of fabricated LSMO nanowires to their starting films show a similar Tc and RRR,

suggesting that the quality of the material was not compromised during the fabrication process.

Introduction

The advent of spintronic devices and spin
valve technology has allowed for the
development of devices used to read and store
data industrially, such as magnetic sensors, hard
disk read heads, and magnetic random-access
memory [1]. Spintronics allow for the electron’s
spin degree of freedom to be utilized in addition
to electrical current [2]. Spin is incorporated into
devices using ferromagnetic (FM) materials
because current passing through the FM
becomes polarized [3]. A FM’s ability to polarize

a current is known as spin polarization, a, which

is defined as the difference in conductivity
between the spin up and spin down states
divided by the total spin conductivity [4]. A
typical spin valve, such as current-perpendicular-
to-plane spin valve (CPP) seen in Figure 1(a),
consists of two FM layers, conventionally Fe or
Co, that sandwich a variety of spacer materials:
non-magnetic (NM) metals like Al or Cu, tunnel
barriers, semiconductors, or semimetals [5]. NM
are typically chosen based on the distance before
a non-equilibrium spin current changes sign,
also known as spin diffusion length, A [6].

As new materials are integrated into
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CPPs, non-local spin valve devices, By picking a FM material that enhances «,

NLSVs, are designed to measure the properties and a NM material that enhances A, the transport
fundamental to the function of CPPs, such as A properties of the device can be controlled and the
[6]. In contrast to a CPP in which the NM is efficiency of spin injection can be improved,
sandwiched in between the two FMs, NLSVs are resulting in a larger voltage signal [6, 3]. The
“non-local” due to the separation, d, of the two NLSV signal can also be represented as a change
FMs perpendicular to the NM. A typical NLSV in resistance, R, between the parallel and anti-

is shown schematically in Figure 1(b). The goal parallel states, defined as the nonlocal resistance,
of NLSVs is to isolate a pure spin current on a RNL [7, 4]. The Ry is a function of device

NM conducting nanowire between two laterally dimensions, d, and is expressed by,

aligned FM electrodes [5]. This is possible due AR — 4 ?R2,, exp{_ﬁ} M
to the non-local location of the detector, PMl, NL (1-a?)?Ryy 2Ry Z_exp{_ 2a }

and injector, FM?Z, electrodes [5]. When an (-a®) Rvm Anm
electrical current is flown through FMI, the where Rrmis the resistance of the FM, Rnumis the
current becomes polarized and is injected into resistance of the NM, Anu is the spin diffusion
the NM, driven by a potential, V, to FM? [5]. As length of the NM, and a is the polarized spin

the polarized spin diffuses through NM and current of the FM, as previously defined [4]. The
nonequilibrium spin accumulates at the larger the a, the larger the Rni, and thus, the larger
boundary of NM and FM2, v spontaneously the signal. Since NLSVs separate charge and spin
drops creating a signal [5]. The relative sign of current, Anm can be measured making NLSVs a
V indicates the magnetic configuration, parallel powerful tool for measuring spin transport

or anti-parallel, of the two FM electrodes [7]. properties in NM materials [5]. Equation 1

The magnetization of the detector and injector highlights the importance of characterizing the
FMs depends on the applied magnetic field, H structural and transport properties of the NLSV
[5]. FM and NM starting materials.

(a)

Figure 1 A schematic of (a) a CPP spin valve where FM! and FM? have different coercivities and
(b) a NLSV where FM! is the injector and FM? is the detector. For NLSVs, an electrical current, I,
is run through FM! and the voltage, V, is measured at the NM wire and FM? a distance, d,

away from FM!. Given an applied magnetic field, the white arrows indicate the relative FM
magnetization state between parallel and anti-parallel configurations [5].
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Initial material selection and
characterization is important for designing and
preparing NLSVs because geometry, transport
properties, and magnetic properties impact
device functionality. Typically, NLSVs are made
out of FM/NM metals. However, new research
has focused on developing oxides to be either the
FM electrodes or NM wires due to their
enhanced degrees of freedom which allow for
various physical properties to be tuned for a
specific function [2]. One example of an FM
oxide being studied is Lao.7Sro.sMnO3, LSMO,
due to its theoretical 100% spin polarization
which maximizes the Ry obtained from
Equation 1 [8]. On the other hand, titanium, Ti,
is being studied as a potential NM metal due to
its theoretically large Axy based on its low
atomic number and spin-orbit coupling [9].

Before NLSVs are made, the transport
properties of the fabricated nanowires and their
starting thin film are compared in order to
evaluate if the quality of the material is
maintained during fabrication. Quality is
quantified by the residual resistivity ratio, RRR,
and the similarity in the magnetoresistance, MR,
to the Curie temperature, Tc[10]. Specifically,
MR is the change in resistance of a FM caused by

a magnetic field, where an absolute maximum
near Tcis attributed to the switching of magnetic
polarons, an electron transport property, near the
paramagnetic and ferromagnetic transition [10].
Fabrication of LSMO is especially difficult
because the epitaxial thin film is susceptible to
damage where any defects introduced through the
fabrication process can lower the quality of the
material, and thus its performance as a NLSV.
This paper will focus on preparing LSMO
and Ti to become NLSVs based on the structural
characterization and transport measurements of
characterization and transport measurements of
their thin films. Structural characterization of the
thin films consists of measuring x-ray
reflectometry, XRR. Transport characterization
involves the measurement of R across multiple
temperatures, T, and magnetic fields, H. Once the
thin film is characterized, the results are
compared to those of nanowires fabricated from
their respective thin film. Relevant literature
values of the characterized materials and their

substrates are included in Table 1.

Experimental
LSMO epitaxial films were grown in a

Jillich Research high-oxygen pressure oxide

Table 1 A summary of materials to be characterized, literature value of mass density, pd,
and bulk Van der Pauw (vdP) resistivities pRT,VDP, at room temperature (RT). The Miller
index plane (001) was used for both substrates

Material Function prr,vopr (MQcm)  pg(g/cm®)  Reference
La; «xSrxMnO; (x=0.3) FM 1-2 6.5 [10]
(LSMO)
(LaAlO3)03(Sr2TaAlOg)o.7 substrate -- 6.65 [11]
(LSAT (001))
Titanium NM 0.042 4.51 [12]
(T1)
Silicon (001) substrate - 2.33 [13]
(Si(001))
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sputtering system on (001) LSAT. Ti was grown
with molecular beam epitaxy, MBE, on (001) Si.
For all thin films, XRR was performed using the
Rigaku SmartLabXE to measure film thickness
with Cu-Ka X-rays with a wavelength, Acuka, of
1.54 A. For both metals and oxide films, the scan
was completed from 0.2° to 5° with a step size of
0.1° at 0.24°/minute.

A Quantum Design Physical Properties
Measurement System, PPMS, was used to
complete temperature sweeps from 5 K to 400 K
(or 300 K for Ti) while measuring changing
resistance at either 0 T or 9 T magnetic fields. A
current verses resistance measurement was
completed before measuring a resistance verses

temperature in order to find a suitable current that

Results and Discussion

The performance of NLSV's are impacted
by geometry and electron transport properties.
Therefore, the structural and transport
properties of a thin film of each material are
characterized before NLSVs are grown. For a
given thickness, ¢, the thin film can be compared
to its nanowire counterpart to evaluate changes
in transport properties and ensure successful
device fabrication.

Two methods of analyzing XRR data for ¢
are commonly used. Figure 2 compares these
methods for the Ti and LSMO thin films. The
XRR output can be plotted as reflectivity with
units of absolute unit, a.u, as in Figure 2(a) and

Figure 2(c), or as intensity with units of counts,

shows ohmic behavior. cps, as shown in Figure 2(b) and Figure 2(d).
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Figure 2 For the (a) XRR absolute reflectivity and (b) GenX fitting of a Ti thin film, the Kiessig

equation yielded a thickness of 31.13 nm and GenX fitting yielded a thickness of 30.63 nm,
respectively. For the (c) XRR absolute reflectivity and (d) GenX fitting of a LSMO thin film, the
Kiessig equation yielded a thickness of 15.05 nm GenX fitting yielded a thickness of 17.7 nm,

respectively. Intensity is converted into absolute reflectivity in Appendix A.
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The distinction between reflectivity and intensity
is explained in Appendix A. In both cases, the
data can be analyzed to find t. The first fitting
method is GenX which uses the Parratt
recursion formula and material property inputs
to fit XRR outputs [14]. The Parratt recursion
formula states that the shape of the curve can be
predicted based on the particle model and
properties of the film, such as electron density,
assuming that there is a sharp distinction
between the film and substrate [15]. The particle
model is shifted such that the theoretical and
experimental curves align more closely, and the
film thickness is determined [15]. Alternatively,
the Kiessig equation uses fringe pattern spacing
in the XRR output to extract ¢. The Kiessig

Equation states,

(N+Kk)Acy
2t

sin?(Oy4r) = [ ]2 + 26 (2)

where O(n+k) is the angle where the local maxima
occur, N is the order index integer of the fringe
maxima, and § is a material property (based on
the index of refraction) used to calculate the
transition between total external reflection of the

x-rays and the beginning of refraction (see

= == 17.7 nm(0T)
——17.7 nm (9T)

RRR
12.41

(a) |

p (MQ.cm)

Presigual (ME2CM)
0.07622

01|

200
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Appendix A) [16]. Alternatively, local minima
can also be observed for Ov+k) and N, in order to
determine which calculated ¢ has the highest
linearity, as shown in Appendix A. In general, the
spacing of the fringes can be used to determine ¢
based on the interference of reflected x-rays at
the surface with the refracted x-rays between film
and substrate [16]. Higher frequency of
oscillations results in shorter periods, and thus a
thicker film. A low noise to signal ratio indicates
low surface roughness [16]. Additionally, the
large fringe amplitude is characteristic of a film
with a large difference in mass density, p4, from
its substrate; one example being the Ti thin film
and (001) Si substrate as shown in Figure 2(a) ( pa
reported in Table 1) [16]. For comparison, as
seen in Figure 2(c), the peaks for the LSMO film
are smaller due to its similarity in density to the
LSAT substrate. The LSMO thin film has a
measured ¢ of 17.7 nm. Using the measured t,
transport measurements can be normalized into
transport properties.

Both the LSMO and Ti thin films were
characterized for their transport properties using
the PPMS R v T sweep at 0T. LSMO had an
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Figure 3 The (a) log (pVDP) v T for the LSMO thin film from 0K to 400K at 0T and 9T and (b) log
(pvDP) v T for the Ti thin film from 0K to 300K at 0T. The inset in (a) shows %MR for the LSMO film

of thickness 17.7 nm with a minimum at 359 K.
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Both the LSMO and Ti thin films were
characterized for their transport properties using
the PPMS R v T sweep at 0T. LSMO had an
added sweep at 9T. Each measured R is related to
resistivity, pyvpp, using the determined ¢ and the

Van der Pauw, vdP, equation, where R; and R,

oo = 5 (252 £ (49 ®

are the average measured 4-terminal resistances
in the x and y directions [17]. See Appendix B for
a more detailed description of the Van der Pauw
equation. For a range of T, pypp is calculated and
plotted in Figure 3 for both Ti and LSMO.
Manifested in various ways, pyppvs T can be used
to analyze RRR, dp/dT, and the %MR (if the
sweep is completed at multiple H), calculated in
Appendix B [10]. As seen in the Figure 3(a), the
peak for the LSMO film is at 359 K which is
approximately equal to the Tc¢ for bulk LSMO,
360 K [3, 7]. The peak of %MR is often compared
to the peak of dp/dT at 0T, which also occurs
near Tc (Appendix B). Lower Tc can be linked to
lower LSMO film quality [10]. Thin film quality
can further be expressed by the residual
resistivity ratio, RRR, using the change in pVDP
from 0K to 300K, also calculated in Appendix B

RRR
12.41

p (MmQ.cm)

0.07622

0.06969 —— 160 nm Wire

--- 160 nm wire (9T)

01 — Starting thin film

14.05

0 200 400

T (K)

[18]. For LSMO the RRR was calculated to be
12.41. However, for LSMO, the changing T with

sample purity must be considered because as T is

nearly 300K, shifts in T¢ will greatly impact the

psoox and thus the RRR.
As a NM metal, the purity of the Ti film is

related more to RRR than %MR because Ti is

paramagnetic so R v T at 9T was not measured

[19]. At low temperatures, p;x depends on

impurities and defects, while at high temperatures,
P3oox depends on lattice vibrations [19]. The RRR

captures the quality of the film in this way and was
calculated to be 3.11 for Ti. It is the function of the

NM to transport the spin polarized current from

the injector electrode to the detector electrode, so

transport properties of the NM are paramount in

calculating the spin diffusion length, A, as

described by Equation 1.

Once a NLSV is designed, the resistivity of

the FM, prm, cannot be measured. For this reason,

freestanding nanowires were fabricated to evaluate

if the properties of the nanowires were comparable

to those of the starting film, thus indicating a

successful fabrication'. A nanowire was fabricated
from the 17.7 nm LSMO film with a length, I, of

3000 nm and a nominal width, w, of 160 nm. The

5 T
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(b) ]
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Figure 4 (a) The log(pypp) v T from 0K to 400K at 0T and 9T and (b) the %MR of the 160 nm wide
LSMO nanowire and the starting 17.7 nm film. The %MR minimum occurs at 361.06 K.
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thickness, ¢, is the same as that of the starting
film, 17.7 nm. A R vs T sweep was completed at
both 0T and 9T, as shown in Figure 4. The results
of the starting 17.7 nm thin film are also included
in Figure 4 to show the similarityin pvs T
between the nanowires and the thin film. The vdP
equation cannot be applied to the calculation of p

for the nanowires. Instead, p is calculated from,

p="7" ©

where R is measured from a 4-contact wire
configuration [12]. It is possible for the fabrication
process to damage the crystal structure and
change the properties of the thin film, hence the
agreement in values for the RRR and %MR peak of
the thin film with the nanowire indicates a
successful fabrication of the LSMO film.
Calculated in Appendix B, the RRR of the
nanowire had a percent difference of 13.32% to
the RRR of the starting thin film, and the %MR of
the nanowire and starting thin film was 0.5738%
different. These results suggest a similar
fabrication process should be used to create the
NLSV. A similar experiment could be performed
for the Ti films.

Conclusion

Tiand LSMO are examples of new
materials being studied for NLSV applications—
Ti for NM and LSMO for FM—however many
transition metals and oxides alike are being
characterized in a similar manner to be fabricated
into NLSV. Ti is of interest because once a NLSV
is fabricated, the spin diffusion length, Axy;, can be

calculated from further Ry, experimentation,

1The nanowires were prepared by e-beam lithography and argon ion
milling, using a negative resist mill mask. Prior to milling, Mg (5 nm) / Au
(100+ nm) contacts were deposited by e-beam lithography and

DC sputtering.

using the well-characterized structure and
transport properties of its thin film. LSMO is
another class of material with potential in
magnetoelectronic devices due to the high spin
polarization, a. As demonstrated by the similarity
in the properties of the LSMO nanowire with its
respective thin film, the success of NLSV
fabrication can be predicted based on structural
and transport characterization. Specifically, the
RRR of the nanowire had a percent difference of
13.32% to the RRR of the starting thin film, and
the minimum %MR of the nanowire was 0.5738%
different than the minimum %MR of the starting
thin film. Thus, a successful development and
characterization of both a NM and FM thin film is

discussed.
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Appendices

Appendix A: Structural Characterization of Thin Films

The Kiessig Equation, shown in Equation 2, can be linearized as,

sin?(Onig) _ A
- N2 ~az (AD
to solve for the thickness of the film. On+x) is the angle where the local maxima or minima occur,
N is the order index integer of the fringe maxima or minma, A is the wavelength of Cu-Ka x-rays,
1.54 A, and ¢ is the thickness [16]. Both local maximum and local minimum, On+k), are chosen to
determine the resulting ¢ with the highest linearity. The first index integer, No, is 1 for local
minima and 2 for local maxima. For example, local minima yielded the lowest correlation (1-R)
for the Ti thin film for the thickness of 31.13 nm.

800 | ® Peak Minima -
® Peak Maxima

linear fit of Peak Minima

—— linear fit of Peak Maxima

600

0 50 100 150
NZ

Figure A1 The linearization of fringe peak minima and maxima for a Ti thin film. For fringe peak minima,

the slope is 6.18 with a correlation (1-R) of 0.0167. The thickness is 31.02 nm. For fringe peak maxima,
the slope is 6.13 with a correlation (1-R) of 0.007. The thickness is 31.13 nm.

Plots of measured intensity, /, can be converted into reflectivity, R;, using the equation

Ry =— (A2)

Iy

where I, is the maximum intensity. The change in y-axis for the plot of Ti on (001) Si can be
observed in Figure A2.
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Figure A2 A comparison of plotting (a) absolute reflectivity vs 20 to (b) intensity vs 26.

Appendix B: Calculating Van der Pauw Resistivity

Van der Pauw, vdP, resistivity is a method for measuring the resistance in an arbitrarily
shaped thin film. The general form is,

N o)

where R; and R> are the average measured 4 terminal resistances, d is the thickness of the
sample, and pypp 1s the final resistivity per temperature [17]. Figure B1 shows how R; and R: are
measured schematically. Electrical contacts are placed at location 4, B, C, and D on the thin film.
From an applied voltage, V, and current, 7, two resistances can be measured from the two
different configurations, shown as R; and R in Figure B1. Together, R; and R: are related to the
Pvpp, as shown in Equation B1. It is assumed that the material is isotropic, and that the electrical

contacts are small compared to the size of the sample, thus not impacting the resistance reading,
[17].

Figure B1 A schematic representation of how R; and R; are measured on a thin film to calculate pypp.
The respective equations to measure R; and R; are included inside of each configuration [17].

Once R v T is measured on the PPMS, Equation B1 is applied across the 7 sweep so that
the residual resistivity ratio, RRR, can be calculated as,
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RRR = 230K (B2)

PsK

where p30x 18 the measured vdP resistivity at 300K and psg is the measured vdP resistivity at
SK [19]. This ratio is used to quantify the change in p over a range in temperature so that it can
be quickly compared to other thin films. Most importantly it captures the quality of a film.

For R v T taken at two different fields, the %MR can be calculated

MR(%) = 100% *% (B3)

where por is the resistivity calculated at each 7 at 9T and pyr is the resistivity calculated at each
T at 0T [10]. A 9T field is not necessary for this calculation, and can be substitute with any
higher field, but 9T was used for this experiment. The peak typically occurs near 7c. Using MR
to determine 7c¢ is not a rigorous analysis because differences arise due to electron transport
contributions from the substrate, in the case of this experiment, LSAT [10]. However, the
closeness of the peak in %MR to 7c can provide insight into the quality of the film.

Another analysis technique includes looking at the dp/dT at OT of the films to see where
the maximum change in p occurs. This often aligns with the peak in MR, near 7c. This can be
seen for the LSMO film in Figure B2(a). This can be compared to the dp/dT of the LSMO
nanowire, seen in Figure B2(b). Similarity in the peak suggests a successful fabrication as
discussed before.
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Figure B2 The dp/dT for (a) the 17.7 nm LSMO film with a peak at 351.06 K, and (b) the LSMO
nanowire with peaks at 356.09 K.
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