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The spin current relaxation time (t) in thermally evaporated pentacene films was evaluated with
the spin-pump-induced spin transport properties and the charge current transport properties in
pentacene films. Under an assumption of a diffusive transport of the spin current in pentacene
films, the zero-field mobility and the diffusion constant of holes in pentacene films were experi-
mentally obtained to be ~8.0 x 1077 m?/V s and ~2.0 x 10~® m?/s, respectively. Using those val-
ues and the previously obtained spin diffusion length in pentacene films of 42 *= 10 nm, the 7 in
pentacene films was estimated to be 150 = 120 ns at room temperature. This estimated 7 in penta-
cene films is long enough for the practical use as a spintronic material. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4974294]

In spintronics,'? to evaluate the spin transport properties
in various materials is one of the issues for the practical use.
Organic molecules are promising materials for the spin trans-
port because their spin-orbit interaction working as spin scat-
tering centers is generally weak.” Until now, the spin
transport properties of some molecular materials have been
investigated.*® We have focused on pentacene molecular
films prepared by thermal evaporation as one candidate
material for the spin transport, in terms of the good crystal-
linity even in the thermally evaporated films, and the high
electrical conductivity without any dopants.'® Moreover,
pentacene shows the photo-conductivity for visible light,"'
where the spin transport properties of pentacene can be con-
trolled through visible light irradiation. Recently, the spin
transport in thermally evaporated pentacene films was
achieved at room temperature (RT) with a pure spin current
induced by spin-pumping, and the spin diffusion length (1)
in pentacene films was estimated to be about 42 = 10nm.’
The estimated / in pentacene films is comparable to that of
other molecular materials evaluated with the method using
the spin-pumping.”® To precisely evaluate the spin transport
properties of low conductive materials, the spin-pump-
induced spin injection driven by ferromagnetic resonance
(FMR)'*"? is more effective than an electrical spin injection
method. This is because the conductance mismatch problem
at the interface between the ferromagnetic material as a spin
injector and the target material for the spin injection is negli-
gible in the spin injection by the spin-pumping,’'*"°
whereas this problem lowers the spin injection efficiency in
electrical spin injections.?>*! In this study, by using the spin-
pump-induced spin transport properties and the charge cur-
rent transport properties in thermally evaporated pentacene
films, the spin current relaxation time (7) in pentacene films
was evaluated. When we say, “spin relaxation time,” in gen-
eral, there are various spin relaxation times. In this study, we
evaluated the spin relaxation time of the spin current, which
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is the flow of the spin angular momentum. As other spin
relaxation times, for example, there is the spin relaxation
time for localized spins, the spin relaxation time that photo-
excited spins are relaxed from the excited state to the ground
state,22 and so on. For the spin relaxation mechanism in the
spin current, not only the spin-spin interaction and the spin-
lattice interaction that are considered even in the spin relaxa-
tion of localized spins but also the collision between the
charges to carry the spin information must be considered (in
this case, the charge is “hole”). Those effects can be taken
into account via the experimentally obtained A of pentacene
films.

In this study, the 7 in the pentacene films is estimated as
follows: because a diffusive transport of the spin current in
the pentacene films has been assumed,9 we can use a relation-
ship of 7= /*D"'* in thermally evaporated pentacene films,
where the D is the diffusion constant of holes in the pentacene
films. The Z is obtained from the spin transport experiments
in pentacene films with changing the spin transport distance in
the pentacene films. Our sample structure and experimental
setup for the spin transport experiments in pentacene films are
illustrated in Figure 1. An external static magnetic field (H)
was applied with an angle (0) to the sample film plane. Spin
transport in pentacene films is observed as follows: in a
palladium(Pd)/evaporated-pentacene/NigoFe, tri-layer sam-
ple, a pure spin current (Js), induced by the spin-pumping
driven by the FMR of the NiggFe, film, is generated in the
pentacene layer. This Js is then absorbed into the Pd layer.
The absorbed Js is converted into a charge current as a result
of the inverse spin-Hall effect (ISHE)'® in Pd and detected as
an electromotive force (E ),'41% which is expressed as

E o Osupts % @, (1)

where Osyg is the spin-Hall angle, which is the efficiency of
conversion from a spin current to a charge current, and ¢ is
the spin-polarization vector in the Js. Thus, to detect an elec-
tromotive force due to the ISHE in Pd under the FMR of
NigoFe,o is obvious evidence for the spin transport in a

Published by AIP Publishing.
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FIG. 1. Schematic illustrations of our sample and orientation of external
applied magnetic field (H) used in the experiments. Js and E correspond,
respectively, to the spin current generated in the pentacene film by the spin-
pumping and the electromotive forces due to the ISHE in Pd. 0 is the H
angle to the sample film plane.

pentacene film. Previously, we estimated the /4 in evaporated
pentacene films of 42 = 10nm with the evaluation of the
pentacene layer thickness dependence of the spin transport.”
Thus, in this letter, we only show a typical evidence of the
spin transport in thermally evaporated pentacene films.

The Einstein relationship D/u=kgT/q is satisfied even
in disordered organic molecular ﬁlms,23 where u, kg, T, and
q are the zero-field charge mobility (not a field effect mobil-
ity) in pentacene films, the Boltzmann constant, the environ-
mental temperature, and the elemental charge (in the case of
pentacene films, hole), respectively. The pu is obtained from
measurements of the charge-current-density (J) versus the
bias voltage (V) property in pentacene films. In an organic
molecular film, the J at low bias is approximately propor-
tional to V2, which is called the space charge limited current
(SCLC) as follows:**

9 V2
J=-e¢u

ST @)

where ¢ is the electric permittivity in the organic molecular
film and L is the charge transport distance in the organic
molecular film. In short, to estimate the 7 in pentacene films
in this study, the ¢ in pentacene films is needed to measure,
while the 2 has already been obtained.”

The sample preparation method for the spin transport
experiments is as follows: Electron beam (EB) deposition was
used to deposit Pd (Furuuchi Chemical Co., Ltd., 99.99%
purity) to a thickness of 10 nm on a thermally oxidized silicon
substrate, under a vacuum pressure of <10 °Pa. Next, also
under a vacuum pressure of <10 °Pa, pentacene molecules
(Sigma Aldrich Co., Ltd.; sublimed grade, 99.9%) were ther-
mally evaporated to a thickness of 50nm through a shadow
mask. The pentacene deposition rate was varied from
0.03 nm/s to 0.40 nm/s. In this deposition rate range, however,
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no clear difference on our experiments was observed.
Therefore, in this paper, we show the results with the penta-
cene deposition rate of 0.10 nm/s, which is the same as that of
our previous study.” The substrate temperature during penta-
cene depositions was RT. That deposition rate and the sub-
strate temperature are similar conditions under which
pentacene films show high crystallinity.>> Finally, NigoFe,
(Kojundo Chemical Lab. Co., Ltd.; 99.99%) was deposited to
a thickness of 25nm by EB deposition through another
shadow mask, under a vacuum pressure of <10~ °Pa. During
NiggFe, deposition, the sample substrate was cooled with a
cooling medium of —2°C, to prevent the deposited molecular
films from breaking.

To observe the J-V property in pentacene films, to use
the same sample as that for the spin transport experiments is
the best. However, to do it, one of the leading wires to apply
the electrical voltage to a sample must be attached on the
NiggFe,o film with the thickness of only 25nm formed on
Pd/pentacene films. In general, that is difficult because the
very thin NiggFe,, film and the under-layers are broken at
the wire bonding procedure. Therefore, we prepared another
type of sample to measure the electrical properties in penta-
cene films as follows: pentacene molecules were thermally
evaporated on a couple of pre-patterned NigoFe,( electrodes
on a thermally oxidized silicon substrate with a conventional
photolithography technique and EB deposition. The gap
length between the two electrodes, which corresponds to the
L in pentacene films, was designed to be 2 um. The evapora-
tion condition of the pentacene molecules was the same as
that of samples for the spin transport experiments. The cross
sectional area of the charge transport of pentacene films is
30 nm (the electrode thickness) x 3 mm (the pentacene layer
width)=9 x 107! m>.

For evaluation of the spin-pump-induced spin transport
property in pentacene films, a microwave TE(;;-mode cavity
in a conventional electron spin resonance (ESR) system
(JEOL, JES-TE300) to excite FMR in NiggFe,o and a nano-
voltmeter (Keithley Instruments, 2182A) to detect electro-
motive forces from the samples were used. The ESR system
equips with a goniometer to measure the 6 dependent proper-
ties. Leading wires for detecting the output voltage proper-
ties were directly attached with silver paste at both ends of
the Pd layer. For measurement of the J-V properties of penta-
cene films, a two-probe method was used with a DC voltage
current  source/monitor (ADVANTEST  Corporation,
R6243). All of the measurements were performed at RT.

Figure 2(a) shows the FMR spectrum of a sample at the
0 of 0°, under a microwave power of 200 mW. The FMR
field (Hrpmr) of the NiggFesq film is 1200 Oe at a microwave
frequency (f) of 9.45GHz, and the 4nM, of the NiggFe,,
where M; is the saturation magnetization of the NigyFe,q
film, is estimated to be 7300 G under the FMR condition in
the in-plane field

)
5 = /Hrur (Hryg + 47Ms), 3)

where @ and 7y are the angular frequency (2nf) and the gyro-
magnetic ratio of 1.86 x 1070e ! s7! of NigoFe,o, respec-

tively.”!® Fig. 2(b) shows the output voltage properties of
y g P ge prop
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FIG. 2. (a) FMR spectrum and (b) output voltage properties of a typical sam-
ple under a microwave power of 200 mW.

the same sample shown in Fig. 2(a); the circles represent
experimental data and the solid lines are the curve fit

obtained using the equation“"lﬁ*19
1—*2
V(H ) = Visue
(H — Hpyg)® + T2
—2I'(H — H,
+ VAS_VWI ( FMR) (4)

(H — Hpyg)” + T2

where I denotes the damping constant (110 Oe in this study).
The first and second terms in Eq. (4) correspond to the sym-
metry term to Hgyg corresponding to the ISHE and the
asymmetry term to Hgyg (€.g., anomalous Hall effect!+16-19
and other effects showing the same asymmetric voltage
behavior relative to the Hgyg, like parasitic capacitances),
respectively. Vigyg and Vaqm correspond to the coefficients
of the first and second terms in Eq. (4). Output voltages are
observed at Hgygr at 0 of 0° and 180°. Notably, the output
voltage changes sign between 6 values of 0° and 180°. This
sign inversion of the output voltages in Pd associated with
the magnetization reversal in NiggFe, is the characteristic of
the ISHE.'*'®'® The experimental results in this study are
similar to the previous report;” that is, the spin-pump-
induced spin transport in thermally evaporated pentacene
films has experimentally been demonstrated. The detailed 0
dependence of the Visyg on the Pd in a sample is shown in
the supplementary material.

Figure 3 shows (a) the J-V property and (b) the J-V?
property of a pentacene film. The dashed line in Fig. 3(b)
shows an example of a linear fitting to the J-V* properties at
lower bias, where a little deviation for the linear fittings
exists. Using the relative electric permittivity in the penta-
cene films (¢,) of ~3,%° and Eq. (2), the ¢ in pentacene films
was estimated to be 0.40 ~ 1.2 x 107°® m?/V s at RT. Here,
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FIG. 3. Current-density (/) versus bias-voltage (V) property of a pentacene
film, plotted by (a) J-V and (b) J-V2 At low bias, the J is proportional to V>
and the behavior is drawn as a dashed line in (b).

just for simplification, the difference between the work func-
tion of the NiggFe,, electrode and the ionization potential of
the pentacene film is ignored because only the divergence of
J-V? properties at low bias is needed for the analysis. The
deviation on the u calculations comes from the deviation of
the divergence of the linear fitting to J-V? properties. Under
an assumption of a diffusive transport of the spin current in
the pentacene films, the D in the pentacene films was esti-
mated to be 1.0 ~3.0 x 10~® m?/s with the Einstein relation-
ship. Thus, using the relationship of 7= /%D and the A of
42 +10nm,” the 7 in the pentacene films at room tempera-
ture was estimated to be 150 = 120ns. In the deviation of
this estimated 7, the deviation of the previously estimated 4
in pentacene films is also included.

We also estimated the spin relaxation time in the Hanle
effect type spin precession in the spin transport (see the sup-
plementary material). The spin relaxation time in the Hanle
effect type spin precession (hereafter, called as “Hanle-type
spin relaxation time”) in the spin transport is a different
physical phenomenon from that of the t. The Hanle-type
spin relaxation time is the relaxation time that the spins prop-
agating in a material orient from the initial direction to the
applied magnetic field direction in the spin transport, and
just after the relaxation, the spin information will be still
alive. Meanwhile, the spin current relaxation time (1) is
defined as the relaxation time that the spin signal reflecting
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the spin propagation in a material decays to 1/e in the spin
transport, and just after the relaxation, the spin information
is almost dissipated. The values of the two spin relaxation
times related to the spin transport may be different and may
be coincident, depending on the materials. If the Hanle-type
spin relaxation time is estimated to be below ~1 ns, the esti-
mation of the Hanle-type spin relaxation time is reliable (see
the supplementary material). However, if the Hanle-type
spin relaxation time is over 1 ns, the analysis to estimate the
Hanle-type spin relaxation time may not be reliable in the
method’ because the fitting curves for the estimation of the
Hanle-type spin relaxation time do not change (see the sup-
plementary material). In this study, the Hanle-type spin
relaxation time was estimated to be >1 ns. Thus, we did not
know whether the spin current relaxation time (t) and the
Hanle-type spin relaxation time were coincident or not.

In the last part of this manuscript, we check the validity
of the estimated t in the pentacene films from the two view-
points. One is the comparison with the spin relaxation time
that photo-excited spins are relaxed from the excited state to
the ground state, over several tens us.”> This is much longer
time than the estimated t of 150 = 120ns. This difference
might come from that the collision between charges in the
relaxation process is considered or not. Therefore, the esti-
mated 7 in pentacene films of 150 = 120ns is valid. Next, we
compared the estimated t with the t values in other molecu-
lar materials evaluated with the spin-pump-induced spin
transport experiments.”® The t for a conductive polymer
PBTTT has been reported to be ~20ms,’ which is extremely
long. However, the spin propagation in the PBTTT is
thought to be due to the transport by polarons, which is a dif-
ferent spin transport mechanism from that in pentacene films.
The t for a p-type polymeric semiconductor PEDOT:PSS
has been estimated to be ~30ns,® which is roughly compara-
ble to the result of this study. The estimated 7 in pentacene
films of 150 = 120ns is long enough for practical use as a
spintronic material, comparing with the 7 of n-type silicon of
~1.3ns (Ref. 27) and the 7 of p-type silicon of ~120 ps."*
For example, this 7 of 150 = 120 ns is long enough to control
the spin transport property in pentacene films through visible
light irradiation.

In summary, we evaluated the 7 in thermally evaporated
pentacene films with the spin-pump-induced spin transport
properties and the charge current transport properties in pen-
tacene films. Using the J-V property in pentacene films, the u
in pentacene films was estimated to be 0.40~1.2 x 10°°
m?/V s. Under an assumption of a diffusive transport of the
spin current in pentacene films, the D of pentacene films was
obtained to be 1.0-3.0 x 10~% m?%s. By using the relation-
ship of t=2%/D, the 7 in pentacene films at room tempera-
ture was estimated to be 150 = 120ns. This estimated 7 in

Appl. Phys. Lett. 110, 032403 (2017)

pentacene films is long enough for the practical use as a spin-
tronic material.

See supplementary material for the 0 dependence of the
Visug of the Pd in a sample and the estimation of the spin
relaxation time in the Hanle effect type spin precession in
the spin transport.

This research was partly supported by a Grant-in-Aid
from the Japan Society for the Promotion of Science (JSPS)
for Scientific Research (B) (26286039).
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