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We use a simple magnetron sputtering process to fabricate beta (ff) tungsten thin films, which are
capable of generating giant spin Hall effect. As-deposited thin films are always in the metastable
p-W phase from 3.0 to 26.7nm. The [-W phase remains intact below a critical thickness of
22.1 nm even after magnetic thermal annealing at 280 °C, which is required to induce perpendicular
magnetic anisotropy (PMA) in a layered structure of -W/CoyoFes0B20/MgO. Intensive annealing
transforms the thicker films (>22.1 nm) into the stable o-W phase. We analyze the structure and
grain size of both - and o-W thin films. Electron transport in terms of resistivity and normal Hall
effect is studied over a broad temperature range of 10K to at least 300K on all samples. Very
low switching current densities are achieved in f-W/CosgFe40B20/MgO with PMA. These basic
properties reveal useful behaviors in f-W thin films, making them technologically promising for
spintronic magnetic random access memories and spin-logic devices. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919867]

Highly resistive beta (f) tungsten characterized by a
large spin-orbit coupling (SOC) exhibits giant spin Hall
effect (GSHE).' Its spin Hall angle approaches 0.40,> the
largest among transition elements, and it converts charge
current into spin current efficiently.’ Robust perpendicular
magnetic anisotropy (PMA) has been realized in a layered
structure combining the elusive, metastable -W and a
CoyoFe 0B thin film.> The GSHE yields, after suitable ther-
mal magnetic annealing, a very low critical current density
for magnetization switching.> However, fabricating f-W
films is challenging. Although W metallization process is
used for the very-large-scale-integrated (VLSI) circuits, it is
the stable and conductive o-W phase that meets the require-
ment of semiconductor processing.* Tomorrow’s spintronic
magnetic random access memories (MRAM)® and spin-logic
devices® could increasingly rely on the newly discovered
GSHE in f-W films. It is, therefore, imperative to understand
the properties and fabrication of the f-W solid. To date,
much effort has been made to stabilize the f-W phase.*"~"°
Nevertheless, very little work is available on the -W solid
in the context of GSHE'~ and on its basic properties.

In this work, we prepare a series of -W thin films with
a broad range of thickness (3.0-26.7nm) using a simple
magnetron sputtering process. Based on the process, we
achieve PMA and a large spin Hall angle (0.40)* in the bulk
B-W in a structure of -W/CoygFe40B20/MgO. We examine
the effect of thermal annealing on the structure of the
W films. We find that the metastable f-W and pS-W/
CoyoFe40B2o/MgO structures can be easily fabricated, mak-
ing them technologically promising. We measure the temper-
ature dependence of resistivity and normal Hall effect of the
p-W films down to the lowest temperature of 10 K. These
basic properties of 5-W are elucidating in the understanding
of this large SOC solid.
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We prepare the W films under ambient conditions using
a homemade high vacuum magnetron sputtering system
equipped with a cryopump. The face-up sputtering guns
have a diameter of 5cm and use an NdFeB permanent mag-
net ring. The target-substrate distance is 9cm. The face-
down substrates are thermally oxidized single crystal Si
wafers (5-cm diameter), which rotate at about 50 rpm during
deposition for achieving thickness uniformity. The off-center
distance is 3 cm between the center of a substrate and that of
a target. The base pressure is less than 2 x 10~ Torr and the
Ar sputtering pressure is ~2.2 mTorr. For the formation of
p-W, we apply a low dc sputtering power of only 3W
intermittently to keep a low deposition rate of 0.02nm/s.
The films are patterned using photolithography into stand-
ard Hall bars for both Hall effect and resistivity measure-
ments, with longitudinal dimensions of 20 x 55 umz in
area. In addition to these as-deposited samples, we also
prepare a corresponding set of samples that are annealed
at 280°C for 1min with 2h of ramping up and 6h of
natural cooling in vacuum (1 X 1076T0rr) and under a
perpendicular magnetic field (0.45T) to the films. We
used the Quantum Design Physical Property Measurement
System to measure resistivity and Hall effect as functions
of temperature between 5K and 380K. The Bruker D8
Discover X-ray Diffraction (XRD) system is used for
structural measurement.

Figure 1 shows the XRD patterns for the as-deposited
and the annealed W films with thickness in the range of 14.5
to 26.7nm. All as-deposited films have single phase f-W,
which is an A;B solid with the A15 type crystal structure. The
annealed films remain in the 5-W phase up to a critical thick-
ness (¢.) of 22.1nm. Above 22.1 nm, films are transformed
into the «-W phase, which have the bcc crystal structure. For
f-W films, we calculate the average lattice constant based on
the (200), (210), and (211) peaks. For «-W films, the lattice
constant is obtained from the (110) peak. Figure 2(a) shows
the lattice constant as a function of film thickness, which

© 2015 AIP Publishing LLC
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FIG. 1. 0-20 x-ray diffraction patterns for as-deposited and annealed W thin
films with various thicknesses.

reveals clearly the effect of annealing. Up to the largest thick-
ness of 26.7 nm, the lattice constant of the as-deposited f-W
films remains unchanged. However, post-annealing and
beyond 7., the lattice constant becomes that of the o structure.
Therefore, if the GSHE of -W is intended for spintronic
devices which typically require magnetic thermal annealing,
the actual thickness of the -W film must be smaller than ¢,.
We note that the spin diffusion length (1) in f-W film® is
3.5nm, which is much smaller than 7. Therefore, the full
strength of the GSHE of /-W film can be exploited as long as
thickness is less than ¢, but larger than /.

XRD data provide us with an estimate on the size of
crystallites or grain size. According to the Scherrer equa-
tion,'® which relates the grain size to the broadening of a dif-
fraction peak, the average grain size is given by KA/ cos 0,
where K is a shape factor (typically about 0.9), 4 is the X-ray
wavelength, [ is the width of a diffraction peak at half maxi-
mum intensity, and 0 is the Bragg angle. The Scherrer equa-
tion remains valid to the extent that the peak broadening is
primarily due to the grain size rather than other inhomogene-
ities. Based on our XRD data, we obtain the grain size esti-
mated using the Scherrer equation, as shown in Fig. 2(b) as a
function of W film thickness for the as-deposited and the
annealed samples. In both cases, the grain size is smaller
than, but increases with, the film thickness. Annealing
increases the grain size by about 50%—-70%. It is noted the
grain size in all samples is much larger (by a factor of 2—4)
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than the A,=3.5nm in B-W.? Therefore, g is not predomi-
nantly affected by the gain size, but is more dependent on
the local structures within the f-W crystallites (such as
atomic and lattice disorders).

Next, we focus on the electron transport properties of
the films. Figure 3(a) shows the resistivities of the W films
as functions of temperature (T=5K to 380K). The as-
deposited f-W films (3.0-24.1 nm) are characterized by very
large resistivities of 183.5-204.8 uQ cm at 300K. Also
noteworthy is that the temperature coefficient of resistivity,
(1/p)Ap/AT, is very small for the f-W films over the whole
T range. For example, for the 14.5nm-thick f-W film, its
resistivity remains nearly constant (variation less than 1%) at
190.0 uQ cm from 5K to 380 K. This property is advanta-
geous, if S-W is used to generate spin current based on the
GSHE. It would mean that the magnetic switching power
will not depend on T, hence, providing a wide T range of
operation for the spintronic devices.

For a continuous thin film with a thickness # much larger
than the effective electron mean free path Az the thin film
resistivity can be expressed as'’

3
p(t) = pp +§pB;L€ff/tv (D

where pp is the bulk resistivity. Figure 3(b) shows the resistiv-
ities of the f-W thin films versus the inverse thickness (1/¢).
Within the range of 3.0-22.1 nm, Eq. (1) can fit the resistivity
data marginally. From the fit, we obtain that pg(300K)
~ 195 *3 uQcm and /¢ (300K)~0.45 + 0.26 nm, pp(10K)
~ 192+8 uQ cm and A, (10K) ~ 0.95*0.52nm for
the bulk S-W film. The thermally induced resistivity,
Ap = pp(300K) — pp(10K) <9 uQ cm, is insignificant, indi-
cating that the electron-phonon inelastic scattering is rela-
tively weak compared with the disordered elastic scattering.
We note that the pg(300K) ~ 5.33 pQ cm for the pure o-W
bulk solid,"® which is much smaller than resistivities of any of
our -W thin films. The value 2, is much smaller than the
thickness and the grain size of the films by a factor of 5-10.
Therefore, the finite-size effect and the grain boundary scatter-
ing are not sufficient to account for the large resistivity of the
fB-W films. It has been suggested that /-W phase is probably
stabilized by small amounts of oxygen.*'> Further work, par-
ticularly theoretical study, is needed to evaluate whether small
amounts of oxygen is responsible for electron disordered scat-
tering either from charge-dependent impurity scattering or
spin-orbit scattering. Judging from the large spin Hall angle
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FIG. 3. (a) Temperature dependence of resistivity for -W and o-W thin
films between 10K and 380K; (b) Resistivities at 300K and 10K versus
inverse film thickness (1/7) for f-W films (3.0-26.7 nm). The solid straight
line is the theoretical fit using Eq. (1) within 3.0 and 22.1 nm based on the
finite-size effect of thin film resistivity.

observed in f-W films,' we conjecture that the disordered
spin-orbit scattering plays a significant role in the resistivity
of the -W films. Above 22.1 nm, as shown in Fig. 3(b), the
resistivities drop significantly from Eq. (1). We believe that
these thicker films may have a small mixture of «-W phase,
which has a much smaller resistivity than f-W phase. For the
annealed films, we observe that resistivity remains large
(100-260 pQ cm) for films that remain f-W phase.

We note that, when the thickness of f-W is smaller than
14.5 nm, the resistivity of the films is slightly larger at 10 K
than at 300 K. This behavior indicates the appearance of a
weakly thermally activated electron transport, complicating
any analysis on the electron-phonon contribution. Also, in
the thin-film limit, e.g., ~3 nm, the thickness is not much
larger than the extracted A, and the validity of Eq. (1) is
weakened. Therefore, the 4, value is somewhat uncertain in
the thin-film limit.

After annealing, the 24.1 nm and 26.7 nm films are trans-
formed into the o-W phase. We found that p(300K) ~ 36.7
1Q cm and p(10K) ~ 27.7 uQ cm for the 26.7 nm-thick «-W
film. Comparing with 5-W, the resistivity of the o-W phase
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is much more dependent on temperature. For example, in the
26.7 nm-thick «-W film, the thermally induced resistivity,
Ap=pp(300K) — pp(10K) ~ 9.0 uQ cm, indicating a sig-
nificant contribution from the electron-phonon scattering.

We have also measured the normal Hall effect which is
an integral part of the electron transport of a metal. An inves-
tigation of both the resistivity and Hall effect and their tem-
perature dependence provides insight into the f-W solid with
a strong SOC. Figure 4 shows the temperature dependence of
the Hall effect of the f-W and «-W thin films. The Hall coef-
ficient for f-W thin film is R;(300K) = —1.62 x 10~*Qcm/
T =-1.62x 107" m’/C. Ry(T) always carries a negative
sign and is linearly dependent on T between 10K and 300 K.
At 10K, the magnitude of R;(10K) (—1.14 x 1078 Q co/T)
is reduced by 30% from the room temperature value. Overall,
the charge carriers are predominantly electrons in the -W
thin film. For o-W thin films, R;(300K) is —1.91 x 1077 Q
cm/T=-191x 10~ m3/C, consistent with literature."® It
carries a negative sign and is about 5 times smaller than the
bulk value (R(300K)=+8.6 x 107 to+11.8 x 10~ "' m¥/
Q).'32° R,(T) for «-W thin films is also linearly dependent on
temperature. However, R(T) changes sign from negative to
positive as temperature is reduced below 130K, indicating a
competition between electron and hole carriers from multi-
bands in «-W thin films. The Hall effect data presented in
Fig. 4 provide valuable input into any theoretical effort to
understand the effects of band structure, scattering mecha-
nisms, and possibly, surface electronic states of f-W and
o-W thin films incorporating the inherently strong SOC.
Small amounts of oxygen in -W or o-W thin films may also
have some effect on the Hall effect and its temperature
dependence.

Using sputtering method described above, we make a
layered structure in the form of (t)W/(1.0)CoygFes0Boo/
(1.6)MgO/(1.0)Ta (number in the units of nm). The (1.0)Ta
capping layer is used to prevent the oxidation of the active
layers from atmosphere. After annealing, the (1.0)Co4oFe40B2o
develops PMA,* while the W layer remains in f-phase. Figure
5 shows the magnetic switching of the (1.0)Co4oFe40B,¢ layer
induced by the spin current generated in the (6.0)5-W layer.

26.7 nm o-W

24.1 nm o-W

o - J
12F \.\. 26.7 nm B-W

Hall Coefficient (x10°° Q-cm/T)
S
(e 0]

0 50 100 150 200 250 300
Temperature (K)

FIG. 4. Temperature dependence of normal Hall coefficient of p-W
(26.7nm) and o-W (24.1 nm and 26.7 nm). Normal Hall effect is measured
between —5 T and +5 T. Note the sign change at about 130K for o-W.
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FIG. 5. Current-induced magnetic-switching curves in the (6.0)W/
(1.0)CoygFe40B0/(1.6)MgO/(1.0)Ta sample, under an in-plane magnetic
field Bey¢ of +/— 2mT (+ parallel and — antiparallel to current direction).
Magnetic switching in the PMA (1.0)Coy4oFe40B,¢ layer is sensed by meas-
uring the anomalous Hall voltage in the layer as current is swept in the Hall
bar sample.

We detect the switching by measuring the anomalous Hall
effect of the (1.0)CogoFe40Bsog layer. Under an in-plane mag-
netic field of 2mT, the sample (6.0)W/(1.0)CoygFes0Bo0/
(1.6)MgO/(1.0)Ta can be magnetically switched with a critical
current (/) of 2.2 mA, corresponding to a critical current den-
sity (J¢) of 1.2 x 10°A/cm? in the W layer, about 1 order of
magnitude smaller than those obtained in other similar
structures.>>!#?

In conclusion, -W thin films have been fabricated using
a simple magnetron sputtering process. The as-deposited
films are all in 5-W phase from 3.0 to 26.7 nm. In order to
obtain PMA in a layered structure of [-W/CoygFe40Bo0/
MgO, high vacuum thermal magnetic annealing is required
at a temperature of 280°C. Upon annealing, f-W is trans-
formed into the o-W phase above a critical thickness of
22.1 nm, which is much larger than the spin diffusion length
(3.5nm) for f-W thin films. The stabilization of -W up to
22.1nm after annealing makes it possible to exploit the full
GSHE in f-W thin films. In our films, the typical grain size
is about one third to one half of the thin film thickness. The

Appl. Phys. Lett. 106, 182403 (2015)

room temperature resistivity of the bulk f-W film is 195 uQ
cm and the electron mean free path is very short at
0.45 £ 0.26 nm. Interestingly, the resistivity of f-W is insen-
sitive to temperature and thickness. At 14.5 nm, the tempera-
ture coefficient of resistivity is nearly zero between 5K and
380 K. This property is highly desirable for spintronics appli-
cations, since the magnetic switching power from GSHE
would not depend on temperature. Finally, the normal Hall
coefficient for -W thin films has been measured between
10K and 300K. Although the Hall coefficient has the same
magnitude as bulk o-W, it carries a negative sign. This obser-
vation provides a useful input into any theory on the elec-
tronic structure of -W incorporating the large SOC. Using
our sputtering and magnetic thermally annealing process,
PMA and low switching current density can be achieved in
the layered structure of -W/CoyoFe40B,o/MgO.
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