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Unidirectional magnetoresistance (UMR) is a magnetoresistance family that arises from spin-current
generation in ferromagnet (FM)/nonmagnetic heavy metal (HM) bilayers. Because UMR exhibits asym-
metric behavior owing to the current or external magnetic field directions, it is easy to quantify the amount
of charge-to-spin conversion in a system and the sign of the spin current. UMR has been explained by
two major mechanisms: spin accumulation at the FM/HM interface and electron-magnon scattering in an
FM layer. In this study, we investigated the thickness and temperature dependence of the UMR of Ta/Co
and Pt/Co bilayer structures and numerically analyzed the contribution of the electron-magnon scattering
using a self-developed quantitative-analysis model. The magnon UMR was dominant in the Pt/Co sam-
ples, and the spin-accumulation-UMR and magnon-UMR trends were separated in the Ta/Co samples by
thickness. The magnitude of the UMR strongly depends on the choice of the HM. Our findings provide a
method to quantitatively separate the contributions of each mechanism.
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L. INTRODUCTION

Unidirectional magnetoresistance (UMR) is a magne-
toresistance family arising from spin-current generation in
ferromagnet (FM)/nonmagnetic heavy metal (HM) bilay-
ers under in-plane magnetization [1-6]. UMR exhibits
asymmetric behavior owing to reversal of the current or
external-magnetic-field direction, unlike other magnetore-
sistances, such as giant magnetoresistance (GMR) [7,8]
and spin Hall magnetoresistance (SMR) [9]. That is, the
resistance of an FM/HM bilayer depends on the rela-
tive direction between magnetization of the FM and spin
polarization of the spin current induced by the spin Hall
effect [10,11]. In addition, resistance, which depends on
the current amplitude, contributes to the nonlinear prop-
erties of the UMR. UMR was first explained by the
spin-accumulation mechanism [1,2], and electron-magnon
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scattering has been proposed as another mechanism to
explain UMR [3,4].

The two mechanisms are detailed as follows. The spin-
accumulation mechanism explains the UMR as a result of
the interfacial spin chemical potential induced by the spin
Hall effect in the HM layer [1,2,6]. Avci et al. [1] sug-
gested current-in-plane GMR as the main mechanism of
the UMR, and Zhang and Vignale [2] provided an analytic
theory of UMR based on a drift-diffusion model. Accord-
ing to Zhang and Vignale’s theory, when the electric field
is applied in the positive x direction (£,), the magnitude of
the UMR is given by
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conductivity, spin diffusion length, and thickness of the
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HM (FM) layer, respectively. The subscripts “H” and “F”
refer to the HM and the FM, respectively. p, is the spin
polarization of conductivity, py is that of the density of
states at the Fermi level (er) of the FM, and 6y is the
bulk spin Hall angle of the HM layer [2]. According to
Ref. [2], the factor p, — py in Eq. (1) is proportional
to the difference in the mobilities of the majority and
minority electrons, so the sign of the UMR is determined
by the relative direction of the higher-mobility spins and
the interfacial spin accumulation, as one can speculate
intuitively.

In the electron-magnon-scattering mechanism, UMR is
caused by high-energy magnon excitations in the terahertz
frequency range through a spin-flip process [3]. Following
the spin-flip process, the magnon population is enhanced
(or suppressed) when the spin injected from the HM to
the FM is antiparallel (or parallel) to the magnetization of
the FM layer [12]. A distinctive feature of this magnon
UMR is that its magnitude decreases with temperature (7).
This trend is different from the spin-transport character-
istics observed in the conventional SMR [3,13], but this
magnon effect can be understood from the decrease in the
magnon diffusion length at lower 7 [14,15].

As mentioned above, spin accumulation and elec-
tron—magnon scattering are considerable mechanisms of
UMR. However, the contribution of magnons to the UMR
in the HM/FM system and its quantitative analysis are still
questionable. In this study, we observed the dependence
of UMR on the thickness and temperature in Ta/Co and
Pt/Co bilayer structures and analyzed the trend using an
analysis model involving the magnon contribution. Three
notable results were obtained from the analysis: (1) the
UMR for both systems strongly depends on 7 and the
thickness; (2) the magnon contribution is clearly distin-
guished from the spin accumulation in the Ta/Co systems,
whereas the UMR of the Pt/Co systems was elucidated
mainly by our model; and (3) the magnon contribution was
successfully quantified with our model. Our study eluci-
dates the effect of magnon generation on the spin transport
in the system.

II. RESULTS

Figure 1(a) shows the sample structures of the HM
(4 nm)/Co (tpy) bilayer system deposited by the sputtering
technique. Ta and Pt with different spin Hall angles were
chosen as the HM [16,17]. The thickness of the Co layer
(tgm) ranged from 2 to 10 nm. A 2 nm-thick SiO, layer was
used as the capping layer to prevent oxidation of Co. The
measurement geometry is illustrated in Fig. 1(b). A triple
Hall bar with width (w) of 10 pm and length (L) of 35 um
was patterned via photolithography.

The transport measurements were performed at vari-
ous temperatures in a cryogen-free measurement system
(Cryogenic Ltd.) with use of a standard lock-in technique

(NF Corp. LI5650) by application of an alternating cur-
rent (/,c) along the x direction with frequency f =17 Hz
(Keithley 6221). The second-harmonic magnetoresistance
was acquired by our measuring the first and second har-
monics of the longitudinal resistance (R, and R,) with
a sweeping magnetic field (H) and dividing R,, into
the first-harmonic resistance R, at zero magnetic field
(denoted by R), as shown in Figs. 1(c) and 1(d). The
two spikes shown in the inset in Fig. 1(d) are attributed
to the low-energy magnons (gigahertz regime), because
of the perpendicular anisotropy at the Pt/Co interface
acting as a demagnetizing field [1]. The difference in resis-
tance (AR,,) was obtained from half of the R,, change
as a function of H. The opposite signs of AR,, are due
to the spin Hall angles of Ta and Pt. AR, includes
an inevitable thermoelectric contribution (AR)!) from
the anomalous Nernst effect. ARZOT was evaluated with
the method described in Ref. [18]. AR} for the Ta/Co
series was larger than that for the Pt/Co series, as previ-
ously reported [1]. The pure UMR contribution ARYMR
was acquired by our subtracting ARY evaluated with the
method suggested in Ref. [18]; ARE:E)AR = ARV — RYT.
The detailed process for subtraction of the thermoelectric
effect is described in Supplemental Material [19].

UMR is strongly related to the current density of each
layer and the spin current generated in the HM layer.
The current density of each layer was varied in these
metallic bilayer systems owing to the shunting effect. To
evaluate the current density in the HM layer (Jywm), the
thickness of each layer was determined with a vibrating-
sample magnetometer and x-ray-reflectometry measure-
ments. On the basis of the results, the resistivity of each
layer was obtained by our applying the surface-scattering-
resistance [20] and parallel-resistance models (see Sup-
plemental Material [19]). Figures 1(e) and 1(f) show the
Jum-dependent ARSMR at room temperature. ARYMR was
linearly proportional to Jyy; within the range of experimen-
tal conditions. The magnon contribution to the UMR was
examined with respect to the normalized ARJMR acquired
from the slope of ARSMRR™! versus Jipv.

III. MAGNON-BASED TWO-CURRENT ANALYSIS
MODEL FOR USMR

The normalized ARE(EAR is plotted as a function of tpy
in Fig. 2(a). The upper panel shows Ta/Co and the lower
panel shows Pt/Co. For Ta/Co, the trend in the normalized
ARIZJ(EAR for tgpy > 5 nm does not follow the model pre-
dicted by Eq. (1) (dashed line). To analyze this trend, we
proposed an analysis model based on the parallel-circuit
model, which assumes two current paths in the FM layer,
as illustrated in Fig. 2(b). In this model, one path is part
of the magnon generation, and the other is an inactive
part. The spin Hall current generated in the HM layer pri-
marily excites the spin-flip magnons near the interfacial
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FIG. 1. (a) HM(4 nm)/Co(#pm)/SiO2(2 nm) system and (b) UMR measurement geometry. The directions of /,, and H corre-

spond to the x and y directions, respectively. The inset shows an optical-microscopy image of a Hall-bar device. Normalized
second-harmonic magnetoresistance, ARSMRR=! of (c) Ta/Co(5 nm) and (d) Pt/Co(5 nm) as a function of magnetic field H at
300 K with current densities Jip=2.03 x 10!® A/m? for Ta/Co and Jyy=11.0 x 10!° A/m? for Pt/Co, respectively. Dashed
red lines indicate AR) from the anomalous Nernst effect. Variation of ARYM® as a function of Jym for (e) Ta/Co(pm) and (f)

Pt/Co(tpm). Solid lines are linear fits of the data. Different colors correspond to the different thicknesses, which are denoted in the

legend.

region once they have been injected into the FM layer.
The magnon propagates into the FM bulk part with a finite
decay length, which is defined as the magnon diffusion
length. We suspect that the primary origin of magnon dif-
fusion is electron-magnon scattering; however, its exact
origin does not affect our analysis. In reality, although the
“activity” of the magnon excitation decayed continuously
as the magnon propagated deeper and deeper, we modeled
this behavior as a simple step function so that the magnons
were excited within depth #, (called “active region”) while
the magnon generation was completely suppressed in the
deeper region (called “inactive region”). Therefore, the
thickness of the active region (fy) corresponds to the inco-
herent magnon diffusion length or quantum-spin-flip range
in practice. This simplification allowed us to model the
experimental data using a simple two-current model.
Because magnons are generated with injected spins
that are antiparallel to the localized spins in the FM
layer, the magnetoresistance can be defined as AR/R =

(R4, — Ry4) /R4y, where Ry and Ry4 are the resistances
when the accumulated spin and magnetization of the FM
are antiparallel and parallel, respectively. Assuming a
parallel circuit, these resistances can be defined as

_ (RO + ARma,gnon)Rl
Tl RO + ARmagnon + R ’

_ RR
"7 Ro+RY

@

where Ry is the resistance of the active layer, R is the resis-
tance of the inactive layer, and ARpagnon 1S the increase in
resistance owing to electron-magnon scattering. Therefore,
two current paths can be considered: one where the resis-
tance increases owing to magnon generation and one that is
unrelated to the magnon-based magnetoresistence. When
interfacial spins are parallel to the magnetization of the FM
layer, the entire FM layer is inactive. As the spin-flip pro-
cess occurs, the active layer becomes thicker, leading to a
change in the resistance.
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FIG. 2. (a) tpm dependence of UMR at room temperature (7 = 300 K). The normalized Ajo}“R for the Ta/Co series (purple) and
that for the Pt/Co series (blue) are fitted to a linear combination (red line) of the magnon two-current UMR model (solid line) and
spin-accumulation model (dashed line). For the Ta/Co series, the spin-accumulation UMR shows a dominant contribution for small

thickness, whereas the magnon UMR dominantly contributes for large thickness. For the Pt/Co series (blue), the normalized AR

UMR
20

is fitted to the magnon two-current UMR dominantly. (b) Magnon two-current UMR model. In an active FM layer (yellow layer), a
magnon is generated through a spin-flip process when the spin from the HM layer has antiparallel alignment with the localized spin in
the FM layer, and the diffused magnon gives rise to electron-magnon scattering.

From Eq. (2), the UMR is given by

A_R _ ARmagnon Rl
R ) Ry Ri + Ry
. ARmagnon GHM + tOW/Lpl;l\}I (3)
B Ro Gum + temw/Lpgy;

where w and L are the width and length of a current
path, respectively. The scattering events included the spin-
dependent scattering contribution in the FM layer of 1 —
exp(—tem/to), the spin-diffusion scattering contribution in
the FM, and interfacial spin conductance [21-23]. Then
UMR s finally obtained as follows:

(AR2w> 24 I W
RO B+ coth (%) 1 + LGt:x:)VpM’

where Gy is the conductance of the HM layer and ppvm
is the resistivity of the FM layer. A4y refers to the FM-
independent amplitude of the UMR, which is generally
a function of the thickness and spin diffusion length of
the HM layer. This model has the same form as the

two-current model of the GMR effect, considering both
the interface and bulk effects suggested by Dieny et al.
[21]. From this approach, we obtained B = 1, but when
we consider a more-complicated model without assum-
ing the active region, B may deviate from 1 in a diffu-
sion formalism (see Supplemental Material [19] for the
derivation). As shown in Fig. 2(a), the linear combination
of the spin-accumulation model and our magnon-based
model successfully reproduced the trend of the normal-
ized ARJMR for Ta/Co and Pt/Co (see Supplemental
Material [19] for the fitting procedure). Thus, the magnon
and spin-accumulation contributions can be separated and
the different behaviors under various conditions can be
observed.

Thus, we investigated the 7-dependent normalized
ARYMR in terms of #pym and showed that the qualitative
behaviors of the two contributions were completely dif-
ferent. Figures 3(a) and 3(b) show the #p\ dependence
of the normalized ARYMR at various T values for Ta/Co
[Fig. 3(a)] and Pt/Co [Fig. 3(b)]. In both cases, the UMR
for tpy > 5 nm is fully suppressed as T decreases. This
suppression is reasonable considering the decrease in the
magnon diffusion length at lower T'[14,15]. The trends for
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FIG. 3.

T and tpv dependence of UMR in (a) Ta/Co and (b) Pt/Co systems. Different symbols correspond to the different tempera-

tures denoted in the legend. Solid and dashed lines denote fits to the UMR according to the suggested magnon UMR model (solid line)
and the spin-accumulation model (dashed line). (¢),(d) Comparison of fitting parameters 4y and ¢, as a function of 7.

both cases followed the magnon-based model suggested
in this study [solid line in Figs. 3(a) and 3(b)]. However,
the Ta/Co series shows 7 independence in the range of
tem < 5 nm, which follows the spin-accumulation picture
as a dotted line in Fig. 3(a) [Eq. (1)]. The observed UMRs
clearly showed distinct trends between magnon-based and
spin-accumulation-based UMRs as a function of 7.

IV. DISCUSSION

Our findings suggest that two models are required to
explain the observed UMR, particularly for the Ta/Co
series. On the basis of the best fit of Eq. (4), we obtained
Ay and ¢y as functions of 7, as shown in Figs. 3(c) and 3(d),
where 4y and #, correspond to the UMR amplitude and
magnon diffusion length, respectively. 4y decreases with
T from 300 to 100 K, and it becomes zero below 100 K; £,
shows a similar trend to that of 4, a counterdependence of
T compared with the spin-flip diffusion length of Co [24].

Here we stress that different characteristic lengths
between spin accumulation and magnon generation are
observed in Ta/Co, whereas in Pt/Co they are almost the
same. When 7> 100 K, # in Ta/Co is greater than in
Pt/Co, typ ~ 2 nm for Ta/Co and 7y ~ 0.5—1.0 nm for Pt/Co.
This is consistent with the fact that the Pt/Co interface
has a larger damping than the Ta/Co interface [25], and
thus it exhibits a shorter magnon diffusion length. This
explains why more magnons can diffuse in Ta/Co, and
as a result, 4y of Ta/Co is larger than that of Pt/Co. We
also need to consider that a higher spin Hall angle should
lead to a higher magnon population. §-Ta is known to
have a larger spin Hall angle (approximately 0.3) than
Pt (approximately 0.1-0.2) [26]. Another point we found
in this observation is that the evaluated magnon diffusion
length £y is much less than other reported values [27]. Such
small ¢ is attributed to the frequency (w) and coherency.
The excited magnons in this measurement are incoher-
ent with the terahertz range [28]. In general, the magnon
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FIG. 4.

1/{B + coth(tpm/2t9)} contribution to the UMR in (a) Ta/Co and (b) Pt/Co systems as a function of #py and

1/{1 4+ (trmpum)/ (tumperm)} contribution to the UMR in (c¢) Ta/Co and (d) Pt/Co systems as a function of #py. The inset in (c)

presents the same data on a different scale to match that shown in (a).

decay length, Lgecay = VgTmag, Where v and Ty,g are the
group velocity and magnon lifetime, respectively. Consid-
ering that v, ~ dw/dk and Ty, ~ 1/aw, where k and o
are the wave number and the damping constant, Lgecay o
dInw/dk. Qualitatively, these relations indicate that high
@ decreases Lgecay- These observations confirm that the
procedure suggested here not only allows the separation of
different mechanisms of UMR but is also useful for charac-
terizing the generation of the incoherent terahertz magnon
population and its transport in the FM.

To understand the physical meaning of the peak in
the curve fitted with Eq. (4), we separately confirmed
the fpm dependence of terms 1/{B 4 coth(tgv/24y)} and

TABLE 1. Fitting parameters for Ta/Co and Pt/Co systems
evaluated through the best fit of the magnon-based two-current
model.

tim PFM/ trm/to

fim (nm) - Agang (nm) puMm (nm) B at maxima
Ta/Co 4.0 2.0 0.3 —0.98 ~6.8
Pt/Co 4.0 10.0 2.4 —0.78 ~39

1/{1 + (tempoum)/(tamprm)} as shown in Fig. 4. We
note that the 1/{B + coth(tp\m/2%p)} term shows saturating
behavior, which is related to the magnon diffusion length.
On the other hand, the term 1/{1 + (tpmouMm)/ (tumPEM) ),
related to shunting current, decreases with fpy;. These
two different contributions give rise to the peak in
the fitted curve. We note that the contribution of
1/{B + coth(tp\/2ty)} saturates when gy is about seven-
fold and fourfold larger than #; in case of Ta/Co and Pt/Co,
respectively. Therefore, #p\ should be sufficiently large to
observe the UMR in a system.

V. CONCLUSION

In conclusion, we investigated the dependence of UMR
on temperature and the thickness of the FM layer and
developed a quantitative-analysis model for the magnon
contribution of UMR in HM/FM bilayer structures. We
established that magnon UMR is dominant in Pt/Co
samples, and the spin-accumulation-UMR and magnon-
UMR trends are separated in the Ta/Co samples by
thickness. The magnon UMR can be quantified by the
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active-layer thickness 7y, which is the characteristic thick-
ness of magnon generation by the spin-flip process. Our
results indicate that the magnon mechanism is significant
in the HM/FM bilayer system. In addition, we suggest
a possible analysis method that quantifies the incoher-
ent terahertz magnon characteristics using only electrical
measurements (Table I).
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