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Spin backflow and spin-memory loss have been well established to considerably lower the interfacial spin transmissivity of 
metallic magnetic interfaces and thus the energy efficiency of spin-orbit torque technologies. Here we report that spin 
backflow and spin-memory loss at Pt-based heavy metal/ferromagnet interfaces can be effectively eliminated by inserting 
an insulating paramagnetic NiO layer of optimum thickness. The latter enables the thermal magnon-mediated essentially 
unity spin-current transmission at room temperature due to considerably enhanced effective spin-mixing conductance of the 
interface. As a result, we obtain dampinglike spin-orbit torque efficiency per unit current density of up to 0.8 as detected by 
the standard technology ferromagnet FeCoB and others, which reaches the expected upper-limit spin Hall ratio of Pt. We 
establish that Pt/NiO and Pt-Hf/NiO are two energy-efficient, integration-friendly, and high-endurance spin-current 
generators that provide >100 times greater energy efficiency than sputter-deposited topological insulators BiSb and BiSe. 
Our finding will benefit spin-orbitronic research and advance spin-torque technologies.   

Spin-orbit torques (SOTs)[1-2] have great potential for 
enabling ultrafast energy-efficient magnetic memories [3,4] 
and logic [5] for many key electronics applications (e.g. 
large-scale computing and machine learning). However, 
energy-efficient, integration-friendly, and high-endurance 
spin-current generators, the indispensable basis for a 
successful SOT technology, have remained a major 
challenge after a decade of intensive exploration. The 
topological insulators BiSb [6,7] and BiSe [8], despite their 
high spin Hall ratios (θSH), are problematic because of their 
giant resistivities (ρxx)[7,8] and poor thermal and chemical 
stabilities [9,10]. While some Pt-based heavy metals (HMs) 
with giant intrinsic spin Hall conductivity (σSH) and low ρxx 
[11-15] are integration-friendly high-endurance spin current 
generators, their energy-efficiency is lowered considerably 
by spin backflow (SBF) and sometime also by spin memory 
loss (SML) at the HM/ferromagnet (FM) interfaces [16-24].  

As schematically shown in Fig. 1(a), the spin current 
generated by the spin Hall effect (SHE) of the HM drops 
sharply at the metallic HM/FM interface because of the 
degradation of the interfacial spin transparency (Tint) by SBF 
[16-18] and SML [19-24]. In the case of Pt-based HM/FM 
interfaces, the drift-diffusion analysis [16-18] indicates that 
SBF reduces Tint, thus the dampinglike SOT efficiency per 
applied electric field DL ≡ (2e/ћ)TintσSH and dampinglike 
SOT efficiency per unit current density ≡ TintθSH by more 
than a factor of 2 [12,15], while further reduction of Tint by 
SML will occur when the interfacial spin-orbit coupling 
(ISOC) is significant (e.g. at annealed Pt/Co 
interfaces)[20,22-24]. Consequently, the optimized Pt-based 
elemental film [11,12,20], alloys [12], and multilayers [15] 

that can have giant θSH of up to ≈ 0.6-0.8 only provide  
of <0.4 (  = 0.16-0.22 for pure Pt [11-13]). While SML 
can be reduced by interface engineering (e.g. by interface 
alloying [25] or by insertion of an ultrathin passivating layer 
[20]), substantial SBF is inevitable at a metallic HM/FM 
interface when conduction electrons transport the spin 
angular momentum. So far, there has been no report on 

unity Tint, or equivalently  = θSH, in a Pt-based HM/FM 
system. 

Recently, it has been established that spin current is 
transmittable in insulating NiO layers [26-31], providing an 
alternative, electron-free scheme for spin transport. 
However, both the mechanism and efficiency of the spin 
transport in NiO have remained in dispute. While some 
works argue that spin transport in NiO is mediated by 
coherent antiferromagnetic (AF) magnons [26,28,31] or by 
tunneling electrons [31], others suggest that the carriers of 
spin current can only be short-range thermal magnons 
[27,29]. The insertion of a thin NiO layer between a source 
and a detector of spin current has also been reported to 
significantly enhance [26,27,29,30], to abruptly suppress 
[31], or to have no effect on the spin transmission [28]. 
Notably, none of the previous experiments [26-31] has 
evaluated the values of Tint of NiO interfaces, and none of 
the inverse SHE experiments [26,27,29] has discussed the 
values of TintθSH of their yttrium iron garnet (YIG)/NiO/HM 
samples. For SOT technologies [3-5], exerting a strong SOT 
on metallic FeCoB is more relevant and more important 
than increasing the inverse SHE voltage of insulating 
YIG/HM [26,29]. So far, the only report on enhancement of 

 by NiO insertion is for Pt/CoTb [30], but the optimized 
 in that work was below 0.09.  

In this Letter, from direct SOT studies based on 
different techniques and material series, we, for the first 
time, identify that in a SOT process both SBF and SML at a 
metallic magnetic interface can be effectively eliminated at 
room temperature by the insertion of a thin paramagnetic 
NiO layer of optimum thickness (tNiO~0.9 nm). The latter 
enables thermal magnon-mediated essentially unity spin-
current transmission from the HM to the FM [Fig. 1(b)]. As 
a result, we obtained  of up to 0.8, which is the expected 
upper-limit θSH of Pt [15]. 

For this study, we sputter-deposited two in-plane 
magnetized sample series: Pt 4/NiO 0-2.7/FeCoB 1.4 and 
Pt-Hf/NiO 0-2.7/FeCoB 1.4. Here, the numbers are the layer 
thicknesses in nm, FeCoB = Fe60Co20B20, Pt-Hf = [Pt 0.6/Hf 
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0.2]5/Pt 0.6. More details on the samples and experimental 
methods can be found in the Supplementary Materials [32]. 
The NiO layers are insulating (ρxx >107 µΩ cm), of 
disordered polycrystalline face-centered cubic structure (Fig. 
S1 in [32]), and paramagnetic at room temperature. The 
minimal exchange bias field (HEB) and enhanced coercivity 
(Hc) at room temperature (Figs. 2(a)-2(c) and Fig. S9 in [32]) 
suggest that the Neél temperature (TN) and the blocking 
temperature (TB) are well below 300 K in the studied tNiO 
range (TN is close to and usually only slightly higher than TB 
[29]). This is because FM/AF exchange coupling should 
occur below TB and lead to non-zero HEB and enhanced Hc. 
As indicated by the temperature dependences of HEB and Hc 
in Figs. 2(a)-2(c), TB for our 0.9 nm NiO is ≈125 K, which is 
lower than 170 K in [29] but much higher than 15 K in [31] 
for similar tNiO. 

The dampinglike SOT efficiencies are determined by 
angle-dependent “in-plane” harmonic Hall response 
measurement [12,39]. In the macrospin approximation, the 
second harmonic Hall voltage response (V2ω) to SOTs under 
an in-plane magnetic field (Hin) is given by V2ω = Vacosφ + 
Vpcosφcos2φ [12,39], where φ is the angle of Hin with 
respect to the current direction, Va=–
VAHHDL/2(Hin+Hk)+VANE, Vp is the contribution from the 
fieldlike SOT and the Oersted field, VAH is the anomalous 
Hall voltage, VANE the anomalous Nernst effect due to the 
vertical thermal gradient, Hk the perpendicular anisotropy 
field, and HDL the dampinglike SOT field. We determine the 
values of VAH and Hk from the dependence of the first 
harmonic response Hall voltage (V1ω) on the swept out-of-
plane field (Hz) under zero Hin (see Fig. 2(d) and Fig. S2 in 
[32]). We obtain Va for each magnitude of Hin from the φ 
dependence of V2ω [Fig. 2(e)]. The slopes and the intercepts 
of the linear fits of Va vs VAH/2(Hin+Hk) give the values of 
HDL and VANE, respectively [Fig. 2(f)]. We note that 
separation of the VANE term from the –VAHHDL/2(Hin+Hk) 
term by performing φ-dependent measurement is critical for 
a correct estimation of SOTs (i.e. HDL and )[12,39]. DL  of the samples can be determined following [14] DL = µ0HDLMs tCoPt /E,                             (1) DL = (2e/ћ)µ0HDLMs tCoPt /jc,                    (2) 
where the charge current density jc = Eσxx. For our 
measurements, the applied electric field is E ≈ 66.7 kV/m; 
the conductivity σxx varies from 2.3×106 to 3.2×106 Ω-1 m-1 
for the Pt layers and from 0.71×106 to 0.91×106 Ω-1 m-1 for 
the Pt-Hf layer; Ms ≈ 1100-1400 emu/cm3 is the effective 
magnetization of the FeCoB layer that incudes any magnetic 
dead layer and magnetic proximity effect (Fig. S2 in [32]). 

As summarized in Figs. 2(g) and 2(h), in the absence 
of a NiO insertion layer, DL ≈ 4.8×105 Ω-1 m-1 ( DL ≈ 0.18) 
for Pt 4/FeCoB 1.4 and DL ≈  3.5×105 Ω-1 m-1 ( DL ≈ 0.37) 
for Pt-Hf/FeCoB 1.4, which agree with previous reports [11-
13,40]. As tNiO increases, DL for each of the Pt/NiO/FeCoB 
and Pt-Hf/NiO/FeCoB series first increases rapidly towards 
a maximum value at tNiO ≈ 0.9 nm and then drops down to 
negligibly small value at tNiO = 2.7 nm. DL  (= DL /σxx) is 

also maximized at tNiO ≈ 0.9 nm because there is only a weak 
variation of σxx with insertion of the NiO. The threefold 
(twofold) enhancement of DL  for Pt/NiO/FM (Pt-
Hf/NiO/FM) is also confirmed by spin-torque ferromagnetic 
resonance measurements [32].  

 
Fig. 1. (a) Metallic HM/FM interface where electron-
mediated spin current diffuses from the HM to the FM and 
undergoes substantial SBF and SML (Tint<<1); (b) 
Magnonic HM/NiO/FM interface where thermal magnon-
mediated spin transport is free of SBF and SML (Tint ≈1) at 
the optimized thickness of the paramagnetic NiO. Here, the 
spin current flows perpendicular to the layers with spins 
pointing perpendicular to the magnetization. In the FM the 
spin current oscillates due to the rapid precession of the spin 
component that is transverse to the magnetization [16]. 
 

 
Fig. 2. (a) Magnetization hysteresis of Pt 4/NiO 0.9/FeCoB 
1.4 at 2 K and 125 K. Temperature (T) dependence of (b) 
Exchange bias field and (c) Coercivity of the Pt 4/NiO 
0.9/FeCoB 1.4, indicating a blocking temperature of ≈ 125 
K for the 0.9 nm NiO layer. (d) First harmonic Hall voltage 
response (V1ω) vs Hz, (e) Second harmonic Hall voltage 
response (V2ω) vs φ (Hin = 3 kOe), (f) Linear dependence of 
Va on –VAH/2(Hin+Hk) (Hin = 1.5-3.25 kOe), with the slopes 
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being HDL, (g) DL  and (h) DL for the HM/NiO tNiO/FeCoB 
1.4 (HM = Pt 4 or [Pt 0.6/Hf 0.2]5/Pt 0.6) with different tNiO. 
 

 
 
This enhancement of the SOTs is not due to any spin 

current generation from the NiO layers, the NiO interfaces, 
or bulk effects in the FM since we measured a negligibly 
small DL  for the control stack of Ta 1/NiO 0.9/FeCoB 
1.4/Hf 0.1/MgO 2/Ta 1.5 (Fig. S4 in [32]). This first 
strongly suggests that the enhancement of DL  in the 
HM/NiO/FeCoB is not due to a recently proposed 
mechanism [41] whereby a bi-axially anisotropic AF NiO 
single crystal can magnify (generate) spin current by spin 
angular momentum influx from the crystal lattice. This is 
likely because our sputter-deposited thin NiO layers are 
disordered and paramagnetic. The absence of any important 
interfacial Rashba-Edelstein effect in these samples is 
reaffirmed by the small fieldlike/dampinglike torque ratio 
(<0.1) [18] and the rapid decrease of both torques in the 
thick NiO limit (Fig. S5 in [32]). The minimal DL  for 
another control stack of Pt 4/MgO 1.5/FeCoB suggests 
negligible spin current generation at the Pt/oxide interfaces 
of our samples. Therefore, the bulk SHE of Pt and Pt-Hf 
multilayers is the only important source for the dampinglike 
SOT in the Pt/NiO/FeCoB and Pt-Hf/NiO/FeCoB. As we 
discuss below, the dramatic evolution of DL  with tNiO for 
the HM/NiO/FM trilayer [Fig. 2(e)] is attributed to first the 
increase of Tint with tNiO to essentially unity by the 
elimination of SBF, and then to a quasi-exponential 
decrease of Tint due to increasing spin attenuation within the 
NiO layer as tNiO is beyond its optimal value.  

It has been established that the dampinglike SOT in Pt-
based alloys [12] and multilayers [15,40] is predominantly 
from the intrinsic SHE, with the signature being the 
characteristic reduction of σSH with carrier lifetime (or σxx) 
in the dirty limit [42]. Figure 3(a) shows the σxx dependence 
of the measured apparent spin Hall conductivity TintσSH = 
(ћ/2e) DL and the estimated internal spin Hall conductivity 
σSH = (ћ/2e) DL /Tint for three different series of Pt-based 
materials: Pt-MgO alloys [12], Pt-Ti multilayers [15], and 
Pt-Hf multilayers [40]. In each case, both TintσSH and σSH 
decrease rapidly with decreasing σxx as expected for the 
intrinsic SHE in the dirty limit (σxx< 4 × 106 Ω-1-m-1)[42]. 
Our determination of Tint is discussed in detail in [32]. For 
these materials, SML is sufficiently weak so that the drift-
diffusion analysis is approximately independent of SML 
( SML  > 0.9 as determined from its linear dependence on 
ISOC [20]). 

The rapid increase of DL in the region of tNiO< 0.9 nm 
together with the unity Tint at tNiO ≈ 0.9 safely excludes the 
possibility of angular momentum transfer via electron 
tunneling through the insulating NiO layer. The latter, if 
important, would lead to a monotonic rapid decrease of DL 
with increasing tNiO [26,27,29-31]. It has also been 
consistently found that insertion of a thin non-magnetic 
insulator layer (e.g. SrTiO3 [26], AlOx [29], SiO2 [26,28], or 

MgO [30]) would degrade rather than enhance spin 
transmission, with a typical spin attenuation length (λs) of < 
0.25 nm. Coherent AF magnons are apparently absent at 
room temperature in our HM/NiO/FM systems where the 
NiO is paramagnetic. This is reaffirmed by the very short λs 
of < 1 nm as indicated by the rapid, seemly exponential, 
decrease of DL (Tint) as tNiO is increased above 0.9 nm. In 
sharp contrast, λs is very long (e.g. 5 nm [26,30] or >30 nm 
[31]) for coherent AF magnons in NiO layers that were 
prepared with different protocols and have large thicknesses 
and well-ordered crystal structures [26,28]. The dc spin 
current transmission in our paramagnetic NiO samples 
should be irreverent to coherent evanescent GHz spin waves 
that was argued to mediate ac spin current through epitaxial 
AF NiO (001)[43]. Therefore, short-range thermal magnons 
[29,44] are left as the only possible carriers for the highly 
efficient spin transport through our paramagnetic NiO. Note 
that the thermal magnons whose wavelength is shorter than 
the short-range spin correlation of the NiO remains above 
the TN [29]. We find that this critical role of thermal 
magnons is suppressed at low temperatures where AF 
ordering of the NiO becomes increasingly restored (Section 
9 in [32]), in consistence with the expectation that a large 
magnon band gap prohibits the excitation of thermal 
magnons and transmission of low-energy spin current 
[30,44]. 

Quantitatively, the absence of SBF at the optimal 
thickness of tNiO ≈ 0.9 nm suggest that magnonic spin-
mixing conductance ,  of the HM/NiO/FM composite 
interface is comparable to the Sharvin conductance of Pt 
(GSh =0.68×1015 Ω-1 m-2)[45], the upper bound of the 
effective spin-mixing conductance of a Pt interface [16,17],  
so that Tint ≈ 2 , /GHM reaches its limit of 1 (here the spin 
conductance (GHM) is ≈ 1.3×1015 Ω-1 m-2for Pt [46,47]). It is 
highly likely that the insertion of the thin insulating 
paramagnetic NiO blocks the less-efficient electron-
mediated spin transport and enables short-range thermal 
magnon-mediated spin transport with a greatly enhanced ,  [29,44]. Theoretical calculation of ,  directly from 
the electronic, magnetic, and magnonic properties of the 
HM/NiO/FM system should be very informative, but is 
beyond the scope of this Letter.  

Note that such impressive enhancement of Tint and SOTs 
we report in the Pt/NiO/FM and Pt-Hf/NiO/FM samples 
may not be necessarily expected for some other 
HM/NiO/FM systems. Apparently, Tint of those HM/FM 
samples with GHM/2 ≤ ,  already reaches the limit of 1 
and thus cannot be enhanced further by any NiO insertion. 
A good example is the Bi2Se3/NiO/Ni81Fe19 system [31] 
where Bi2Se3 has a very low spin conductance (GBiSe ≈ 0.02 
×1015 Ω-1 m-2 and , ≈ 0.60 ×1015 Ω-1 m-2)[48]. More 
generally, ,  should vary with tNiO as well as with the 
types of the HM and the FM because it is determined 
collectively by the whole “composite” HM/NiO/FM 
interface rather than solely by the NiO layer. This 
conclusion is supported by a previous spin Seebeck/inverse 
SHE experiment [29] that the enhancement of the spin 
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transmission at YIG/NiO 1/HM compared to that of 
YIG/HM is strong when the HM is Pt but minimal when the 
HM is Pd or W. Furthermore, we find that ,  at a 
FM/NiO/Pt (or Pt-Hf) interface can be reduced to below ,  of the corresponding FM/Pt (or Pt-Hf) interface when 
the FM surface is oxidized and becomes a magnetically 
dead insulating layer that attenuates spin current (Section 8 
in [32]). In addition, insertion of a very thick NiO layer that 
is AF at room temperature is not beneficial for Tint and  
[28,31] because the AF ordering will suppress excitation of 
thermal magnons and prohibit the transmission of low-
energy spin current [30,44]. For example, insertion of a 25 
nm AF NiO layer at Bi2Se3/Ni81Fe19 interface reduced DL 
from 0.67 to 0.3 [31], the latter is even smaller than that 
provided by some low-ρxx metals (e.g. Pt-Hf [40] and Pt-Ti 
multilayers [15]).  

We also note that at interfaces of insulating YIG, where ,HM/YIG mediated only by thermal magnons in YIG [29] 
can be several times lower than ,  of metallic Pt/FM 
interfaces [46], a more than a factor of 3 relative increase of 
spin transmission by introducing the enhanced magnons of 
NiO is possible at the optimal temperatures [29,44]. While 
the lack of the TintθSH values in previous YIG reports 
[26,27,29,44] prevents evaluation of the exact spin 
transparency of those YIG/NiO/HM, there is no doubt that 
the maximum Tint of any magnetic interfaces, in either a 
SOT process or an inverse SHE process, can never exceed 
unity and thus cannot be greater than that of our Pt (Pt-
Hf)/NiO 0.9/FeCoB interfaces.  

From the viewpoint of SOT technology, the fact that 
inserting a thin paramagnetic NiO of optimum thickness 
between a HM and a FM can result in effectively spin-
transparent interfaces for spin transport from the HM to the 
FM is a very encouraging development. As shown in Fig. 
2(f), with the insertion of 0.9 nm NiO layer, DL reaches 0.6 
for 4 nm Pt (d = 4 nm, ρxx= 37 µΩ cm) and 0.8 for Pt-Hf 
multilayers (d = 4.6 nm, ρxx=132 µΩ cm). As compared in 
Figs. 3(b) and 3(c), this results in a SOT device energy 
efficiency (Section 10 and Table S2 in [32]) of >100 times 
higher than can be achieved with sputter-deposited β-W (d = 
4 nm, ρxx=300 µΩ cm,  = 0.3)[49], BiSb (d = 10 nm, 
ρxx=1000 µΩ cm, = 1.2)[7], BiSe (d = 4 nm, ρxx=13000 
µΩ cm,  = 18.6; d = 8 nm, ρxx = 2150 µΩ cm,  = 
2.88)[8]. [Note that a recent current-induced coercivity 
change measurement [6], which is a technique distinctly 
different from direct harmonic Hall response measurement, 
reported different results for single-crystalline BiSb (d = 10 
nm, ρxx = 400 µΩ cm, = 52). While this would indicate a 
very low power consumption (6×10-5 times of that for the W 
device [49]), the single-crystalline BiSb requires molecular-
beam epitaxy growth on single-crystalline 
GaAs(100)/MnGa(100)[6], making it disadvantageous for a 
practical technology that requires integration with CMOS 
circuits].  

In addition to the power efficiency, the Pt/NiO/FM and 
Pt-Hf/NiO/FM systems are very promising for practical 
SOT technologies because their low resistivities are also 
critical for endurance and because of their CMOS 
integration-friendly properties. The latter includes thermal 
and chemical stability [20], compatibility with standard 
sputtering deposition on SiO2 substrate, and ease of being 
combined with standard high-performance FeCoB magnetic 
tunnel junctions [4,40,50]. In contrast, BiSb and BiSe, 
despite their attractive values of DL [6-8], suffer from giant 
resistivities [7,8], thermal instabilities at even moderate 
temperatures (BiSb melts at 275 oC [9], BiSe sublimates at 
<280 oC [10]), and chemical instabilities in ambient 
atmosphere [9,10]. These aspects raise serious questions 
regarding both the endurance and power efficiency of any 
SOT devices based on these materials, and pose possibly 
insurmountable challenges for their successful integration 
with magnetic tunnel junctions and CMOS circuits. In 
contrast, Pt/NiO and Pt-Hf/NiO are two exceptionally 
impressive energy-efficient, integration-friendly, and high-
endurance spin-current generators that should immediately 
benefit the development of practical SOT technologies and 
further stimulate spin-orbitronic research. 

In conclusion, we have presented that SBF and SML at 
the Pt-based HM/FM interfaces, which considerably 
degrade the efficiencies of interfacial spin transport and 
dampinglike SOT, can be effectively eliminated by insertion 
of an insulating paramagnetic NiO layer of optimum 
thickness. We find that thermal magnons most likely 
mediate spin current in the HM/NiO/FM systems and 
considerably enhance the effective spin-mixing conductance 
( , >> , ). The absence of SML is attributed to the 
negligible ISOC at the NiO/FM interface. We establish 
Pt/NiO (ρxx= 37 µΩ cm, DL=0.6) and Pt-Hf/NiO (ρxx= 132 
µΩ cm,  DL = 0.8) as two energy-efficient, integration-
friendly, and high-endurance spin-current generators that 
provide >100 times greater energy efficiency than sputter-
deposited BiSb and BiSe. Our finding will immediately 
benefit spin-orbitronic research and advance SOT 
technologies. 

 
Fig. 3. (a) The variation of the internal (σSH) and apparent 
(TintσSH) spin Hall conductivities with electrical conductivity 
of Pt-based systems. The solid (open) triangle, square, and 
circles represent TintσSH (σSH) of Pt-MgO alloys [12], Pt-Hf 
multilayers [40], and Pt-Ti multilayers [15], respectively. As 
indicated by the gray arrows, the four large gray solid dots 
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represent the TintσSH values directly measured for Pt-
Hf/FeCoB, Pt-Hf/NiO 0.9/FeCoB, Pt/FeCoB, and Pt /NiO 
0.9/FeCoB. While TintσSH for Pt/FeCoB and Pt-Hf/FeCoB 
overlaps with that for the electron-mediated Pt-MgO/Co, Pt-
Hf/Co, and Pt-Ti/Co, TintσSH for the Pt/NiO 0.9/FeCoB and 
Pt-Hf/NiO 0.9/FeCoB matches the internal bulk values σSH, 
highlighting full spin transmission from the HM to FeCoB 
in the HM/NiO/FeCoB samples. The dashed lines are for 
guidance of eyes. (b) DL vs ρxx and (c) Estimated power for 
SOT-MRAM devices for the sputter-deposited Pt/NiO, Pt-
Hf/NiO, BiSb [7], W [49], BiSe 8 nm, and BiSe 4 nm [8]. 
The power is normalized using that for the W device as 
unity. 
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