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S1. Dedicated magneto-transport instrument (MTI) in situ SEM

Figure S1. The designed and manufactured magneto-transport instrument (MTI). (a) 

The designed model of the updated MTI; (b) The manufactured MTI was equipped into 

SEM chamber; (c) The rotatable miniaturized electromagnets covered by shield of 

magnetic field leakage with customized sample stage, dedicated sample stage; (d) The 

manufactured four nanomanipulators of the MTI core part. 

Based on our previous prototyped magneto-transport instrument (MTI), we fully 

update the whole design. Fig. S1a shows the designed core part of MTI, which 

contains rotatable miniaturized electromagnets covered by shield of magnetic field 

leakage, customized sample stage and four nanomanipulators. The rotatable 

miniaturized electromagnets can generate maximum 5800 Oe magnetic field which is 

tuned by the gap of electromagnet pole pieces, and provide a tunable angle between 

the magnetic field and sample with a highest step size of 0.07°. The sample stage is 

typically 5 mm width, but can be replaced by 3 mm, 2 mm or 1 mm width one, 



respectively. The nanomanipulators can manipulate, cut and pierce the nanomaterials 

at the micro/nano scale, of which highest step size can reach 1.58 nm. Moreover, the 

nanomanipulators are used to input electrical current and output the induced MR 

signal. Fig. S1b shows the real manufactured MTI equipped into SEM chamber for 

practical measurement of individual MNW. In this work, a ±1756.7 Oe scanning field 

was applied to the CoCu/Cu MNW, in which 3 mm gap of electromagnet polepiece 

was set up. More detailed information of our dedicated MTI can be seen in our 

reported patents.1 



S2. Morphological characterization of CoCu/Cu MNWs

Figure S2 shows a representative TEM image of the CoCu/Cu multilayered 

nanowires, clearly showing a bamboo-like morphology with uniform diameter and 

even period. The black contrast layers are CoCu layers alternating grey contrast of Cu 

layers, which confirms the multilayered structure of the CoCu/Cu nanowire has been 

successfully formed. The atomic number Z of Co is 27, a little bit smaller than that of 

Cu (Z=29). For the similar thickness, the contrast of Cu layers in a bright field TEM 

image should be a little bit blacker than that of Co or CoCu layers. However, the 

observed contrast in Fig. S2 is converse. The intrinsic reason is believed to originate 

from that the density of Cu layers is smaller than its bulk and that of CoCu layers 

under the preparation of electrodeposition method2.

Figure S2. A typical TEM image of CoCu/Cu MWNs



S3. Preparation of single phase Cu and CoCu nanowires

In order to correctly detect the chemical composition of CoCu and Cu layers in 

the CoCu/Cu MNWs, additional single phase Cu and CoCu nanowires were prepared 

by using the same AAO templates and electrodeposition conditions. The single phase 

Cu nanowires were electrodeposited by a single potential -0.67 V, and the single 

phase CoCu nanowires for -1 V. A single potential deposition should not significantly 

alter the ratio of the Co to Cu atoms compared to the pulsed deposition at the same 

potential2, 3. The single phase nanowires were then released from the AAO templates, 

as done for the CoCu/Cu samples, and observed by TEM. 

Figure S3. TEM images of single phase CoCu and Cu nanowires. (a) Single-

potential Co nanowires deposited using a potential of -1V; (b) Cu nanowires 

deposited by constant potential of -0.67 V.



S4. Investigating the concentration of Co grains per unit volume in CoCu layers 

Further investigation of the concentration of Co grains per unit volume in CoCu 

layers was done. The concentration value of the Co grains was governed by eqn. S1:

                          (S1)
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where NCo and N represent the numbers of Co grains and total grains, respectively; r 

is the radius of grain; ρ is density, which is 8.86 g/cm3 for Co  and 8.92 g/cm3 for Cu; 

m is weight, and mCo:mCu is 92.9:7.1 for the CoCu layers, which was obtained from 

EDX spectra as shown in Fig. 2h. According to eqn. S1, the concentration of Co 

grains per unit volume is then calculated to be 57.27% in the CoCu layers.



S5. Magnetic properties of the CoCu/Cu multilayered nanowires

The magnetic property of the CoCu/Cu multilayered nanowires was studied by 

VSM with the applied field perpendicular and parallel to nanowire length axis. Figure 

S4 shows two hysteresis curves of the CoCu/Cu multilayer nanowires arrays 

measured at room temperature with an applied field up to 1.5 T at 0o and 90o angles. 

As expected, the CoCu/Cu MNWs along length axial direction have a large coercivity 

and high squareness, whilst, that of perpendicular shows a small coercivity and low 

squareness. This result reveals that the easy axis of individual CoCu/Cu multilayer 

nanowires aligns along the nanowire length axis. 

Figure S4. Hysteresis loops of the CoCu/Cu nanowires arrays measured at room 

temperature. Blue curve is recorded when the applied field is parallel to the 

nanowire length axis, while the red curve for perpendicular. 



S6. Details of micromagnetic simulation

In order to verity the alignment of magnetic moments of the CoCu/Cu MNW 

under the tuned magnetized field, micro-magnetic simulations by using public 

OOMMF software was employed3. The geometrical structure and magnetic 

parameters used in the simulation were based on the morphological observations and 

magnetic measurements in text. In order to make the amount of calculations same as 

that of the electron holography, the structure composed of three periods of the 

CoCu/Cu MNW with 52nm diameter was simulated. The thickness of the CoCu layer 

is set to 110nm, and that of Cu layer for 14 nm based on the experimental observation. 

In addition, some Cu grains with 6 nm were added in CoCu layers according to our 

recently report of atomic-resolution structural characterization4. The cell size is 

divided into 2×2×2 nm3, and the exchange constant (A) and the saturated 

magnetization (Ms) are 1.4×106 A·m-1 and 1.3×10-11 J·m-1, respectively [44]. As 

copper is a non-magnetic material, both Ms and A of Cu are set to 0, which is the 

same as others’ treatment [43-45]. 



Figure S5. Magnetization reversal simulations of individual CoCu/Cu multilayer 

nanowires with 52 nm diameter and three FM (110 nm)/NM (14 nm) periodic 

structures: (a) - (e), distributions of magnetic moments along nanowire length axis at 

different reversal time when the external field is applied to be parallel to nanowire 

length axis (θ = 0);

Figure S5 shows a simulated process of the magnetic moments reversal of single 

CoCu/Cu MNW when the applied magnetic field is parallel to nanowire length axis. It 

is observed that the magnetic moments are aligned along the nanowire length axis, 

and then the moments at both ends of magnetic CoCu layers start to reverse. During 

the magnetization reversal process, the distribution of magnetic moments is similar to 

that of electron holography detection at 0 Oe. When an opposite magnetic field is 

applied, the magnetic moments at both ends of the magnetic CoCu layers are almost 

vertical to the nanowire length axis, and eventually the alignment of magnetic 

moments is opposite that of initial state. This result is consistent with the detection 

from the electron holography experiments.



S7. The magnetic moments of Cu atoms at the interface. 

Different charge density (DCD) is employed to calculate the magnetic moments 

of Cu and Co atoms at the interface. The relevant data is shown in table S1 as 

below：

Table S1 The remnant magnetic moments at different Cu atomic layers with 

different Co-Cu atomic interchanged number at the interface.

Atomic layer number Magnetic moment value

1 -0.0013

2 -0.0026

3 -0.0051

4 -0.0044

5 0.0156

6 1.5742

7 1.6434

8 1.6528

9 1.6878

10 1.7694



S8. Theoretical MR calculation of single CoCu/Cu multilayered nanowire

Based on the aforementioned experiments and observations, individual CoCu/Cu 

nanowires prepared in this work is consisted of 5 nm Cu and 12 nm Co grains in the 

magnetic CoCu layers. Considering the scatterings of Cu and Co grains, and the 

interfacial scattering between them, Granular Films model is applied to calculate the 

intrinsic MR of the single CoCu/Cu multilayered nanowire5. The resistivity in 

Granular Films model is governed by eqn. S2:

                                  (S2)
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where C is the concentration of magnetic particles per unit volume, rm is the average 

radius of Co grain; Pb and Ps are the spin-dependent rations for scattering within the 

Co particles and at their surfaces, ,  and  are the mean free paths for Co m nm s

grains, Cu matrix and  Co grains surface, respectively;  is the normalized ( ) / sM H M 

total magnetization of the sample,  at the coercive field Hc, and the resistivity is 0 

largest, whilst  at the saturation field Hs, and resistivity is lowest. In the case of 1 

our multilayered CoCu/Cu nanowire, the total resistance is  as ( ) /F F Cu NN t t A 

shown in Fig. S6, where F and N represent the ferromagnetic CoCu and non-magnetic 

Cu layers, respectively; N is the number of periods; A is the cross-sectional area; is the Cu

resistivity of Cu layer.  However, the MR effect of the nonmagnetic Cu layers is very small 

and neglected, so the total resistance of the magnetic CoCu layers is  at the 1 1 /F FN t A



coercive field Hc, and at the saturation field Hs, so the magnetoresisitacne is 
2 2
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determined by:
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Figure S6. Resistance model diagram of CoCu/Cu multilayered nanowire.
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