
Physics of the Solid State, 2024, Vol. 66, No. 8

01,08,10

Structure of interfaces in heterogeneous cobalt-containing nanowires

from NMR data
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Three-dimensional modeling of the interface structure of heterogeneous cobalt-containing nanowires has been

performed. The detailed structure of copper−cobalt embedding at the cobalt-copper interface in Co/Cu layer

nanowires was constructed using nuclear magnetic resonance data. The evaluation of the state of the interfaces

showed that the thickness of the interfaces in the studied heterogeneous nanowires is not less than 0.8 nm (four
atomic layers).
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1. Introduction

In recent years, one-dimensional structures — ferro-

magnetic nanowires having unique physical properties are

subject of active studies [1–5]. The magnetic nanowires

are applied in devices of magnetic recording and spin

electronics and sensors [6]. Currently one of the effective

methods of such nanostructures manufacturing is method

of matrix synthesis [7–9]. There are two main types of

matrices: porous aluminum oxide [10,11] and polymer

track membranes [12,13]. The nanowire parameters are

determined by the type of used matrix, manufacturing

mode, electrolyte composition [14,15]. Nanowires passed

several stages of development: nanowires comprising one

metal; nanowires comprising alloy of several metals (homo-

geneous); and layered nanowires, being alternating layers of

different metals (heterogeneous).

Currently in reading heads of hard drives the spin valves

with effect of giant magnetoresistance (GMR), discovered
by Firth and Grunberg in 1988 are used [16]. GMR effect

means change in electric resistance under applied external

magnetic field. For the first time GMR effect was observed

in multilayer structures comprising alternating layers of mag-

netic and nonmagnetic metals. Electrical resistance change

of these structures is due to spin-depending scattering of

electrons on interfaces (interlayer boundaries) [4]. As the

interfaces of layered nanowires have nanosize scales, use of

local study methods is necessary.

One of the effective local methods is method of nu-

clear magnetic-resonance (NMR). Earlier NMR method

was applied to study structure of homogeneous (single-
and two-component) and heterogeneous cobalt-containing

nanowires [13,17,18]. Mainly, analysis of experimental

spectra of NMR of cobalt-containing nanowires provides

information on presence and ratio α- and β-modifications of

cobalt — HCP and FCC crystal lattices, respectively.

In present paper a 3D model of interfaces of hetero-

geneous nanowires Co/Cu is proposed in atomic scale,

ensuring interpretation of NMR experimental spectra on
59Co based on distribution of ultrathin fields in interface

region of nanowires.

2. Specimens and experimental methods

The nanowires under study are product of electrical de-

position in template matrices of polyethylene terephthalate

film 10 µm thick and with diameter of pores 100 nm, surface

density of pores — 1.2 · 10−9 pores per cm2.

NMR spectra on nuclei 59Co are recorded in zero

external magnetic field using modernized pulse phase

coherent spectrometer
”
Bruker“ SXP 4100. Spectra were

registered by method of sweeping over frequency in range

250−140MHz. The spectra were registered at temperature

4.2K in local magnetic field. Signal of spin echo is formed

by sequence of two coherent radio frequency (RF) pulses

(modified Khan pulse sequence):

τpulse,x → τdelay → 2τpulse,y → τdelay → echo.

To register NMR signal from nuclei 59Co in nanowires

the metering coil of flat solenoid type, Figure 1, was

manufactured. The above described sequence of RF pulses

created in coil with sample an alternating magnetic field

with amplitude of the circular component H1 about 12Oe.

Pulse width was 0.7 µs, delay between pulses — 13µs,

spectrum was registered with frequency interval 1MHz. To

eliminate distortion of the spectra due to interference effects

and transients in the resonance circuit, a sequence with

phase alternation of RF pulses was used. The amplitude
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Figure 1. Metering coil to register NMR signal from nuclei 59Co

for nanowires: a) plan view; b) side view.

of the RF excitation pulse was controlled by maintaining a

constant signal amplitude induced on the antenna 50� over

the entire frequency range.

3. Results and discussion

As it was stated in the Introduction, one of the important

objective when studying layered nanowires is determination

of the interfaces structure. In 2D structures of superlattice

type different approaches were suggested to model interlayer

boundaries: 2D presentation of monolayer interstitials with

length l and distance d between them [19], development of

previous model considering concentration profiles of several

atomic layers [20]. The latest paper mentions the difficulty

of modeling the detailed structure of interfaces. Due to this

in [20] it is supposed that accidental distribution of atoms of

cobalt and copper in mixed layers.

In present article we suggested to make detail structure

of interfaces using 3D modeling based on information about

the local magnetic fields distribution, this information is

obtained from the NMR experimental spectra. Essence of

NMR method use means: as result of ultrathin interaction

on nuclei 59Co the local magnetic fields are induced,

their value and direction are determined by the magnetic

structural features of nearest environment of nucleus-probe.

Using NMR method it is possible to determine the nature of

distribution of these local magnetic fields in systems under

study. The design induction of ultrathin field is 22.8 T [21],
experimental value is 21.6 T for β-modification of cobalt.

It is known, that one cobalt atom replacement by copper

atom in the nearest environment of the nucleus-probe results

in decrease in resonance frequency by 16−18MHz. This

dependence of resonance frequency on composition of the

nearest environment can be described by the following

expression:

Hh f ≈ Hb
h f − 1H1

h f (n
b
− n1), (1)

where Hb
h f — ultrathin field in bulk material, nb — coor-

dination number in bulk material, shift 1H1
h f (−1.8 T —

−1.6T [19]), n1 — number of cobalt atoms in nearest

environment. Note that in multilayer nanostructures with

copper layers asymmetric interfaces are expected [22].

Figure 2 shows experimental NMR spectrum of hetero-

geneous nanowires with layers thickness 30 nm. We can see

the resonance line of maximum intensity I0, corresponding
to β-modification of cobalt — FCC-lattice. Absence of

resonance line at frequency about 226MHz means absence

of α-modification of cobalt in nanowires under study.

Besides, this Figure shows position of resonance lines I j ,

where j — number of cobalt atoms replaced by copper

atoms in coordination of selected cobalt atom. I. e. line I1
corresponds to cobalt atoms in the coordination of which

one cobalt atom is replaced by a copper atom, I2 — cobalt

atoms, where in nearest environment two cobalt atoms are

replaced by copper atoms, etc. resonance frequencies for

different types of environment are determined by the expres-

sion (1), and are about 200, 182, 164MHz for lines I1, I2,
I3 respectively. Earlier [23] using electronic microscopy it

was shown that these nanowires have layered structure. The

performed X-ray diffraction studies showed that nanowires

under study had no texture. Also consider that in multilayer

nanostructures with copper layers asymmetric interfaces are

expected [22]. Based on this data we make 3D modeling

of interfaces structure in heterogeneous nanowires Co/Cu.

Let’s consider interlayer boundary supposing texture (111),
where interstitial if copper atoms in cobalt layers have

shape of pyramid (Figure 3, a), and corresponding to such

interstitial design NMR spectrum (Figure 3, b).

Upon copper interstitial into cobalt in form of pyramid on

the design NMR spectrum the excessive intensity of line I4
is observed. This is due to the close atoms arrangement

in the first atomic layer of cobalt. interstitial with depth of

two atomic layers (chain) decreases area of contact between
interstitial and interface — Figure 4, a, corresponding design

spectrum — Figure 4, b.
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Figure 2. Experimental NMR spectrum of heterogeneous

nanowires with layers thickness 30 nm.
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Figure 3. a) Interface of nanowires Co/Cu, interstitial in form of pyramid; b) design NMR spectrum on nucleus 59Co. Color designation:

copper — dark-gray, cobalt — light-gray, copper interstitials in cobalt — black.
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Figure 4. a) Interface of nanowires Co/Cu, interstitial with depth of two atomic layers; b) design NMR spectrum on nucleus 59Co. Color

designation: copper — dark-gray, cobalt — light-gray, copper interstitials in cobalt — black.

Such form results in intensity decreasing of resonance

lines I4 and I2. Upon increase in interstitial depth by

one atomic layer (total 3 atomic layers) intensity of the

resonance line I1 significantly increases, as large num-

ber of cobalt atoms occurs with one copper atom in

coordination. It is possible to reduce the intensity of

this resonance line by adding one copper atom to the

existing interstitial copper atoms along the entire interstitial

region, Figure 5. Figure 5, b shows satisfactory degree of

coincidence between the design and experimental NMR

spectra.

Decrease in intensity of resonance line I4 relative to

intensity of lines I1 − I3 is possible by depth increase

of interstitial copper in cobalt (Figure 6). Figure 6, b

shows high degree of coincidence between the design and

experimental NMR spectra. But such interface structure is

implemented at formed in nanowires texture (111), so we

shall consider such configuration of interstitial for cases with

texture (100) and (110).

Figure 7 shows interface structure for texture (100) and

design NMR spectrum corresponding to such interface

configuration, in this case spectrum has lower degree of

coincidence with the experimental spectrum for resonance

lines I1 and I4. Let’s now make the suggested interface

structure for the texture (110), Figure 8.

Figure 8, b shows that line I4 has intensity lower then on

experimental spectrum, line I2 has excessive intensity.

Figure 9 summarizes the obtained design spectra and

shows high degree of coincidence of design and exper-

imental NMR spectra. Modeling of interfaces structure

based on data of nuclear magnetic resonance showed that

depth of copper entering into cobalt in the interface region

of heterogeneous nanowires Co/Cu if at least four atomic

layers or over 0.8 nm.
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Figure 5. a) Interface of nanowires Co/Cu, interstitial with depth of three atomic layers and width of two atoms; b) design NMR

spectrum on nucleus 59Co. Color designation: copper — dark-gray, cobalt — light-gray, copper interstitials in cobalt — black.
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Figure 6. a) Interface of nanowires Co/Cu, interstitial with depth four atomic layers and width two atoms; b) result of modeling on

NMR spectrum on nucleus 59Co. Color designation: copper — dark-gray, cobalt — light-gray, copper interstitials in cobalt — black.
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Figure 7. a) Interface of nanowires Co/Cu, interstitial with depth of four atomic layers and width of two atoms, texture (100); b) result of
modeling of NMR spectrum on nucleus 59Co. Color designation: copper — dark-gray, cobalt — light-gray, copper interstitials in cobalt —
black.
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Figure 8. a) Interface of nanowires Co/Cu, interstitial with depth of four atomic layers and width of two atoms, texture (110); b) result of
modeling of NMR spectrum on nucleus 59Co. Color designation: copper — dark-gray, cobalt — light-gray, copper interstitials in cobalt —
black.
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Figure 9. Design and experimental NMR spectra for nanowires

with layers thickness 30 nm.

4. Conclusion

The experimental NMR spectra provide distribution of

local ultrathin fields in heterogeneous nanowires Co/Cu.

Using 3D modeling the Co/Cu interfaces structure is made

in studied cobalt-containing nanowires. It is shown that

interface thickness in these nanowires is at least four atomic

layers, i. e. over 0.8 nm, interstitial copper in cobalt has

needle shape.

Acknowledgments

The author expresses gratitude to D.L. Zagorsky for the

nanowires provided.

Funding

The study was performed under State Assignment
”
Func-

tion“. S. r. No. 122021000035-6.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] C.-Y. Hsu, A.M. Rheima, Z.S. Abbas, M.U. Faryad, M.M. Kad-

him, U.S. Altimari, A.H. Dawood, A.D.J. Al-Bayati, Z.T. Abed,

R.S. Radhi, A.S. Jaber, S.K. Hachim, F.K. Ali, Z.H. Mahmoud,

G. Behzadipour, E. Kianfar. South African J. Chem. Eng. 46,

286 (2023).
[2] V. Petrova, A.A. Corrao, S. Wang, Y. Xiao, K.W. Chapman,

E.E. Fullerton, P.G. Khalifah, P. Liu. RSC Adv 12, 33, 21153

(2022).
[3] K. Gandha, K. Elkins, N. Poudyal, X. Liu, J.P. Liu. Sci. Rep.

4, 1, 5345 (2014).
[4] J. Bran, M. Jean, R. Lardé, X. Sauvage, J.-M. Le Breton,

A. Pautrat. J. Korean Phys. Soc. 62, 12, 1744 (2013).
[5] P. Schio, F. Vidal, Y. Zheng, J. Milano, E. Fonda, D. Demaille,

B. Vodungbo, J. Varalda, A.J.A. de Oliveira, V.H. Etgens.

Phys. Rev. B 82, 9, 094436 (2010).
[6] E. Walter, R. Penner, H. Liu, K.H. Ng, M.P. Zach, F. Favier.

Surface. Interface Analysis 34, 1, 409 (2002).
[7] M. Tian, N. Kumar, M.H.W. Chan, T.E. Mallouk. Phys. Rev.

B 78, 4, 0454171 (2008).
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