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Tuning the Magnetically Segregated Nanolayering in Mn—Ni—As

Intermetallics

Bruno Gonano,™ Qystein Slagtern Fjellvig, Gwladys Steciuk, Francois Guillou, Dipankar Saha,

Denis Pelloquin, and Helmer Fjellvag*

1. INTRODUCTION

The benefits of fundamental research as a guide toward
applications and innovations are since long demonstrated by
magnetic materials; however, the transfer process is still
ongoing. 3d-based intermetallic materials can be brought at the
verge of stability between different magnetic, crystal, or
electronic structures, leading in turn to unusual phase
transitions potentially involving changes in local magnetic
moments and discontinuities in magnetic, lattice, or electronic
entropies. In this vast energy landscape, exotic pmﬁpcrﬁcs such
as magnetoresistance, ~ magnetocaloric effect,”™ and super-
conductivity™'” arise, opening for potential applications. The
physicochemical properties of these compounds are deter-
mined b? the nature of chemical bonding, the crystal
structure, ' and especially the dimensionality'® of the crystal
structure, which has a rnajur impact on the prupn:rties_ In this
perspective, low-dimensional (2D) materials present a
scientific playground where the layering is inherent to the
atomic arrangement and is consequently at the angstrom (A)
scale. The search for new magnetic phases exhibiting
characteristic 2D properties is non-trivial and requires an
interdisciplinary approach by chemistry and physics, at the
cutting edge of materials science. 2D materials with magnetic
layers are particularly interesting due to their strong magnetic
anisotropy but also electronic anisotropy, leading to cum?lt:x
phenomena such as charge and spin density waves,"” '*
staircase-like magnetism, 1 magnetic exchange bias effect,'” or

even superconductivity.'™'" In addition to the fundamental
interest, such 2D materials hold great potential for applications
in, e.g., data storage and spintronics.”’ Materials presenting an
alternation of magnetic and non-magnetic layers may act as
spin valves”' ™" or as magnetic tunnel j;unctions-"""_m and are
currently widely exploited for MRAM*”* (magnetic random
access memory). In this field, two-dimensional structures are
desired but just very few crystalline materials display the
structural features of stacked ferromagnetic and non-
ferromagnetic layers with sufficient control of layer thickness
and spacing. Therefore, such layered structures are today
typically constructed by thin-film techniques® where one
grows alternating layers of ferromagnetic (g, CoFe, NiFe, or
more recently the doped oxide Co-Ti0,)* and diamagnetic
(e.g, alumina Al,O, is widely used) materials. Giant magneto-
resistance is an exotic phenomenon that can occur in
ferromagnetic and non-ferromagnetic multilayer structures.**
Additionally, a strong magnetocaloric effect is predicted in

ferromagnetic/paramagnetic multilayer structures.” However,
even if thin-film techniques are well established, assembling
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Figure 1. Experimental [110] and [100] HAADF (X 12M) images of Mg oNig oAs, Mn..,N’lM,M, Ml\.‘,N’tm,As and Mn‘-anu,,As (a, b, c, and

d, respectively). Brighter and darker kayers correspond to NiAs and MnAs layers,
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the way to potential applications.'”*

We recently unraveled an exotic nanoscale hyemg
phenomenon in the intermetallic compound Mg ¢ Nig (oAAs,
described as a 2D ordering originating from an incommensu-
rate occupational modulation of Mn and Ni, giving rise to
alternating MoAs and NiAs layers of 24 unit cell in thickness.
MnAs, and NiAs, octahedra layers is completely different from
any other stacking or order/disorder phenomena observed up
to now. In bulk, binary MnAs is tic and NiAs is
Pauli paramagnetic, lence, blending these at the nanoscale
offers a pathway for a tunable alternation of layers with high
connection between modulated composition and magnetic
propertics in Mn,_ Ni,As is therefore important and
interesting,

2. EXPERIMENTAL AND METHODS SECTION

ings. Ternaries int tallics des were obtained by i

stoichiometric amounts of MaAs and NiAs. The mixture was then
placed in an alumina crucible, itsdf placed in a silica quartz tube,
Tubes were then placed in standing furnaces. The heat treatment
mofﬂmhnnngmdmdmgm(lmg]mﬁngme:
1 “C/min) up to 800 “C with intermediate The sample was
then annealed at 600 °C for 1 month. The last annealing s crucial to
obtain the superstructure. We find the synthesis of the samples to be
very reproducible, and the modulation vector is found to be the same
across different sample batches.

2.2. Atomic Imaging. High-angle annular dark ficld (HAADF)
imagery imaging was performed on an ARM 200F with a corrected
probe, operating at 200 kV and equipped with a Centurio EDX
spcwm1kmhhdwl-mgsmulcdldwnhdn
JEMS soit g the coavolution of a STEM probe with
dnmnuydth:obpd(mdthmdpouud
multiplied by the clectron—matter interaction constant of the
structure).

2.3.3D ED. For 3D o diffraction (3D ED) analysis,*>" the
Mn, NiAs (x = 0.25, 033, 040, and 0.50) samples were crushed in
anoﬂx-i!hdhmhnddqoﬂulonaupﬂmlhalhnﬁlnof
holey rbon. 3D <k dah(BD hD)chzwut
collected with 3 FEI Tecnai G* 20 3
(TEM) (acceleration voltage of 200 kV, la&)mg&emn
mmwwmﬂ(m“’num
mEDmdunndylduslnlhe diffra

chnique (PEDT). Dahutsolnonmamdpmam

2. mwmmwm&.tm ynth
First, MnAs and NiAs were prepared by y mixing Mn, Ni, and
As o “phcedmk— anables,mdunenmgthcmmalu
quartz tubes, followed by heating for 3 weeks at 900 °C in a standing
furnace (heating/cooling ratez 1 °C/min) with intermediate grind-

i the in-house fast ADT
procedure described in Plana-Ruiz et al™ with a precession device
Nanomegas Digistar and a side-mounted CCD camera Olympus
Veleta with a 14 bit dynamic range energy-dispersive analyzer Octane



04

00 02 04 068 08 !
distancas (A} —— As1-Mn1.As1-Mn2

26

p——

~—

02 04 08 08
— A5T-Ni1, As1-Ni2

TR 7\\\_><_//7Q\_><_,

02 04 €8 08 [ 02 04 06 08 !

AsZ-Mnz As2-Ni2

o x=0.5 x=04 x=0.33 x=0.25
£330 0z 04 08 08 ¢ 0Z 04 0§ 08 02 04 06 03 1 0z 04 085 08 1
Figure 2. (2) Section h0bm for each composition x with the corresp dulated unit cell. For x = 0.25, the crystals show either a dear

modulation associated with a weak doubling of the 4 parameter (r#ﬂ) ora mong doubling with more diffuse reflections (left). The reflections
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of the atoms As, Mn, and Ni for Mn,__NixAs samples with x - 0.50, 0.40, 0.33, and 0.25,
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silicon drift detector (SDD) EDAX. The precession semi angle was
set to 17, 3D ED data reduction was performed using the computer
program PETS2." Data processing incdludes a correction of the
misorientation of the frames (alpha and beta tilt, omega angle,
coordinates of the center, etc.), scaling of the frames, and the fit of the
intensity profile in order to improve the integration (for more
mformation, see refs 44, 45). The result of the data reduction is an
hkim-type file used in the structure solution and kinematical
refinement. For the dynamical refinement, the data reduction
pmdutsmhkbn(yp!ﬂn-hmndl ED frame is considered
dent.“*" Cry llographic details are given in Table 1. The
!n:nmsfwx-ow x = 040, and x = 0.33 were directly refined
nm\gd\enmddrqhonedm('onamdnlwf-‘wz— 025, the
structure was solved using Superflip™* in Jana2006™ and refined
using DYNGO in Jana2006. Note that the stracture for x ~ 040 is
already reported, but to ensure a better comparison, the aystal x =
040 was measured again in the same condition than the others,

2.3.1. Refinements Parameters. For x = 0.50, themﬁnzmanlexk
to R{obs)/wR(obs) = 8.82%/9.96% for 1420/2341 observed/all
reflections (771/810 main reflections with R{obs)/wR(obs),..,, =
TA0%/9.29%; 1420/2341 first order with R{obs)/wR{obs) g0t
15.12%/16.05%). For x - 0.33, it gives R(obs)/wR(obs) - 11.06%/
13.14% for 1441/2008 ohserved/all reflections (Nobs/all{main)
637/674 with R{obs)/wR(obs).. = 9.74%/13.01%; Nobs/all
(orderl) = B04/1334 with R(obs)/wR(obs) 4.y = 13.29%/13.44%)
and for x = 0.25: R{obs)/wR(obs) = 13.06%/13.97% for 1538/7015
observed/all reflections (Nobs/all(main) = 715/2316 with R{obs)/
wR{obs),., — 993%/11.93%; Nobs/all(orderl) — 823/4699 with
R{obs)/wR(0bs),.un ~ 1840%/18.60%). The difference potential
maps for all compaositions are given in the Supporting Tnformation,

2A. Neutron Diffraction. Neatron powder diffraction (NPD)
data were collected at room temperature on D1B, ILL, France, using
wavelength 4 = 252 A About 5 g of the sample was put into a
cylindrical vanadium can. Rietveld relinements were carried out in
JANA2006."" NPD was also collected at the NIMROD instrument at



1515 pulsed neutron and muon source, UK Approzimately 5 g of
the sample was loaded into vanadmm cans, and data was collected
between 10 and 300 K.

2.5. X-ray Magnetic Circular Dichroism. XAS and XMCD
mu&eh,edguufh{nndﬁmmmﬂnﬂunﬂm
beamling of the SOLEIL gynchootron {Synchrotron Radiation
Facility, Gif sur Yvette, France). The end station is equipped with a
cryomagnel providing a Geld of +7 T along the beam direction. The
samiples were cooled down at 5 K, and the a spectna wene
recorded in a total electron yield (TEY) mode. The XMCD signal was
obtained by reversing both the helicity of the: mcoming X-ray and the
direction of the magnetic feld {46 T).

3. RESULTS AND DISCUSSION
We initiated our study of Mn,_ NiAs samples (x = 0.25, 0,33,
040, and (L50; average structure P, mmc) in the soper
structure range reported by Fjellddyg ef al® by high-angle
annular dark field (HAADF) imaging, allowing good elemental
contrasts for Mn and Mi. ‘The cxperimental [110] and |100]-
oriented images are presented in Figure 1. They reveal the
presence of darker and brighter layers, which we associate with
MnAs and Mifs slabs, perpendicular to the [001] direction.
This mmtum[lpurudb}'menugrdiqmﬁnt Xoray
spectroscopy mapping (EDX) shown in Figure 1d. Based on
this interpretation, it is now evident that = = 025, 0.33, and
0.50 cxhibit the same modulation phenomenon recenthy
observed in Mng oNigpts™ Meticulons image  analysis
performed on the images reveals a thickness variation of the
different kayers depending on the composition (x). The highest
Mi-suhstituted sample Mng o Mig o= shows an altemnation of
2—1 wctahedm thickness for hoth MnAs and Ni.ﬁs]:}r:n:, while
the kwest Mi content, Mg MigAs, consists of 6—5/1-2
octahedra of MnAs/NiAs, respectively. Intermediate thick-
nesses, 3—4(MnAs)/2—3(NiAs) and 4—5(MnAs)/2—3{NiAs)
are ohserved for Mng o MigeAs and Mn, Nig Az, respec
tively. These results clearly indicate that we can tune the MnAs
and NiAs layer thicknesses by controlling the composition. It
should be noted that some stacking defects are observed on the
top and bottom part of the Mg 5 Mig oA [100] image {Figure
1d), and they appear to be scarce and not a representative of
the general microscopic aspect of the observed crystallites.
To describe the MnAs—NiAs n-ﬂ‘l:ring [ll'lennm:n:.
evidenced as compositional modulations by means of
HAADF and EDY analysis, we used the superspace formalism
to analyze 31} ED data for x = 0.50, 0.40, 0.33, and 0.25
(Tables 1—3, Supporting Information). The 313 EDY data for =
= 050 and x = 033 show a similar feature as Ming o Mig s (x
0.40) with the presence of first-order satellite reflections
along ¢* wvisible on the sections hOlm (Figore 2a). Their
md[lun]qun:isinduﬂdh:wmdnhhdhmguﬂa]cﬂ“mda
medulation vector g = pe* a8 reported for = = 040 (F =
0366(2)) with y{x - 0.50) - 0.418(1) and ylz - 0.33)
0.322(4). The lattice parameters derived from 310 B data and
NPD data are given for all compositions in Table 2
(Supporting Information). For = = 025, the 3D ED data
show in addition to the modulation along ¥, a doubling of the
lattice parameter a. Thaus, Ming o Mig . As can be indexed in a
muosdubated hexagonal unit cell with a = Zag, o and ¥ = 0270(2)
c*. Our 3D ED experiments show that the 2a, doubling can be
ohserved with very weak intensity in some crystals with x -
ﬂ.},}.']hmcipﬂu:]:[n::isfrr:lnquhduﬂibﬂdbrﬂm
superspace group P meme( 00y ) 0000 with condition I = 2a on
hhlm (Figure 2a). The model reported for Mng o Miy, ,As was
properdy adjusted,”” and the respective 310 ED data were

cxcellently relived in line with the dynamical theory of
diffraction,

In this model, MNi and Mn share the same atomic site and
their ordering is described with a discontinuons crenel-like
function using A, the width of the crenel along =, and x,", the
center of the crenel. The width of the atomic domain is defined
as a function of x following A(Nil) = = (A(Mnl) = 1 — x)
{Table 3 (Supporting Information)). The As site is described
with one harmenic function that basically allows the atom o
move from its average position along «. For Moy MNi, . As, the
strocture contains 2 Mn/Ni and As sites due to the cell
doubling along a5 A harmaonic function is used to model the
two As sites (As] and As2). Mo restriction is applied on the
models for the relinement and anisolropic ﬂ.i.'aPhuEn'ru'll:
parameters are refined for & = 0.50, 040, and 033,

The refinement parameters are given in the Supporting
Information (Table 1 and Section 2) and the structural
par bers are p 1in Table 3 (Euppurlinglnfmuliun}.
Higher R factors are obtained for the satellite reflections
because of their weaker intensities. This is even more
pronounced for the wery weak reflections B = 2 o+ 1
(Rlohs) = 30.21%) connected with the doubling of the a
axis for Mg Migaohs (= 025). The modulated structure
and the valees of the lattice parameters deduced from single-
crystal 30 EIY data are confirmed to fit the bulk sibuation as
evaloated by Rictveld refinement of NPD data for all
compasitions {Figure le, Figare 2 (Supporting Information ),
and Table 4 (Supporting Information)). Note that the
unindezed satellite peaks previowsly detected™ fit well with
the actual incommensurable moded.

The modulation wector waries Iil'bﬂﬂ'l}l' with composition x
(Figure  1f), confirmed from 30 ED data amd Rietveld
refinement of NPD (Table 4 (Supposting Informeation]).
The structural models extracted from 30 ED refinements have
been inserted in their commesponding HAADFE image (Figure
1). At the average level, Mn,  NiAs can be described as a
mﬂﬂnﬂﬁmhﬂlﬁﬁxﬂﬂ.ﬂ.“wuu,ﬂﬂ:ﬂ I B
lewel, the solid solution represents a wery unusual and tunable
nanostructure, Clearly, the modulation gowverns stacking
sequences of MnAs and NiAs layers, as well as variations in
their thicknesses along ¢ E]-'igul\e 1). From x = 0.50 o x = (.25,
the amplitude of the positional modulation for Mn, Ni, amd
especially As increases gradually (Figure 2b). This is illostrated
by more pronounced fluctoations of the Mn—As and Ni—As
distances around Il'beam:gen}n: ztl'lighﬂ' Mn contents. The
moedulation amplitude of As is more pronounced than that of
Min/Ni, showing that As adapts most easily to the changes of
the atomic environment. The doubling of the @ parameter for &
= 025 does not influence the stacking (nanostructure), but it
allows two As environments, thos a higher degree of
distortions of the coondination polyhedra around Mo and Ni
Due to the increased distortion, we believe that the
composition # = 0.25 is dose to the lower limit of Ni content
for the moduolated phase. This is also illostraved by the
experimental HAADE imaging and the ED data by showing
more Mmdu?mkwﬁm&hgﬁuhzﬂlmm]
by diffuse scattering along ¢ (see top sections Figore 2a and
Figure 1d).

The macroscopic magnetic properties of the Mn,_ Ni As
syslem were |m|=||.|ﬁ:h=|] in refs 52, 54. From fermnperature-
dependent NPD and bulk magnetic measurements on 030 = x
< 0.50 compounds, an antiferromagnetic order was proposed
as a magnetic groond state, Further, magnetization versos
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Figure 3. Average XAS and XMCT spectes of M (tog) and NI (bobtom ) for Ming N, e, Mg oM o As, Meg oM A, and Ming . Mig  As at

SE

temperature  measurements indicated magnetic nn:l:'ring
temperatures decreasing from ~ 190 to ~150 K with increasing
=" While the magnetic ground state would deserve to be
revaluated to account for the nanoscale layering, we cormenthy
lm‘admhg:nfﬂupnmmitrlnh:‘:maﬁrihmagnﬂ-
rzatiom at high Gelds tor get a lest insight into the magnetism of
individeal MoAs and MNids layers. For that purpose, the
clement-selective and orbital-specific X-ray magnetic circular
dichraism [XMCIY) technique is used at the Mn Ly, and Ni
]M#{Zrﬁmmdztﬂnﬁmﬁzﬂmagn:ﬁcm
of MaAs and Nifs layers, individually.

X-ray absorption spectroscopy (XAS) and XMCD specira
were collected at the Mn and Ni L-edges using total ehectron
yicld mode at 5 K in a +6 1 magnetic ficld (Figure 3), ie,
helow the magnetic ordering temperatures. First, we ohoerve
ﬁﬂmunqw:uruuuu]mrmthzlarmd
compositions display the same features a5 the binary arsenides
MnAs and NiAs (see Figure 3 {Supporting Information}) and
that the absorption maxima are positioned at the same encrgy.
For the MnAs and Mn,_ MiAs nm]ﬂu, the Mn L‘.ﬂ‘#‘
present 3 developed multiplet structure, with absorption
maxima located at about 6383 and 6505 eV for the Ly and
Ly edges, respectively, and several satellites peaks both below
and above the 1., maximom, as well as 1.5 and 2.2 ¢V below the
maxima of the [, peak. In contrast, the Ni Ly, edges of the
Hm.r:r and bermary tl.mPIH present a broader metallic-like
spectral with absorption mazima at about 8496 and
867.4 eV for the L, and L, edges, respectively, A double peak
satellite is ohserved at 5.4 and 6.6 eV above the I edge, and a
weaker satellite is observed 6.5 eV above the L, edge. The
spectral similarities between ternary and binary samples
indicate that the electronic structures are comparable.

Clear XMCIY signals are observed at the Mn and Ni edges,
yet they exhibit a large difference in magnitude, the signal for
Mn being one order of magnitude stronger than that of Mi.
Similar to the XAS observations, the Mn and Ni XMCD
spectral shapes do not evolve significantly along the
Mny__Ni As series, Spin and orhital moments were calonlated

n.wi.rlg m:glztn-r{lﬁﬂlmm ﬂ‘ﬂss wllile.:sm.m'ring a -Is:H‘u'ld
A5"3d" configuration for Mn(0) and Mi(0), respectively, the
energy positions of the XAS maxima being found n'grlfu:nﬂ'}r
lower in energy than those for Mn(I1) references,” w0
mﬁdzrﬂutanlﬂzmczh:huni:umﬁgunﬁmisamnﬂﬁnt
approximation. We also neglect the magnetic dipole operator
for bath Mn and Ni {{f‘_} ), and the derived moments are
presented in Table 1

Table 1. Spin (§,,,.) and Orbital (g,,) Magnetic Moments
é‘zr}izun._.ﬂwEo.'zsﬁxgu.sn]uhsxndn:ﬁ

Mg Mg ofis Mn 2R <= 2R w7
i (5] 1) 05

Mo Migpfis  Mn [ET] e L L34 iz
M 003 ool e

MrgMigg s Mn 03 S| 03 [ B3]
i (ITiE) i i1

By Mg fs Mo 050 =1l 050 LA
i (1) 1 03

gy TEpresents the total magnetization per sample.

First, let us note that the magnetizations derived from
mcbupﬂimuﬂ:mhudqnmﬂzﬁmwmlwﬁ
that obtained from bulk magnetization versus beld measure-
ments (see a representative illustration for 2 = 0.40 in Figure 4
(Supporting Information)) where My, (6 T) = 018 py/fo. is
reasonably in line with the 022 p,/Eu. obtained from XMCD).
Then, consistent with the shape and amplitude of thewr
respective XMOCD spectra, the net Mn and Ni magnetic
mioments are orented parallel to the applied magnetic field,
but M masmsents are considerably larger than those of Mi. It is
interesting to note that, in the range 025 < x < 0.50, the
clemental magnetic moments on Mn and Ni appear relatively



insengitive o Mo—HNi alloying, which is consistent with the
segregation nto MoAs and NiAs nanolayers.

The low Ni magnetization determined from XMCD
measurements could be ascribed to a reminiscence of the
Pauli paramagnetism of the MNiAs parent compound. In
contrast, the Mn layer achicves a large magnetization
reminiscing the ferromagnetism of MofAs. As expected for a
34 configuration, the Mn orbital moment appears nearly
negligible; henee, the mapnetization of Mn,_ Ni As samples is
dominated by the Mn spin moment. The magnetic hysteresis
cycles from bulk magnetization and from XMCD have a
magnitude and overall shape resembling an antiferromagner
(Figure 4 (Sopporting Information)), yet the curves deviate
from lincarity and the opening of a tiny hysteresis indicate thar
the order is not regularty antiferromagnetic. A long-periodicity
helimagnetic order was observed in the gennine solid solation
regime of Mn,_Ni As for 0025 < x < 022" Possibly, a
related ground state may persist at a higher Mi content
although the matcrials scgregated into MnAs—NiAs nano-
Ia

T:addlm the unresobved magnetic ordering, we employed
NPT}, Measurements at low temperatures with the DB
instrument (L1, France) showed that it was not possible to
resobve the magnetic ordering as it occurred at a too low
mttuingxlﬂnmmnﬂlulﬁurlhelwluw

5 p ted in ref 52 We therefore turned to the
NIMROD instrument (1515 pulsed neutron and muoon source,
UK) with focus on acressing ]ung d-:lncmg for Mn,_ Mi As
with x = 050, 0040, and 033 x = 025 was not stwdied. AL
room bemperature, the diffraction patterns d':Tla.r a sbromng
peak from the structural modulation between 10 and 20 A
{Fisu.nz 5 I:SH.FPuﬂJ.ng lnf:rm:l.iun}}, and we find the data 1o
be in compliance with the structural models presented above.
Ul:mn :l.n.'ﬂ.i.ng, a transition from the Nlﬂs—l.n:e Loy M‘lp-tn:e
structure is evident by the appearance of the (101) reflection,
which i allowed in the Pama M:ﬂlnmh]‘%fm.
The peak appears at @ = 162 A ' (d = 3.86 A), depending on
the composition. Upon cooling, the peak appears at 167 and
23 K for x = 040 amd 033 The x = 0.5 {Mng Nig As)
appears to remain hezagonal upon cooling, We note that the
data gives information about the average strocture, and o
understand how the structural transition ocowrs within the
individeal MnAs and MNiAs layers, local probes such as total
scatiering must be uiilezed.

From temperature-dependent NPD data, the magnetic
ordering ocours at 154, 175, and 190 K for 2 = 0.50, 040,
and 033 respectively. Below the magnetic ordering temper-
ature, we observe new reflections from magnetic ordering
(Figure 4). Significantly, the peaks appear at very long d-
spacings, 3070 A. This suggests that the magnetic d-spacings
are not commensurate with the unit cell mor with the
modulation. Soch long-range magnetic ordering is only
compatible with incommensurate magnetic ordering, and we
conclude that the system is ecither helimagnetic or display a
spin density wave, We further find the helimagnetic state to be
manre likely hased on the hehavior of the system ar a lower 2%
It is however found that indexing of the periodicity based on a
maodulation along a®, b*, or c* of the MnP-type strocture is
not possible. Correspondingly, single-orystal newtron diffrac-
tion of Mn,_Ni As is required for an accurate determination
of the magnetic strocture and is lefi for future work, These
cxperiments will also be an option to rule out the possibility of

Intensity (arb. urbs)

a n 20 an R =l B Kt an

a-spacing (&)

mlenwmmnlﬂanfm
Mn, Mifs with x = 050, 040, and 0.33 collected at the MIMROD
instrament al 1515 pulsed pevtron amd muon source, UK The peaks
betwesn 10 and 200 A originate from the occopationsl modalation,
and the peaks between M0 and 70 A appear upon cocling and

ariginate from magnetic ordering.

an amplitude modulation of the magnetic moments, such as
the one observed in spin density waves.

Bridging XMCI and NPI), we expect Mn to carry the
magnetic moment, and the long penodicity indicates that
ferromagnetic and antiferromagnetic interactions are compet-
ing, The competing interactions farther indicate a delicate
eneryy landscape between the dilferent magmnetic spin states)
ofdess, and it is therefore possible that the magnetic behavior
of MnAs in the nanolayers contrasts to the ferromagnetic
ordering of bulk MnAs due to small differences in cell
parameters. The Mo, Ni As system is therefore at the verge
of a ferromagnetic state, and chemical tuning emerges a8 a
possible route to farther mne the magnetic propertics of the
materials presented here.

“wdnuthldmmihliﬁl tor the My ,_I’{ll.ﬁ.s{l.ll'i
= x = 050} system is intergrowth in hematite—ilmenite
minerak, ™ where cxtraordinary magnetic properties and
huge exchange bias emerge from charge compensated
nanolayers of basically ¢ character. However,
such oxide minerals exhibit high electrical resistivity and are
formed within peological timeframes, while the present
segreyation of a high moment MoAs layer with how moment
Mids is achieved i o metallic system during annealing for
hours,

4, CONCLUSIONS

An extraordinary feature of Mn,__Ni As is the unique kyering
and strong interloyer bonding that can be controlled at the
atoimc scale, similar to a consecative growth of thin film layers,
bt with a unique precision as the periodicity is inherent to the
system, and with an average periodicity that can be toned by
means of e Mo:Ni composition, = We present in Figure 5 an
overview of the manolayered system with a focus on the
variation of the MnAs—NiAs nanolayers. The strength of
m;gnzﬁntimishdinudﬁwﬂlediﬁlutrrpmrﬁ]:}lm
Further studies on the Flupmitsurﬂ'mml_‘ﬂixﬁs

ndipllymmdmphmummﬂmmbc -



Mn,_NiAs
MnAs, octahedra layer

-

NiAs, octahadra layar

N

High Magnatic
Momaent

and NiAs layers with a low magoetic moment,

result of this nanoscale layering, The Mn,_ Ni As system may
open a path to a new class of materials with layers of high and
low magnetization with potential applications within spin-
tronics,
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