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The crystal structure of the w phase (Cr,Cu,Ni)4Si was refined from X-ray powder diffraction
data and found to belong to the PMn structure family, namely, to the structure type AusAl (Pearson symbol
cP20, space group P2:13): unit-cell parameter a = 0.612269(8) nm for (CrosamCuo.io)Niose()4Si
(composition from EDS). The temperature dependence of the magnetic susceptibility of a sample of
nominal composition Cr26CugNi47Sis, containing more than 96 wt.% of the title compound, revealed
Curie-Weiss paramagnetism: yo = 1.42-10* emu g-at™, C = 2.7-10 emu g-at* K, 6, = —41 K. Cu doping
decreased the paramagnetic temperature to more negative values.
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1. Introduction

Globalization trends in the modern world create a need for efficient and reliable data
storage technology. Current data storage devices have significant flaws, e.g. they have too
low information storage density and are sensitive to external conditions. These problems
can, however, be addressed by using novel quantum materials. Skyrmionic materials,
ferromagnets containing whirling nanoscopic spin texture defects called magnetic
skyrmions, may one day supersede the classical ferromagnetic materials used in RAM
(Random Access Memory) and DWM (Domain Wall Memory) technologies [1]. Their
superiority over the usual ferromagnets lies in the small size of a magnetic skyrmion
(sometimes less than 10 nm) and the simplicity of skyrmion manipulation in a conductor.
These two factors justify the interest in industrial synthesis of skyrmionic materials.

The aforementioned merits of skyrmionic materials have directed our research into
this area. The existence of magnetic skyrmions in a conductor is restricted by two
conditions: one structural and the other one magnetic. On the one hand, magnetic skyrmions
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can only be nucleated in solids crystallizing in one of the 22 enantiomorphic space groups.
On the other hand, a skyrmionic spin state is only observed for materials having a slightly
positive paramagnetic Curie temperature. This work is a continuation of previous
investigations [2—5] on the © phase in the Cr—Ni—Si system [6] and the effect of element
substitution on the crystal structure and magnetic properties, and presents the results of
investigations of a Cr2sCugNis7Siss alloy.

2. Materials and experimental procedures

A sample of nominal composition CrzCugNiszSiig was prepared by arc-melting of
pure (> 99.9 wt. %) elements under a purified argon atmosphere. The mass of the alloy was
1 g and the loss during the preparation was less than 1 % of the total mass. The alloy was
annealed at 1173 K for 35 days in an evacuated quartz ampoule, and quenched in cold water
thereafter. The crystal structure was refined from X-ray powder diffraction data recorded with a
Huber Image Plate Camera G670 diffractometer (Cu Koy radiation), using the FullProf
Suite package [7]. The temperature dependence of the magnetic susceptibility was
measured on a SQUID magnetometer (MPMS-XL7, Quantum Design) in external fields of
35 and 7.0 T in the temperature range 1.8-300 K. A high-temperature differential scanning
calorimetry (DSC) curve of the CrsCugNis7Siss alloy was obtained using a Linseis simultaneous
thermo analytical instrument STA PT 1600 in a dynamic atmosphere of argon (~6 dm?®/h) with
heating/cooling rates of 10 K/min in the temperature range between 293 and 1423 K.

The elemental composition of the sample was determined using energy-dispersive
X-ray spectroscopy (EDS) using an X-MaxN microanalysis system and a scanning electron
microscope (SEM) Tescan Vega 3. The compositions of the individual phases present in the
sample were determined by EDS analysis using AZtecLive real-time chemical imaging
powered by an X-MaxN Silicon Drift Detector.

3. Results and discussion

The result of the EDS analysis of the CrzCugNissSiis sample showed good
agreement with the nominal composition (Table 1). The sample was found to contain two
phases: a main phase (gray region) with the composition Crs.1(6)CUa.7(6)Nisg(1)Si19.2(6) and a
secondary phase (pale gray regions) with the composition Cuzes)Ni173)Cre2)Sivoe) (Fig. 1).

A complete structure refinement using the Rietveld method was performed on X-ray
powder diffraction data obtained for the CrasCugNiszSiig sample (Fig. 2). The phase analysis
showed that the alloy contained, as expected, as main component the (Cr, Cu, Ni)4Si phase
crystallizing in the enantiomorphic space group P2:3 (structure type AusAl, which is an
ordered derivative of the BMn type, Pearson symbol cP20 [8]). However, the sample was
also found to contain approximately 4 wt.% of an additional phase based on elementary Cu
dissolving mainly Ni (structure type Cu, Pearson symbol cF4, space group Fm-3m [8]). The
positional coordinates and isotropic displacement parameters of the atoms in the structure
of (Cro3a)Cuo.10)Niose(1))4Si are given in Table 2; details of the structural refinement are
summarized in Table 3. The cell parameter of the title compound, 0.612269(8) nm, is very
close to the value reported for the  phase in the Cr—Ni-Si system (0.6120 nm [8]). Due to
the similar number of electrons of the constituting metal atoms, the statistical mixture of Cr,
Ni, and Cu atoms at the Wyckoff positions 12b and 4a in the (Cr, Cu, Ni).Si phase was
fixed at M1 = M2 = Crp34Cuo.10Nioss, i.e. the proportions determined by the EDS analysis.
The cell parameter of the (Cu, Ni) solid solution containing small amounts of Cr and Si,
0.360171(7) nm, is also in good agreement with values for (Cu, Ni) reported in the literature [8].
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Table 1
Results (at.%) of the EDS investigation of the CrzsCusNis7Siis sample
Element | Overall composition |  Mainphase | Secondary phase
Cr 274 28.1(6) 6(2)
Cu 8.4 4.7(6) 76(5)
Ni 458 48(1) 17(3)
Si 184 19.2(6) 1.0(5)
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Fig. 1. SEM photograph of the Cr26CugNi47Siis sample:

gray matrix — (Cro.34)CUo.10(1)Nio.56(2))4Si; light gray regions — Cuo.7es)Nio.17(3)Cro.06(2)Sio.010(5)

110000_.”..”H.‘H‘.H.‘...‘.........\-.H-\.\-H.HH_
B 1 — (Cro34Cuo.10Ni056)4Si (AusAl type) ]
90000 - 2 — Cuo.76Ni0.17Cro.06Si0.01 (Cu type) ]
T 70000 .
8 L ]
S r ]
‘d - .
o - -
5 50000 B ]
2 L ]
g 30000 - .
= 0 ]
10000 - ' l J | Y T A‘LJ.. A ]
N e e e A RN A R
C 2 | | \ [ b

10 20 30 40 50 60 70 80 90 100 110

26 (°)

Fig. 2. Observed, calculated and difference (bottom) X-ray powder diffraction patterns
for the Cr2sCusNis7Siis sample annealed at 1173 K for 35 days; Cu Kau radiation (A = 0.154060 nm)
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Table 2
Atomic coordinates and isotropic displacement parameters for (Cro.34Cuo.10Nio.56)4Si
(structure type AusAl, Pearson symbol cP20, space group P2:3)
Site Wyckoff Atomic coordinates Biso
position X | y | z (102 nm?)
M1 12b 0.79689(15) 0.95313(13) 0.37842(19) 1.42(2)
M2 4a 0.68571(16) 0.68571(16) 0.68571(16) 1.36(5)
Si 4a 0.0695(3) 0.0695(3) 0.0695(3) 0.49(7)
M1 = M2 = Cro.34Cuo.10Nio s6.
Table 3

Experimental details and crystallographic data for the individual phases in the Cr2sCuoNis7Sizs alloy

Diffractometer
Radiation 4, nm

Profile parameters U, V, W
IAsymmetry parameters
Reliability factors Rs

RF

Rp, Rwp, 2

Phase (Cro.34Cuo.10Ni0.56(1))4Si Cuo.76Ni0.17Cro.06Si0.01
Content, wt. % 96.3(3) 3.73)
Structure type AusAl Cu

Pearson symbol cP20 cF4

Space group P213 Fm-3m

Unit cell parameter a, nm 0.612269(8) 0.360171(7)

Cell volume, nm? 0.229523(5) 0.046722(2)
Density Dx, g cm™ 8.222 8.896

Huber Image Plate Camera — G670
Cu Kaz, 0.154060

Scanning mode 0126
Range of 20, ° 15.00-110.35
Step size, © 0.005

0.037(3), ~0.014(3), 0.023(9)
~0.001(2), —0.0006(4)

7.46
9.58

18.7
9.93

2.20,3.02, 4.55

The Cr6CusNisrSiis sample was also investigated by high-temperature differential
scanning calorimetry. In an earlier investigation of the Cr—Ni—Si system [9] the & phase was
observed at 1123 K, but not at 1073 K, which seemed to indicate a eutectoid decomposition
taking place between these two temperatures. The DSC curve of the CrasCugNiszSiis Sample
(Fig. 3) exhibits two peaks. The first, narrow peak appears at 1293-1297 K, and the second,
broader, asymmetric peak at 1347-1373 K. Such a diagram may describe incongruent
melting of the main phase, where the former peak corresponds to the solidus (melting
temperature) and the latter to the liquidus. Five different ternary phases were observed in
the isothermal section of the phase diagram of the Cr—Ni-Si system at 1123 K [9], some of
them in a relatively narrow composition region, increasing the probability of incongruent
melting. Melting of the additional phase identified as a solid solution based on (Cu, Ni)
with low amounts of Cr and Si (composition from EDS analysis Crg)Curs)Niiz3)Sivos) 1S
expected to occur close to the experimental limit of the investigation (1423 K). Elementary
Cu forms a continuous solid solution with Ni, where the melting point steadily increases
from 1358 K for Cu to 1728 K for Ni [10] and 17 at. % Ni corresponds to approximately
1423 K. Pure Cu dissolves less than 1 at. % Cr, but Ni dissolves up to 50 at. % Cr, which
reduces the melting point to 1618 K. From our investigations, including earlier DSC of a
CraoNisoSize sample [2], we see no indication of a eutectoid decomposition or other
transition of the 7 phase in the temperature range between 1073 and 1123 K.
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Fig. 3. DSC curve for the Cr2sCuoNis7Siis sample

The parent (Cr, Ni)sSi phase shows Curie-Weiss paramagnetic behavior with a
paramagnetic Curie temperature from —13 K to —15 K [3]. Magnetic measurements of the
Cry6CugNisrSizg sample were performed in two magnetic fields (3.5 and 7.0 T). The
temperature dependence of the magnetic susceptibility in the range 1.8-300 K, shown in
Fig. 4, revealed paramagnetic behavior above 20 K also for the Cu-doped sample.
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Fig. 4. Temperature dependence of the magnetic susceptibility of the Cr2sCugNis7Siis alloy, measured
in magnetic fields of 3.5 and 7.0 T. The red solid line shows the modified Curie-Weiss fitat 3.5 T
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The use of two different fields showed that the susceptibility is slightly field-
dependent, which can be attributed to a tiny ferromagnetic impurity, equivalent to 5 ppm of
metallic iron. It is known that elementary Ni is a ferromagnet, and the solid solution (Cu,
Ni) remains ferromagnetic with Tc decreasing with increasing Cu content. The data
obtained at 3.5 T were fit to a modified Curie-Weiss law y = yo + C/(T-6,), where
C =2.7-10% emu g-at* K1 is the Curie constant, 6, = —-41 K is the paramagnetic Curie
temperature, and yo = 1.42-10% emu g-at? is the temperature-independent contribution to
the susceptibility. The negative Curie temperature indicates antiferromagnetic interactions
and the effective magnetic moment wesr calculated from the Curie constant is 0.147 pgatom.
xo is the sum of a positive Pauli paramagnetic contribution of the conduction electrons ypauii
and a negative diamagnetic contribution of the core electrons yuia = —7.59-10% emu g-at,
which was calculated for Cré*, Cu?*, Ni?*, and Si** ions [11]. Thus, the contribution of the
conduction electrons equals ypaui = yo — ydia = 1.49-10* emu g-at*, which corresponds to a
density of states at the Fermi level g(Egf) = 4.61 states/(eV atom). This is higher than the
density of states at the Fermi level of metallic Ni (4.06 states/(eV atom)) and indicates
electron correlations and an enhancement of the susceptibility. A phase with AusAl-type
structure is also known in the Fe—Ni-Si system [12] with a relatively broad homogeneity
range extending along the isoconcentrate 20 at. % Si. This phase exhibits ferromagnetic
order with a Curie temperature of 550-650 K, depending on the Fe content, for the same
structure type. Our previous attempts to partially replace Cr and/or Ni by Fe, Ru, Co, or Pd
in the (Cr, Ni)sSi phase, revealed the following paramagnetic Curie temperatures for
samples of nominal composition CrasMsNisgSiis: —7 K for M = Fe [4], Cra7MsNissSizo:
-52 K for M = Co [3], i.e. in all these cases the interactions remained antiferromagnetic.

4. Conclusions

The crystal structure of the Cu-doped m phase (Cr, Ni)4Si was refined from X-ray
powder diffraction data of a CrsCugNiszSize sample annealed at 1173 K. Most of the Cu
had been incorporated, but the alloy contained two phases: the quantitatively predominant
(96.3(3) wt. %) (Cro.34)Cuo.10)Niose1))sSi phase and a (Cu, Ni)-based solid solution of
composition Cuog.7es)Nio.173)Cro.0s2)Sio.o106) (3.7 wWt. %). Measurements of the temperature
dependence of the magnetic susceptibility showed paramagnetic behavior. As previously
observed for doping by Co (6, = 52 K) [3], substitution of Cu atoms for Cr and Ni led to a
significant decrease of the value of the paramagnetic Curie temperature (6, = —41 K),
compared to values between —13 and —15 K for the parent phase. Previous substitution by
Fe, Ru, or Pd reduced the absolute value of @, but the interactions remained
antiferromagnetic [4, 5].

The enantiomorphic crystal structure of the title compound was confirmed, however,
magnetic properties propitious for the formation of skyrmions, i.e. a slightly positive
paramagnetic Curie temperature, were not obtained by replacing Cr and/or Ni by Cu.
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Onmcano cnpoOy OZepKaHHA CKHPMIOHHOTO Marepianmy. MarHiTHI CKHPMIOHH —
HAHOCKOMIYHI BHXPOMOMAiOHI Je(eKTH CIiHOBOI TEKCTypH (PEepOMAarHETHKIB, SIKi 3aBISKH CBOEMY
KOMIIAKTHOMY pO3MIpy CTAaHOBISTh HAYKOBHHA Ta IHAYCTpiaJbHUI 1HTepeC MIOAO IXHBOTO
3aCTOCYBaHHS Y IPUCTPOSX 30epekeHHs Ta BIITBOpPeHHS iH(opMamii. BukopucTaHHA CKUPMiOHHUX
MarepiajiB y HPHUCTPOSX IHOTO THIY MOXE CYTTEBO 30LIBIINTH TYCTHHY 3alHCy JAaHHX, L0 €
Haj3BUYaiiHo aktyanbHUM y XXI cT. ICHYBaHHS MarHiTHHX CKHPMIOHIB y KpHCTallax 0OMEKYeThCS
CTPYKTYPHOIO Ta MAarHiTHOIO yMOBaMH, SIKI MOJSITalOTh y TOMY, L0 CTPYKTypa CKHPMiOHHOTO
Marepiaiy MOBUHHA OyTH HEIIEHTPOCHMETPUYHOIO, a MapamMarHiTHa Temmneparypa Kropi — nonatHoro.

ITpoBeseHO TOBHE YTOYHEHHS KPUCTAIIYHOI CTPYKTYpH (a3 MOJIKPHCTATIYHOTO 3pa3ka
Cr26Cu9Nis7Siis MeToioM PiTBenba Ha OCHOBI ANMPAKIIHHUX JaHHUX. 3 5ICOBAHO, LIO B ILOMY 3pasKy
KinbkicHo mnepeBaxae (asa cxmamy (Crosaa)Cuo,10(1)Niose(1)sSi (96.3(3) mac. %). Kpucraniuna
CTPYKTYypa Ii€i (a3u HaNeKHUTh 0 cTpykTypHOTro Ty AusAl (cumBoin Ilipcona cP20, mpoctopoBa
rpyna P213): mapamerp enemenrapuoi komipku a = 0,612269(8) um mist (Cro,34(1)Cuo,10(1)Nio56(2))aSi
(ckiam BU3HAUYEHO €HEProAMCIIEPCIHHOI0 PEHTIeHIBCHKOIO CHEeKTpockormieo). Tunm AusAl HanexuTh
JI0 POJMHH CTPYKTYP, TOXITHHUX 10 SMN.

3pazok Cr2sCuoNis7Sits m0CiiKyBaI METOJOM BHCOKOTEMIIEPATYPHOI AU(epeHIiaibHOT
CKaHYI04O01 KaJOpUMeTpii. AHai3 OTPUMaHOI KPUBOI 3aCBiJUMB BiJICYyTHICTb OYAb-SIKMX NEPETBOPEHB
quist dasu (Cro.sa)Cuo.10(1)Nios6(1))2Si B TemmepaTypHomy intepBani 293—1123 K.

Jlns 3paska CrasCugNis7Siis TOCTIIKEHO TeMIepaTypHy 3aJleKHICTh MarHiTHOI CHPUAHATIN-
BOCTI Y MarHiTHMX NOMSX iHAykmiero 3,5 ta 7,0 Tn. YTouneHo, mo misi crodyku Biactusuii Kropi-
BaiicoBCchbKMIT MapaMardiTHUH XapakTep MarHiTHOrO BHOPAAKYBaHHs: yo = 1,42-10* em.o. r-atl; C =
2,7-10°% e.m.o. r-art K'%; 6p =41 K y MarniTHOoMy 1o inykuiero 3,5 T

Kntouogi cnoea: peHTreHIBChKa MOPOIIKOBa An(paKiis, KpUCTaJidyHa CTPYKTypa, MarHiTHI
BJIACTHBOCTI, MarHiTHI CKUPMiOHH.
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