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a b s t r a c t 

Deformation mechanisms and magnetic properties of medium and high entropy alloys (MEA/HEAs) 

closely relate to lattice distortion and are strongly temperature-dependent, in particular, at low temper- 

ature ranges. However, little attention has been paid to the evolution of lattice distortion with tempera- 

ture decreasing and its effects on deformation behavior and magnetic state transition. In this work, we 

carry out in situ synchrotron radiation based X-ray powder diffraction (SR-XRD) experiments from 293 

to 123 K aiming for determining lattice distortion evolutions of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi 

HEAs. Magnetic measurements at corresponding low temperatures and cryogenic ranges are further con- 

ducted. The in situ SR-XRD results demonstrate a general reduction of lattice distortion magnitude with 

temperature decreasing, which shows a similar tendency with that of reported stacking fault energy (SFE) 

values. It is thus suggested that lattice distortion reduction possibly makes a critical contribution to defor- 

mation mechanism transition. The magnetic measurement results show a clear ferromagnetic transition 

of CrFeCoNi HEA when temperature is below 173 K. While, no obvious magnetic state transition is ob- 

served for CrCoNi MEA and CrMnFeCoNi HEA. The present findings on lattice distortion evolutions will 

pave the way for designing targeted HEAs with particular properties. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Since the first inception in 2004 [ 1 , 2 ], medium and high en-

ropy alloys (MEA and HEA) have been attracting increasing re- 

earch enthusiasm due to their unprecedented properties [3–6] . 

attice distortion is one of the four core effects of HEAs [ 2 , 7 ]. It

lays a vital role of importance on mechanical performance [8–

0] , solid solution strengthening [ 11 , 12 ], phase stability [ 13 , 14 ],

agnetic property [ 15 , 16 ], and etc. Synchrotron radiation based X- 

ay diffraction (SR-XRD) is one of the powerful experiment tech- 

iques for investigating lattice distortions [17–19] besides X-ray 

bsorption fine structure (XAFS) [ 20 , 21 ], HRTEM [10] and other 

ethods. X-ray diffraction data collected at a synchrotron radi- 

tion source could provide detailed lattice structure evolutions 
∗ Corresponding author. 
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rom Bragg peaks, such as position shift, intensity variation and 

ull width at half maximum (FWHM) [22] . Normally, three types 

f strains are conventionally defined and classified contributing 

o Bragg peak variations [23] . Type Ⅰ strain is usually referred 

o macroscopic and near homogeneous one from applied bulk 

tresses, which would cause inter-planar spacing increasing or de- 

reasing, presented as Bragg peak position shifting. Type Ⅱ strain is 

enerally inhomogeneous and acts at a shorter distance than Type 

 , it mainly causes variations of grain orientations. Type Ⅲ strain 

orresponds to variations within a crystal arising from local per- 

urbations such as defects, leading to broadening of Bragg peaks. 

attice distortions in HEAs would be significantly affected by the 

pplied temperature loadings, since defect movements and atomic 

hermal oscillations would be dramatically altered. Thus, more de- 
Materials Science & Technology. 
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ails of lattice distortion evolutions with temperature are needed 

o clarify its effects on temperature dependences of deformation 

echanism transformation and magnetic state transition. 

The extensively studied CrCoNi MEA [24–26] , CrFeCoNi [ 27 , 28 ]

nd CrMnFeCoNi HEAs [29–31] have been reported breaking out 

he strength-ductility trade-off at low and cryogenic temperatures. 

he dominated deformation mechanism would change from dislo- 

ation planar-slip to a synergy of dislocation and stacking faults 

nd/or deformation-induced twinning with temperature decreas- 

ng [32] . Normally, it is not difficult to understand the strength in- 

rease at lower temperatures due to the deactivation of dislocation 

ctivities [33] . Surprisingly, the ductility significantly increases si- 

ultaneously, which is attributed to the participation of twinning 

t earlier deformation stages. The activation of twinning has been 

aptured in detail by high-resolution transmission electron micro- 

cope (HRTEM) [34] . It is known that twinning takes place more 

asily in alloys with lower stacking fault energy (SFE), which rep- 

esents well the energy associated with interrupting normal stack- 

ng sequence of crystal planes [35] . Although the observation of 

winning at low temperature is proposed due to the corresponding 

ecrease of SFE [36] , little attention has been paid to the nature 

f temperature-dependence of SFE in alloys [37–39] . Nevertheless, 

ery few experiments [40] have been reported on lattice structure 

volution and its correlation with SFE as a function of temperature 

ecreasing. 

The magnetism of HEAs is another noticeable feature closely 

elated to their local lattice structures [ 15 , 16 ], and is highly

emperature-dependent, in particular, at low temperatures [41] . 

owever, the reported theoretical results on the magnetism trans- 

ormations at low and/or cryogenic temperature ranges are not 

onsistent well [ 42 , 43 ]. Since the HEAs consist of multiple main

omponent elements, a chemically disordered and topologically 

istorted crystal lattice would be formed, which makes magnetism 

f HEAs rather complex. For instance, in CrMnFeCoNi HEA systems, 

he Fe, Co, and Ni are ferromagnetic while Cr and Mn are antiferro- 

agnetic. Thus, some calculations predicted parallel alignment of 

e, Co and Ni, but antiparallel alignment of Cr and Mn [44] . How-

ver, another theoretical study presented different magnetic mo- 

ents of the composition elements, particularly, for Ni [45] . Evi- 

ently, the addition of new element such as Al, Ga, and Sn would 

hange the paramagnetic state of CrFeCoNi- X (where X stands for 

he newly added element) to ferromagnetic at room temperature 

46] . The phase transformation is usually observed at the same 

ime. Thus, it is difficult to clarify the magnetic transition to the 

hange of alloying composition, or the change of phase structure. 

herefore, further investigations of the magnetic state of the CrM- 

FeCoNi HEAs are urgent to clarify the above-discussed debate. 

Admittedly, temperature plays an important role in lattice 

tructures and eventually chemical and magnetic interactions [47] , 

nd detailed information on atomic-scale lattice structure evolu- 

ion at low temperatures could admittedly provide critical clues 

n understanding lattice distortion effects on deformation mech- 

nism [ 41 , 42 ] and magnetic state transition [48] . A profound un-

erstanding of lattice structure evolution as a function of temper- 

ture will surely pave the way for designing targeted HEAs with 

utstanding mechanical properties for special requirements. Hence, 

he objective of the present paper is to experimentally determine 

attice distortion evolutions as a function of temperature decreas- 

ng and attempt to uncover the temperature dependence of mag- 

etic property. Therefore, in this work, we conducted in situ SR- 

RD experiments of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs 

rom room temperature to 123 K. The magnetic properties are fur- 

her measured at corresponding and further cryogenic tempera- 

ures (5 K), attempting to decipher correlations between lattice 

istortion and its effects on deformation behavior and magnetic 

tate. 
o

237 
. Materials and methods 

Equiatomic CrCoNi MEA, CrFeCoNi HEA and CrMnFeCoNi HEA 

ith equiaxed grain of ∼ 20 μm were produced from the same 

ulk alloys reported in our previous work [20] . Briefly, the ingots 

ere prepared by arc melting for five times and homogenized at 

473 K for 24 h, air cooling, cold rolling, and annealing (1073 K, 

 h) for lattice distortion investigations. The in situ low tempera- 

ure SR-XRD measurements were carried out at 4B9A beamline in 

eijing Synchrotron Radiation Facility (BSRF) with an incident X- 

ay wavelength of 1.5406 Å. During the data collection, the sam- 

le with a size of 7 mm × 7 mm × 1 mm was put in the vac-

um chamber of a low temperature furnace (Anton Paar TTK 450), 

hich was equipped on a 6 circle diffractometer. The temperature 

nd temperature decreasing rate (10 K/min) was controlled by liq- 

id N 2 flow. To ensure the stability of sample temperature during 

easurements, the designated temperature was kept for 30 min 

efore XRD pattern collections. The individual XRD pattern was 

ollected from a 2 θ angle of 35 ° to 105 ° with a scanning step of 

.02 °. The collection time for a single XRD pattern is around 2 h. 

2 XRD patterns were collected at 293, 223, 173 and 123 K for Cr- 

oNi MEA, CrFeCoNi HEA and CrMnFeCoNi HEA, respectively. All 

he XRD data have been normalized before refinement analysis to 

xclude the effect of incident beam decay over a long time. Stan- 

ard Si powders were measured at the same time to determine 

nstrument broadening. 

Magnetic measurements were carried out by using a vibrating 

ample magnetometer (VSM) equipped on the Dynacool PPMS sys- 

em from American Quantum Design with a temperature stabil- 

ty better than ±0.2% and a magnetism resolution higher than 0.2 

T. Magnetization hysteresis loops ( M - H curves) were measured at 

93, 223, 173, 150, 123, 77, 25 and 5 K in a magnetic field range

rom −5 to 5 T. The temperature dependence of the magnetic mo- 

ent ( M - T curve) was investigated in a temperature range from 

00 to 4 K under a magnetic field of 200 Oe. 

. Results and discussion 

.1. Lattice structure variations 

Fig. 1 shows XRD patterns of CrCoNi MEA ( Fig. 1 (a)), CrFeCoNi 

EA ( Fig. 1 (b)) and CrMnFeCoNi HEA ( Fig. 1 (c)) collected at 293,

23, 173 and 123 K. All three alloys are kept face-centered cu- 

ic (FCC) structures at all the measured temperatures, and no dis- 

inct phase transformation is observed. The background intensity 

or each data changes little with temperature. However, the back- 

round intensities for CrCoNi MEA and CrFeCoNi HEA are relatively 

igher than those for CrMnFeCoNi HEA. This is possibly due to 

he fluorescence effect of higher Cr content in CrCoNi HEA, since 

he wavelength of Cr is longer than others [49] . The strongest 

iffraction peak in CrCoNi MEA is (220), while (111) peaks are the 

trongest ones in CrFeCoNi and CrMnFeCoNi HEAs. Since we focus 

n the evolutions of lattice distortion, the slightly preferred ori- 

ntation in CrCoNi MEA is not an important factor as that in the 

tudies focusing on the effects of alloy composition on local lat- 

ice distortion. Obvious peak position shiftings to higher two theta 

ngle are observed for CrCoNi MEA, CrFeCoNi HEA and CrMnFe- 

oNi HEA with temperature decreasing, particularly, the positions 

f higher angle diffraction peaks, indicating continuous lattice con- 

ractions. 

Individual peak position shifts of collected XRD patterns are 

uantified and shown in Fig. 2 . Generally, the peak positions of 

111), (200), (220) and (311) in CrCoNi MEA in Fig. 2 (a) are higher

han the corresponding ones in CrFeCoNi HEA in Fig. 2 (b) and CrM- 

FeCoNi HEA in Fig. 2 (c). This indicates a smaller lattice parameter 

f CrCoNi MEA than those of CrFeCoNi and CrMnFeCoNi HEAs. The 



Y.-Y. Tan, Z.-J. Chen, M.-Y. Su et al. Journal of Materials Science & Technology 104 (2022) 236–243 

Fig. 1. XRD patterns of (a) CrCoNi MEA, (b) CrFeCoNi HEA and (c) CrMnFeCoNi HEA at 293, 223, 173, and 123 K collected at 4B9A beamline in BSRF. 

Fig. 2. (111), (200), (220) and (311) Bragg peak position shifts of (a) CrCoNi MEA, (b) CrFeCoNi HEA, (c) CrMnFeCoNi HEA. The error bars are very small and enclosed in the 

scattering symbols. 
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eak positions in each alloy increase almost linearly with decreas- 

ng temperature in the whole studied temperature range, implying 

 continuous contraction of lattice parameters of the three alloys. 

owever, the peak position increases in CrCoNi MEA and CrFeCoNi 

EA are slow from 293 to 173 K, but the accelerated increase of 

eak position shifts is observed from 173 to 123 K. While, the peak 

osition increases of (111) and (200) in CrMnFeCoNi HEA are rel- 

tively higher in the studied temperature range. On the contrary, 

he peak position increasing behaviors of (220) and (311) planes 

n Fig. 2 (a) and (c) are similar for CrCoNi MEA and CrMnFeCoNi 

EA. Simultaneously, a little speeding up increase of peak posi- 

ions for CrFeCoNi HEA is observed. Since the absolute values of 

orresponding d spacing of (111) and (200) peaks are larger than 

hose for (220) and (311) peaks, the peak position shifts of (220) 

nd (311) peaks are more sensitive and thus present larger mag- 

itude of increase. However, differences are still observed among 

he magnitude evolutions of each peak position shifts at different 

emperature ranges, which is indicative of lattice distortion varia- 

ions during temperature decreasing. Diffraction peak shape evo- 

utions, such as peak intensity and full width at half maximum 

FWHM), are also observed as a function of temperature, partic- 

larly at 173 K, which implies complex lattice distortions caused 

y temperature decreasing. The variations of peak shape would be 

iscussed in detail after Rietveld refinement of the XRD patterns. 

Rietveld refinements of all the collected XRD patterns are per- 

ormed by Highscore Plus software [50] to obtain detailed lattice 

tructure evolution information with temperature decreasing. The 

efinement details are shown in Figs. S1-S3 in Supplementary Ma- 

erials. The peak profile is modeled by a Pseudo-Voigt function 

orrected for asymmetry owing to axial divergence. The FWHM 

s calibrated using a standard Si powder sample measured at the 

ame vacuum conditions without temperature loadings. The refine- 

ent results are shown in Fig. 3 . Generally, at a given tempera- 

ure, the lattice parameter increases from CrCoNi MEA to CrFeCoNi 

EA, and becomes more pronounced for CrMnFeCoNi HEA. Evi- 

ently, solid-solutioning more elements, such as Fe and Mn, to Cr- 

oNi MEA would cause expansion of the lattice in the CrMnFeCoNi 

EA system, and more detailed discussions about alloying compo- 

ition effects on local lattice distortion are presented in our pre- 
s

238 
ious report [20] . Fig. 3 (a) presents a linear lattice parameter de- 

reasing of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs from 293 

o 123 K, indicating a generally linear lattice contraction, which 

grees well with decreasing tendency of SFE [ 36 , 51 ]. The expansion

oefficients for CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs are 

btained from linear fittings and displayed as (3.68 ±1.1) × 10 −5 , 

4.69 ±1.7) × 10 −5 , and (8.96 ±1.5) × 10 −5 /K, respectively. The val- 

es are in the same order but more than three times larger than 

hose measured by Laplanche et al. [ 52 , 53 ] in similar and higher

emperature ranges. Evidently, CrMnFeCoNi HEA has the largest 

attice parameter and it decreases faster than those of CrFeCoNi 

EA and CrCoNi MEA. Supposing that the lattice contraction rates 

or the alloys are the same in the low and cryogenic tempera- 

ure ranges, the lattice parameters of CrCoNi MEA, CrFeCoNi and 

rMnFeCoNi HEAs at 0 K are calculated to be (3.5605 ±0.0 0 04) Å, 

3.5676 ±0.0 0 01) Å, and (3.5540 ±0.0 0 02) Å, respectively. These val-

es are similar to those reported in the theoretical calculations 

 21 , 54 ]. Hence, we propose that differences in lattice contraction 

ate for the alloys are possibly the main contributor to the con- 

rary between measured lattice parameters at room temperature 

nd lattice parameters calculated at 0 K. 

To further explore the evolutions of local lattice distortion, the 

sotropic thermal motion factor ( U iso ) in Eq. (1) is refined and dis- 

layed in Fig. 3 (b). 

 π2 U iso = 

6 h 

2 

mk �2 
D 

[
φ( x ) 

x 
+ 

1 

4 

]
+ d 2 (1) 

ith x = 

�
D 

T 
x = 

�
D 

T 
, and φ(x ) = 

1 

x 

x 

∫ 
0 

ξ

e ξ − 1 

d ξφ(x ) = 

1 

x 

x 

∫ 
0 

ξ

e ξ − 1 

d ξ

here h is Planck’s constant, T the measurement temperature, m 

he atomic mass, k the Boltzmann constant, �D the Debye temper- 

ture, and d 2 stands for static disorder in lattice. Eq. (1) has been 

sed to describe contributions of static displacement and thermal 

ynamic displacement of lattice distortions [ 55 , 56 ] following De- 

ye model. The first term is attributed to thermal dynamic dis- 

lacement and the second term is considered to arise from static 

isplacement. Therefore, U iso in Fig. 3 (b) describes a summation of 

tatic and dynamic displacements from the Rietveld refinement. At 
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Fig. 3. (a) Lattice parameter and (b) U iso evolutions of CrCoNi MEA, CrFeCoNi HEA and CrMnFeCoNi HEA along with temperature decreasing. The values are obtained from 

the Rietveld refinements of individual XRD patterns. 

t

f

i

w  

t

M

p

d

f

C

o  

C

s

C

i

c

h

k

c

c

C

c

C

n

M

i

n

p

t

s

a

t

w

o

a

p

3

e

F

t

T

s

w

e

(

a  

i

H

c

l

w

l

f

C

t

s

p

(

i

p

c

c

o

i

o

o

w

a

s

t

t

d

v

l

t

m

m

s

d

t

v

l

a

p

w

g

a

t

emperatures above 173 K, U iso decreases approximately in linear 

or all three alloys, suggesting a smooth lattice distortion evolution 

n this temperature range. The variations of U iso are well consistent 

ith that of peak position shifts as shown in Fig. 2 . These observa-

ions further verified that slightly preferred orientation in CrCoNi 

EA has little effect on evolutions of lattice distortion with tem- 

erature. However, a change of slope in the temperature depen- 

ence of U iso is observed when the temperature reaching 123 K 

or CrMnFeCoNi HEA, and it becomes more pronounced for CrFe- 

oNi HEA, indicating that a precursor lattice instability change may 

ccur at 173 K. In general, the U iso value in Fig. 3 (b) for CrMnFe-

oNi HEA is higher than those of CrCoNi MEA and CrFeCoNi HEA, 

uggesting the higher magnitude of lattice distortion for CrMnFe- 

oNi HEA at a certain temperature, which could arise from the 

ncreased number of composition alloying elements, specifically, 

hemical complexity. Similarly, the U iso of CrCoNi MEA is slightly 

igher than that of CrFeCoNi HEA at 293 K, but the differences 

ept increasing with lowering temperature. A relatively faster de- 

reasing rate is observed for CrFeCoNi HEA, and possibly, some lo- 

al ordered structure is formed. Presumably, introducing Fe to Cr- 

oNi MEA could effectively drive lattice distortion due to local mi- 

rostrain field modification [56] . However, the addition of Mn to 

rFeCoNi HEA has balanced the effect of Fe addition, since CrM- 

FeCoNi HEA shows a similar decreasing rate of U iso with CrCoNi 

EA. The decreasing of U iso verifies reductions of lattice distortion 

n the alloys from both static and dynamic displacements. Unfortu- 

ately, it is difficult to distinguish distortions caused by static dis- 

lacement from that by thermal dynamic displacement. The varia- 

ions of U iso also indicate that the average lattice distortions differ 

ignificantly from the local lattice distortions determined by X-ray 

bsorption fine structure spectrum (XAFS) [20] . It also noted that 

he variations of U iso with temperature are different dramatically 

ith that evolves with chemical composition [57] . The differences 

f the U iso variations indicate differences of local lattice distortions 

mong CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs at low tem- 

eratures. 

.2. Local lattice distortion evolutions 

To further investigate local distortions of each diffraction plane, 

volutions of Bragg peak shape including both peak intensity and 

WHM were analyzed in detail by line profile fittings. As men- 

ioned above, no mechanical loadings were applied in this study. 

hus, the evolutions of peak intensity and FWHM are attributed 

olely to temperature. The variations of peak intensity and FWHM 

ere calculated using XRD patterns collected at 293 K as refer- 
239 
nces for each sample. The evolutions for (111), (200), (220) and 

311) planes of CrCoNi MEA, CrFeCoNi HEA and CrMnFeCoNi HEA 

re displayed in Fig. 4 . From 293 to 223 K, the variations of peak

ntensity and FWHM are not violently, particularly for CrMnFeCoNi 

EA. The increase of peak intensity is always simultaneously ac- 

ompanied with FWHM decreasing, attributing to the decrease of 

ocal lattice distortions, and this variation is in good agreement 

ith the Debye model. The results indicate that the reductions of 

ocal lattice distortion in this temperature range are not significant 

or CrMnFeCoNi HEA but more pronounced for CrCoNi MEA and 

rFeCoNi HEA. 

From 223 to 173 K, violent variations were observed for all 

hree alloys. For CrCoNi MEA, the intensity of (220) peak increases 

harply, and a slight increase is observed for (111) peak. While both 

eak intensity and FWHM reductions are observed for (200) and 

311) peaks. This suggests that the reduction of lattice distortion 

n CrCoNi MEA from 223 to 173 K is mainly contributed by (220) 

lanes, possibly due to its preferred orientation. However, the lo- 

al lattice distortion changes little as the temperature further de- 

reases from 173 to 123 K. For CrFeCoNi HEA, splitting variations 

f peak intensity and FWHM are observed. In general, (111) peak 

ntensity and FWHM kept the same variation tendency with that 

f the former temperature range, suggesting a continuous increase 

f its local disorder. Similar variation is observed for (311) peak but 

ith lower amplitude. The changing tendencies of (200) and (220) 

re similar for peak intensity increasing and FWHM decreasing, 

uggesting a slight reduction of local distortions. Surprisingly, as 

he temperature decreases further from 173 to 123 K, peak intensi- 

ies of (311), (200) and (111) increase noticeably with simultaneous 

ecreasing of FWHM for (311), (200) and (111), but the peak shape 

ariation of (220) shows an inverse tendency. Plausibly, the local 

attice structure orders of CrFeCoNi HEA change dramatically in the 

emperature range of 223 to 123 K, some local ordered structures 

ight be formed [56] . For CrMnFeCoNi HEA, the variations are 

uch more regular from 223 to 173 K, and peak intensity increases 

imultaneously with FWHM decreasing for all the peaks but with 

ifferent fluctuations. While the changes are very small when fur- 

her decreasing the temperature from 173 to 123 K, presenting a 

ery similar tendency with that of CrCoNi MEA. Apparently, the 

attice distortion evolutions of CrCoNi MEA and CrMnFeCoNi HEA 

ct similar with each other: slight changes in relatively higher tem- 

erature range, and pronounced variations in the moderate range, 

hile faint changes are observed when further decreasing to cryo- 

enic range. But for CrFeCoNi HEA, the more violent variations 

re observed from 173 K to possibly much lower and cryogenic 

emperatures. The lattice distortions in CrFeCoNi HEA are seemed 



Y.-Y. Tan, Z.-J. Chen, M.-Y. Su et al. Journal of Materials Science & Technology 104 (2022) 236–243 

Fig. 4. (a-c) Peak intensity and (d-f) FWHM value evolutions for (111), (200), (220) and (311) planes of (a) CrCoNi MEA, (b) CrFeCoNi HEA and (c) CrMnFeCoNi HEA with 

decreasing temperature. 
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o be more complicated than those in CrCoNi MEA and CrMnFe- 

oNi HEA. The differences among lattice distortion evolutions of 

he three alloys might come from alloying composition and/or local 

agnetic property, since the pure composite metals are of different 

agnetic properties. The results demonstrate that when the tem- 

erature is applied to HEAs, lattice parameters and thermal oscilla- 

ion will inevitably be forced to change. Thus, the applied temper- 

ture could be counted as Type Ⅰ and Type Ⅲ strains. The effects 

f lowering the temperature on lattice distortions in CrMnFeCoNi 

EAs system are briefly described in Schematic 1 . 

.3. Magnetic property at low and cryogenic temperatures 

The magnetism of HEAs is another feature that is quite sensi- 

ive to their local lattice structure variations [ 15 , 16 ], particularly, 

he magnetic state at low temperatures is highly temperature- 

ependent [41] . As discussed in Section 3.2 , the variations of lat- 

ice distortions in CrFeCoNi HEA are different from those of CrCoNi 

EA and CrMnFeCoNi HEAs, suggesting a possibility of the for- 

ation of some local ordered structure that might alter the mag- 
240 
etic property of CrFeCoNi HEA at very low temperatures. On the 

ther hand, the XRD patterns in Fig. 1 demonstrate that there are 

o phase structure transitions during the process of temperature 

ecreasing, which will exclude the effect of phase change on the 

agnetic property of HEAs, and thus making the discussion on 

agnetic property simpler. Therefore, we measured not only mag- 

etizations of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs at 293, 

23, 173, 150, 123 K, and further tested their magnetic properties 

t 77, 25 and 5 K to investigate correlations between lattice distor- 

ion evolutions and magnetic property of the three studied alloys. 

The results shown in Fig. 5 demonstrate tremendous differences 

n the magnetization of CrFeCoNi HEA from those of CrCoNi MEA 

nd CrMnFeCoNi HEA. In general, CrCoNi MEA, CrFeCoNi and CrM- 

FeCoNi HEAs are paramagnetic at ambient conditions in Fig. 5 (b- 

). However, as temperature further decreasing down to 5 K, an 

bvious magnetic state transition of CrFeCoNi HEA from paramag- 

etic to ferromagnetic state is observed in Fig. 5 (a) and (c). By con- 

rast, both CrCoNi MEA and CrMnFeCoNi HEA still keep in a para- 

agnetic state with slight magnetization increments in Fig. 5 (b) 

nd (d). The magnetization behavior of CrMnFeCoNi HEA is dif- 
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Schematic 1. Schematic of lowering temperature effects on lattice distortion evolutions in CrMnFeCoNi HEAs system. 

Fig. 5. Magnetic properties of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs. (a) M - T curves collected at a temperature range from 300 to 4 K, (b-d) M - H curves measured 

at low and cryogenic temperatures. 
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erent from that reported in the work of O. Schneeweiss et al. 

43] and nanocrystalline CrMnFeCoNi HEA after special heat treat- 

ent [15] . Possibly, the differences come from heat treatment pro- 

esses during the synthesis of the alloy. Upon lowering the tem- 

erature further, the magnetization of CrFeCoNi HEA grows gradu- 

lly, the shape of M - H curves evolves from inclined saturation line 

oward a rectangular step around H = 0 at 25 and 5 K. The M - H

urves from 150 to 5 K indicate soft magnetic characteristics of Cr- 

eCoNi HEA starting at least from 25 K. As indicated in Fig. 5 (a),

he magnetic transition of CrFeCoNi HEA from paramagnetic to 

erromagnetic is around 34 K, and stays approximately constant 

pon further cooling in Fig. 5 (c). Evidently, the magnetization of 

rFeCoNi HEA is dramatically different from that of CrCoNi MEA 
241 
nd CrMnFeCoNi HEA. Furthermore, this difference becomes obvi- 

us at 173 K, from which the lattice distortion evolutions of CrFe- 

oNi HEA become violent and apart from those of CrCoNi MEA and 

rMnFeCoNi HEA. Thus, we infer that the sharp change of lattice 

istortions in CrFeCoNi HEA at this temperature range is mainly 

aused by the formation of some local magnetic orders. Surpris- 

ngly, we found that the formation of this kind of ordered mag- 

etic structure speeds up in the cryogenic range from 123 to 25 K. 

nfortunately, such lattice distortion information has not been col- 

ected in this work due to the limitation of experimental condi- 

ions. However, the ordered magnetic structure might approach 

aturation from 25 to 5 K. The magnetic state transition of CrFe- 

oNi HEA demonstrates that lattice distortion plays a role of crit- 
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cal importance on the magnetic property of CrFeCoNi HEA. Nev- 

rtheless, the magnetic evolutions of CrFeCoNi HEA from param- 

gnetic to soft ferromagnetic revealed CrFeCoNi HEA as a promis- 

ng material for the application in magnetic sensing devices at low 

emperatures. 

.4. Discussions on lattice distortion, magnetic property and 

eformation behavior 

Our results show clearly that lattice structures and magnetic 

roperties of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs go 

hrough dramatic changes as the temperature decreases from 293 

o 123 and further 5 K. The lattice parameters decrease 1.425%, 

.278% and 3.476% for CrCoNi MEA, CrFeCoNi and CrMnFeCoNi 

EAs, respectively. And CrFeCoNi HEA turns from paramagnetic 

nto ferromagnetic state from room temperature to 5 K. It is re- 

orted that element composition and crystal structure have signif- 

cant effects on magnetic properties of alloys [ 46 , 58 ]. In particular,

or CrFeCoNi HEA, the substitution of Cr to Al or Ga will transform 

ts paramagnetic state to ferromagnetic due to crystal lattice struc- 

ure and/or phase changes [ 46 , 59 ]. However, the chemical compo- 

ition and phase changes could be excluded in our study during 

he temperature cooling down process. No phase changes are ob- 

erved for all the three alloys at least at 123 K, at which CrFe- 

oNi HEA has already changed into ferromagnetic state. The calcu- 

ations results [ 59 , 60 ] suggest that the magnetic property of alloys

as strong correlations with the magnetic exchange interactions 

mong chemical compositions. The interactions depend mainly on 

he nearest-neighbor atom distances. For the CrFeCoNiAl HEA [59] , 

ts saturated ferromagnetic magnetization will be enhanced from 

CC structure to body-centered cubic (BCC) structure with differ- 

nt Al contents. In this case, the ferromagnetic interactions among 

e-Fe, Fe-Co, and Co-Co atom pairs in BCC structure are supposed 

o be much stronger than those in the FCC structure. Possibly, the 

ncrease of magnetic property CrFeCoNiAl x HEA is caused by the 

longation of nearest neighbor atom pair distances from 

√ 

2 
2 a in 

CC to 
√ 

3 
2 a BCC (where a stands for the lattice parameter). How- 

ver, in our case, the nearest neighbor atom pair distances in Cr- 

eCoNi HEA during lowering temperature should be decreased due 

o lattice contraction. Thus, the magnetic state transition mecha- 

ism in our case might be different from the phase change. Nev- 

rtheless, these features demonstrate that lattice distortion has a 

trong impact on the magnetic property of CrFeCoNi HEA. On the 

ontrary, the lattice distortion evolution works very little on the 

agnetic properties of CrCoNi MEA and CrMnFeCoNi HEA. Possi- 

ly, the giant magnetic difference of CrMnFeCoNi HEA from Cr- 

eCoNi HEA might mainly arise from the addition of Mn [ 61 , 62 ],

ince spin state transition is observed in non-equiatomic CrMnFe- 

oNi alloy [41] and local magnetic moments of each alloy species 

ave been reported to exhibit particular temperature and chemical 

ependency [ 16 , 47 , 63 ]. 

Based on the aforementioned discussions, it is clear that the 

ffects of lowering temperature on lattice distortions are in good 

greement with those on SFEs [ 35 , 64 ]. Since the theoretical cal-

ulations [65] demonstrate that the SFE of CrMnFeCoNi HEAs sys- 

em will decrease with decreasing lattice distortion. Correspond- 

ngly, our results demonstrate that lattice distortions in CrMn- 

eCoNi HEAs system decreased with temperature cooling down, 

howing the same temperature dependence with that of SFE [36] . 

urthermore, the lattice distortion of CrCoNi MEA is smaller than 

hat of CrMnFeCoNi HEA at the studied temperature range, which 

n the other hand corresponds well with the lower SFE of Cr- 

oNi MEA than that of CrMnFeCoNi HEA [66] , explaining well on 

he mechanical performance of CrCoNi MEA superior to that of 

rMnFeCoNi HEA due to earlier observation of twinning. Finally, 
242 
he local lattice distortion reductions of CrMnFeCoNi HEA systems 

orresponding to each plane vary tremendously particularly below 

23 K, which reminds us to consider the large variations on ob- 

ained values of SFE highly depending on local atomic structure. 

hus, it is plausible to infer that variations of local lattice distortion 

n CrMnFeCoNi HEAs system cause significant differences in SFE 

alues as demonstrated from computer-based calculations [ 65 , 67 ]. 

herefore, we consider the general decrease of lattice distortion in 

rMnFeCoNi HEAs system as a contributor to the decrease of SFE, 

hile the variations of local lattice distortion might produce large 

ifferences on obtained SFE values. 

But the magnetic property of HEAs might have little effect on 

heir deformation behaviors. Although pronounced differences in 

agnetization were observed for CrFeCoNi HEA with those of Cr- 

oNi MEA and CrMnFeCoNi HEA, similar deformation behaviors re- 

erred to the observation of serration in stress-strain curve were 

bserved for both CrFeCoNi HEA [68] and CrMnFeCoNi HEA at 

.2 K [30] . Evidently, the three alloys exhibit similar deformation 

echanisms at cryogenic temperatures, but their magnetic prop- 

rties differ tremendously at corresponding temperatures. Hence, 

t is difficult to correlate the magnetic properties of CrMnFeCoNi 

EAs with their deformation mechanism. 

. Conclusions 

In summary, we carried out in situ SR-XRD experiments and 

agnetic measurements to investigate lattice distortion and mag- 

etic property evolutions as a function of temperature from 293 to 

23 K and to 5 K, respectively. The in situ SR-XRD results demon- 

trate that lowering temperature has significant effects on lattice 

tructures of CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs. A lin- 

ar lattice contraction and a general reduction of local lattice dis- 

ortions for all three alloys were observed during decreasing tem- 

erature. The general reductions of lattice distortion in the CrM- 

FeCoNi HEAs system are in well agreement with the decreas- 

ng of reported SFE values as a function of temperature. How- 

ver, the difference of lattice distortion evolution in CrFeCoNi HEA 

rom that in CrCoNi MEA and CrMnFeCoNi HEA is detected from 

73 K. Interestingly, the magnetic measurement results demon- 

trate a ferromagnetic transition for CrFeCoNi HEA starting at 173 K 

ut not for CrCoNi MEA and CrMnFeCoNi HEA. Thus, some local 

rdered magnetic structure is supposed to be formed in CrFeCoNi 

EA as the transition of ferromagnetic state. However, the three 

lloys show similar deformation behavior at cryogenic tempera- 

ures. Thus, we argue that magnetic property plays a minor role 

n the deformation behaviors of CrCoNi MEA, CrFeCoNi and CrMn- 

eCoNi HEAs. Nevertheless, it is striking to find that CrFeCoNi HEA 

s a promising candidate for soft magnetic materials at cryogenic 

emperatures. 
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