
Acta Materialia 260 (2023) 119312

Available online 6 September 2023
1359-6454/© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Emergence of Invar effect with excellent mechanical property by electronic 
structure modulation in LaFe11.6-xCoxSi1.4 magnetocaloric materials 

Hou-Bo Zhou a,b,1, Zi-Bing Yu a,b,1, Feng-xia Hu a,b,c,*, Jian-Tao Wang a,b,c,*, Fei-Ran Shen d, 
Jia-Zheng Hao d, Lun-Hua He c,d, Qing-Zhen Huang e, Yi-Hong Gao a,b, Bing-Jie Wang a,b, 
Zhuo Yin a,b, Zheng-Ying Tian a,b, Jing Wang a,b,*, Yun-Zhong Chen a,b, Ji-Rong Sun a,b,c, 
Tong-Yun Zhao a,g, Bao-Gen Shen a,b,f,g,* 

a Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, PR China 
b School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 101408, PR China 
c Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, PR China 
d Spallation Neutron Source Science Center, Dongguan, Guangdong 523803, PR China 
e NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA 
f Ningbo Institute of Materials Technology & Engineering, Chinese Academy of Sciences, Ningbo, Zhejiang 315201, China 
g Ganjiang Innovation Academy, Chinese Academy of Sciences, Ganzhou, Jiangxi 341000, China   

A R T I C L E  I N F O   

Keywords: 
Invar effect 
Neutron diffraction 
Site occupancy 
Ab initio calculations 
Electronic band structure 

A B S T R A C T   

Materials with Invar effect, i.e. zero thermal expansion (ZTE), have important applications in precision 
manufacturing. Here we report the emergence of Invar effect with excellent mechanical property by modulating 
electronic structure in LaFe11.6-xCoxSi1.4, a family known for magnetocaloric effect. The observed linear thermal 
expansion coefficient (αl ~ 1.5 × 10− 8 K− 1, 5–250 K, by XRD; αl ~ 2.7 × 10− 7 K− 1, 109–250 K, by dilatometer) is 
superior to most other ZTE materials including the famous Invar alloy Fe0.65Ni0.35. By taking advantage of 
distinct resolution ability of neutrons and X-rays to Fe/Co adjacent elements, the site occupancy of Co atoms was 
determined by joint refinements of neutron powder diffraction (NPD) and X-ray diffraction (XRD). On the basis, 
ab initio calculations were performed on the atomically resolved electronic band structure. The incorporation of 
Co atoms alters the electron transfer properties by increasing 3d bonding electrons at Co sub-lattice, as a result, 
spontaneous magnetostriction is inhibited and Invar effect prevails in the ferromagnetic region of LaFe10.6

Co1.0Si1.4. The electron local function (ELF) evidences the enhanced bonding strength and origin of excellent 
mechanical properties. The measured compressive strength can be up to ~340 MPa, which endows the 
LaFe10.6Co1.0Si1.4 good machining ability. Further, the mode-mode coupling coefficient b calculated from density 
of states (DOS) explains the evolution of phase transition order with Co doping, which gives LaFe10.6Co1.0Si1.4 a 
significant advantage in its effective cooling capacity under low magnetic fields. The present study provides a 
solid foundation for exploiting multifunctional application of La(Fe,Si)13 alloys with Co incorporation from the 
perspective of electronic structure modulation.   

1. Introduction 

Most materials expand on heating due to anharmonic lattice vibra
tion, resulting in positive thermal expansion (PTE). To meet the de
mands of precision industry, abnormal thermal expansion (ATE), 
including zero thermal expansion (ZTE) and negative thermal expansion 

(NTE), has become one of the current focuses in materials science 
[1–19]. In the past years, great efforts have made with many materials 
being identified showing useful ATE. The reported NTE materials 
include ZrW2O8 family [3], PbTiO3-based compounds [4], CuO nano
particles [5], (Bi,La)NiO3 [6,7], ScF3 [8], antiperovskite manganese 
nitrides [11,12], and La(Fe,Co,Si)13 compounds [13]. While ZTE 
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materials include Zr1− xSnxMo2O8 [14], Fe0.65Ni0.35 [15], YbGaGe [16] 
and the very recently reported Mn1-xNixCoSi [17], Ho2(Fe,Co)17 [10, 
18], and Hf0.85Ta0.15Fe2C0.01 Kagome magnets [19]. Particularly, Cao et 
al reported ultrawide temperature range super-Invar behavior in 
Ho2Fe16Co [10]. The dominated mechanism includes phonon-driven 
and electron-driven categories, while the latter contains electronic 
transition type such as magnetic, ferroelectric, or charge order. 

On the other hand, magnetic refrigeration based on magnetocaloric 
effect (MCE) has attracted an increasing attention for its environmental- 
friendly and energy-saving superiority compared to conventional vapor 
compression technique [20–24]. A common feature of giant MCE ma
terials is the strong spin-lattice coupling, and a number of MCE materials 
with magnetostructural/magnetoelastic transition exhibit abnormal 
lattice expansion, which provides an ideal platform for exploring NTE or 
ZTE materials. La(Fe,Si)13-based compounds with NaZn13-type structure 
are well known for MCE [21,25–27]. The concurrent magnetic transition 
and negative lattice expansion lead to giant MCE, which has attracted 
tremendous attentions aiming at magnetic refrigeration application 
since its first report in 2001 [21,25–27]. To be as ATE materials, giant 
NTE was reported in La(Fe,Si,Co)13 compounds in 2013 [13]. Later, ZTE 
was observed in a broad temperature interval (20–275 K) in 
LaFe11.0Si2.0Hδ hydrides [28]. However, the effect of inevitable 
hydrogen decrepitation makes the hydrides extremely brittle and natu
rally break into powders, seriously limiting its application. In contrast, 
Co regulation can produce great advantages, including the adjustments 
of phase transition temperature, ATE, and mechanical properties. 

Here we report the emergence of Invar effect with excellent me
chanical property by electronic structure modulation via Co doping in 
LaFe11.6-xCoxSi1.4 magnetocaloric materials. Although the Co-doped La 
(Fe,Si)13 alloys have already been used as magnetic refrigerants for years 
[26,27], the underlying mechanism tuning physical properties is un
clear. The dilemma rooted in the fact that, despite over 20 years of 
attention upon this material family, the occupancy of Co atoms in La(Fe, 
Si,Co)13 remains uncertain. In this work, by taking advantage of the 
different resolution ability of neutrons and X-rays to Fe/Co adjacent 
elements, the occupancy information of Co atoms in La(Fe,Si,Co)13, i.e. 
LaFe11.6-xCoxSi1.4, was determined by utilizing a joint refinement strat
egy of neutron powder diffraction (NPD) and X-ray diffraction (XRD). 
On the basis, ab initio calculations were performed on the atomically 
resolved electronic band structure. The results indicated that the 
incorporation of Co atoms alters the electron transfer properties. After 
the entry of the Co atoms into the lattice, the increase of the 
non-bonding states in the majority spin channel can be compensated by 
the depopulation of other non-bonding states upon magnetic ordering, 
leading to an increase of 3d bonding electrons at Co sub-lattice, which 
inhibits the spontaneous magnetostriction and weakens the lattice 
stress. Combined with the benefits from significantly enhanced effective 
exchange coupling parameter (Jeff) upon Co doping, Invar effect was 
demonstrated over a wide temperature interval in the ferromagnetic 
region of LaFe10.6Co1.0Si1.4. The observed linear thermal expansion co
efficient (αl ~ 1.5 × 10− 8 K− 1, ΔT = 5–250 K) is better than most other 
ZTE materials [29–31] including the famous Invar alloy Fe0.65Ni0.35 (αl 
~ 1.5 × 10− 6 K− 1, 193–373 K) [15]. Moreover, the calculations of 
electron local function (ELF) show a higher degree of electron locali
zation between Fe and Co atoms, which further explain the enhanced 
bonding strength and excellent mechanical properties in LaFe10.6

Co1.0Si1.4 compared to LaFe11.6Si1.4. The measured compressive strength 
can be up to ~340 MPa for LaFe10.6Co1.0Si1.4 cuboids, which endows the 
materials good machining ability. Further, the correlation of electronic 
structure with phase transition nature was studied in detail. The 
mode-mode coupling coefficient b calculated from density of states 
(DOS) quantitatively explains the evolution from first-order phase 
transition (FOPT) to second-order phase transition (SOPT) upon Co 
doping. The elimination of hysteresis gives LaFe10.6Co1.0Si1.4 a signifi
cant advantage in its effective cooling capacity under a low magnetic 
field by permanent magnets. The present study provides a solid 

foundation for the multifunctional application of La(Fe,Si)13 alloys with 
Co incorporation. The findings pave the way for exploiting 
thermal-expansion-control engineering and related functional materials 
from the perspective of electronic structure modulation. 

2. Experimental and computational details 

LaFe11.6-xCoxSi1.4 (x = 0, 1.0, hereafter denoted as Co0 and Co1, 
respectively) compounds were prepared by arc-melting technique. The 
as-cast ingots were then annealed at 1323 K for 40 days before 
quenching into liquid nitrogen. The crystal structure and thermal 
expansion were characterized by X-ray diffraction (XRD, Rigaku Smar
tlab) using a Cu-Kα target (λ = 1.5406 angstrom ) equipped with a low- 
temperature chamber providing variable temperature within 5–300 K 
and a high-temperature chamber up to 1200 ◦C. Magnetic properties 
were measured by SQUID-VSM. The thermal expansion behaviors were 
also measured by an advanced thermo-dilatometer (NETZSCH DIL402). 

By taking advantage of distinct resolution ability of neutrons and X- 
rays to Fe/Co adjacent elements, the joint refinement of neutron powder 
diffraction (NPD) and XRD was adopted to disclose the occupying in
formation of Fe, Co, Si atoms in LaFe11.6-xCoxSi1.4 (space group: Fm-3c). 
When X-rays interact with matters to produce scattering, the extra- 
nuclear electrons become the main scattering center in the atoms, and 
the scattering intensity increases with atomic number by linear corre
lation. Note that the coherent scattering lengths for Fe and Co are very 
close, i.e. 0.73 fm and 0.76 fm, respectively [32]. This leads to weak 
resolution ability and merges Fe/Co into almost the same element in the 
XRD patterns. In other words, Fe/Co atoms cannot be identified by XRD 
and the both appear the same. By utilizing the blinding character by XRD 
on Fe and Co atoms, we first determined the Si content by XRD in 
LaFe11.6-xCoxSi1.4. Then NPD was employed to distinguish the two 
neighbor elements Fe and Co noting that the coherent scattering length 
by neutron is notably distinct for Fe and Co, which are 10.1 fm and 2.49 
fm, respectively. Compared to X-ray, neutron mainly interacts with the 
nucleus to generate isotropic scattering, and the scattering intensity 
correlates nonlinearly with the atomic number. Hence neutron diffrac
tion is able to identify neighbor elements and small atoms. In this work, 
NPD measurements were carried out by "Time-of-Flight" General Pur
pose Powder Diffractometer (GPPD) of China Spallation Neutron Source 
(CSNS), which provide users with a designed bandwidth 4.8 Å based on 
the neutron source of decoupled poisoned hydrogen moderator. The 
diffractometer uses the wavelength shifting scintillator neutron detector 
modules (4 × 4 mm2 Pixel) and covers 0.05 Å< d < 50.48 Å with 
gradually changing resolution (best resolution of 0.149% at high in
tensity mode) for the bandwidth 4.8 Å (0.1 - 4.9 Å, 4 - 8.8 Å, see details 
in Ref. [33]). And the wavelength band of the neutrons used for our 
measurement is 0.1 – 4.9 Å, which is sufficient for measuring and 
analyzing crystal structure, atomic occupancy, and magnetic structure. 
The full-profile Rietveld refinements of XRD and NPD patterns were 
performed by GSAS software. 

First-principles calculations were based on the Korringa-Kohn- 
Rostocker (KKR) band structure method for ordered and chemically 
disordered alloys and Local Spin Density Approximation. We use 608 k- 
point in irreducible wadge of the Brillouin zone and spherical harmonic 
expansion up to Imax = 3 (spd-basis). Density functional theory (DFT) 
calculations are performed using the Vienna ab initio simulation package 
[34] with the all-electron projector augmented wave method [35]. The 
spin-polarized generalized gradient approximation (GGA) revised by 
Hammer et al. (RPBE) [36] was used as the exchange-correlation func
tional. The valence states 5s25p65d16s2 for La, 3s23p2 for Si, 3d74s1 for 
Fe, and 3d84s1 for Co are used with the energy cutoff of 500 eV for the 
plane wave basis set. A 2 × 2 × 2 supercell was constructed with the 
input of experimental lattice parameter a~1.1528 nm and the atomic 
occupation information from NPD and XRD joint refinements. The 
effective exchange coupling parameter Jeff were calculated using mag
netic force theorem as implemented in KKR formalism. The 
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Brillouin-zone sampling is performed using a 3 × 3 × 3 k-point grid for 
the total energy and electron localization function (ELF) calculations. 
The electronic density of states (DOS) are calculated using the Gaussian 
smearing with a broadening energy of 0.1 eV and 5000 of grid points on 
which the DOS is evaluated. 

3. Results and discussion 

3.1. Structure, Invar effect and mechanical properties 

The refined XRD patterns (supplementary information Fig. S1) 
confirmed the phase-purity and NaZn13-type crystallographic informa
tion for both Co0 and Co1 specimens. Fig. 1a shows the temperature 
dependent magnetization (M-T) of the two specimens under 0.01 T 
magnetic field. With Co introduction, a dramatic increase of the mag
netic ordering temperature, i.e., Curie temperature (TC), from 198 K 
(Co0) to 305 K (Co1) can be observed, as well as a slight decrease of 
saturation magnetization at 5 K (from 176.8 emu/g to 168.7 emu/g, see 
the inset in Figs. 1a and S2). Fig. 1b and c show the variable temperature 
XRD contour plots of Co0 and Co1, respectively, from 5 to 300 K. As the 
temperature rises across the TC, the (531), (620) peaks show abrupt shift 
to higher 2θ for both Co0 and Co1, indicating a sudden contraction of 
lattice while the latter is smaller than the former. In the PM region above 
the TC, the (531), (620) peaks move slightly to the low 2θ side with 
increased temperature for both Co0 and Co1, which corresponds to 
conventional PTE caused by anharmonic lattice vibration. The distinct 

difference between Co0 and Co1 appears in the ferromagnetic (FM) re
gion. For Co0, below TC ~ 198 K, the (531), (620) reflections of the FM 
phase shift slowly to high 2θ on heating, implying weak negative lattice 
thermal expansion in the FM region (5–190 K, Fig. 1d). In contrast, for 
Co1, the feature reflections of (531) and (620) in the FM region remain 
almost fixed with temperature below 250 K (Fig. 1c), suggesting ultra- 
low thermal expansion in the FM region. 

In detail, Fig. 1d shows the temperature dependent lattice volume V 
for the two specimens refined from XRD patterns. One can note that with 
increasing temperature the V of Co0 shrinks slowly until TC and then 
shows a sharp drop by ΔV/V ~ 1.2%. The corresponding linear coeffi
cient of thermal expansion (CTE) is calculated to be αl ~ − 2.9 × 10− 6 

K− 1 within FM region below ~150 K, showing NTE behavior. With the 
introduction of Co, the contraction during phase transition becomes 
smaller, and NTE in the FM region flattened out. For Co1, the ΔV/V 
during phase transition reduces to ~0.8% around TC, while the linear 
CTE decreases to αl ~ 1.5 × 10− 8 K− 1 in a broadened temperature region 
of ΔT ~ 250 K (5~250 K), which is superior to most reported other ZTE 
materials and even the famous Invar alloy Fe0.65Ni0.35 (see Table S1, αl ~ 
1.5 × 10− 6 K− 1, 193–373 K). The temperature interval of ZTE for Co1 
extends to low temperature covering the liquid nitrogen, liquid 
hydrogen, and even liquid helium temperature, making the materials 
more conducive in low-temperature precision manufacturing. Addi
tionally, the linear thermal expansion curves (ΔL/L0) were also 
measured by an thermo-dilatometer, the average linear expansion co
efficient of Co1 (LaFe10.6Co1.0Si1.4) is about αl~2.7 × 10− 7 K− 1 (109K- 

Fig. 1. (a) Temperature dependence of magnetization for LaFe11.6-xCoxSi1.4 (x = 0, 1.0) under 0.01 T on heating and cooling. Inset shows the M-H curves at 5 K for 
the two specimens. Contour plots of the variable temperature XRD patterns of LaFe11.6-xCoxSi1.4 for (b) Co0 and (c) Co1, where the (531) and (620) feature reflections 
are marked by white arrows. (d) The lattice volume vs. temperature for Co0 and Co1, where the linear CTEs αl and the corresponding working intervals ΔT 
are marked. 
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250 K), which confirms the excellent ZTE property of our sample 
(Fig. S3). Compression tests were performed for Co1, as shown in Fig. 2. 
The mechanic strength is up to 340 MPa, hence machinable ZTE alloy 
can be realized in LaFe11.6-xCoxSi1.4 (x = 1.0) compounds. In contrast, 
LaFe11.6-xCoxSi1.4 (x = 0) without Co (Co0) show poor mechanical 
properties and naturally break into powders (see inset of Fig. 2). 

3.2. Fe, Co, Si occupations determined by XRD and NPD joint refinements 

In the ideal compound LaFe13 with NaZn13-type structure (see 
Fig. 3a), Fe atoms occupy two different Wycko-positions FeI (8b) and 
FeII (96i) in a ratio of 1:12. La and FeI atoms form the CsCl structure in a 
unit cell that includes eight molecular formula LaFe13 [37]. Each FeII 
atom is surrounded by nine FeII nearest neighbors and one FeI atom, and 
twelve FeII atoms make up the icosahedron where the FeI atom locates 
at the center (see the thin gray enclosed in Fig. 3a). However, the exact 
occupation of introduced Co in the NaZn13 lattice remains unclear since 
the discovery of La(Fe,Co,Si)13 MCE materials more than 20 years ago. 
In other words, whether the Co atoms preferentially occupy 96i-site or 
randomly occupy 8b- and 96i- sites was not determined though the 
atomic number at 96i-site is 12 times more than that at 8b-site [38–40]. 
In La(Fe,Co,Si)13, the 3 elements of Fe, Co and Si all occupy 2 sites of Fe. 
More than two unknown degrees of freedom in the same crystallo
graphic position will lead to non-convergence during Rietveld refine
ment of occupancy. This is an insurmountable obstacle to resolve Co 
occupation by single means of either XRD or NPD, although neutrons 
have the ability to distinguish Fe/Co neighbors. 

By taking advantage of distinct resolution ability of neutrons and X- 
rays to Fe and Co atoms, joint refinement by XRD and NPD was adopted 
to disclose the occupation information of Co dopants. Note that Co 
element locates at the eighth group of the fourth period (atomic radius 
rCo = 1.67 Å) and adjacent to Fe (rFe = 1.72 Å), while Si (rSi = 1.46 Å) 
locates at the fourth main group of the third period. The coherent 
scattering length for Fe and Co by X-ray is nearly the same, which is 0.73 
fm and 0.76 fm, respectively [32]. This leads to weak resolution ability 
on neighbor Fe and Co elements by XRD. In this case, it is reasonable to 
consider Fe and Co as the same element. Therefore, the refinement of 
XRD pattern for LaFe10.6Co1.0Si1.4 can be separated into two situations, i. 
e., LaFe11.6Si1.4 and LaCo11.6Si1.4 (Fig. S4-S5, Table S2). The refined 
occupancies of Fe/Si atoms for the two situations are shown in Table 1. 
Si atoms almost uniformly occupy 8b and 96i sites, and the corre
sponding occupancies are refined to be 11.84%(8b)/10.33%(96i) and 
11.79%(8b)/10.33%(96i), equivalent to LaFe11.64Si1.36 and 
LaCo11.65Si1.35, respectively, well consistent with the nominal 
compositions. 

On the other hand, neutrons show a natural advantage identifying 
the neighbors Fe and Co, noting that the coherent scattering length for 
Fe and Co are 10.1 fm and 2.49 fm, respectively [32]. After the Si oc
cupancies were determined by XRD, NPD was employed to distinguish 
Fe and Co (Figs. 3c, S6, Table S3). The Co occupancies are calculated to 
be 9.80% and 7.52% at 8b and 96i sites, respectively. The Co atoms at 
8b-site are slightly higher than those at 96i site, implying that the doped 
Co atoms preferentially occupy the body center positions of the icosa
hedrons. These provide us with a basis for in-depth study of the physical 
property evolution by Co modulation. 

3.3. Modulated electronic structure by Co-doping 

The ZTE properties of metallic magnetic materials are mostly 
dominated by spontaneous magnetostriction because the volume change 
is closely relevant to spontaneous magnetic ordering in FM region. In 
addition, the consistent temperature intervals of ATE and ferromagne
tism (Fig. 1a and 1d) indicate a strong coupling between the magnetic 
ordering and lattice thermal expansion. To explore the underlying 
mechanism of the magnetic ordering induced ATE in LaFe11.6-xCoxSi1.4, 
ab initio calculations were conducted to study electronic band structures 
of both Co0 and Co1 in ferromagnetic-ordered (FM) and magnetic- 
disordered (PM) states. The magnetic disorder in the PM state was 
simulated using the disordered local moments (DLM) approach. Based 
on the atomic occupation from joint refinement of XRD and NPD, we 
calculated atomically resolved density of states (DOS) curves of the Fe- 
and Co-sub-lattices that occupying 8b and 96i sites, respectively, for the 
two specimens. Typically, Fig. 4a and b show comparatively the DOS 
curves at 96i site of the Fe sub-lattice for Co0 and the Co sub-lattice for 
Co1 (DOS curves for Fe-8b sub-lattice of Co0, and these for Fe-8b, Co-8b, 
Fe-96i sub-lattices of Co1 are shown in supplementary information 
Fig. S7). The magnetic disorder-to-order transition causes obvious dif
ferences in the DOS. In the DLM state of Co0 and Co1, the width of DOS 
curves extend smoothly across the Fermi level EF for both Fe-96i (Co0) 
and Co-96i (Co1) sub-lattices (Fig. 4a and b). While in the FM state, EF 
locates near the top energy of majority bands for the two sub-lattices. 
The almost fully occupied majority band implies a higher local mag
netic moment of both the Fe and Co sub-lattices at FM state. Moreover, 
from DLM to FM state, a splitting of the electron bands was observed 
(Fig. 4a and b), which provides the valence electrons with extra kinetic 
energy. The increase in kinetic energy can be partially offset by the in
crease in lattice volume [41,42], implying a tendency for lattice to 
expand upon magnetic ordering. 

Near the Fermi level EF, the main contribution to DOS is the d-d hy
bridization between 3d electrons at 8b and 96i sites, which produces 
non-bonding and bonding orbitals in the majority and minority bands, 
respectively (as indicated in Fig. 4a and b) [43]. While below energy 
position of ~− 2 eV, fully filled d electrons in both the spin up and spin 
down channels appear as bonding states, and the spins of bonding 
electrons in the two channels cancel out each other. The difference be
tween the number of electrons in the majority and minority, i.e., the 
non-bonding electrons, provide the atomic magnetic moment. By inte
grating the DOS curves, we found that the decrease of Co1 spin down 
channel from DLM to FM (DLMspin down = 3.3, FMspin down = 2.8, 
decreased by 0.5 electrons/atom) is relatively less than that of Co0 
(DLMspin down = 2.7, FMspin down = 1.9, decreased by 0.8 electro
ns/atom), indicating increased bonding electrons and enhanced 3d 
metallic bond in Co1 compared with that of Co0. 

Generally, less itinerant electrons are necessary for magnetism, and 
electron spins are arranged by exchange interactions. This exchange 
interaction does not work well when electrons are flowing. Volume 
expansion reduces the overlap of electronic orbitals, hence reducing the 
flow of electrons. Therefore, the system expands volume to assist 
magnetism when magnetic order occurs, which is described as a mag
netic induced stress on the lattice [10], i.e. the spontaneous magneto
striction, which is closely related to the origin of metallic magnetism 

Fig. 2. Compressive stress-strain curve of Co1. Inset shows the physical snap
shots of Co0 and Co1. 
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[44]. Therefore, for Co0, the change in Fe-DOS from DLM to FM is pri
mary ascribed to the depopulation of the bonding states in the minority 
band channel and the increase of the non-bonding states in the majority 
spin channel upon magnetic ordering (as indicated by the brown arrow 
in Fig. 4a). This fact leads to the weakening of metallic 3d bonds and the 
expansion of the interatomic distance, i.e., lattice stress induced by 
magnetic ordering, which, combining the band splitting mentioned 

above, produces the NTE in FM region for Co0 [41,44]. 
Whereas for Co1, the increased population of the non-bonding states 

can be compensated by the depopulation of other non-bonding states at 
higher energy position in the majority spin channel with the transition 
from DLM to PM (as indicated by the brown arrow in Fig. 4b). The above 
behaviors of the DOS curves for Co0 and Co1 are consistent with the 
electron transfer features obtained by integration, that is, the number of 

Fig. 3. (a) Three-dimensional structure of LaFe11.6-xCoxSi1.4 (x = 0, 1.0) and the schematic view of the five Fe− Fe bonds, where the Fe− Fe bonds intra-icosahedrons 
(B1, B2, and B3) and between the icosahedrons (B4, B5) are marked. Rietveld refinement of (b) neutron powder diffraction (NPD) and (c) X-ray diffraction (XRD) 
patterns collected at room temperature for Co1. The observed (red dots), calculated patterns (black line), their difference (blue line), peak positions (green bar), error 
factors wRp and χ2 are provided. 

Table 1 
The atomic occupancies of Fe/Co/Si at 8b and 96i site for LaFe10.6Co1.0Si1.4 obtained by joint refinements of XRD and NPD patterns.  

Diffraction type Cases Wyckoff position Fe Frac. (%) Co Frac. (%) Si Frac. (%) Refined composition 

XRD LaFe11.6Si1.4 8b (I) 88.16 – 11.84 LaFe11.64Si1.36 

96i (II) 89.67 – 10.33 
LaCo11.6Si1.4 8b (I) – 88.21 11.79 LaCo11.65Si1.35 

96i (II) – 89.67 10.33 
NPD LaFe10.6Co1.0Si1.4 8b (I) 78.38 9.80 11.82 LaFe10.64Co1.0Si1.36 

96i (II) 82.15 7.52 10.33  
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bonding electrons is increased after the entry of the Co atoms into the 
lattice. Hence, the lattice stress induced by magnetic order becomes 
smaller, namely, the weakened spontaneous magnetostriction, which 
effectively mitigated the lattice expansion upon strong magnetic 
ordering and eventually led to an extremely low thermal expansion in 
FM region for Co1. The above facts can be confirmed by the reduced 
magnetic moment which originates from the numbers of non-bonding 

electrons. According to the ab initio calculations, the average moments 
of magnetic atoms are 2.22 μB and 2.19 μB for Co0 and Co1, respectively, 
which is consistent with the experimentally measured saturated mo
ments at 5 K (2.18 μB and 2.16 μB for Co0 and Co1 respectively, see the 
inset of Fig. 1a). Specifically, for Co1 (LaFe10.6Co1.0Si1.4), the experi
mentally measured magnetic moment is basically consistent with that 
obtained by refining the NPD patterns at 5 K (2.08μB, SI-7, Figs. S8 and 

Fig. 4. (a) Atomic resolved contribution to density of state (DOS) of Fe atoms at 96i site for Co0; (b) Atomic resolved contribution to the DOS of Co atoms at 96i sites 
for Co1. The 2D electron localization function (ELF) maps of (c) Co0 and (d) Co1 parallel to the (001) surface, the range of ELF values is from 0.103 to 0.32, and the 
distance of the surface from the origin is set to be 1 × d, d is the inter-planar spacing. The images contain 2 × 2 unit cells, with the black box showing the range of 
individual cell. (e) Line profiles of the ELF values between Co(Fe)− 8b and Fe-96i sites (blue circles in (c) and (d)). (f) Line profiles of the ELF values between Co(Fe)−
96i and Fe-96i sites (red circles in (c) and (d)). 
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S9). Further, the atomically resolved DOS curves of Fe 8b-site and Co 8b- 
site exhibit similar behaviors, as detailed in the supplementary infor
mation Fig. S7. 

To further elucidate the role of Co atoms in regulating thermal 
expansion, we calculated the effective exchange coupling parameter Jeff. 
According to Weiss’ theory, TC is proportional to the effective coordi
nation number zeff times the renormalized exchange coupling parameter 
Jeff which implicitly includes the effects of the magnetic moments, 
namely, TC ~ zeffJeff [45]. Intriguingly, the calculated Jeff increases with 
Co doping, which is 36.021 meV and 38.878 meV for Co0 and Co1, 
respectively, suggesting more robust magnetic coupling in the Fe 
sub-lattice with Co cooperation against thermal fluctuation. According 
to the calculated Jeff, the increase of TC is about 150 K based on TC ~ 
zeffJeff, in line with the experimental observations from TC ~198 K (Co0) 
to TC ~305 K (Co1) by 107 K (Fig. 1a). A stronger exchange coupling 
suppresses the magnetic disorder induced by thermal fluctuations, 
which matches the M2-T curves in Fig. 5c and d, i.e., a slower decrease 
rate in magnetization with temperature in FM region for Co1. Interest
ingly, this phenomenon also has a consistent counterpart in the V-T 
curve (Fig. 1d), i.e., a decrease in the slope of the V-T curve below TC 
given the incorporation of Co. 

Further, to verify the strengthening of the 3d metallic bonds 
mentioned above, the electron local function (ELF) has been calculated 
for the Co0 and Co1 samples. From the slice diagram that contains Fe/ 
Co/Si atoms shown in Fig. 4c and d, the maximum value of ELF is about 

0.319 for both Co0 and Co1 (see the color band on the left of each), 
representing the delocalization features of electrons among Fe, Co, Si 
atoms, which accords with the nature of metallic bonds (generally with 
ELF value < 0.5 [46]). Besides, from the 2D-ELF (Fig. 4c and d), one can 
see that the electron cloud appears “adhesion” between Fe and Co atoms 
(Co(8b)-Fe(96i), Co(96i)-Fe(96i)) in Co1 specimen (encircled by black, 
green, and blue circles in Fig. 4c and d), suggesting the modulation effect 
on the distribution of electrons by the doped Co atoms. Specifically, we 
extract the ELF curves between typical Fe, Co atoms. Fig. 4e shows that 
the ELF value between the Co-8b and Fe-96i increases by ~5.6% in Co1, 
as well as the 4.8% increase between the Co-96i and Fe-96i (Fig. 4f), 
which indicates a higher degree of electron localization between Fe and 
Co atoms. Moreover, it’s worth noting that the five Fe-Fe bonds for Co1 
are all shortened compared to these of Co0 from the 5 K XRD refinement, 
despite the fact that Fe and Co are adjacent in the periodic table of the 
elements, whose atomic radii are almost identical (Fig. S10). Therefore, 
we can draw the conclusion that the introduction of Co shortens the Fe 
(Co)-Fe(Co) distance and enhances the bonding strength, which not only 
stabilizes the low-temperature FM phase hence broadens FM region, but 
more importantly, the regulation of electron transfer and localization 
due to the introduction of Co also plays a vital role in improving the 
mechanical properties of materials, which benefits from the enhance
ment of the bonding strength. 

Fig. 5. The dωM(T)/dT and dVobs/dT as a function of temperature for (a) Co0, (b) Co1. Decomposed thermal expansion characteristics of LaFe11.6-xCoxSi1.4 (x = 0, 
1.0) (c) Co0 and (d) Co1. Where, the black, red line and green lines represent the evolution of the measured cell volume with temperature, the contribution of 
spontaneous magnetostriction and anharmonic lattice vibration, respectively. The relationship between the square of magnetization and temperature (yellow) is also 
given in (c) and (d). 
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3.4. Modulated magnetostriction 

Since the thermal expansion behavior of magnetic material is closely 
relative to the spontaneous magnetostriction in the FM region, the vol
ume of lattice can be expressed in the following form: 

Vobs(T) = ω0 + ωP(T) + ωM(T)

where ω0, ωP(T), ωM(T) are the unit cell volume in the ground state, the 
contribution of anharmonic lattice vibration (phonon term) and mag
netic term (contribution of magnetic ordering), respectively. Since 
ωM(T) is temperature independent above the Curie temperature, PTE 
comes from ωP(T) that originated from the anharmonic lattice vibration 
subjected to Debye-Grüneisen relationship: ωP = γ CVk

Vm
, where γ and CV 

are Grüneisen parameter and isochoric specific heat, CV = 3N0kB, k and 
Vm are isothermal compressibility (k = -(1/V)(dV/dP)T) and molar 
volume, respectively. The ωM(T) was determined by ωM(T) = Vobs(T) - 
ωP(T). Based on the previous studies [41,47], one would expect that the 
magneto-volume coupling scales linearly with the square of the mag
netic moment below TC, i.e., ωM(T) = k × M2(T), where k is the constant 
of magneto-volume coupling, and M(T) is the average moment of the 
magnetic atoms. In Fig. 5c and d we plot M2(T) as functions of tem
perature for both Co0 and Co1 in FM region. A similar trend for the 
extracted contribution ωM and M2 illustrated in Fig. 5c and d further 
demonstrates the close correlation between unit cell volume and mag
netic ordering below TC. 

The change of unit cell volume in FM region can be attributed to the 
synergistic effect of the two factors dωM(T)/dT and dωP/dT with oppo
site signs. For Co0 compared to Co1, dωM(T)/dT changes a bit rapidly 
below TC (Fig. 5a and b), leading to a rapid reduction of ωM(T) upon 
heating and correspondingly a big change in unit cell volume. Since the 

amplitude of dωM(T)/dT is larger than dωP/dT, i.e., -dωM(T)/dT > dωp/ 
dT, NTE behavior occurs in Co0 (dVobs/dT < 0) below TC. For Co1, 
dωM(T)/dT is adjusted to a relatively smaller rate that almost compen
sates the dωP/dT over a wide range of temperatures, i.e., -dωM(T)/dT ≈
dωP/dT, hence a nearly temperature independent V, i.e., dVobs/dT =
0 over 5–250 K interval below TC, yielding an "ultra-wide" Invar form. 

3.5. DOS near Fermi level and evolution of phase transition nature 

The evolution of electronic structure with Co-doping and the origin 
of ZTE in Co1 have been analyzed above. The bonding electron transfer 
leads to increased effective exchange coupling parameter Jeff and sup
pressed spontaneous magnetostriction in FM region for Co1, which can 
also be confirmed by total DOS curves shown in Fig. 6a. With Co doping, 
the DOS curves of both spin up and spin down channel move to the low 
energy direction, implying the increase of electrons owe to more 3d 
electrons provided by Co atoms. Moreover, the increased number of spin 
down (6) is more than that of spin up (2), which explains the decrease of 
magnetic moment after Co doping in terms of electron transfer. 

It should be noted that for La(Fe,Si)13 alloy, the FM to PM phase 
transition brings a volume contraction about 1.0–1.6% [21]. There are 
two contributions to the experimental V(T) besides ωP(T), namely, the 
volume change of phase transition (ΔV) and the spontaneous magne
tostriction in FM region (ωM). During phase transition, the ΔV/V of Co1 
(0.8%) is smaller than that of Co0 (1.2%), which can be attributed to the 
modulated phase transition nature and then the suppressed 
magneto-volume effect by Co introduction. The characteristics of 
nonmagnetic DOS can be used to discuss the order of FM-PM transition 
for the materials with strong magneto-volume and spin fluctuations 
[48]. Fig. 6b shows the nonmagnetic DOS of the two specimens. The 
effect of Co substitution on the FM-PM transition order in 

Fig. 6. (a) Total DOS at ferromagnetic state for Co0 and Co1. (b) Details of total DOS near the Fermi level EF of the Co0 and Co1 in the nonmagnetic state, where the 
inset shows the total DOS in the nonmagnetic state. Arrott plots for (c) Co0 and (d) Co1. 
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LaFe11.6-xCoxSi1.4 can be expressed in terms of the DOS behavior at the 
vicinity of EF. In the Landau-Ginzburg expansion that includes the 
renormalization effect of spin fluctuations on the free energy F(M), the 
mode-mode coupling coefficient b determines the order of the transition, 

F(M) =
1
2

aM(T)2
+

1
4

bM(T)4
+

1
6

cM(T)6
+ ⋅⋅⋅ − HM (1)  

where a, b, and c can be calculated by using the DOS and their corre
sponding derivatives with respect to the energy at EF. M and H represent 
the magnetization and magnetic field, respectively. The mode-mode 
coupling coefficient b can be expressed as follows, 

b =
1

16ρ(EF)
3

{(
ρ(EF)

′

ρ(EF)

)2

−
ρ(EF)

″

3ρ(EF)

}

(2)  

where ρ(EF) represents the DOS at the Fermi level EF of non-magnetic 
state. The sign for b is related to the curvature of DOS at the Fermi 
level, and reflects the order of phase transitions. The induced changes by 
Co doping in DOS curvature can be clearly identified in Fig. 6b that the 
Fermi levels locate at the minima and maxima for Co0 and Co1 
respectively. According to Eq. (2), the calculated b for Co0 is b = − 2.81×
10− 6, which becomes b = 3.29 × 10− 6 when Co atoms are introduced 
(Co1). The sign of b changes from negative to positive, illustrating an 
evolution from FOPT to SOPT by Co doping. This theoretical result 
agrees well with the experimentally constructed Arrott plots (Fig. 6c and 
d) according to Banerjee’s criterion. All these explain the suppressed 
magneto-volume effect involving the SOPT by Co substitution. 

3.6. Critical behavior and magnetocaloric effects 

Due to the substitution of Co, the electronic structure of LaFe11.6- 

xCoxSi1.4 has been significantly changed, and the influence on magne
tism and lattice is not only reflected in the FM region, but also in the 
phase transition interval, which brings a series of changes on critical 
behaviors of phase transition and physical properties. 

To investigate the influence of the evolution of electronic structure 
on the magnetocaloric effect, isothermal magnetic entropy changes ΔSM 
were calculated according to the Maxwell thermodynamic relation and 
the measured M-H data (Fig. 7a and b). Generally, giant ΔSM results 
from the simultaneously drastic change of lattice and magnetization. For 
Co0, ΔS reaches 28.6 J⋅kg− 1⋅K− 1 under Δμ0H = 2 T, exhibiting giant 
MCE. Moreover, the ΔSM -T curves broaden asymmetrically toward high 
temperature with increased Δμ0H, which is primarily caused by itin
erant electron metamagnetic transition above TC. While for Co1, ΔSM is 
7.1 J⋅kg− 1⋅K− 1 under Δμ0H = 2 T. One can note the following three 
points for Co1: (I) The magnitude of ΔSM decreases by more than 50% 
compared to Co0 under any Δμ0H, (II) The ΔSM curves are almost bell- 
shaped and nearly axisymmetric. (III) The driving capacity of magnetic 
field on the peak temperature of ΔSM, i.e., dT/dH, decreases from 1.3 K/ 
T for Co0 to 0.3 K/T for Co1. All these indicate that with Co-doping, 
magneto-volume coupling is inhibited, consistent with the reduced 
volume change observed in the phase transition interval of Co1. In 
addition, the relative cooling power (RCP), expressed by Eq. (3), [24,49] 
allows us to assess the energy that can be transferred between the cold 
and hot ends in an ideal magnetic refrigeration cycle: 

Fig. 7. Isothermal magnetization curves (M-H) of (a) Co0 and (b)Co1 at selected temperatures near TC. Isothermal magnetic entropy changes (ΔSM) for (c) Co0 and 
(d) Co1. 
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RCP =
⃒
⃒ΔSmax

M

⃒
⃒× δTFWHM (3) 

Co0 undergoing FOPT shows stronger cooling capacity, and the RCP 
reaches 104.0 J⋅kg− 1 at μ0H = 1 T and 832.9 J⋅kg− 1 at μ0H = 7 T, both of 
which are higher than corresponding values of Co1 (Fig. 8a, 86.1 J⋅kg− 1 

at μ0H = 1 T and 690.0 J⋅kg− 1 at μ0H= 7 T). However, the presence of 
magnetic/thermal hysteresis reduces the cooling efficiency and even 
disrupts the thermal dynamic cycle. The maximum hysteretic loss of Co0 
during the magnetization-demagnetization cycle is calculated to be 66.5 
J⋅kg− 1, while the hysteresis loss of Co1 approaches zero. After deducting 
the influence of hysteresis loss, the reversible RCP are shown in Fig. 8b. 
Given low magnetic field change (μ0H = 2 T) easily accessed by per
manent magnet, the reversible RCP of Co1 is 183.6 J⋅kg− 1, 13.7% higher 
than that of Co0 (Fig. 8b, about 161.5 J⋅kg− 1). Although RCP is reduced 
by Co doping, reversible RCP is increased due to elimination of hyster
esis, suggesting that the LaFe10.6Co1.0Si1.4 with excellent mechanical 
property possesses advantages as a promising candidate for room tem
perature magnetic refrigerant (Table S5). 

Based on the magnetic field dependence of ΔSM, we quantified the 
influence of electronic structure changes on the critical behavior of 
phase transition, and the following equation about n exponent is adop
ted [50]: 

n(T ,H) =
dln|ΔSM |

dlnH
(4) 

According to the temperature dependence of n exponent for SOPT 
materials [50,51], at temperatures well below TC, n should have a value 
that tends to 1; for temperatures far higher than TC, n tends to the 
paramagnetic value of 2, while for the temperatures around TC, n has a 
value that depends on the critical exponents of the material, provided 
that the applied magnetic field is in the range that make the material 
remain within the critical region. For Co1, we find a trend of n exponent 
from 1 → minimum → 2 in the n(T) isofield curves (Fig. 8d). However, 

the behavior is dissimilar for specimen Co0. Although the low and high 
temperature limits (n = 1 and n = 2, respectively) are still observed, the 
minimum of n exponent is closely followed by its maximum significantly 
larger than 2 with increasing temperature, and the maximum behaves 
field dependent (Fig. 8c). Such a overshoot of n exponent above 2 is a 
distinctive feature of FOPT [50]. For a FOPT sample, a discontinuous 
change of entropy (ΔSM) occurs, giving rise to a latent heat ΔQ = TC×ΔS 
at the critical temperature owe to strong magneto-volume coupling 
(Co0), which is witnessed by a sudden jump in the value of n above TC. 
While for Co1, the n value slowly transforms from 1 in FM state to 2 in 
PM state, which strongly indicates the weakening of magneto-volume 
coupling by Co doping. 

4. Conclusions 

In summary, Invar effect with excellent mechanical property has 
been demonstrated in LaFe11.6-xCoxSi1.4 magnetocaloric materials by 
electronic structure modulation via Co doing. In La(Fe,Si,Co)13 with 
NaZn13-type structure, the 3 elements of Fe, Si, Co all occupy two 
crystallographic positions, i.e. FeI (8b) and FeII (96i). By taking 
advantage of distinct resolution ability of neutrons and X-rays to Fe/Co 
adjacent elements, the occupancy of Co atoms was determined, for the 
first time, by utilizing a joint refinement strategy of NPD and XRD, 
despite over 20 years of attention focused on this material family for 
MCE. On the basis, ab initio calculations were performed on the atomi
cally resolved electronic band structure. The results demonstrated that 
the incorporation of Co atoms alters the electron transfer properties by 
increasing 3d bonding electrons at Co sub-lattice, which inhibits the 
spontaneous magnetostriction and weakens the lattice stress compared 
to the LaFe11.6Si1.4 without Co. The balance between the suppressed 
negative contribution of magnetostriction and the general positive 
expansion caused by anharmonic lattice vibration leads to Invar effect 

Fig. 8. (a) RCP and (b) reversible RCP against magnetic field change Δμ0H for Co0 and Co1. Field and temperature dependence of the exponent n for (c) Co0 and (d) 
Co1. The values of n > 2 for Co0 clearly indicate its FOPT behavior, while Co1 is a SOPT. 
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over a wide temperature interval in the ferromagnetic region of 
LaFe10.6Co1.0Si1.4. The observed linear thermal expansion coefficient (αl 
~ 1.5 × 10− 8 K− 1, ΔT = 5–250 K, by XRD; αl ~ 2.7 × 10− 7 K− 1, 109–250 
K, by dilatometer) is better than most other ZTE materials including the 
famous Invar alloy Fe0.65Ni0.35. Moreover, calculations of ELF confirmed 
the enhanced metallic bonding due to more localized electrons between 
Fe and Co (Co(8b)-Fe(96i), Co(96i)-Fe(96i)) and thereby improved 
mechanical properties upon Co doping. The measured compressive 
strength up to ~340 MPa makes the LaFe10.6Co1.0Si1.4 suitable for 
machining purposes. 

Further, the correlation of electronic structure with phase transition 
nature was studied in detail. The mode-mode coupling coefficient b 
calculated from density of states explain the evolution of phase transi
tion from first-order to second-order upon Co doping, which gives 
LaFe10.6Co1.0Si1.4 a significant advantage in its effective cooling capac
ity under a low magnetic field accessed by permanent magnets. These 
findings pave a way for tailoring multifunctional properties of La(Fe,Co, 
Si)13, a known family for MCE, by electronic structure modulation. 
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