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A B S T R A C T   

Gd-based metallic glasses enable a wider exploration for excellent magnetocaloric materials due to no require-
ment of compositional stoichiometry, but these metallic glasses generally show a lower ordering temperature 
compared with corresponding intermetallic compounds. In this paper, critical behaviors for magnetic transitions 
in both Gd6Co4.85 intermetallic compound and metallic glass were carefully studied based on isothermal 
magnetization to reveal the exchange interactions in these two different structural stages, together with 
experimental electronic density analyses on the compound. Obtained critical exponents close to the theoretical 
values predicted by the mean-field theory (MFT) in both structures suggest the majority of Gd–Gd long-range 
exchange interactions, while the Co-Co direct interaction accounts for the deviation of these exponents from 
the theoretical values in MFT. This is likely a common feature for rare earth – transition metal ferrimagnets. The 
ordered Co atoms in the intermetallic compound exhibit a high-spin state (~4.6 μB), in contrast with the low-spin 
state of Co (~1.2 μB) in the metallic glass. The reduced spin is associated with the liquid-like structure in the 
metallic glass (e.g. longer Co-Co distances) and responsible for the low ordering temperature. This work also 
indicates that the substitution of p-block elements like Al prefers the site to diminish Co moments, leading to the 
significantly reduced ordering temperature, and thus emphasizes the critical role of d-electron elements to 
maintain enough direct exchange interactions for proper transition temperature in the development of new 
metallic glasses with giant magnetocaloric effects.   

1. Introduction 

With the rapid development of society and economy, environmental 
problems are becoming more and more serious, while one of the effec-
tive solutions is the eco-friendly technology. The motivation has led to 
huge advances in the research and development of new refrigeration 
technology based on the magnetocaloric effect (MCE), to avoid the 
release of Freon and CO2 as well as the noise from the traditional me-
chanical refrigeration. Giant MCEs have been reported in several ma-
terials with first-order magnetic phase transitions (MPTs), e.g. La-Fe-Si 

and (Mn,Fe)2(P,Si) series, but the hysteresis, narrow temperature span 
of MCEs and complicated preparation processes limit their application 
[1–5]. In contrast, materials based on second-order MPTs can depress 
these drawbacks, but their MCEs are generally smaller due to the 
absence of structural transitions. Thus large magnetic moments are 
necessary for materials of second-order MPTs to achieve large MCEs, and 
these materials are mainly based on heavy rare earth (RE) metals. 
Among them, Gd-based compounds attract more attention, due to their 
high ordering temperature close to room-temperature applications 
[6–9]. 
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Since the discovery of giant MCEs in Gd5Si2Ge2 [6], many efforts are 
made to explore new Gd-based compounds and the doping on these 
compounds to improve their performance [7–10]. However, the number 
of Gd-based binary, ternary and quaternary compounds is limited, and 
some of them are even peritectic compounds. The doping into parent 
compounds also frequently leads to the secondary phase especially the 
congruent phases in the phase diagrams of Gd with dopants [11]. In 
contrast, Gd-based metallic glasses produced by quenching alloy melts 
provide an effective approach for continuously tuned compositions 
without a secondary phase even in binary systems [12–15]. Compared 
with their crystalline forms, the absence of crystal lattices will also 
depress the anisotropy in metallic glasses, and thus a sharper MPT is also 
expected in Gd-based metallic glasses, corresponding to larger MCEs 
[12–14]. Generally, a low melting temperature is necessary to produce 
metallic glasses, and thus the compositions of less than 1273 K in the 
melting temperature, especially those around eutectic points are ideal 
for the synthesis of metallic glasses [16]. According to binary phase 
diagrams [11], promising elements for Gd-based metallic glasses are 
mainly 3d transition metals (TMs) as well as some p-block elements, e.g. 
Mg and Al. 

There are already many efforts on the MCEs of ternary and quater-
nary Gd-based Gd-Al-TMs metallic glasses with large glass-forming 
ability (GFA) [17,18]. As expected, these metallic glasses also show 
large MCEs generally estimated by large magnetic entropy change (ΔS) 
around their ordering temperatures (Tc) [17,18]. The ΔS of these 
metallic glasses are comparable to pure Gd and the well-known Gd-Si-Ge 
system [19,20]. However, the Tc of these metallic glasses is much lower 
compared with pure Gd and Gd-based compounds [6,19,21]. On the 
other hand, Gd-based Gd-TM binary metallic glasses show much higher 
Tc than those of multiple-component metallic glasses [14,15,17]. 
Although the Ruderman-Kittel-Kasuya-Yosida (RKKY) long-range 
interaction generally dominates the magnetism in RE-based materials 
with nonmagnetic elements including metallic glasses [22], the presence 
of TMs in these metallic glasses also implies the possible direct 
short-range interactions of Gd 5d – TM 3d electrons and TM 3d –TM 3d 
electrons, which are more important for a high Tc. Despite these possible 
strong direct exchange interactions, very few work are reported to un-
derstand such magnetic exchange interactions in these metallic glasses. 
A previous study on the critical behaviours of Si-doped Gd4Co3 metallic 
glasses has shown that the pristine Gd4Co3 is dominated by the 3D 
Heisenberg short-range interactions while the Si-doped is prevailed by 
the long-range exchange interactions [23]. This is in contradiction with 
the lower Tc of Gd4Co3 metallic glasses compared with the Si-doped 
Gd4Co3 and many Gd-based intermetallic compounds with long-range 
interactions [6–9]. In this work, we attempt to reveal the magnetic ex-
change interactions of Gd6Co4.85 metallic glasses from critical behav-
iours together with the Gd6Co4.85 intermetallic compound. The 
side-by-side study on the intermetallic compound and metallic glass 
deepens the understanding of exchange interactions especially direct 
interactions, while the experimental electronic structure of the 
Gd6Co4.85 compound supplies more hints on these magnetic exchange 
interactions for the tunable Tc. 

2. Experimental 

Gd6Co4.85 ingots were fabricated by arc melting the mixtures of pure 
constituent elements Gd (99.9 wt%, Alfa-Aesar) and Co (99.99 wt%, 
Alfa-Aesar) under a Ti-gettered argon atmosphere. Each alloy was 
remelted at least for three times to ensure the compositional homoge-
neity. Half of these ingots were sealed into quartz tubes under vacuum, 
which were then heated to 903 K at a ramping rate of 200 K/h and kept 

for 2 weeks followed by air cooling to room temperature. Another half of 
these ingots were used to produce ribbon samples of metallic glasses ( 20 
μm in thickness and  2 mm in width) by a single roller melt-spinning 
apparatus at a wheel surface speed of 40 m/s. The obtained ribbons 
have a shiny surface on the side next to the wheel, and a dark surface on 
the side opposite to the wheel. Phase identification was first performed 
on a Philips X’pert X-ray diffractometer with Cu Kα radiation (1.5406 
Å). The microstructure of polycrystalline ingots was examined using a 
JEOL 7400 F electron microscope equipped with an INCA-Oxford en-
ergy-dispersive spectrometer. Single crystals of the Gd6Co4.85 compound 
were selected from the annealed reaction products after breaking them 
and mounted on the top of glass fibers using Paratone N oil. Intensity 
data were collected at 100 K on a Bruker SMART CCD-diffractometer 
equipped with monochromated Mo Kα radiation. The collected frames 
were then integrated and empirical absorption correction was made. 
The structures were refined on F2 with the aid of the SHELXTL package 
[24]. The same refinements and crystallographic data were also re-
ported in our previous work [25]. Here the refinement was used to 
extract structure factors. These structure factors were then used for the 
determination of electron density maps based on the maximum-entropy 
method (MEM) using the program Dysnomia [26], which maximizes the 
information theoretical entropy. The crystal structure and electronic 
density were visualized using VESTA [27]. The thermal stability of 
metallic glasses was measured with a PerkinElmer Diamond differential 
scanning calorimeter (DSC) at a heating rate of 40 K/min. Magnetization 
was measured using a physical properties measurement system 
(PPMS-9, Quantum Design Co.). 

3. Scaling analysis 

The secondary phase transition is a typical critical phenomenon, and 
thus the magnetization in vicinity can be well described using a scaling 
rule constructed by critical exponents, as detailed elsewhere. Briefly, the 
mathematical definitions of these critical exponents for magnetic sys-
tems can be expressed as follows [20]: 

MSðTÞ¼M0ð � εÞβ; ε < 0 (1)  

χ� 1
0 ðTÞ¼Γεγ ; ε > 0 (2)  

M¼DH1=δ; ε ¼ 0 (3)  

where: 

ε ¼ ðT � TCÞ=TC, the reduced temperature; H, the external magnetic 
field; M0, Γ, D, the critical amplitudes; 
β, a critical exponent associated with the spontaneous magnetization 
MS; 
γ, a critical exponent associated with the initial magnetic suscepti-
bility χ0; 
δ, a critical exponent associated with the critical isothermal 
magnetization at Tc. 

These exponents are actually not independent and can be correlated 
to yield a scaling hypothesis for the magnetic equation of state. Ac-
cording to the scaling hypothesis the magnetization can be expressed as: 

MðH; εÞ¼ jεjβf�
�

H
jεjβ þ γ

�

(4)  

where f� are regular analytical functions with fþ for ε > 0, and f� for ε <
0. In terms of scaled magnetization m � jεj� βMðH;  εÞ and scaled field 
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h � jεj� ðβþγÞH, Eq. (4) can be written into the more familiar form: 

m¼ f�ðhÞ (5) 

This equation implies that the scaled m plotted as a function of the 
scaled h will fall onto two different universal curves described by fþ and 
f-respectively, for true scaling relations and the right choice of these 
critical exponents. 

These exponents generally show universal properties in the asymp-
totic region (ε → 0), but various systemic trends or crossover phenomena 
are often observed, mostly due to the presence of various competing 
couplings and/or disorder. Therefore it is useful to introduce the 
temperature-dependent effective exponents for ε 6¼ 0, which are defined 
as [28]: 

βeff ðεÞ¼
d½lnMSðεÞ�

dðlnεÞ (6)  

γeff ðεÞ¼
d
�
lnχ� 1

0 ðεÞ
�

dðlnεÞ (7) 

These effective exponents are general non-universal, but approach 
universal exponents in the asymptotic limit. 

4. Results and discussions 

4.1. Structure and magnetization 

As shown in Fig. 1a, the powder X-ray diffraction (XRD) pattern of 
annealed ingots can be well indexed using the reported hexagonal 
structure in previous work (Gd6Co1.67Si3 type, space group P63/m) [25], 
while the absence of Bragg reflections in XRD data of the ribbon samples 
confirms their glassy nature. The grain sizes of the intermetallic com-
pound vary from less than 20 μm to more than 70 μm, and no obvious 
impurity is observed despite several cavities (see the inset in Fig. 1a). 
The thermal analysis on the metallic glasses shows strong endothermic 
peaks for crystallization which can be deconvoluted into three endo-
thermic peaks as seen in Fig. 1b, while the signal for glass transition is 
very weak (see the inset in Fig. 1b) compared with the ternary Gd-Co-Al 
metallic glasses of high glass-forming ability (GFA) [29]. The onset and 
peak temperatures of the deconvoluted peaks for crystallization are 
listed in Table 1. The multiple peaks of crystallization especially the 

overlap between the first crystallization peak and the main peak may 
suggest two different kinds of crystal structures formed from the 
Gd6Co4.85 metallic glasses. In another word, the same composition 
cannot lead to homogeneous nucleation of the counterpart compound. It 
is not unexpected, because the solidification curve of the Gd6Co4.85 melt 
also shows two close exothermic peaks for crystallization [25]. The 
determined glass transition temperature Tg is 542.0(6) K, much lower 
than the values close to 600 K in Gd-based ternary and quaternary bulk 
metallic glasses with high GFA [13,17]. The estimated supercooled 
temperature region (ΔT ¼ Tonset-Tg) is around 32 K and smaller than the 
nearly 50 K in Gd-based bulk metallic glasses [13,17], suggestive of the 
relatively low GFA. The low GFA also accounts for the weak signal for 
glass transition in the DSC data. 

Despite the same composition, the temperature dependent magne-
tization shows that the Gd6Co4.85 intermetallic compound has a higher 
Tc than the metallic glass (220(1) K against 210(1) K). The high- 
temperature paramagnetic region in both crystal and glassy samples 
can be well described using the Curie-Weiss law [29], χðTÞ ¼ C=ðT � θÞ, 
where C ¼ NAμ2

eff=3kB is the Curie constant, NA Avogadro number, kB 
Boltzmann constant, μeff effective magnetic moment and θ the para-
magnetic Curie temperature. When the temperature is close to the 
ordering temperature, an evident deviation from the linear relationship 
is evident in the crystalline compound, while the deviation in the 
metallic glass is much smaller. The hyperbolic in the data of reciprocal 
susceptibility just above Tc is a typical feature in ferrimagnetic systems, 
which can be described using a N�eel -type relationship [30]: 

1
χ¼

1
χ0
þ

T
C’ �

σ
T � θ

(8)  

where χ0 is temperature-independence susceptibility, σ is related to the 
molecular field coefficients. The value of Curie constant C0 in the 
equation is deduced from the asymptotic region of the hyperbola and 

Fig. 1. (Color online, double column) XRD patterns (a), thermal analysis (b) and temperature dependent magnetization (c) of the Gd6Co4.85 intermetallic compound 
and metallic glasses. The inset in (a) presents the microstructure of the intermetallic compound, and the inset in (b) shows how the glass transition is determined. 
Miller indexes label well the XRD reflections of crystalline samples in (a), and the red and blue patterns correspond to the dark and shiny sides of the glassy ribbon 
respectively. The color lines in (b) show three deconvoluted peaks of the crystallization process in the metallic glass, and the dashed line in the inset is to emphasize 
the glass transition. Dash lines in (c) represent the Curie-Weiss fitting, while the solid line is for the N�eel -type relationship. 

Table 1 
Characteristic temperatures of deconvoluted peaks in DSC curves of the 
Gd6Co4.85 metallic glass.  

Peak 1 2 3 

Tonset (K) 574.4(5) 585.5(5) 610.2(5) 
Tpeak (K) 582.8(5) 595.0(5) 627.3(5)  
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thus is the same as that obtained from the linear regression of Curie- 
Weiss law. Generally, C0 obtained by the fit is larger than the real 
Curie constant, due to the thermal variation of the molecular field co-
efficients [30], while the real Curie constant can be corrected as [31]: 

1
C
¼

1
C’ �

γ
χ0

(9)  

where γ is a characteristic constant of the system. Here γ ¼ 4 � 10� 4 (for 
Gd4Co3) was adopted [32], and the estimated effective moments μeff 
using the corrected Curie constant are 10.2 μB per Gd atom for the crystal 
compound and 8.9 μB per Gd atom for the metallic glass. Both values are 
larger than the theoretical value of free Gd (7.94 μB), suggestive of the 
extra contribution from Co for Gd–Co ferrimagnetic couplings. Howev-
er, the different Co contribution in two kinds of structures implies 
different magnetic exchange interactions. To inspect such difference, 
analysis on the critical behaviors around Tc was performed. 

4.2. Critical behaviors 

According to the Landau theory, the free energy G of a magnetic 
system can be expanded in the powers of its order parameter M near the 
transition, expressed as [33]: 

GðT;MÞ¼G0þ
1
2

AðTÞM2þ
1
4

BðTÞM4þ⋯  ⋯ � MH (10)  

where A and B are temperature-dependent coefficients, and the last term 
describes the energy of spins in an external field H. The higher order 
items are generally negligible in practice. The energy is minimized 
�

∂G
∂M¼ 0

�

at equilibrium, According to the mean-field theory, the mag-

netic equation of states at equilibrium can be expressed in the form of 
Arrott formula [34]: 

M
H
¼Aþ BM2 (11) 

Therefore the M2 versus H/M curves should be straight lines, and the 
intercept on the H/M axis determines the ordering transition. However, 
this approach does not take into account the microscopic exchange in-
teractions and fluctuations in magnetic systems. Therefore critical ex-
ponents are introduced into a modified Arrott (MA) formula to include 
these short-range and direct interactions, as [35]: 
�

M
H

�1=γ

¼Aεþ BM1=β (12) 

Critical exponents β and γ predicted by mean-field, 3D-Ising and 3D- 

Heisenberg models are listed in Table 2 [34,36]. Nevertheless, a real 
magnetic system is generally more complex than predicted by these 
models, and thus the critical parameters may be different from values for 
these models. 

To determine critical exponents in Eq. (12) for the present systems, a 
Python code was developed based on the following procedures: First, 
with any initial values between those predicted by the means-filed 
model and the 3D-Ising or Heisenberg models, the linear extrapolation 
of the high field portions of the isotherms will give an intercept on both 

M1=β and 
�

M
H

�1=γ 

axis, from which the spontaneous magnetization Ms 

and the inverse initial susceptibility χ� 1
0 can be calculated. By Eqs. (3) 

and (4), these calculated data will generate new critical exponents. The 
best values of β and γ obtained should be self-consistent with the values 
yielded by fitting Eq. (12). Previous work shows that effective exponents 
converge approaching to the universal exponents only when ε < 0.1 
[36]. Thus only the data in this range are employed to estimate critical 
exponents. After several cycles, the exponents finally converge into 
stable values (see Appendix). The values obtained after 150 cycles are β 
¼ 0.538(3), γ ¼ 1.078(2) for the intermetallic compound and β ¼ 0.495 
(18), γ ¼ 1.065(6) for the metallic glass. Evidently, MA plots of both the 
compound and the metallic glass exhibit good linearity around Tc as 
shown in Fig. 2. The spontaneous magnetization MS and the inverse 
initial susceptibility χ� 1

0 obtained using these exponents are then plotted 

Table 2 
Comparison of critical exponents of two different Gd6Co4.85 structures with 
typical Gd-based intermetallic compounds and theoretical models.  

composition Technique β γ Ref. 

Gd6Co4.85 

(intermetallic) 
Modified Arrott Plot 0.538 

(1) 
1.078(1) present 

Kouvel-Fisher 
method 

0.538 
(1) 

1.078(2) present 

Gd6Co4.85 (glass) Modified Arrott Plot 0.495 
(2) 

1.065(6) present 

Kouvel-Fisher 
method 

0.498 
(1) 

1.052(4) present 

Gd5Si4 Modified Arrott Plot 0.48  [38] 
Gd5Si2Ge2 Modified Arrott Plot 0.56  [38] 
Gd6FeBi2 Modified Arrott Plot 0.441 

(8) 
1.098 
(12) 

[21]  

Kouvel-Fisher 
method 

0.446 
(6) 

1.092 
(10) 

[21] 

3D Ising  0.325 1.241 [36] 
3D Heisenberg  0.365 1.386 [36] 
Mean Field  0.5 1 [34]  

Fig. 2. (Color online, single column) Modified Arrott plots using optimized 
critical components for the Gd6Co4.85 intermetallic compound (a) and metallic 
glass (b). 
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as a function of temperature in Fig. 3a and b. The fitting of these values 
to Eq. (3) gives β ¼ 0.538(3), Tc ¼ 222.81(2) K, and to Eq. (4) gives γ ¼
1.078(2), Tc ¼ 222.75(10) K for the Gd6Co4.85 compound. The corre-
sponding values for the metallic glass are β ¼ 0.495(18), Tc ¼ 210.45 
(44) K, γ ¼ 1.065(6), Tc ¼ 210.69(11) K. These values are also listed in 
Table 2 for comparison. Obviously, these values in both structures are 
close to those given by the mean-field model rather than the 3D-Ising or 
3D-Heisenberg model. Compared with the compound, the critical ex-
ponents closer to values predicted by the mean-field model in the 
metallic glass suggest less magnetic contribution from short-range ex-
change interactions, in good agreement with the results of the temper-
ature dependent magnetization in Fig. 1c. 

Except for above method, another approach, the Kouvel-Fisher (KF) 
method [37] can also be used to determine the critical exponents and Tc 
more precisely, which is expressed as: 

MS

�
dMS

dT

�� 1

¼ðT � TCÞ

�

β (13)  

χ� 1
0

�
dχ� 1

0

dT

�� 1

¼ðT � TCÞ

,

γ (14) 

In this method, the straight lines in plots of MS

�
dMS
dT

�� 1 

vs. T and 

χ� 1
0

�
dχ� 1

0
dT

�� 1 

vs. T yield slopes 1/β and 1/γ in critical regions respec-

tively, and intercepts of such fitted straight lines on their T axis equal to 
Tc. Thus this method requires no previous knowledge of Tc and provides 

a consistency condition for Tc, namely, the fitting of both plots should 
give the same value of Tc. Using determined Ms and χ� 1

0 by MA plots 
(Fig. 3a and b), the KF plots of two structures are shown in Fig. 3c and d, 
and estimated critical exponents and Tc by fitting these straight lines are: 
β ¼ 0.538(1), Tc ¼ 222.8(1) K and γ ¼ 1.078(2), Tc ¼ 222.8(1) K for the 
compound; β ¼ 0.498(10), Tc ¼ 210.5(2) K and γ ¼ 1.052(4), Tc ¼ 210.6 
(1) K for the metallic glass. These values are very typical for Gd-based 
intermetallic compounds [21,38], e.g. Gd5Si4, Gd5Si2Ge2 and 
Gd6FeBi2, as listed in Table 2. If a magnetic impurity described by Eq. (3) 
was treated as a paramagnetic state corresponding to Eq. (4) by mistake, 
a large γ is expected, because χ is proportional to M and thus apparent γ 
in the mistake is proportional to the inverse β. It accounts for the 
observed critical exponents close to the values for 3D Ising or Heisen-
berg model in the Gd-based ferrimagnets, which are dominated by 
long-range exchange interactions actually. 

All these critical exponents estimated from above methods match 
reasonably well, suggestive of their self-consistency, as tabulated in 
Table 2. To confirm whether these critical exponents follow the scaling 
equation of state, the plots of scaled m against scaled h is drawn using 
the values in Table 2, which depicts the two different universal curves 
distinctly in both structures as predicted by the scaling equation Eq. (7) 
(Fig. 4). The same plots on the log-log scale as inset in Fig. 4, also clearly 
suggest the converging of two curves towards to Tc. Both plots confirm 
the reliability of these critical exponents and Tc. 

4.3. Electronic structures and exchange interactions 

The analysis of critical behaviors shows the dominant long-range 

Fig. 3. (Color online, double column) Temperature variation in spontanous magnetization MS(T) (left axis) and inverse initial susceptibility χ� 1
0 ðTÞ (right axis) for the 

compound (a) and metallic glass (b), as well as Kouvel-Fisher plot of spontanous magnetization MS(T) (left axis) and inverse initial susceptibility χ� 1
0 ðTÞ (right axis) 

for the compound (c) and metallic glass (d). Solid lines in (a) and (b) are guides for eyes, and straight lines in (c) and (d) are due to linear fitting of data. 
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exchange interactions in both structure, while the temperature depen-
dent magnetization also suggests the significant role of short-range 
interaction from Co likely via Co-Co contacts, which seems to be the 
major difference corresponding to their different magnetic performance. 
It is difficult to figure out the exact atomic structure in the metallic glass 
for the analysis of Co-Co interaction, but the analysis on the compound 

may also supply information on these exchange interactions based on 
the above side-by-side comparison. 

The intermetallic compound adopts the Gd6Co1.67Si3-type structure, 
and the crystal structure is schematically shown in Fig. 5a. Gd atoms 
occupy two different 6h (Gd1 and Gd2) sites, and Co atoms take two 
ordered sites (2c for Co1, 6h for Co2) and two disordered 4e sites. For 
TMs like Fe and Co, the low spin state is generally favored for free atoms 
energetically, and this is also the case of many compounds with low TM 
concentration. In these compounds, the TM atom is isolated by non- 
magnetic or RE atoms and thus show no magnetic moment due to the 
dilute effect of surrounding atoms, like in RE6CoTe2 [39]. In the present 
compound, disordered Co atoms are well isolated by Gd1 atoms, and 
likely show no magnetic contribution as observed in Gd6Co1.67Si3 [40]. 
In contrast, the close Co-Co contact in ordered Co atoms enables a strong 
overlap of the 3d electron wave functions of neighboring atoms to form 
3d electron bands where the relatively strong effective Coulomb repul-
sion between 3d electrons can favour even large unequal numbers of 
spin-up and spin-down electrons resulting in the high spin state. 

To confirm this inference, MEM analysis was employed to optimize 
the electron density based on structure factors from single-crystal XRD 
data collected at 100 K. The difference electron density was obtained by 
the subtraction of the electron density calculated using the spherical 
approximation of these atoms. The crystal phase (001) at z ¼ 0.75 was 
chosen for the analysis, as shown in Fig. 5b. The Co1 atom centered in 
the Co2 triangle shows clearly an anisotropic valence electron distri-
bution with high electron density towards three neighboring Co2 atoms. 
Similarly, the valence electron distribution of all three Co2 atoms also 
significantly elongated towards Co1, suggestive of the strong direct 
interaction between Co1 and Co2. The strong interaction corresponds to 
the large overlap of the 3d electron wave functions of Co1 and Co2, 
accounting for the high spin state. Nevertheless, the difference electron 
density distribution of the disordered Co atoms is more isotropic and less 
affected by the surrounding Gd atoms. Thus the overlap between the Co 
3d electron wave functions and valence electrons of Gd atoms should be 
very small, favoring the low spin state in disordered Co atoms. 
Compared with ordered Co atoms, the distribution of valence electrons 
in Gd atoms is more uniform (see the blue zone around nuclei in Fig. 5b). 
The effective moment of 10.2 μB per Gd atom estimated from the tem-
perature dependent magnetization (Fig. 1c) suggests an extra moment of 
Co as 2.8 μB per Co atom on average in the compound, close to the 
theoretical value of the intermediate spin (2.83 μB). As discussed above, 
the disordered Co atoms show no magnetic contribution, and thus one 
ordered Co atom will carry a large effective moment of ca. 4.6 μB, cor-
responding to the value of high spin (4.9 μB) [41]. 

The estimated effective moment of Co in the metallic glass is 1.2 μB 
per atom on average, much smaller than that in the compound. Because 

Fig. 4. (Color online, single column) Scaled magnetization of the Gd6Co4.85 
compound (a) and metallic glass (b) below and above Tc, using critical expo-
nents given by the Kouvel-Fisher plot. The insets show the same plot on a log- 
log scale. 

Fig. 5. (Color online, 1.5 column) Represent crystal structure of the Gd6Co4.85 intermetallic compound viewed along c axis, and the difference electron density map 
projected on the same (001) crystal plane (z ¼ 0.75). The shallow atoms in (a) are in the parallel crystal plane (z ¼ 0.25) next to the top plane. The red frame in (a) 
shows the unit cell. The unit in the legend for difference electron density is e/a0 3 where a0 is the Bohr radius. 
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the metallic glass is regarded as the frozen alloy melt, the atomic dis-
tribution should be more homogenous unlike two significantly different 
kinds of Co atoms in the compound. Compared with the high spin state, 
the dramatically reduced Co moment in the metallic glass is not sur-
prised, because the longer Co-Co distance in the frozen glassy structure 
will lead to a small overlap of 3d electron wave function between two 
neighboring Co atoms, favoring the lower spin. 

Despite the small fraction of Co-Co exchange interactions in these 
Gd-based materials, the Co 3d – Co 3d exchange coupling is much 
stronger than the long-range indirect interactions between Gd atoms, 
due to the localized Co 3d electrons compared with the dispersed Gd 6s 
electrons. The exchange energy for Gd is around 25 meV [22], while the 
energy for Co is more than 100 meV depending on the spin state [42]. 
Thus the direct exchange interaction of these 3d electrons plays a more 
critical role for a high Tc, as characterized by the ferrimagnetic feature 
above Tc in Fig. 1c. In this view, it is important to maintain the Co-Co 
direct interaction in metallic glasses to achieve a desirable tempera-
ture for magnetic refrigeration. 

According to the above discussion, the variation of atomic structure 
and magnetic interactions from the Gd6Co4.85 intermetallic compound 
to the Gd6Co4.85 metallic glass and to the Gd-Co-Al metallic glasses can 
be schematically illustrated in Fig. 6. The ferrimagnetic ground state 
with antiparallel couples between Co spins and Gd spins leads to the net 
magnetic moment from Gd, and thus the net magnetization can be 
described using by critical exponents close to values given by the mean- 
field theory for the long-range interaction. Compared with the Gd sub-
lattice, the high-spin Co can maintain the magnetic ordering at a higher 
temperature in the Gd6Co4.85 intermetallic compound (Fig. 6a). In the 
glassy structure, the Co spin is reduced but the number of magnetic Co 
increases (Fig. 6b), so that the Tc is only slightly lower than that of the 
intermetallic compound. Actually, the Tc of this binary metallic glass is 
already much higher than those of Gd-Co-Al metallic glasses, e.g. 124 K 
for Gd60Co25Al15 [43] and 95 K for Gd55Co17.5Al17.5 [44]. Obviously, the 
spin in Co should be significantly depressed or Co may even show no 
magnetic contribution in these Gd-Co-Al metallic glasses, suggesting 
that Al prefers the sites to isolate Co in these metallic glasses (Fig. 6c). In 
this regard, d-electron elements are better candidates for doping or 
substitution in Gd-based metallic glasses to keep a high Tc during the 
exploration on new materials for magnetic refrigeration. 

5. Conclusions 

The side-by-side study of the Gd6Co4.85 intermetallic compound and 
metallic glass was performed on their critical behaviours to reveal the 
exchange interactions in them, especially the direct interactions of Co. 
Both structures have a ferrimagnetic ground state, whose net magneti-
zation is from Gd and close to the model given by the mean-field theory. 
In contrast, the Co-Co direct interactions in two structure are very 
different: ordered Co atoms in the intermetallic compound show a high- 
spin state ( 4.6 μB) accompanied with nonmagnetic Co at disordered 
sites, which is also supported by the MEM analysis of electron density, 
while the Co atoms in the metallic glass carry much lower spins ( 1.2 μB). 
These direct interactions play dominant roles on the high Tc in these 
materials. The reduced spin in the metallic glass is associated with the 
liquid-like structure, e.g. longer Co-Co distance and small numbers of 
Co-Co contact. According to this investigation, the substitution of p- 
block elements like Al prefers the sites to diminish Co moments and 
leads to the significantly reduced Tc in Gd-Co-Al metallic glass. There-
fore the work presented here emphasizes the critical role of d-electron 
elements to preserve direct exchange interactions for the development 
of high-Tc metallic glasses with giant MCE. 
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Appendix. Convergence tests of the fitting on Modified Arrott plots using Python code  

Fig. A1. Convergence of the fitting on Modified Arrott plots of the Gd6Co4.85 intermetallic compound using different initial values for critical exponents in the Python 
codes. The code is available on request. 
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