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A solid-state material with ultralow magnetic susceptibility χ is the key material candidate in aeronau-
tical devices and special targeted drugs. In this work, we design a series of two-component alloy samples
Au1−xPtx, and study their magnetic structures and susceptibilities by using the first-principles calcula-
tions within a spin-polarized relativistic Korringa-Kohn-Rostoker coherent potential approximation. Our
theoretical results demonstrate that by controlling the ratio parameter x, ultralow magnetic susceptibili-
ties (χ < 10−6 cm3/mol) occur in AuPt alloys around the sample Au0.75Pt0.25. Following the theoretical
calculations, several realistic AuPt alloy samples with ultralow magnetic susceptibilities are fabricated
successfully in experiments, and the experimental measurements on magnetic susceptibilities are well
consistent with our theoretical predications. This work not only provides us changes to study physical
properties of the materials with ultralow magnetic susceptibility, but also constructs unique materials
towards special device applications in TianQin project and others.
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I. INTRODUCTION

When mixing a paramagnetic metal with a diamag-
netic one with a proper ratio, a unique material exhibiting
ultralow magnetic susceptibility (i.e., χ on the order of
10−6 in unit of cm3/mol) may be constructed to meet
special device applications. AuPt alloys, famous ones
belonging to this kind of material, have a wide range of
applications due to unique magnetic properties together
with their chemical stability. For instance, in space-based
gravitational-wave-detection experiments such as LISA
[1,2] and TianQin [3–5], free-falling test masses are
required to travel along geodesics, undisturbed by other
forces. To suppress the disturbance from temperature, cos-
mic rays and space plasma, the test masses must have
high electrical conductivity, high thermal conductivity,
good chemical stability, and most usefully, low magnetic
susceptibility (χ < 10−6 cm3/mol) [6–8]. To date, AuPt
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alloys have been considered as the potential material can-
didates for test masses, and many researches have been
devoted to their preparations and the measurements on
magnetic properties [9,10]. Another application is in the
area of biomedical engineering. When magnetic resonance
imaging (MRI) is performed on patients with metal con-
taining implantable medical devices such as intravascular
stents, emboli coils, and intracranial electrodes, imag-
ing artifacts may appear, raising difficulties in diagnos-
tics [11]. The main reason for artifacts is the mismatch
between the magnetic susceptibility of the metals and
human tissue. Therefore, the development of metals with
magnetic susceptibility close to human tissue (χ ∼ −9 ×
10−6 cm3/mol) is the key to solve this problem [12].
Fortunately, AuPt alloys can be worked as promising can-
didates for their tunable ultralow magnetic susceptibility
and biocompatibility [13,14].

Despite the fact that the study of Au1−xPtx alloys has
made significant progress in the past 10 years, it still faces
challenges. Firstly, the experimental results suggest that
there are many factors affecting the magnetic properties
of AuPt alloys, such as the chemical composition, the
preparation process, annealing temperature, and impurity
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content, etc. [15,16]. Secondly, in some previous works,
the magnetic susceptibility in AuPt alloy samples have
been predicted in theory, however, the proposed values of
ultralow magnetic susceptibility have not been confirmed
in realistic alloy samples. Thirdly, there is still no clear
understanding into the physical mechanism and origina-
tion of the weak magnetism of AuPt alloys with χ on
the order of 10−6 cm3/mol, especially the contributions
from different spins, orbits, and their couplings. Consid-
ering the developed applications of particular materials
with ultralow magnetic susceptibility in LISA, TianQin
projects and in medical devices as mentioned previously,
the experimental fabrications on AuPt alloys possessing
ultralow χ values are required and have already been one
of the hot topics in the field of metal alloys, which drives
us to construct the AuPt alloy samples with the special
magnetic properties based on theoretical calculations and
experimental fabrications.

In this work, we first design Au1−xPtx alloy samples
by using virtual crystal approximation (VCA) [17–20],
and explore the magnetic structure of AuPt alloys in
details, including the contributions from the spins, orbits,
and their couplings in Au and Pt atoms. Then, we cal-
culate the magnetic susceptibility of AuPt alloy samples
by performing the first-principles calculations within a
spin-polarized relativistic Korringa-Kohn-Rostoker coher-
ent potential approximation (KKR CPA) [21–25]. Within
the above theoretical framework, the magnetic suscepti-
bility of AuPt alloy samples can be calculated low to
10−6 cm3/mol, indicating that a serious of AuPt alloys
with ultralow magnetic susceptibilities have been obtained
in theory. Following the theoretical calculations, we syn-
thesize successfully several realistic Au1−xPtx alloys with
ultralow magnetic susceptibilities in experiments, in which
the component ratios and the magnetic susceptibilities
are in good agreements with our theoretical predictions.
Our work provides a feasible realistic alloy hosting the
ultralow magnetic susceptibility that meets the particular
requirements in TianQin project and other special device
applications.

The remainder of this paper is organized as follows.
In Sec. II, we construct the AuPt alloy samples by using
the VCA approach, then introduce the theoretical meth-
ods to calculate the magnetic properties of AuPt alloys.
In Sec. III, we analyze in details the magnetic struc-
ture and origination of magnetic susceptibilities in AuPt
alloys, and uncover the relations of the magnetic suscep-
tibilities of Au1−xPtx alloys versus the component ratio
between Au and Pt. In Sec. IV, some realistic AuPt alloy
samples with ultralow magnetic susceptibility are pre-
pared successfully in experiments, and the comparisons
on magnetic susceptibilities between theoretical calcu-
lations and experimental measurements are performed.
Finally, some conclusions are summarized in the last
section.

II. ALLOY STRUCTURES AND THEORETICAL
METHODS

To construct Au1−xPtx alloy samples, we usually adopt
suitable numbers of Au and Pt atoms to design an alloy
supercell, in which the component ratio between Au and
Pt agrees with the given value x, then optimize the alloy
structures by using the first-principles calculations within a
density-functional theory (DFT) framework [26,27]. How-
ever, to design an alloy sample possessing ultralow mag-
netic susceptibility, the atomic number of one component
may be much less than that of the other one in a supercell,
resulting in a remarkably large united cell established to
calculate magnetic susceptibility and other properties with
high accuracies. On the other hand, the uniform distribu-
tion of minority also requires us to design the alloy super-
cell as large as possible. The above two requirements make
the AuPt alloys much more complex, enhancing largely the
difficult to perform the first-principles calculations. Thus,
if we construct AuPt alloys directly by a conventional way,
the numerical accuracy on ultralow magnetic susceptibility
may be much more difficult to ensure.

To deal with the above hard task, in this work, we con-
struct the Au1−xPtx alloys by using the VCA approach
[17–20]. In this approach, the simplified configuration
of alloys restores the Bloch symmetry by replacing the
components of a binary disordered alloy AxABxB by a hypo-
thetical element having the average atomic number Z̄ =
xAZA + xBZB, which indicates that to stimulate an alloy,
we may distribute the different atoms evenly in every atom
according to the ratio parameter x. By adopting the above
relation on the ratio x, here we mix the Au and Pt atom to
construct a virtual atom with another atomic number. Then
the alloy constructed these virtual atoms can be character-
ized by Au1−xPtx with the ratio values of x (= 0.0 ∼ 1.0),
as illustrated in Fig. 1. Note that to treat the disorder in
alloys, we adopt the coherent potential approximation for
all virtual atoms, implying that to search for an ordered
lattice of effective scatters, the motion of an electron in
effective lattices of virtual atoms would approximate the
configurationally averaged motion of an electron in the
random lattice [31–34].

Then the structures of all alloy samples are optimized
by using the first-principles calculations based on the
Vosko-Wilk-Nusair (VWN) exchange-corrections poten-
tials, which is the most common parametrization within
the local density-functional approximation [26,27]. The
optimized lattice constants of AuPt alloys versus the ratio
parameter x are achieved as drawn in Fig. 1. To make sure
the validity of our optimized calculations, the experimen-
tal values of lattice constants in three alloy examples, i.e.,
the pure Au single crystal (Exp-I [28]), the alloy Au0.5Pt0.5
(Exp-II [29]) and the pure Pt single crystal (Exp-III [30]),
are also provided for comparison. One may find that the
lattice constants of Au1−xPtx alloys nearly increase linearly
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FIG. 1. The virtual crystal approximation approach within the
density-functional theory framework to construct the Au1−xPtx
alloy systems. The proportional parameter x is adopted from 0
to 1.0, and the lattice constants of three realistic materials Pt,
Pt0.5Au0.5, and Au is obtained from theoretical works, i.e., Exp-
I in Ref. [28], Exp-II in Ref. [29], and Exp-III in Ref. [30].
The error between the data from theoretical calculations and
experimental measurements is less than 2%.

with the increasing of x, which are well consistent with the
relation gained from experimental measurements. More-
over, the data errors between the experimental results and
our theoretical calculations are less than 2%, indicating the
reliability of the AuPt alloy samples constructed here by
using the VCA approach together with the first-principles
calculations.

To study the magnetic properties of Au1−xPtx alloy sam-
ples, we use a spin-polarized relativistic SPR KKR code
for calculating solid-state properties, and the related pro-
gram package SPR KKR is contributed by Ebert et al. [21].
This package allows calculation of the electronic structure
of arbitrary three-dimensional periodic systems, including
in particular systems with chemical disorder. The elec-
tronic structure calculation can be done in a nonrelativistic,
scalar-relativistic as well as fully relativistic mode. In the
latter mode, paramagnetic as well as spin-polarized sys-
tems with an arbitrary spin configuration can be dealt with.
To obtain the magentic susceptibility of alloy samples, we
apply the SPR KKR package with fully relativistic mode,
as a linear response to a static uniform external magnetic
field, and by fully considering the spin and orbit suscep-
tibility, and the contributions from spin-orbit couplings
in all atoms. Additionally, we apply this way to analyze
further the independent contributions on the total mag-
netic susceptibility from all the shells, such as s, p , d, and
f orbitals in Au and Pt atoms. To get more details on
the theoretical methods, one may refer to some previous
literatures [35–39].

III. MAGNETIC STRUCTURES AND
CALCULATED RESULTS OF MAGNETIC

SUSCEPTIBILITY

Before giving the numerical results of magnetic suscep-
tibilities of AuPt alloys, we should understand the mag-
netic structures of alloy samples, especially the possible
origination of ultralow magnetic susceptibilities in them.
We well know that the single crystals Au and Pt exhibit
paramagnetism and diamagnetism, respectively. Consid-
ering that both Au and Pt belong to heavy metals, the
spin, orbital, and the spin-orbital coupling (SOC) in them
play significant roles on the total magnetic susceptibil-
ity. In particular, the SOC may lead to the coupling of
spin- and orbital-induced magnetic moments, producing
an additional magnetic susceptibility in alloys [16,40–42].
By fully considering these factors, the magnetic struc-
tures of AuPt alloys can be described in Fig. 2. One
can see that the total magnetic susceptibility is originated
from both metal components and for every component,
the magnetic susceptibility is contributed both by their
spin and orbital degrees of freedom, which play different
roles on magnetic moments of alloys. To consider these
two key freedoms, the total spin susceptibility χs and the
total orbital susceptibility χorb can be expressed by the
following relations [16,40]:

χs = χspin + χso,

χo = χorb + χos.
(1)

where χspin and χorb refer to the spin susceptibility and
orbital susceptibility in Au and Pt. Considering the SOC,
these two total magnetic susceptibilities include the con-
tributions from other two terms, i.e., χso determined by
the spin-orbital coupling and χos by the orbital-spin cou-
pling. Usually, the SOC helps to enhance spin susceptibil-
ity and is contributed mainly by s, p , d, and f orbitals.
Thus the magnetic susceptibilities contributed by these
four suborbitals should be calculated to understand the
physical origination of magnetic susceptibility in AuPt
alloys.

As for the orbital degree of freedom in Au and Pt,
the related magnetic susceptibilities are composed by two
parts, i.e., the total Langevin orbital susceptibility and
the total Van Vleck orbital susceptibility, as described in
the right panel of Fig. 2. The former is usually negative
(χo

dia < 0) and gives rise to diamagnetism in alloys, while
the latter is usually positive (χo

para > 0) and results in para-
magnetism in alloys. Moreover, the total Van Vleck orbital
magnetic susceptibility is also influenced remarkably both
by the SOC and the orbital-orbital coupling (OOC). The
former leads to the SOC-induced orbital susceptibility, and
the latter leads to the so-called orbital susceptibility. As for
the enhanced spin and orbital susceptibility, the four subor-
bitals labeled as s, p , d and f may play considerable while
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FIG. 2. Structure of the magnetic susceptibility of Au1−xPtx alloy sample. From the first-principles calculations based on the DFT
within the KKR CPA, the magnetic susceptibility of alloy samples is originated from Au and Pt elements, and further contributed by
their total spin and orbital magnetic susceptibility. The later includes total Langevin orbital and total Van Vleck orbital susceptibilities.
These special magnetic susceptibilities are determined further by the related spin-spin (SS) and spin-orbital (SO) couplings as described
in the figure, where s, p , d, f indicate four suborbitals in Au and Pt atoms.

different influences. Furthermore, it should be stressed that
the competitions among the total Langevin orbital suscep-
tibility, the total Van Vleck orbital susceptibility and the
total spin magnetic susceptibility will determine the total
magnetic state of alloy samples. These magnetic struc-
tures give us the theoretical foundations to calculate and
understand the ultralow magnetic susceptibilities of AuPt
alloys.

In what follows, we present our numerical results on
the total magnetic susceptibilities χ of AuPt alloys and
explore their physical origination through adjusting the
ratio parameter x. First, we plot the component-dependent
total magnetic susceptibilities χPt and χAu versus x in
Fig. 3(a). One may find that χPt > 0 while χAu < 0,
confirming that in the alloy samples, Pt displays the para-
magnetic feature while Au maintains its diamagnetic one.
However, these two kinds of magnetic susceptibilities are
influenced remarkably by changing x. As x increases, χPt
increases largely while χAu decreases slightly to zero.
Interestingly, their changing trends versus x do not show
a linear behavior, indicating that the hybridizations among
Au and Pt atoms show an obvious influence on the total
magnetic properties of alloys. Particularly, the curve of χPt
versus x displays a round peak around x = 0.3, leading to
the fact that χtot of alloys changes from negative to posi-
tive values, which gives us a chance to achieve the ultralow
magnetic susceptibility (χ ∼ 0 or <10−6 cm3/mol) in
alloys through controlling the component ratio of Au
and Pt.

To understand further the magnetic structure of total
magnetic susceptibility of AuPt alloys, we turn to analyze
the spin susceptibility χspin and the orbital susceptibility
χorb in Au and Pt. Figure 3(b) illustrates χspin and χorb
versus the ratio parameter x in Au. One can see that χorb
nearly keeps a finite positive value of 1.3 × 10−5 cm3/mol,
while χspin increases from zero to finite while positive val-
ues, indicating that χspin in Au atoms is enhanced by the
hybridizations with the neighboring Pt atoms. Moreover,
the diamagnetic susceptibility χdia, contributed by total
Langevin orbital in Au, keeps as a negative constant of
approximately −4.0 × 10−5 cm3/mol, influenced little by
the changing ratio x. However, the absolute values of χdia
are much larger than the sum of χspin and χorb, leading to
the negative χAu, which uncovers the physical origination
of diamagnetism in Au. Similarly, χspin, χorb, and χdia in Pt
are also calculated and illustrated in Fig. 3(c). It is obvi-
ous that for the all ratio values of x, both χspin and χorb are
positive and larger than 4.0 × 10−5 cm3/mol, while χdia
still keeps as the negative value of −4.0 × 10−5 cm3/mol,
leading to the positive χPt, i.e., the paramagnetism of Pt in
all AuPt alloys.

As discussed previously, owing to the fact that both Au
and Pt belong to heavy metals, the SOCs in them play a
key role on their respective magnetic susceptibility, thus
it can be considered as another useful factor to influence
the total magnetic susceptibility in AuPt alloys. To explain
this conclusion, we calculate the SOC-induced χspin and
χorb in Au and Pt versus x as illustrated in Fig. 3(d). We

034080-4



THEORETICAL CALCULATIONS. . . PHYS. REV. APPLIED 19, 034080 (2023)

10 20 30 40 50 60 70 80 90
0

5

10

15

20

25
10 20 30 40 50 60 70 80 90

–40

–20

0

20

χspin in Au
χorb in Au
χdia in Au

10 20 30 40 50 60 70 80 90
–40

0

40

80

120

160

χAu

χPt

χ
(1

0–6
cm

3 /m
ol

)

Pt% 

χ
(1

0–6
cm

3 /m
ol

)

Pt% 
10 20 30 40 50 60 70 80 90

–40

0

40

80

120

χspin in Pt
χorb in Pt
χdia in Pt

(a)

(c)

(b)

(d)

χtotal

SOC-χspin in Pt

SOC-χorb in Pt

SOC-χorb in Au
SOC-χspin in Au

FIG. 3. (a) The dependent magnetic susceptibilities contributed by Pt and Au element in the alloy examples Au1−xPtx. (b) The
renormalized magnetic susceptibilities contributed by Au and Pt, and the total magnetic susceptibility of alloy examples versus the
content ratio of Pt. (c),(d) The total spin susceptibility, the total orbital susceptibility, and the diamagnetic susceptibility in Au and Pt,
respectively.

find that the SOC-induced χspin and χorb in Pt and Au are
both positive, which are contributable to the formation of
paramagnetism in AuPt alloys. Moreover, one can see that
for x = 10%, the SOC-induced χspin and χorb are nearly
equal to zero in Au, indicating that χspin and χorb in the
total magnetic susceptibility in AuPt alloys are dominated
by Au atoms. Apart from these, the SOC-induced χspin and
χorb are much larger than the corresponding values in Au.
Particularly, as the parameter x increases, the SOC-induced
χspin and χorb in Pt increases firstly to their largest values
and then decreases, indicating that the round-peak structure
in the curve of total magnetic susceptibility χPt is mainly
contributed by the SOC-induced magnetic susceptibilities.
Therefore, we believe that the electrons’ hybridizations
between Au and Pt influence largely the formation of
magnetic states in AuPt alloys.

To uncover further the physical nature of χspin and χorb
in Au and Pt, we turn to analyze the contributions from
four dominate orbitals, i.e., s, p , d, f orbitals in them, on
some typical kinds of magnetic susceptibilities in alloys.
In Fig. 4(a), we plot the contributions from these four
orbitals on χspin in Au. From first glance, one can find
that the above four orbitals play different roles on χspin.

As the ratio parameter x increases, the magnetic suscepti-
bility contributed by the d orbital increases nearly linearly,
and its values are much larger than those from the other
three orbitals, indicating that χspin in Au is dominated by d
orbital. However, the magnetic susceptibility from s orbital
is much more complex, because its values change from
negative to positive, making its curves versus x to display
as two round-peak structures. This is because the elec-
trons in the s orbital belong to the outer-layer ones and
may be influenced more easily by the hybridizations from
other kind of atoms. The magnetic susceptibility from the
p orbital displays an opposite changing trend and are influ-
enced much more weakly than these in the above s and d
orbitals. Additionally, the magnetic susceptibility from the
f orbital remains zero nearly in the all alloy samples, indi-
cating that the f orbital shows little influence on χspin in
Au.

By a similar way, the contributions from the s, p , d, f
orbitals on χorb in Au are also presented as illustrated in
Fig. 4(b). We find that the χorb values from the above four
orbitals remain positive and increase nearly linearly while
slightly as the ratio parameter x increases. Moreover, χorb
from the d orbital is much larger than the corresponding
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values from the other three orbitals, indicating that χorb
in Au is dominated also by its d orbital. Nevertheless, the
contribution on χorb from the s orbital remains zero in the
all AuPt alloy samples, which is due to the fact the the
s orbital is localized uniformly and symmetrically in the
outermost layer in Au.

To present a comparable study, the contributions from
the above four orbitals on χspin and χorb in Pt are also
calculated and illustrated in Figs. 4(c) and 4(d), respec-
tively. It is clearly shown that both χspin and χorb in Pt
are contributed only by the d orbital, since the susceptibil-
ities from the other three orbitals remain nearly zero in all
AuPt alloys, which gives the physical nature of the param-
agnetism in AuPt alloys. Moreover, with the increasing of
x, the contribution from the d orbital on χspin is enhanced
remarkably. This changing trend versus x is much more
similar to that of total spin susceptibility in the same orbital
in Au. Nevertheless, χorb increases firstly then decreases as
x increases, which is similar to the changing trend of χorb
in the same orbital in Au. Moreover, χspin and χorb from
the d orbital in Pt are much larger than the corresponding
susceptibility values from the d orbital in Au, which can
be considered as the main reason leading to the difference
between the paramagnetic state in Pt and the diamagnetic

state in Au. Therefore, the main magnetic structures in the
AuPt alloys can be summarized below: (i) χspin and χorb
in Au and Pt influence largely the total magnetic suscepti-
bilities in alloys, while these two susceptibilities in Au are
much smaller than the related values in Pt, leading to dia-
magnetism in Au and paramagnetism in Pt; (ii) χspin and
χorb in both Au and Pt are contributed mainly by the d
orbital in both metals and (iii), the changing trends in some
kinds of magnetic susceptibilities versus the ratio parame-
ter x in Au and Pt display nonlinear behaviors, indicating
the hybridizations between Au and Pt atoms play a key role
on the magnetic properties of AuPt alloys.

IV. EXPERIMENTAL FABRICATIONS OF AuPt
ALLOYS AND COMPARISONS WITH

THEORETICAL RESULTS

Following the above theoretical calculations on mag-
netic susceptibilities, in this section, we turn to synthesize
some real AuPt alloy samples with ultralow magnetic sus-
ceptibility. In our experiments, the AuPt alloy ingots are
prepared from high-purity gold (99.99%) and platinum
(99.98%) by medium-frequency induction melting under
vacuum condition. The ingots are homogenized at 1000 ◦C
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for 10 h and hot rolled to 20 mm with finishing tem-
perature of 850 ◦C. Afterwards, hot-rolled plates are cold
rolled with 50% reduction and annealed at 950 ◦C for 5 h
under ambient air, followed by rapid cooling with water.
The combination process of cold rolling and thermal treat-
ment are repeated for 3 times to prepare a homogeneous
alloy. The alloy plates are finally cut into a cylindrical
form (diameter of 3 mm and length of 4 mm), and then
soaked ultrasonically in hot HCl solution (40%) for 5
min to remove potential contamination on the surface for
ensuring measurement accuracy of volume magnetic sus-
ceptibility. To examine the sample qualities of AuPt alloys
we synthesize, we perform XRD measurements on pure
Au, pure Pt, and AuPt alloys, and the related data are pro-
vided in Fig. S1 within the Supplemental Material [43].
Moreover, we also perform the glow-discharge mass spec-
trometry (GDMS) and the inductive coupled-plasma (ICP)
measurements, and their data are provided in Tables S1
and S2 with the Supplemental Material, respectively [43].
These additional experimental measurements ensure fully
the high sample qualities of our AuPt alloys.

Before magnetic measurements, we soak the AuPt sam-
ples with hydrochloric acid to remove magnetic impurities
(Fe, Co and Ni and etc.) on the surface of alloy samples.
In the experiment, we find that heating AuPt alloys in
hydrochloric acid (HCl) to 100 ◦C has the best effect on
removing the magnetic impurities contained in samples.
The experimental procedures are described as follows:
first, the samples are soaked in 5% HCl for 10 min, then
they are cleaned by the deionized water. At last, they
are baked in an oven at 100 ◦C for 5 min to remove

the moisture on the surface of the samples. After this,
the samples are tested by using VSM measurement. Note
that before using VSM for magnetic measurement, the
background noise of the instrument should be deducted,
because the measured sample has a remarkably small sus-
ceptibility, which is easy to be affected by the instrument’s
background noise. It is stressed that the alloys with nom-
inal composition of Au1−xPtx (x = 1.0, 0.30, 0.28, 0.25,
0.24, 0.20, and 0.0 in %) are prepared using Au and Pt with
purity better than 99.9% as starting materials as shown in
Fig. 5(b). The AuPt alloys are chosen to prepare the small-
size ingot with a diameter of 3 mm and a height of 3–6
mm. The content of impurities is strictly controlled during
the preparation of the alloys, where the content of ferro-
magnetic elements does not exceed 1 ppm. Note that a real
AuPt alloy sample is drawn in the inset of Fig. 5(b), and
the related size parameters are also provided.

To present quantitative comparisons between the exper-
imental measurements and our theoretical calculations, we
should make clear the influence of SOCs in Au and Pt
components on the magnetic susceptibilities of alloy sam-
ples. It is noted that within the framework of the SPR CPA
approach, the SOC strength of every component can be
manipulated by a scaling factor Ci, where i indicates the
component number in alloy. Here C1(2) denotes the scal-
ing factor of SOC in Au (Pt) and as Ci = 0, the SOCs
in systems are suppressed to zero (i.e., the nonrelativistic
case); while as Ci = 1, the material samples correspond to
real alloy systems [41,42]. In Fig. 5(a), we plot the mag-
netic susceptibilities of Au1−xPtx alloy samples with 0 ≤
x ≤ 1.0 as the scaling factors C1(2) are changed from 0.65
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FIG. 5. (a) Calculated results of magnetic susceptibilities χ of Au1−xPtx versus the component ratio x for different scaling parameters
C1(2) of SOCs. (b) The magnetic susceptibilities χ of 14 alloy samples of Au1−xPtx with x = 0.0, 0.20, 0.24, 0.25, 0.28, 0.30, and 1.0
from experimental measurements (denoted by red dots). For comparison, the magnetic susceptibilities of the alloy Au1−xPtx, where x
increases from 0.0 to 1.0 are also plotted. The blue solid triangles denote the total magnetic susceptibilities for a realistic alloy sample
with the SOC parameters C1 = C2 = 1.0. The picture of a realistic alloy sample Au0.25Pt0.75 and the related size parameters are the
inset.
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to 1.0. One may see that as C1(2) are decreased, the total
magnetic susceptibility χ of alloy samples is suppressed to
negative values, indicating that the diamagnetism in alloys
becomes more and more dominant, which is well consis-
tent with the analysis results shown in Fig. 2. While as the
factors C1(2) are enhanced, the zero χ tends to appear in
the alloy samples with smaller component ratio x of Pt.
Peculiarly, as both C1 and C2 are equal to 1, the ultralow
magnetic susceptibility χ may appear in the alloy samples
Au1−xPtx with 0.2 < x < 0.3.

To confirm the above theoretical calculations, we plot
the calculated magnetic susceptibilities of the alloy sam-
ples with C1(2) = 1 and experimental observations of no
less than 12 alloy samples with different component ratio
x in Fig. 5(b). It clearly demonstrates that the total chang-
ing trends of χ versus x from the experimental data are
well consistent with our calculated results, which supports
further that the samples with the scaling factors C1(2) =
1 correspond to real alloy systems. Moreover, the total
magnetic susceptibilities of two special samples, i.e., the
Au and and Pt single crystals, are also in good agree-
ment with our theoretical results. These magnetic behav-
iors verify the validation of our theoretical calculations
on magnetic properties of AuPt alloys. Thus, we believe
that the AuPt alloys with ultralow magnetic susceptibili-
ties (χ < 10−6 cm3/mol) may appear around the sample
of Au0.75Pt0.25.

To highlight these inspiring findings, we redraw both
theoretical and experimental data in the inset of Fig. 5(b),
where the alloy samples from x = 0.2 to 0.3 are high-
lighted. Nevertheless, it should be pointed out that for the
sample Au0.75Pt0.25, the χ value from our theoretical calcu-
lations is slightly larger than the corresponding value from
our experimental measurement, which may be attributed
to the additional hybridizations in alloys. Moreover, the
experimental results show that the magnetic susceptibil-
ity of AuPt alloys displays abrupt changes at about the
concentration ratio x = 0.25, with which no less than four
alloy samples are fabricated. This interesting magnetic
behavior may be a consequence of chemical ordering in the
AuPt alloy systems. Although we prepare these homoge-
nous alloys with the same component ratios through fully
mixing two components both by cold rolling and by ther-
mal treatment, we still cannot obtain two identical alloy
samples. Thus, a minor changing on the spatial distribu-
tions of Au and Pt atoms in the alloy samples with the
same ratio x leads to a considerable difference in their ultra
magnetic susceptibilities.

Note that the experimental values of magnetic suscepti-
bilities in Fig. 5(b) are obtained by measuring the magnetic
moments M versus the magnetic field H . The represen-
tative curves for samples Au0.80Pt0.20, Au0.75Pt0.25 and
Au0.70Pt0.30 are shown in Fig. 6. The magnetic suscepti-
bilities are extracted from the slopes of M -H curves after
removing the effect of residual magnetism as shown in

–3 –2 –1 0 1 2 3
–0.3

–0.2

–0.1

0.0

0.1

0.2

0.3  Au0.80Pt0.20; χ = –1.0×10–5 cm3/mol

 Au0.75Pt0.25; χ = 2.7×10–6 cm3/mol

 Au0.70Pt0.30; χ = 1.3×10–5 cm3/mol

M
(1

0–3
em

u/
g)

H (103Oe)

FIG. 6. Experimental measurements on magnetic moments M
versus the external magnetic field H in three alloy examples
Au1−xPtx (x = 0.20, 0.25, and 0.30).

Fig. S2 within the Supplemental Material [43]. It is clearly
shown that curve slope for the Au0.75Pt0.25 alloy sample is
close to zero while the curve slope of the other two sam-
ples show opposite values, verifying further that this AuPt
alloy sample exhibits an ultralow magnetic susceptibility,
which meets the high-standard requirements of the sample
applied in precise measurement of gravitation and other
special devices.

V. CONCLUSIONS

In summary, we design a series of Au1−xPtx alloys by
using the VCA approach together with the first-principles
calculations based on DFT, and calculated their mag-
netic susceptibility by the ab inito calculations within a
spin-polarized relativistic SPR CPA. Our theoretical calcu-
lations show that the total magnetic susceptibility of AuPt
alloys are contributed both by the spin and orbit mag-
netic susceptibilities of Au and Pt, and the hybridizations
between the above two heavy elements play a key role in
the different kinds of magnetic susceptibilities in alloys.
Moreover, the magnetic structures and the physical origi-
nation of spin-, orbit-dependent magnetic susceptibilities,
and the SOC-reduced magnetic susceptibilities in Au and
Pt are analyzed in detail. Moreover, our theoretical method
indicates that the magnetic susceptibility of the AuPt alloy
samples can be down to χ < 10−6 cm3/mol, which may
occur in the alloy samples around Au0.75Pt0.25. Following
the theoretical expectations, some real AuPt alloy sam-
ples possessing the ultralow magnetic susceptibility have
been successfully prepared in experiments, and the exper-
imental measurements on the magnetic susceptibilities of
some real AuPt alloys are well consistent with our theoret-
ical calculations. The AuPt alloys with ultralow magnetic
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susceptibilities constructed here both by our theoretical
calculations and experimental fabrications meet well the
particular material requirements in TianQin project and
other special device applications.
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