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Robust spin glass state with exceptional thermal stability in a chemically complex alloy
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Spin glasses (SGs) arise from the frustration of competing magnetic interactions without long-range order;
hence they tend to be destabilized by thermal fluctuation and exhibit a rather low glass transition temperature,
presenting a major challenge for SG research and applications. Here, we report an unusual SG state in quaternary
Fe-Co-Ni-Mn chemically complex alloys (CCAs). The SG exhibits an ultrahigh freezing temperature above room
temperature, well exceeding that of conventional bulk SGs, as well as a unique and fast relaxation dynamics. The
thermally stable SG state can be attributed to the strong frustration of exchange interactions owing to the high
concentration of magnetic atoms and their chemical randomness in the solid-solution lattice. In addition, owing
to the high phase stability of CCAs, the SG is robust over a wide compositional range, enabling a variety of
magnetic phase transitions and largely tunable glass properties. These properties make CCAs important for
understanding the nature of the SG state and intriguing for practical applications of SGs in spintronics.
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As one of the most intricate magnetic states of matter,
spin glass (SG) has stimulated considerable interest in both
condensed matter physics and other fields [1–5]. The models
and methods developed during the study of SGs over past
decades have yielded salient outcomes that are essential for
understanding the nature of structural glasses and many other
complex systems such as neural networks, optimization al-
gorithms, and protein folding [6–8]. Besides, SG materials
themselves are also found to exhibit many novel and exotic
physical properties. For example, the random orientation of
spins inevitably causes magnetic frustration, which can result
in spin chirality and topological magnetic textures [9–11].
Thus they are also intriguing materials for potential applica-
tions in spintronic devices [12,13].

Despite years of extensive exploration and studies, the
nature of the SG state and the physics underlying the SG
transition remain elusive. SGs are formed by freezing the
frustrated magnetic moments into one of metastable energy
states upon lowering the temperature. For most SG materi-
als, the exchange interactions leading to the frustration are
either direct or indirect, i.e., the long-range Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. Naturally, it is much
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weaker in strength than the atomic interaction in structural
glasses. Therefore the SG state tends to be overwhelmed by
the thermal fluctuation and exhibits a rather low glass tran-
sition temperature. So far, there have been a variety of SG
materials reported, and the freezing temperatures are found
to be in the range 0.135–140 K (Table S1 in the Supplemental
Material (SM) [14]). Above the freezing temperature, the non-
collinear magnetic structure is suppressed by paramagnetic
(PM) or ferromagnetic (FM) orders. Thus the low freezing
temperature causes the study of SGs to remain at only a the-
oretical level, and practical applications can hardly be found.
In addition, the key factors governing the freezing temperature
of SGs are still poorly understood.

Chemically complex alloys (CCAs) are composed of mul-
tiple principal elements, often in near-equiatomic ratios such
as high-entropy alloys (HEAs) and medium-entropy alloys
(MEAs) [15–19]. The alloying strategy of CCAs stands in
stark contrast to the traditional practice that is based mainly on
one or two principal elements [20]. As a result, CCAs possess
an enormously enlarged compositional space and rich proper-
ties to be explored [21,22]. Despite the chemical complexity,
CCAs often exhibit a simple solid-solution structure with a
high phase stability [22]. These features provide an opportu-
nity to form a SG state if magnetic atoms are introduced into
the solid-solution structure. In this Research Letter, we report
an unusual SG state in the quaternary Fe-Co-Ni-Mn (FCNM)
CCAs, in which Fe, Co, and Ni atoms are FM, while Mn
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FIG. 1. Structure characterization of FCNM. (a) X-ray diffrac-
tion analysis of different samples. All the peaks are well fitted by the
fcc structure. (b) EBSD grain map obtained with SEM. (c) HAADF
image along the [110] crystal axis and its corresponding FFT pattern
(inset). (d) Atomic-resolution EDS mappings acquired from TEM.

atoms are antiferromagnetic (AFM). The interactions among
these concentrated magnetic atoms residing on a close-packed
lattice result in a strong spin frustration. Consequently, the
SG state exhibits a much higher glass transition temperature
than that of conventional bulk SG materials and is also robust
against large variation of compositions.

CCA samples with nominal compositions of
(FeCoNi)100−xMnx (14 � x � 50) (denoted as FCNM alloys)
were synthesized by arc-melting pure elements into alloy
ingots under an argon atmosphere. The as-cast ingots were
further annealed to ensure chemical homogeneities. Details
of the sample preparation can be found in the SM [14].
Figure 1(a) shows the x-ray diffraction (XRD) patterns of the
samples. The lattice constants calculated from these Bragg
peaks are in the range 3.5985–3.6046 (±0.001) Å, which
is slightly depending on the content of Mn (see Fig. S1 in
the SM [14]). The electron backscattered diffraction (EBSD)
grain map of the (FeCoNi)75Mn25 sample (denoted as Mn25

hereinafter and similarly for other compositions) in Fig. 1(b)
reveals that the alloy is polycrystalline with the grain size
reaching the order of millimeters. The EBSD patterns for
Mn25 can be well fitted by an fcc phase with a lattice
constant of 3.6 Å. No other precipitates or phase segregations
were observed, proving a single solid-solution phase. The
elemental distribution maps obtained by energy-dispersive
x-ray spectroscopy (EDS) analyses with scanning electron
microscopy (SEM; see Fig. S2 in the SM [14]) show that all
four principal elements of Mn25 are uniformly distributed at
the scale of micrometers. The fluctuation of element density is
below 1% (see Fig. S3 as well as Table S2 [14]). According to
previous studies, atomic clusters play an important role in the
magnetic properties of SGs (such as Au-Fe [23]). There has
been short-range order recently reported in medium-entropy
alloys [24]. Transmission electron microscopy (TEM)

experiments were performed to check the possible short-range
order. Figure 1(c) is the high-angle annular dark-field
(HAADF) image of Mn25 showing the lattice image of the
solid solution along the [110] crystal axis. No extra diffraction
information except for the fcc Bragg spot can be found from
the fast Fourier transformation (FFT) pattern shown in the
inset, confirming the well-defined fcc structure. Selected-area
electron diffraction patterns and the HAADF image from the
[112] axis can be found in Figs. S4 and S5 in the SM [14],
whose results are consistent. The atomic-resolution EDS
maps in Cs-corrected TEM [Fig. 1(d)] and corresponding line
profiles (see Fig. S6 in the SM [14]) indicate no short- or
medium-range order in the alloy. The HAADF images and
EDS maps at lower magnifications are shown in Fig. S7 in the
SM [14], which also show a uniform distribution of elements.
Atom probe tomography (APT; see Fig. S8 in the SM [14])
experiments also demonstrate that no chemical segregations
or atomic clusters were detected at nanoscales. Therefore
the microstructure of CCAs has been fully characterized at
different length scales, from millimeters to subnanometers.
These results suggest that FCNM alloys are a single-phase
solid solution with no chemical heterogeneities or short-
or medium-range orders which have been reported in other
CCAs [24].

The temperature-dependent dc M(T ) curves for samples
with Mn content from 14 to 50% are shown in Figs. 2(a)–2(c).
The zero-field-cooled (ZFC) branches and the field-cooled
(FC) branches bifurcate at a finite temperature (the bifurcation
temperature Tb f ), which is a typical feature for the formation
of a SG state with a broken ergodicity. The magnetic frus-
tration keeps the system from reaching equilibrium within the
experimental time scale. It is noted that Tb f for Mn40 and Mn50

samples is even above room temperature (see Fig. S9 in the
SM [14]). Although the bifurcation of these M(T ) curves is
not obvious, the SG nature of high-Mn-content alloys can still
be identified by the ac measurements as shown below.

Figure 2(d) shows the real part of ac susceptibility χ ′(T )
under various frequencies for the Mn25 sample. It exhibits
an obvious cusp in 103–109 K depending on the frequency,
corresponding to the freezing temperature Tf of the SG state
[inset of Fig. 2(d)]. The temperature-dependent heat capacity
curve in Fig. S10 in the SM [14] shows no discontinuity or
cusp around Tf , which rules out the possibility of FM or
AFM transitions. χ ′(T ) for Mn35 and Mn40 are also shown
in Fig. S11 in the SM [14] and in Fig. 2(e), respectively. For
samples with a higher content of Mn, the net magnetization
become weaker because the higher degree of magnetic frus-
tration results in the cancellation of moments and a lower
signal-to-noise ratio, making it harder to capture the SG tran-
sition especially under moderate fields. Nevertheless, a cusp
of χ ′(T ) for Mn40 and Mn50 samples can still be identified
at high frequencies, indicating the existence of a SG state.
Remarkably, the cusp temperature for Mn40 has already been
above room temperature (298 K) and even reaches 398 K
for Mn50 [Fig. 2(f)]. We can see that Tf are ∼30 K higher
than Tb f measured under 0.1 T. The relative shift of Tf un-
der different ν (defined as the Mydosh parameter [2] δTf =
�Tf /[Tf �(log10 ν)]) is often used to classify distinct SG
systems. For Mn25, δTf = 0.018 lies between those of dilute
magnetic alloys (0.0045 for Au-Mn, 0.005 for Cu-Mn) [2] and
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FIG. 2. Magnetic properties of FCNM. (a)–(c) Temperature-
dependent dc magnetization of the samples with different compo-
sitions. Higher content of Mn induces higher freezing temperature
and lower susceptibility. (d)–(f) The real part of ac susceptibility vs
temperature for Mn25, Mn40, and Mn50. The inset of (d) shows the
freezing temperature Tf as a function of the frequency f .

those of cluster SG systems (0.017 for CrFeGa2, 0.032 for
Nd5Ge3) [25,26]. The standard critical-scaling law [27] τ =
τ ∗(Tf /Tg − 1)−zv′

and the Vogel-Fulcher-Tammann (VFT)
law [28] τ = τ0 exp[Ea/kB(Tf − T0)] are employed to analyze
the SG dynamics. The results of the fitting parameters (see
Fig. S12 in the SM [14]) are comparable to the those reported
in other SG systems [29,30]. Among them, the smaller relax-
ation time of a single spin flip τ ∗ = (4.79 ± 5.44) × 10−12 s
and the much larger activation energy Ea/kB = 206.6 ± 5.3 K
as compared with other SG systems suggests a unique and
fast relaxation process of the SG state. Magnetic-relaxation
and memory-effect experiments for Mn25 (see Fig. S13 in the
SM [14]) were also conducted to illustrate the nonequilibrium
dynamics. Combining the above experimental evidence, the
SG states of the FCNM CCAs can be justified.

We denote the magnetic moment of FC branches at T =
5 K under 0.1 T as MFC. Figure 3(a) shows the values of MFC

and Tb f as functions of Mn content for all FCNM CCAs. One
can see that as the Mn content increases from 14% to 35%,
MFC decreases drastically by three orders of magnitude and
has a negative correlation with Tb f . Since the less entangled
state is harder to freeze, leading to a lower Tb f , and has a more
concordant spin configuration that leads to a higher MFC, both
Tb f and MFC can reflect the degree of magnetic frustration.

FIG. 3. (a) MFC and Tb f obtained from dc magnetization curves.
Tb f for Mn40 and Mn50 (the red open circles) is derived from ac
magnetization data by Tf − 30 K. (b) Comparison of glass transition
temperature and tunable space between FCNM CCAs and other
representative SG systems reported earlier.

Along with the addition of Mn, the FM order is gradually
diluted, and its conflict with the AFM one becomes enhanced,
resulting in stronger magnetic frustration. The ratio between
the Curie temperature TC (determined by the Curie-Weiss law
χ = C/(T − TC ), where C is a constant; see Fig. S14 in the
SM for details [14]) and Tf can also be an index to character-
ize the degree of frustration [31]. As can be seen in Fig. S15
in the SM [14], both MFC and TC/Tf show the same trend in
the degree of magnetic frustration against the content of Mn.

One striking feature of the SG state observed in FCNM
CCAs is the remarkably high Tf , particularly at high Mn
contents. Tf for various kinds of SG materials is shown in
Table S1 in the SM [14]. The maximum Tf of FCNM CCAs
reaches up to 398 K, which is much higher than the highest
value of Tf recorded in all SG systems including the bulk
and thin-film materials. As far as we know, the Tf for the
thin film Mg1.5FeTi0.5O4 is reported as 310 K owing to the
enhanced Dzyaloshinskii-Moriya (DM) interaction induced
by the breaking symmetry of interface inversion [32]. Yet the
value is still much lower than that of Mn50 we studied here.
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The ultrahigh Tf of FCNM CCAs indicates the outstanding
thermal stability of the SG state. In addition, Tf can be tuned
by continuously varying the composition of FCNM, giving
rise to a large �T (denoted as the range of Tf that can be
reached by tuning the stoichiometry) spanning over 390 K
[Fig. 3(b)]. The high Tf and �T over a large compositional
space enable FCNM CCAs as a model system for studying of
SG-related physics and intriguing materials for applications
in spintronics. The robustness of the SG state can be ascribed
to their stable single-phase fcc structure against composition
variation [17,21].

To understand the formation mechanism of SG in FCNM,
density functional theory (DFT) calculations have been per-
formed for Mn15, Mn25, and Mn35 (see SM for details).
Figure 4(a) shows the partial density of states (PDOS) for d
orbitals of constituent elements. For Fe, Co, and Ni atoms,
the spin-up distribution of the PDOS is more than that of
spin-down distribution below the Fermi level, indicating that
they behave in a FM-like manner in the alloy. For Mn atoms,
the spin peak is above the Fermi level, leading to an AFM
behavior. Although the neighboring environments may have
altered upon the variation of Mn content, the PDOS remains
barely changed, implying that the exchange interaction does
not change in type, but only in ratio upon the change in com-
position. The predicted local magnetic moments of individual
atoms at zero temperature (see Fig. S16 in the SM [14]) sug-
gest that Fe, Co, and Ni always behave in a FM-like manner
and the spin configurations of Mn are antiparallel in all three
systems. The fully relaxed crystal structures and correspond-
ing magnetic moments for each atom are shown in Fig. 4(b).
As can be seen, the random alloying gives rise to the geo-
metric frustration of the exchange interactions, which induces
the competition between FM and AFM. The FM interactions
are predominant at low Mn contents, and the coherence of
spins attenuates as the fraction of Mn increases in FCNM
alloys. Given that the frustration can result in the SG state,
the scenario of magnetic order should be the coexistence of
SG with a FM or AFM state in the overall system when either
of them takes the prevalence [33,34].

Based on experimental results, we can summarize a mag-
netic phase diagram for the FCNM CCAs [Fig. 4(b)]. The
transition from PM states to FM states can be approximately
determined by the downward peaks of the first derivative
for the dc magnetization curves, which is common practice
for frustrated systems, especially spin glasses [35–39]. The
details of determination for each sample can be found in
Fig. S18 in the SM [14]. Similarly, the transition into AFM is
determined by the Néel temperature TN . It only appears in the
alloys with Mn content above 31%, from which broad peaks
in the FC branches of the M(T ) curves gradually emerge
(Fig. 2). The TC line meets the Tf line at a critical point.
In the composition range Mn < 31%, the FM order firstly is
established from the PM state upon cooling. Furthermore, the
spins start to freeze collectively, and the system enters into
the SG + FM state. Once the Mn content is above the critical
point, the sequential magnetic phase transition changes into
PM → SG → SG + AFM.

For canonical SGs (dilute magnetic alloys), the spin frus-
trations originate from RKKY interaction which is long
ranged and oscillates in sign [2]. Since the interaction is

FIG. 4. (a) Partial density of states (PDOS) for d orbitals of Mn,
Fe, Co, and Ni in Mn15, Mn25, and Mn35 alloys. The energy has
been shifted according to the Fermi level. (b) Supercells of Mn15,
Mn25, and Mn35 for DFT calculation. The length and the colors
of the arrows on the atoms indicate the magnetic moments at zero
temperature (see Fig. S16 in the SM [14]). Both the atomic coordi-
nates and the lattice parameters are fully relaxed. The final structures
remain fcc with slight lattice distortion (see Fig. S17 in the SM [14]).
(c) Magnetic phase diagram based on dc and ac magnetization data
showing various magnetic orders of FCNM CCAs.

indirect and mediated by conduction electrons, the dilute
magnetic 3d transition metal atoms yield relatively weak ex-
change interactions [2]. Therefore canonical SG states are
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more susceptible to temperature disorder, manifested as lower
Tf . In contrast, for FCNM CCAs, the ordered fcc lattice hosts
close-packed magnetic atoms; hence the exchange interaction
is direct and short ranged. In addition, the chemical disorder
of the elements results in the randomness of both the type
and the magnitude of the exchange interaction. These give
rise to strong frustrations. For other SG materials in insulating
compounds such as EuxSr1−xS, their SG behavior comes from
the competition of interactions between the nearest neighbors
and the next-nearest ones [40]. Without the multiple principal
elements, there is no chemical randomness; thus long-range
magnetic orders (FM or AFM) are more prone for them to
be established. Indeed, their freezing temperatures are gen-
erally inferior to canonical SGs as can be seen in Fig. 3(b).
Therefore it seems that both the chemical randomness and
the short-ranged direct exchange interactions underpin the
exceptionally high glass transition temperature.

In conclusion, we report an unusual and robust SG state
with a high transition temperature that well exceeds that of
all other SG systems. The SG nature has been carefully ex-
amined through comprehensive magnetic measurements. The
exceptionally high Tf of the SG originates from the strong
magnetic frustration, which is closely related to the chem-
ical randomness and short-range exchange interaction. The
SG state is also robust against large compositional variation,

which can be ascribed to the stability of the single-phase
solid solution. By controlling the proportion of FM and AFM
elements without changing the lattice structure, the degree of
the magnetic frustration can be precisely regulated, through
which novel magnetic structures or spin textures might be de-
veloped. This mechanism also paves an avenue for designing
strongly magnetically frustrated systems. Finally, it is worth
noting that the CCAs can be easily cast into the bulk and
plastically processed as compared with other SG materials.
The strikingly high Tf and the large tunability, in combination
with the high processability, enable FCNM CCAs to be model
systems for studying SG physics and attractive materials in
spintronic applications.
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