PHYSICAL REVIEW B 114, 094434 (2026)

Fully compensated lines in ferrimagnets
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We generalize the classic Néel diagram and identify another type of ferrimagnetic phase that remains fully
magnetically compensated below the Curie temperature, forming a continuous line of compensated points. It
exhibits zero net magnetization while retaining nonrelativistic, eV-scale reciprocal spin splitting. We further
find a persistently enhanced intrinsic switching field over a broad temperature range near the fully compensated
phase. Proximity to the compensated line is achieved by minimizing the net local moment while balancing
exchange interactions with respect to the number of equivalent atoms in each sublattice. The resulting extended
Néel diagram provides practical design rules for engineering fully compensated ferrimagnetic phases via targeted
chemical substitution that combines atoms with robust and weak local moments, as demonstrated through density
functional theory and Monte Carlo simulations for GdCos-type ferrimagnets.

DOLI: 10.1103/tyhp-6khn

I. INTRODUCTION

Néel’s 1948 work laid the foundation for the theory of ferri-
magnets [1]. Smart later refined this framework by developing
the well-known Néel diagram, which remains central for in-
terpreting characteristic ferrimagnetic magnetization curves
[2]. Ferrimagnets share features of both ferromagnets and
antiferromagnets: Below the transition temperature from the
paramagnetic state Ty, they exhibit spontaneous magnetiza-
tion, yet neighboring ions are antiferromagnetically coupled,
yielding two oppositely aligned sublattices [3]. The tempera-
ture dependence of this spontaneous magnetization can take
forms far more varied than in simple ferromagnets, governed
by the magnetic ions in each sublattice and by the molecular-
field coefficients [2].
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The Néel diagram classifies ferrimagnets into three types:
P, Q, and N [2]; see Fig. 1(a). Q-type ferrimagnets resemble
ferromagnets, showing a monotonic decrease of magneti-
zation with temperature. In P- and N-type ferrimagnets,
however, the sublattices disorder at very different rates. In P-
type systems, the sublattice with the smaller zero-temperature
moment decays faster, producing a maximum in the total net
magnetization at finite temperature [4,5]. In N-type systems,
the larger-moment sublattice disorders more rapidly, giving
rise to a compensation point at temperature Teomp Where the
total net magnetization vanishes.

The compensation point in ferrimagnets enables a wide
range of applications, with the nearby angular-momentum
compensation point playing a key role in the emergence
of ultrafast dynamics. Their tunability through chemical
composition makes these materials especially promising. Rel-
evant technologies include ultrafast and low-power spintronic
devices [6-8], all-optical magnetic switching [9,10], high-
sensitivity magnetic sensors [11], and magnonics [12]. The
temperature dependence of intrinsic material properties near
the compensation point is an important and active area of
research [13,14].

In this work, we develop an extended Néel’s classical
diagram, shown in Fig. 3, which reveals a previously unre-
ported fully compensated phase where the magnetic-moment
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FIG. 1. (a) Temperature dependency of the total magnetization,
divided by the addition of the two sublattice moment sizes, for P
(green), Q (brown), and N-type (pink) typical ferrimagnets with
wet = 2u". A CL-type (fully compensated phase, dashed black line)
as well as an intermediate N-type (low total magnetization, red line)
are also shown. (b) CaCus hexagonal structure of (Gd,TMs)-type
compounds with a ferrimagnetic ground state. In the unit cell, there
is one Gd site in purple and two different Wyckoff positions for
TM atoms, namely, 2¢ in cyan and 3g in golden brown. These TM
sites can be occupied by one or a solution of different TM atoms
(e.g., Co, Ni, Cu, Fe).

compensation remains complete over a broad temperature
range below the transition temperature from the paramag-
netic state, Ti;. This phase forms a continuous line of fully
compensated points with zero net magnetization, akin to
antiferromagnets, which we label the CL type (compensation-
line type), as shown in Fig. 1(a). Moreover, it provides a
framework for understanding and, through chemical doping,
guiding the realization of two key phenomena that arise at
the full compensation and are important for technological
applications.

The first concerns the pronounced increase in coercivity at
Teomp in typical N-type ferrimagnets, which serves as a prac-
tical marker for approaching the temperature range in which
ferrimagnetic dynamics cross over to an ultrafast [15], antifer-
romagnetlike regime. Prior work has shown that the coercive
field peaks at Teomp in rare-earth alloys [16,17]. However, how
such an enhanced coercivity can be optimized and extended
in temperature through modifications of material parameters
remains unclear.

Second, we show how the CL-type ferrimagnetic phase
exhibits zero net magnetization together with strong nonrel-
ativistic spin splitting in the reciprocal space. Although the
microscopic origin differs from symmetry-driven altermag-
netism, such fully compensated lines may display related
spin-dependent transport and dynamical phenomena associ-
ated with spin-split electronic structures [18-23]: ultrafast
magnetic dynamics and strong (eV-scale) spin-exchange split-
ting, which underlies phenomena related to spin-splitting
currents [24,25] and torques [24,26-32]; Hall effects [33-35];
and giant or tunneling magnetoresistance [36].

The ferrimagnetic systems considered in this work are rare-
earth (RE)-transition-metal (TM) GdCos-type compounds.
These materials crystallize in the hexagonal CaCus-type
structure (space group P6/mmm). Along the c axis, layers
of TM atoms at the 3g Wyckoff site alternate with mixed
layers containing Gd and TM atoms at the 2c Wyckoff site;
see Fig. 1(b). Investigation of pseudobinary series, such as
Gd(Cos_,Ni,) [37], reveals a rich compositional dependence
in their magnetic behavior, including the change of Ti;, Teomp,
and coercive field [16,17,38,39].

The paper is organized as follows. In Sec. II, we first
introduce the theoretical framework employed in this work.
We begin by presenting a mean-field model for describ-
ing the temperature-dependent properties of ferrimagnets,
which is subsequently applied to GdCos-type systems. The
magnetic interactions entering the model are evaluated us-
ing first-principles calculations and further validated through
complementary Monte Carlo simulations. The results are pre-
sented in Sec. III. We discuss the extended Néel diagram
and the ab initio-informed composition-temperature phase
diagrams, together with the nonrelativistic exchange spin
splitting and the temperature dependence of the coercive field
in the fully compensated phase.

II. THEORETICAL FRAMEWORK
A. Model

1. Magnetic Hamiltonian and zero-temperature limit

We model a uniaxial ferrimagnetic material with the fol-
lowing Heisenberg-type Hamiltonian:

M= —% lzjzjijéi'éj + X[:Ki[l — (& 0] -B- Xi:ﬂiéi,
1 ey

where the factor 5 removes the double counting, B is the
applied magnetic field, and {&;} are classical unit vectors de-
noting the orientations of the magnetic moments localized at
sites {i} with magnitudes {u;}. For positive values of K;, the
magnetic moments tend to align along the easy axis 1.

We remark that Eq. (1) does not include dipolar inter-
actions nor higher orders of exchange interactions and of
anisotropy coefficients. Their inclusion is not required to ob-
tain the extension of the Néel diagram and the corresponding
prediction of transitions among homogeneous ferrimagnetic
phases in the composition-temperature diagram of GdCos-
type materials presented in this work, since isotropic exchange
interactions dominate energetically [5,38].

We focus on ferrimagnetic materials with two nonequiva-
lent sites a and b in the unit cell, with N, and N, atomic posi-
tions and local magnetic moments p, and w,, respectively.
For the ferrimagnetic state, the magnetic unit cell contains
N, + N, atoms. The energy per unit cell at zero temperature is

EOK = _)/aaNaéa . éa - VbbNbéb ' éb - yahNaNhéa : éb
+ KN, sin® 6, + K;,Nj, sin” 6,
— B - (Napta€s + Nopii€s), 2

where K, and K, are the uniaxial constants, while 6, and
0, are the angles between moments and easy axes of both
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sublattices. ¥,4, ¥p, and y,; come from the isotropic constants
Jij, quantifying the exchange interaction for a ferrimagnetic
state among and between the two nonequivalent positions,
respectively. Note that at T =0K, &,-&, =¢&,-¢€, =1,
and so the first two terms on the right-hand side of Eq. (2)
are mere constants. We, however, write them here as the
presence of y,, and y;, at finite temperature is important due
to local moment fluctuations; see Sec. II B. Moreover, we
have found that the magnetic properties of the 2¢ and 3g are
very similar, which is supported by Monte Carlo simulations
as shown in Sec. III C. This allows the material to be modeled
with N, = Nty = 5 (ie., €, = émm) and N, = Ngqg = 1 (ie.,
€, = €gq). These values are taken throughout this work.

2. On the origin of the magnetic interactions y,,, Y, and yu,
and their connection to density functional theory

The relation between {J;;} and yrM-T™, ¥Gd-Gd» YTM-Gd 18
provided by first Fourier transforming the interactions

1 ! . _ L,
Jis (@) = ﬁ Z Z Jggs’papa’e X=Xy s ), 3)
€ ad

where N, is the total number of unit cells in the crystal,
X; = X, (and X; = X;/y) is a vector giving the position of
the atoms, and q is the wave vector. Here the lattice indices i
and j are split into two indices, ts and t's’, respectively. This
allows us to decompose the position vector as X;; = R; 4+ ry,
where R, and r; are vectors pointing to the origin of the
unit cell and to the magnetic atom inside this unit cell with
respect to its origin, respectively. Therefore, s and s’ run over
sublattice indices while ¢ and #’ over the unit cell origins. p,
is the probability of finding atom « sitting in sublattice s. For
example, for one of our case studies GdCos_,Niy, pgs = 1,
Pco = (5 —x)/5, and pni = x/5. The Appendix shows how
to derive the values of yrvitM, YGd.Gd, and yrm.ga from the
elements of matrix Jyy at q = 0.

The model parameters yryv-t™, YGd-Gd» ¥IM-Gd> MTM, and
UGd, together with the uniaxial anisotropy constants, can
be either introduced phenomenologically or derived from
density-functional theory (DFT) calculations. Two routes can
be employed for the latter:

(1) Evaluation of J;; via the Liechtenstein method [40],
based on infinitesimal rotations of local moments around a
chosen reference magnetic state and application of Eq. (3) and
derivations given in the Appendix.

(2) Application of the DFT-based disordered local mo-
ment (DLM) framework [41], which directly yields yrv.tw,
YGd-Gds YTM-Gd as Gibbs free energy coefficients in the spirit of
a Landau-type expansion [5,42].

It is worth noting that previous DLM-DFT studies for
GdCos-based ferrimagnets have shown that the terms in-
cluded in Eq. (2) suffice to describe their magnetic behavior
[5]. Further discussion of their connection to the microscopic
Hamiltonian [Eq. (1)], as well as methods for constructing and
minimizing G, can be found elsewhere [5,42-44].

B. Methods

In Sec. ITA, we analyze the influence of the param-
eters YTM-T™M> YGd-Gd> YTM-Gd» Mt™, and pugg on the Néel

diagram using a phenomenological approach. To this end,
we construct the general form of the Gibbs free energy G
inspired by the DLM-DFT framework, presented in this sec-
tion, without performing explicit DLM-DFT calculations. By
exploring phenomenological values of the model parameters,
we demonstrate how minimizing G reproduces and extends
Néel’s seminal diagram for ferrimagnets. We apply these in-
sights to GdCos-type materials, including their ternary and
quaternary alloys. To this end, we compute the exchange
constants J;; using the Liechtenstein method [40] and estimate
the associated Gibbs free energy parameters through Eq. (3),
as described in the Appendix. The details of these DFT calcu-
lations and the subsequent Monte Carlo simulations are given
in Secs. II B 3 and II B 4, respectively.

1. Mean-field approach and the DLM-based Gibbs free energy

At finite temperatures, a mean-field approximation for the
Hamiltonian in Eq. (1) can be implemented via the Peierls-
Feynmann inequality [45,46]. This requires us to introduce a
trial Hamiltonian, which is chosen to describe a coupling of
the localized local moment orientations {€ry, €gq} With site-
dependent molecular fields {hyy, hgq} [41]:

Htr = _NTMhTM . éTM - th : éGd- (4)

The probability of different local moment configurations as-
sociated with H,, factorizes due to the single-site nature of the
trial Hamiltonian to

P({érm, €ca}) = [ [ [P @)™ P ga(€ca).  (5)

Here the index ¢ labels the unit cells throughout the crystal
and the single-site probabilities are given as

1
P(&) = ——exp[ph; - &) ©)

tr,i

where the normalization Zi; comes from the

_ 4z sinh(Bh)

Bhi
calculation of the partition function, and 8 = kBLT is the Boltz-
mann factor.

The Peierls-Feynmann inequality provides a mean-field
based Gibbs free energy that minimizes with respect to
the molecular field parameters hty and hgy, G = —TS + H
[42,43], where S = NtmStv + Saa 1s the total entropy com-
posed of sublattice entropies

Si = kp(—log P}«
sinh(Bhy)

= kB |:1 +1In (47‘[ T) — ,3]’1, COth(,Bhi)i| s (7)

(... )« denoting the thermal average using the trial probability
in Eq. (6). H is the enthalpy, that is, the generalization of
Eq. (2) to finite temperature obtained by performing the ther-
mal average of Eq. (1). The corresponding mean-field Gibbs
free energy, the basis of DLM-DFT theory for magnetic phase
transitions, thus is

G = —T[55tm(Bhrm) + Sca(Bhga)] + SKrm fu(Bhryv)
— SYrM.GAMTM - MGy — SYTMTM

— YGaGamgg — B - (Sprmmam + gamaa), (8
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where
— (&), — _L NI
m; = (&) |: B +coth(,3h,)i|h, )

are local magnetic order parameters, while the thermal aver-
ages of the anisotropy terms are

fu(Bhy) = (sin®(0)) = 1 — (h; - 2)°

1 /-1 I
+ B, (,Bhi + coth(ﬂh,))(3(h, ) — 1. (10)
The molecular fields hry and hgg sustain magnetic ordering
at finite temperature. Their values provide the dependence
on temperature of the magnetic entropies, Stv and Sgq; the
order parameters, mry(Shry) and mgq(Bhgg); and the uni-
axial anisotropy function, f,, such that all of these quantities
depend on Shpy and Shgg following the mean-field ap-
proximation. urv and wgg are the corresponding averaged
local moment magnitudes, M, = prvmmy + (LgagMgq being
the total magnetization. The temperature-dependent magnetic
properties are obtained by minimizing Eq. (8) with respect to
{m;} (or, equivalently, {h;}) at different values of T and B with
respect to the order parameters and self-consistently with hyy
and hgq [5,42-44.,47].

The DLM-DFT picture assumes a separation of time scales
between fast electronic motion and slower transverse fluc-
tuations of robust local moments. Thermodynamic averages
are, in consequence, performed over local-moment orientation
configurations. It is therefore appropriate for systems with
well-defined magnetic moments, such as magnetic materi-
als containing rare-earth elements: GdCos-type compounds
[5], the heavy rare-earth elements [44], and EuyIn [48]. The
DLM-DFT framework has also been successfully applied to
other non-rare-earth materials, including FeRh [47], FeAl
[49], B20-MnGe [50], as well as Mn3A [42] and Mn3;AN
(A = Ga, Ni, Sn) triangular antiferromagnets [51,52].

2. Calculation of the coercive field

A ferrimagnetic ground state is stabilized by yryv.ga < O,
yrvet™ > 0, YGd.ga > 0. Its net magnetization is given by
Mo = Spurvmry + gaMgq. The coercive field is defined as
the magnetic field B., applied antiparallel to My, at which the
state ceases to be a local minimum [17]. At finite temperature,
B, must be calculated numerically. However, in the zero-
temperature limit an analytical expression can be obtained by
analyzing the Hessian matrix of Epx with respect to the two
angular variables:

—b — \/b* — 4prmpgac
2UTMMGd

where b=yrm.ga(NtmiT™ —1Gd) —2(Kcaptm—Krmitca) and
¢ = —4KtmKaga + 2yM-ca(NtmKT™m + Kga)  if  Ntmprm >
Uca- Importantly, the coercive field is independent of the
magnetic intralattice exchange (yrm.tm and yga.ga)- If instead
NtmiTm < Mad, the coefficient b changes signs. This sign
reversal leads to a discontinuity in the coercive field when M,
flips direction.

We emphasize that dipolar interactions, microstruc-
ture, and thermally activated domain-wall and nucleation
processes can influence magnetization reversal mechanisms

B.(T = 0K) = (M), 1D

and experimentally measured coercive fields. Consequently,
the switching fields obtained within the present homogeneous
free-energy framework should be interpreted as intrinsic insta-
bility fields of the ferrimagnetic state rather than quantitative
predictions of experimental coercivity.

3. Ab initio calculation of magnetic interactions

We calculate the isotropic pairwise interactions {J;;} using
the DFT-based Liechtenstein method [40], as implemented in
the AkaiKKR package [53,54], which employs the Korringa—
Kohn-Rostoker (KKR) electronic structure method [55,56].
The atomic sphere approximation with values of the max-
imum angular momenta of /,x =3 and ly,x = 2 for the
single-site scattering problem have been used for the Gd and
TM sites, respectively. Our interest is in the isotropic pairwise
interactions, so we stick to scalar relativistic calculations.
We use the local density approximation as implemented by
Moruzzi et al. [57] in combination with the open core scheme,
in which the electronic structure is constrained to a half-filled
4 f shell to fulfill Hund’s rules.

In addition to the pristine material GdCos, alloys of
GdCos_,TM, with TM: Ni, Cu, and Fe, as well as quater-
nary GdCos_,(Fe( 5.Nigsy), have been studied by means of
the coherent potential approximation (CPA) [58], assuming
a homogenous distribution of the substituents on 2¢ and 3g
crystallographic sites. Previous calculations have shown that
the magnetic moment magnitudes are only weakly dependent
on the location of TM dopants in the case of Ni, while their
influence on the exchange constants may be more substantial
[16], an effect that we leave for future investigations. The ex-
perimental lattice parameters of GdCos from literature [37,59]
have been used for all material compositions.

Because the isotropic real-space parameters depend on the
atomic species occupying the TM sites, they carry an addi-
tional index o (&) that specifies the substitutional element
at site i (j). Thus, the exchange interactions are written as
Jlf’]{“'(x), where, for example, « = Co, Ni, Cu, or Fe at the
2c¢ and 3g sites. The distance dependency of the interactions
are exemplified for GdCos in Fig. 2. Importantly, these decay
fast with the distance, being negligible up to the chosen cutoff
of three lattice constants. The ferromagnetic Co-Co are the
dominant interactions, yYgq.gq therefore being much smaller
than yrv.tv and ygq-tv in Eq. (8) [see Eq. (AS)].

The Fourier transform [f‘x?"(q), see Eq. (3), allows to ana-
lyze the spectrum of favorable magnetic states. The inset of
Fig. 2 shows the largest eigenvalue of J;y(q), which gives the
dominant instability of the paramagnetic state [43,50]. This
value peaks at q = 0 with eigenvector components describing
antiparallel alignment between Gd and TM atoms and con-
firms the stability of the ferrimagnetic state.

4. Monte Carlo simulations

Monte Carlo simulations for the Heisenberg Hamiltonian
described in Eq. (1) containing the DFT-based {J[‘j‘.“'} are per-
formed to validate our mean-field predictions. We employ the
Mote Carlo code developed by Mavropoulos and coworkers
[60,61], designed to account for the effect of chemical disor-
der at each lattice site in alignment with the CPA. Anisotropy
effects are not included within these Monte Carlo simulations.
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FIG. 2. (a), (b) Magnetic interactions J[’J‘."‘/ computed for GdCos
as functions of the distance between the two atoms (in units of lattice
constant a). The Gd-Gd and Gd-Co interactions are shown in (a),
while the Co-Co interactions are shown in (b). The inset shows the
largest eigenvalue of the Fourier transform of the interaction matrix,
Jg‘,"/ (q), against the wave vector, see Eq. (3). Characteristic reciprocal
lattice points of the Brillouin zone of a hexagonal close packed
structure are shown (K, M, and I').

We construct 12x12x 12 supercells, i.e., 19384 atoms. For
each temperature, we first equilibrate the system during 1000
Monte Carlo steps and then sample the thermodynamic prop-
erties for 5000 steps taking every 25 steps into account. The
phase transition temperature is determined by monitoring the
peak of the heat capacity C;*® = - ((E?) — (E)?), where E
is the internal magnetic energy and (...) denotes the average
over Monte Carlo simulations.

5. Electronic band structure and Fermi surface calculation

The electronic band-structure and Fermi Surface calcu-
lations presented in Sec. III were also performed using the
KKR method, as implemented in the Hutsepot code [62,63],
combined with the CPA to account for chemical disorder,
consistent with the treatment employed in the calculations of
the magnetic interactions.

III. RESULTS

A. Extension of the Néel diagram

We first conduct a general exploration of the ferrimagnetic
behaviors that emerge from minimizing G over representative
parameter choices, including but not limited to those derived
from DFT.

The Néel diagrams in Ref. [2] are restricted to cases where
the total, zero-temperature, magnetic moment of one sublat-
tice is substantially larger than that of the other, in particular,
wt = 2p". Q, P,and N curves shown in Fig. 1(a) correspond
to this typical ferrimagnetic behavior. Consequently, the axes
of the diagrams in Ref. [2] were chosen to represent the

#® Gd(Cos_,Ni,)
® Gd(Cos_,Cuy,)

B Gd(Cos_,Fe,)
®  Gd(Cos_;Nig 5.Feq 52)

10 - 7
6=
8 8
g 64 =
T 13
= =
E 41 %9 3
e 2 =
- o
24 <
™ 1§

[ ]
4 0

0_
—-1.00 —-0.75 —0.50 —0.25 0.00 0.25 0.50

(WY — paa)/tca

FIG. 3. Extended Néel diagram for the total net magnetic mo-
ment at zero temperature and the ratio of inter- and intralattice
interaction yrvtm/Yrm.cd- All phases meet at the fully compensated
line. The color bar indicates the maximum value of the total absolute
magnetization. DFT data for ternary and quaternary GdCos-type
ferrimagnets are also shown. All data sets originate from x = 0,
corresponding to pristine GdCos. Data points departing from this
common origin correspond to progressively larger values of x in
increments of Ax = 0.5; see legend.

remaining relevant parameters given by the ratios of effective
exchange interactions, i.€., YrM-t™M/YM-Gd and ¥YGd-Ga/ ¥T™M-Gd-
However, this representation is insufficient to explore the
potential stabilization of materials with p'f; ~ (4, an unex-
plored and physically interesting case that we address in this
work. Upon continuously tuning the material parameters, an
extreme limit of the N-type behavior emerges, characterized
by an exceptionally small net magnetization over a broad
temperature interval around the compensation point. Further
tuning may stabilize a ferrimagnetic phase consisting of a
continuous line of compensation points, which we refer to as
the CL-type phase; see Fig. 1(a).

Our extension of Néel’s diagram thus follows by analyzing
the different types of ferrimagnetic curves as a function of
yrM-T™M/ YTM-Gd (¥ axis) and, crucially, the total net magnetic
moment at zero temperature (x axis). The resulting diagram
is presented in Fig. 3. The effect of ygq.gs has been ne-
glected. This applies to GdCos-type ferrimagnets, where the
interactions satisfy yg4.ca < yrmotm and vga.cda < S|yr™-cdl-
For example, in GdCos the respective DFT values that we
have computed are ygg.gq = 6.3 meV, yrvrm = 264 meV,
and Sytm.ca = —190 meV. Figure 3 also displays the DFT
data for the GdCos-type ferrimagnets under consideration.
For x = 0, all datasets corresponding to the three material
series studied, Gd(Cos_,TM,) with TM = Ni, Fe, or Cu, as
well as Gd(Cos_,Nig s, Fe sy), originate from the same refer-
ence point, i.e., the pristine GdCos. Data points progressively
departing from this initial point correspond to increasing val-
ues of x.

These effective free-energy parameters arise from the con-
nection between DLM-inspired free-energy expansions and
exchange-interaction matrices, as also done in Ref. [50].
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The close agreement with atomistic Monte Carlo simula-
tions presented in Sec. III C indicates that the resulting phase
boundaries are robust for ferrimagnets describable by two
competing antiparallel effective sublattices.

It is noteworthy that transitions between any two ferrimag-
netic types are possible. For instance, a P-type phase may
transform into either a Q-type or an N-type phase through the
emergence of a low-temperature maximum in M. (T) or by
the appearance of a compensation point at T, respectively.
When the total magnetic moment on the TM sites exceeds that
on the rare-earth site (U, > ia), larger values of yry_tm
relative to |yM_gd| favor the stabilization of a P-type phase,
while an N-type phase is stabilized when u'fy, < pga. Oppo-
site trends are observed for large negative values of yry1m.
Moreover, the Q-type phase remains stable for intermediate
values of yryv_Tm.

The CL-type phase corresponds to a diagram point at
which all phase boundaries converge, which is generally given
by (see Appendix)

2(YT™M-T™M — YGd-Gd)
—YTM-Gd

= Nrm — Noa (12)
under the condition wfy; = pga. Recall that ygq.ca =0,
Ntm = 5, and Ngg = 1 for GdCos-type ferrimagnets, so this
diagram point occurs at 2yrvtv/|YT™M_Gd| = 4 in this ma-
terials class. Approaching the CL-type condition brings the
system closer to a fully compensated phase at all temperatures
[dashed black line in Fig. 1(a)]. The N-type ferrimagnetic con-
figuration that stabilizes in the vicinity of this diagram point
has a very small net magnetization over a broad temperature
range around its single compensation point.

Figure 3 shows that the difference w; — pca is nega-
tive and decreases further with increasing x in Gd(Cos_,Ni,)
and Gd(Cos_,Cu,). This is because Ni and Cu substitu-
tion reduces the total magnetic moment at the TM sites. In
contrast, substitution with Fe, which carries a robust local
moment, markedly enhances wf);. This observation motivates
the exploration of double cosubstitution with Ni and Fe,
Gd(Cos_,Nij 5. Feq s, ), enabling access to the central region of
the extended Néel diagram containing the fully compensated
line. Indeed, an N-type phase close to the CL diagram point
can be stabilized in this quaternary alloy because, for GdCos
(x=0), ,utToﬁ,I § Gd, and increasing x preserves this balance:
the reduction of the TM moment due to Ni is compensated by
the enhancement from Fe. At the same time, the intrasublattice
interaction ypv v Weakens relative to yrv_gq (although both
decrease in magnitude), thereby favoring the stabilization of
the N-type state closer to the fully compensated line.

We emphasize that the CL-type condition in Eq. (12) is
generally applicable to ferrimagnets modeled by two magnetic
sublattices. Gd(Cos_,Nig s, Feg 5,) remains unsynthesized but,
notably, Stinshoff et al. experimentally realized a slightly
overcompensated sample with a composition very close to that
of the quaternary Mn; sFeVysAl Heusler ferrimagnet. This
material exhibits an N-type configuration near the fully com-
pensated line, with a total magnetization below 0.06 wg/f.u.
at all temperatures. This behavior was achieved through Fe
and V substitution at the Mn 8¢ and 4b sites [39]. Re-
cent theoretical studies of L-type ferrimagnets, which are

104 = Gd(CopNiy 5Fey 5), TNF = 778K
—— (Gd(Cosz.gsNiy 12), TMF = 848K
Gd(Coy.2Cugg), TMF = 859K
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FIG. 4. Temperature dependence of coercive fields calculated for
selected GdCos-type ferrimagnets. The temperature axis is normal-
ized to the transition temperature to the paramagnetic state, 7.

fully compensated at 0 K, have advanced this line of re-
search further by predicting multiple compensation points in
Mn; 1 Cog 45 Vo.45Al, which is likewise expected to lie near the
fully compensated line [64].

B. The coercive field

Although the N-type ferrimagnetic configuration close to
the fully compensated line exhibits lower net magnetization
values at all temperatures, the behavior of its coercive field
is not obvious. To address this, we calculate the temperature
dependence of the intrinsic switching field by minimizing
the mean-field Gibbs free energy given in Eq. (8) under the
effect of an applied field. Figure 4 presents the results for
selected compositions chosen such that the ratio between the
compensation temperature and the transition temperature to
the paramagnetic state remains approximately constant across
all materials, e.g., Teomp/Tir & 0.7. The selected systems are
Gd(CoyNij »5Fe; 25) (x = 3), which shows a very small mag-
netization similar to the N-type curve in Fig. 1(b), as well
as Gd(c03_83Ni1_12) (x = 112) and Gd(C04.2Cu0_8) (x = 0.8),
both representative N-type ferrimagnets. The mean-field val-
ues of 7; are similar for all three compositions, providing a
suitable basis for comparison. The anisotropy constants have
been set to Kgq = 0 and K1y = 0.8 meV following [5,38,65].

As shown in Fig. 4, the intrinsic switching field peaks
when the total net magnetization vanishes at Tiomp, Which is
in agreement with experimental and theoretical findings in
rare earth-TMs compounds [11,16,37,66,67]. Due to missing
temperature and microstructure and the so-called Brown’s
paradox, e.g., missing domain wall motion and thermally
activated nucleation, the absolute values for B, cannot be
compared to experiment.

Interestingly, and somewhat unexpectedly, the estimated B,
is slightly smaller at Teomp for Gd(Co;Nij 25Feq25) than for
typical N-type phases. However, Gd(Co,Ni| »sFe; »5) exhibits
enhanced intrinsic switching field not only in the vicinity
of Teomp but also over a broad temperature range extending
from low temperatures up to near 7. B, remains large and
roughly flat below Tiomp, as also observed experimentally for
Mn; sFeV( sAl [39]. Therefore, enhanced intrinsic switching
fields, and potentially enhanced coercivity, can be achieved
in N-type ferrimagnets over much larger temperature spans,
effectively tuned through controlled chemical substitution.
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FIG. 5. Temperature dependence of total magnetization of
(@) Gd(Cos_,Niy), (b) Gd(Cos_,Cuy), and (¢) Gd(Cos_,Nig s;Feq sx)
for increasing values of x from Monte Carlo simulations.

C. DFT-informed Monte Carlo simulations
and composition-temperature phase diagrams

The DFT data plotted in Fig. 3 were obtained by mapping
the isotropic exchange parameters J;; onto the mean-field
model through Eq. (AS). We now show the results of Monte
Carlo simulations for J;; to validate our mean-field predic-
tions.

Results are presented in Fig. 5. Pristine GdCos lies close
to the boundary separating the N-type and P-type phases,
as indicated by its nearly compensated total magnetization
M = 0atT = 0 K [see the light-colored curve in Fig. 5(a)].
Substitution in Gd(Cos_,TM,), with TM = Ni or Cu, initially
leads to an increase in the compensation temperature Teomp,
accompanied by a reduction in the maximum of M (T ) in the
range Teomp < T < Ty At higher substitution levels, this trend
culminates in an N-to-Q transition, where the compensation
point disappears at Ty, in agreement with previous experimen-
tal and theoretical studies [16].

Figure 6(a) presents the composition—temperature mag-
netic phase diagrams constructed from these Monte Carlo
simulations, which shows the dependencies of T¢omp and Ti; on
x. Available experimental data for the case of Gd(Cos_,Ni,)
is also plotted, demonstrating good agreement between theory
and experiment at both qualitative and quantitative levels. The
changes observed in the Cu-substituted series, Gd(Cos_,Cu,),
progress more rapidly than in the Ni-substituted counter-
part, reflecting the smaller perturbation introduced by Ni,

—&— Gd(Cos_,Ni) (Exp)  —€— Gd(Cos_,Ni,) (Exp.)
#- Gd(Cos_,Ni) @ Gd(Cos_,Ni,)

Toomp(®) -m- Gd(Cos_,Cu,) Gd(Cos_,Cu,) Ty (x)
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e
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FIG. 6. (a) Composition-temperature magnetic phase diagrams
obtained for Gd(Cos_,Ni,), GdCo(s_,Cu,), Gd(Cos_.Fe,), and
Gd(Cos_,Fegs,Nigs,) by means of Monte Carlo simulations. The
compensation temperature, Toomp(x), and the transition temperature
from the paramagnetic state, 7;.(x), are indicated with squares and
circles, respectively. Available experimental data for Gd(Cos_,Ni,)
[16,37] are also shown in black. (b) Temperature dependence of the
total net magnetization for selected compositions of interest.

whose valence configuration is closer to Co’s. The criti-
cal substitution levels at which the N-to-Q transition occurs
are approximately x &~ 2.5 for TM = Ni and x = 1.5 for
TM = Cu. In contrast, no such transition is observed for
Gd(Cos_,Nig s Feps,). These results are in good agreement
with the mean-field mapping of the DFT data shown in the
extended Néel diagram in Fig. 3, which supports the reduction
of the inequivalent 2¢ and 3g sites to a single effective TM
sublattice.

Figure 6(b) shows the total net magnetization for selected
values of x across the three alloy series that display N-type be-
havior. All of them exhibit similar compensation temperatures
around Tcomp A~ 400 K, analogous to the case investigated in
Fig. 4. While Gd(Cos_,Ni,) and Gd(Cos_,Cu,) are typical
N-type curves, the quaternary alloy Gd(Cos_,Nig s, Feg s,) ex-
hibits very small net magnetization over the entire temperature
range, in agreement with the mean-field analysis.

D. Nonrelativistic exchange spin splitting

Ferrimagnetic compounds very close or at the diagram
point corresponding to the fully compensation line exhibit a
vanishing small net magnetization coexisting with a strong
spin splitting in the reciprocal space of purely nonrelativistic
origin. Figure 7 shows the DFT-computed spin-up (Gd) and
spin-down (TM) projected bands for GdCos-type ferrimag-
nets. A large spin splitting of order ~1 eV (most clearly
visible for GdCos, left panels) arises because TM’s and
Gd’s electrons belong to different chemical sublattices. We
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LD

MK I' A LH

FIG. 7. Electronic band structures calculated for GdCos (left)
and Gd(Co,Ni; sFe;s) (right) at zero temperature. No spin-orbit
coupling is included.

note that Gd(Co,;Ni, sFe; s), which is very close to the fully
compensation line, has an almost vanishing total magnetic
moment (below || = 0.04up per primitive cell at all tem-
peratures), while its spin splitting remains essentially identical
to that of GdCos. The observed band broadening is caused by
the chemical disorder. For completeness, Fig. 8 displays the
corresponding Fermi surface of a representative GdCos-type
compound, providing a complementary view of the electronic
structure.

A variety of altermagnetic materials have been exten-
sively studied in recent years, including CrSb [68-72], MnTe
[34,73,74], and RuO, [24,29,30,32,75]. These exhibit vanish-
ing net magnetization at all temperatures due to antiparallel
spin alignment protected by combined symmetry operations,
typically time reversal followed by a 90° crystal rotation. In
contrast, full compensation in ferrimagnets arises from op-
positely polarized sublattices that are not related by crystal
symmetry and therefore lie outside the altermagnetism classi-
fication [20]. Recent important advances have shown that fully
compensated ferrimagnetism with altermagneticlike features
can also appear in two-dimensional filling-enforced systems
[76] and in Luttinger-compensated magnetic phases [77]. Our
approach differs in the fact that full compensation is achieved
through an optimal balance of magnetic-moment magni-
tudes and exchange interaction ratios via targeted chemical
substitution.

Total FS

Spin up FS

Spin down F'S

K

M

FIG. 8. Total Fermi surface (FS) plot and its spin-up and -down
components cut at k, = 0. Characteristic reciprocal lattice points of
the Brillouin zone of a hexagonal close packed structure are shown
(K, M, and I).

IV. DISCUSSION AND CONCLUSIONS

We extend Néel’s classic diagram of ferrimagnetic com-
pensation behavior to explicitly include the effect of
magnetic-moment magnitudes, which reveals the stabilization
of a ferrimagnetic phase formed by a continuous line of fully
compensated points while maintaining strong, eV-scale spin
splitting without spin-orbit coupling. Ferrimagnetic materials
tuned to this fully compensated phase are potential candidates
to exhibit spin-splitting currents, THz-scale dynamics, and
giant or tunneling magnetoresistance. We note that anomalous
Hall effects would still require the presence of spin-orbit cou-
pling, as in altermagnets, or a noncollinear magnetic structure
such as that reported for Mny_,Z,N ferrimagnets [78,79].
Full compensation in ferrimagnets is a fine-tuned cancella-
tion of inequivalent sublattice moments and therefore does
not generically produce symmetry-protected spin-splitting
torques. Importantly, ferrimagnetic curves closer to the fully
compensated line are predicted to show enhanced coercive
fields over a broad temperature range.

Our predictions are supported by ab initio-informed
Monte Carlo simulations for selected ternary and quater-
nary GdCos-type compounds showing good agreement of
the composition-temperature phase diagram with experiment.
The extended Néel diagram applies generally to ferrimagnets
composed of primary (a) and secondary (b) sublattices with
N, and N, atoms. Approaching the fully compensated line
requires (i) tuning the total local moment toward zero via
substitution of weak (e.g., Ni) and strong (e.g., Fe) mag-
netic atoms while (ii) adjusting the interaction ratio to satisfy
2(Vaa — Yob)/(—Vap) = N, — Np. We expect that our results
will stimulate and guide the search for ferrimagnets tuned
toward the fully compensated phase.
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APPENDIX: DERIVATION OF THE FREE-ENERGY
PARAMETERS AND COMPENSATION-LINE CONDITION

1. Relation between real space exchange interactions
and free energy magnetic parameters

The size of Jyy(q), introduced in Eq. (3), is nxn, where
n is the number of atoms inside the primitive cell. Therefore,
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TABLE 1. Relation between coefficients of matrices given in
Eqgs. (A2) and (A3).

3x3 6x6

Jre—2¢ (ar +B1)-2
J3g-3¢ (a2 +28,)-3
JGaca a3

J2z‘73g 6V

JGaac 2¢,

JGasg 36

n = 6 for GdCos-type ferrimagnets. For q = 0, the matrix can
be generally given by eight different parameters:

ar By ¥y v &

B ar v v v €

y v a B B e
Jss’ - )

y v B a B e

y v B B o e

€] €] € € € Qa3

(AD)

which reflects the symmetry of the magnetic unit cell. The
eigenvector of Eq. (A1) with the highest eigenvalue (the most
stable magnetic state) that we have found for the materials
studied in this work corresponds to a ferrimagnetic struc-
ture, i.e., Voxe = (Mac, Mac, M3g, M3g, M3g, —MGq), Where all
the defined quantities are positive. J;y can be contracted to a
33 matrix describing the same magnetic state,

e Jac3g Joaae
2 2 2
J(3X3) — Joc3g J3g.3g JGd3g A2
s T 3 3 3 (A2)
Jodae Joazg  Jodca

Note that we have used the same notation as introduced in
Ref. [5]. Table I gives the relation of the coefficients in matrix
JS(S,X3) with Eq. (A1) such that the eigenvector of the former
rightly is v3,3 = (moc, m3e, —mgq). An additional contraction

to a 2x2 matrix can be done,

1 2
J@x2) _ (ch-zc — 3D3g3g + 5J2c3g
ss’ -

Jea3g — ch-2c>
5(Jga-3g — JGdac)

JGd-Gd
(A3)

with the eigenvector associated to the largest eigenvalue being
Vax2 = (mrm, —mga). Equation (A3) is, however, an approx-
imation for mry = my A m3g. We can now compare Eq. (8)
and Eq. (A3) with Ny = 5. From —7'(9S;/9m;) = h; and

htm @ex2)  [mm
=J77. . A4
<th) 8 mGd (A9
Itt directly follows that
~ JZC—ZC - %JSgSg + %]2c—3g
Yaa = YIM-TM ~ )
2
__ Jaa-ca
VYbb = YGd-Gd ~ )
2
Yab = YT™M-Gd ~ JGd-3¢ — JGd-2c- (AS)

See Refs. [5,43] for further details.

2. Condition for the fully compensated phase

Using Eq. (AS), Eq. (A3) can be rewritten in terms of the
Gibbs free energy coefficients as
Nadayrm-cd
" ) (A6)

J(2><2) _ 2'VTM-TM
* NTMYTm-Gd  2YGd-Gd

where we have reinstated Nty and Ngg for generality. The
total net magnetization vanishes at all temperatures at the fully
compensated line. At 0 K, this condition requires Ntyiuutv =
NcdaMgd, Whereas in the paramagnetic limit (77 — Tj;) it im-
poses Nrvurmmmv + Noaitcamca = 0. Combining these two
relations with the fact that (mry, mgq) is the eigenvector of
Eq. (A6), we obtain mry = —mgq and the following condition
for the fully compensated phase:

2(YT™M-T™M — YGd-Gd)
—YIM-Gd

= Nrm — Ngq. (A7)
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