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The phase diagram of Ni in the space of the parameters has been studied within the Kanamori model with
the parameters determined from comparison with ab initio calculations for ferromagnetic Ni. The proximity
of Ni to the boundary of the transition to a paramagnetic state has been found.
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1. Recent experiments on femtosecond magneto-
optics revealed possibilities of ultrafast optical control
of the magnetic order [1]. Most of the experiments on
ultrafast demagnetization in metallic magnets were
performed with ferromagnetic Ni films, where this
phenomenon was detected for the first time [2], and in
the GdFe ferromagnet [3]. The mechanisms of ultra-
fast demagnetization in metals are still unclear. Analy-
sis of many published works shows that the main
attention is focused on the extension of ab initio calcu-
lations to different variants of the Heisenberg model
[4—6]. According to our studies of the role of the local
environment in the formation of the magnetic
moment [7, 8], such an approach fundamentally can-
not describe one of the most important competing
mechanisms. Namely, since electrons describing
localized spins in the Heisenberg model are always
localized, they cannot be involved in the formation of
delocalized electron bands and cannot make an addi-
tional contribution to the binding energy of the crystal
(one of the brightest examples is a gamma—alpha tran-
sition in cerium, where the delocalization of one f
electron leads to the 15% contraction of the lattice [9,
10]). We believe that the description of the relaxation
(nonequilibrium dynamics) of a metal magnet excited
by a femtosecond laser pulse requires the solution of
three problems: (i) the description of the initial ther-
modynamic state and its temperature evolution at the
initial time instant, (ii) the study of the contribution of
the initial correlations, and (iii) relaxation from the
nonequilibrium state. In this work, we solve the first
problem for nickel. Ab initio methods based on the
density functional theory make it possible to calculate
the electronic structure of nickel and to show that the
ferromagnetic state is lower in energy than the para-
magnetic one. Temperature dependences of the mag-

netization and susceptibility at high temperatures are
calculated [11—14] with the inclusion of the Anderson
impurity model (LDA + DMFT). The model thus
obtained implicitly includes open problems such as the
double counting of the Coulomb interaction between
d electrons and the applicability of the impurity
approach to a regular crystal. These problems compli-
cate the understanding of the physics of formation of
the mechanism. An alternative approach is based on
the study of the phase diagram of possible states in the
space of the parameters of the multielectron model
Hamiltonian including symmetry and the numbers of
orbitals and electrons of matter.

2. Here, to determine the region of stability of the
ferromagnetic state of nickel on the phase diagram of
states, we use a complex approach [7, 8] combining
the ab initio calculation and the subsequent model
analysis. The ab initio calculation of the electronic
structure of Ni was performed with the VASP package
in the generalized gradient approximation (GGA) [15,
16] using projector augmented wave (PAW) pseudopo-
tentials [17, 18]. The exchange correlation potential
was used with the Perdew—Burke—Ernzerhoff (PBE)
parameterization [19, 20]. The cutoff energy of plane
waves was 500 eV. Integration over the first Brillouin
zone was performed using a 10 X 10 X 10 Monkhorst—
Pack grid [21]. The configuration of valence electrons

of nickel was 3d*4s®. Metallic Ni has a face-centered
cubic lattice (a =3.5 A) and is a ferromagnet
(Wn; = 0.605ug, T. =631 K). The calculated lattice
parameter of 3.51 A and magnetic moment of .73
on a nickel atom are in good agreement with known
experimental data.

Further, the results of the ab initio calculation are
extended to the multiband Kanamori model [7, §].
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The model Hamiltonian includes intra-atomic Cou-
lomb and exchange interactions (U, U, and J) and
hopping integrals #,, (subscripts A and W specify s, p,
and d orbitals) between neighboring nickel atoms in
the first coordination sphere:
HN

H=H" + Hy, Y=l HY

Here,

(1)

_ nn' T .
Hhop = Zty\’u cn?»ccn'uc + H.C.,

Ni S AS
HO = 2(80nn6 + SOnnmc + eonnmc);

and the Coulomb part of the Hamiltonian has the

form
U
NymsMyms
+ (U =L7) S A Al (1= 8) — J
5 Ry nm( mm - SumSnm's
where
dT d ~Ad  _ A + ~d
nan = Y%imc“nmo> Apm = Nyt ™ Ayl
= 0Oy nma an’ nnmo‘ pnmcpnmcn

ﬁflﬁ = SnGanV
subscripts n and n' specify sites; A, W, m, and m' specify
an orbital; ¢ is the spin index; and G, is the Pauli
matrix. The wave vector dependence of hopping inte-
grals is specified in the Slater—Koster scheme [22].
The eigenvalues of the model Hamiltonian are deter-
mined by the Green’s function method in the Har-
tree—Fock approximation. The occupation numbers
of all orbitals are determined self-consistently. All
interaction constants are the model parameters deter-
mined from the condition that the model should
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Table 1. Model parameters (in electronvolts) ensuring the
best approximation

U J U € €, €1 €02
2.74 0.45 1.20 | —4.37 | 14.84 |—6.06 | —6.61
Hopping | ¢, Lap Loy tys s f
integrals
c —0.28 | —1.78 1.43 | —1.52 1.12 | —0.57
T 0.21 | —0.73 0.7 — - —
) -0.16 | — — — — —

Table 2. Model and ab initio (VASP) occupation numbers of

the d orbitals (n? R nf), magnetic moment, and number of d
electrons N,

VASP Model
Orbital
n‘Ti nf g | Ne n‘Tj nf g | Ne
by 0.90 ( 0.70 0.85 | 0.65
0.73 | 8.2 0.74 | 8.0
e, 0.91 | 0.81 0.90 | 0.84

moment on nickel atom, electron density of states, and
band structure of this compound ab initio calculated
with the VASP package. The model parameters were
sought by the annealing method. The parameters pro-
viding the best fitting of model occupation numbers of
orbitals and d electron density of states to ab initio cal-
culations are summarized in Table 1.

The results of the model calculations are presented
in Table 2 and Fig. 1 in comparison with the parame-
ters from Table 1 and the VASP calculations.

Analysis of the model makes it possible to explicitly

reproduce the occupation numbers, magnetic reveal the role of different interactions in the forma-
3
Nit,, —— VASP Nie — VASP
L g — Model i g — Model
1 -
8
QI L£08, L PaYAN .I\VI
< v
| | | |
—4 -3 -2 -1 0 1 2
E-E, (V)

Fig. 1. (Color online) Ab initio and model d electron densities of states of nickel.
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Fig. 2. (Color online) (a) Magnetic moment of the nickel atom versus the hopping integrals tgd(z t,4) and t4 . (b) Region of the

parameters near the values from Table 1. (c) Magnetic moment of the nickel atom versus the hopping integrals tgd(s t44) and

tz,(s 14p)- (d) Magnetic moment of the nickel atom versus the hopping integrals 194(= t44) and t,Z,(E Igp) attg, = 0.

tion of the magnetic state in nickel and to determine
the critical parameters. Two hopping integrals
between d electrons (¢,;) and d and s electrons (#,) of
neighboring atoms are two critical parameters for the
appearance of ferromagnetism in nickel. The region of
stability of the ferromagnetic state of nickel is shown in
Fig. 2a, depending on the critical parameters ¢,, and
t,- When plotting maps of magnetic moments, all
other hopping parameters are varied proportionally to

the parameter .

The dependence of the magnetic moment of nickel

on both hopping parameters ¢,, and #,, is very sharp,
and the experimentally observed magnetic moment
(~0.7ug) on the nickel atom is in a narrow interface
between the ferro- and paramagnetic phases (Fig. 2b).
The effect of other model parameters on the region of
existence of the ferromagnetic phase is insignificant.
In particular, Figs. 2c and 2d show maps of magnetic
moments depending on the hopping integral 7,
between d and p electrons. As seen, the magnetic
moment hardly depends on this parameter, whereas
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the exclusion of the parameter 7, results in the exten-
sion of the region of stability of the ferromagnetic
phase. It is noteworthy that a sharp dependence of the
magnetic moment on the parameter 7, is characteris-
tic not only for nickel but also for iron and manganese
silicides [7, 8]. It can be expected that this feature of
the model phase diagrams will hold for other com-
pounds with 3d transition metals. However, if the
magnetic moment on a transition metal atom is large

(e.g., L ~ 2.0 as in bee-Fe), the experimentally
observed ferromagnetic state will occur in a more sta-
ble part of the phase diagram rather than in the region
of instability, i.e., near the sharp interface between the
ferro- and paramagnetic phases.

3. Our conclusion on the proximity of ferromag-
netic Ni to paramagnetic instability has been obtained
for an equilibrium state. Obviously, this conclusion
cannot directly explain the reasons for ultrafast
demagnetization. However, since ultrafast demagneti-
zation in the GdFe ferromagnet is also observed at
temperatures near the point of compensation of two
sublattices [14], i.e., near instability of the magnetic
structure, it can be hypothesized that the proximity of
the system to magnetic instability is a determining fac-
tor for ultrafast demagnetization irrespective of partic-
ular microscopic mechanisms. The determination of
microscopic ultrafast demagnetization mechanisms is
certainly an actual unsolved problem of magnetism.

This work was supported by the Russian Founda-
tion for Basic Research (project no. 16-02-00273).
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