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Exchange splitting of surface and bulk electronic states in excited magnetic states of Gd:
First-principles study
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Recent pump-probe experiments provide time evolution of the bulk and surface electronic states in Gd excited
by the laser pulse. These experiments are in close connection with earlier spectroscopic experiments probing
temperature dependence of the exchange splitting of the electronic states. We report first-principles study of
the electronic states in excited Gd modeled by the noncollinearity of the 4f spin moments. In agreement with
experiments we obtain a strong difference in the properties of the bulk and surface electronic states. To reveal
the origin of this behavior we apply the concept of spin mixing to characterize the electronic states of the excited
system. The surface states remain weakly spin mixed with respect to the local atomic spin axis of the surface
layer that explains the persistence of the exchange splitting in highly excited Gd. On the other hand, a smaller
part of the surface state localized in the second layer becomes strongly spin mixed leading to decreased value
of the exchange splitting. In contrast to the surface states the bulk states are strongly spin mixed and average
the influence of the atomic spin-up and spin-down potentials. This leads to the properties of the bulk states that
are usually associated with the Stoner model. The good agreement between calculational results and the results
of the pump-probe experiment support the assumption of ultrafast disordering of the 4f moments after laser
irradiation.
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I. INTRODUCTION

Recently much effort was devoted to the study of ultrafast
processes in Gd and its compounds [1–7]. The characteristic
feature of Gd is large localized 4f spin moment polarizing
by means of intra-atomic exchange interaction the states of
the valence 5d6s electrons. The pump-probe experiments
on Gd revealed strong drop of the magnetization within
1 ps after laser irradiation [2,4]. The physical mechanism
of this ultrafast decrease of the spin magnetization remains
the topic of controversial discussions. By itself, the drop of
the magnetization is an expected consequence of the laser
irradiation since the absorbed light increases the energy of the
system. After relaxation to the thermal equilibrium the system
has a higher temperature and, therefore, a lower magnetization
than before irradiation. The problem is to understand the
hierarchy of the processes governing the dynamics of the
equilibration and to identify the process (or processes) leading
to the subpicosecond demagnetization. One of the key points
of the debates is the physical mechanism of the ultrafast
reduction of the angular momentum of the electron system.
Since the angular momentum is a conserved physical quantity
its apparent decrease must be the result of the transfer of
the angular momentum outside the measurement domain of a
given experiment. Many researchers suggest that the leading
mechanism of the ultrafast demagnetization is the transfer of
the angular momentum from the electron system to the lattice
[2,4] though alternative mechanisms were also proposed [1,8].

Accepting the lattice as a sink for the angular momentum
one confronts the question whether this transfer takes place by
single-electron scattering on lattice vibrations or is a result of
the interaction of atomic spins and the lattice. For example,
Koopmans et al. [2] suggest a phenomenological model
assuming the decisive role of the electron-lattice interaction,
whereas Wietstruk et al. [4] report a 50 times increase of
the spin-lattice interaction under the influence of the laser
irradiation. A first-principles description of time dependent

processes in a nonequilibrium electron system including the
dynamics of atomic magnetic moments and interaction with
lattice is presently an unsolvable problem. Therefore, it is
important to combine the development of phenomenological
models characterizing the process as a whole with detailed
first-principles investigation of the contributing subprocesses.

The first-principles study performed in this paper deals
with the electronic structure of excited magnetic states of Gd.
This study was partly motivated by a recent experiment by
Carley et al. [3] reporting time dependence of the spin-up
and spin-down bulk states and spin-up surface states near
point � of the two-dimensional (2D) Brillouin zone (BZ).
In particular, Carley et al. found that within the first 2 ps after
laser irradiation the energies of the spin-up and spin-down
bulk states change differently. The spin-up state increases
monotonously up to about 0.14 eV (10 mRy) above the energy
in an unperturbed system, whereas the corresponding spin-
down state decreases first by about 0.09 eV (7 mRy) and then
increases somewhat stabilizing at the energy about 0.05 eV
(4 mRy) below the value before irradiation. The surface
spin-up state is observed to shift to higher energies but by
a substantially smaller value of about 0.04 eV (3 mRy) than
the bulk spin-up state. In addition there is an apparent time
delay in the variation of the bulk spin-up state that is absent in
the cases of the bulk spin-down state and surface spin-up state.

This experimental work is in deep connection with the
spectroscopic studies of the temperature dependence of the
electronic states in Gd [9–12]. The experimental data for
the bulk states are usually described within the Stoner picture
assuming that the electron states preserve the spin projection
as a good quantum number while the exchange splitting
decreases with increasing temperature and vanishes at the
Curie temperature. (It is worth noting that experimental reports
claiming non-Stoner behavior of the bulk Gd states are also
present [11].) The surface states behave differently preserving
nonzero exchange splitting above the Curie temperature. Since
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the spectroscopic experiments are the most direct probe of
the electronic structure their understanding is crucial for the
development of adequate microscopic models of temperature
dependent properties and pump-probe experiments.

Several theoretical studies were performed aiming to
understand the temperature dependence of the electronic
structure of bulk Gd. References [13,14] are based on the
first-principles investigation of the electronic structure of
noncollinear configurations of the 4f moments, whereas
Nolting et al. [15,16] suggest a theory based on the treatment
of the many body Hamiltonian of interacting electrons. Despite
a substantial difference in the theoretical machinery many
conclusions of the studies correlate with each other. Both
types of studies agree that the Stoner picture cannot provide
an adequate general description of bulk hcp Gd at nonzero
temperatures although the temperature dependence of some
parts of the electron spectrum resembles the behavior expected
from the Stoner model. A more adequate description is given
by the account for spin hybridization (spin mixing) [13,16] of
the electronic states.

We mention also the work by Khmelevskyi et al. [17]
who used a disordered local moment (DLM) approach [18]
to study the bulk hcp Gd at finite temperatures and came to the
conclusion of the inapplicability of the Stoner model to this
system. Khmelevskyi et al. focused on the consideration of
the integrated quantities such as atomic moments and atomic
potentials that is not sufficient for the description of the photoe-
mission experiments dealing with particular electronic states.

To our knowledge, there was no attempt to extend the
theoretical studies performed for the bulk electronic states
in thermally excited Gd to the case of the surface states.
Also, there were no attempts of the understanding of the time
dependence of the electronic structure after laser irradiation
on the basis of first-principles calculations.

In the given paper we consider both bulk and surface states
within a common first-principles approach. The theoretical
results are related to the results of older and recent experiments.
Our physical model is based on the assumption that the
disordering of the 4f moments is the main source of the
variation of the electronic states. On this basis we model
the demagnetized state with noncollinear configurations of the
4f spins and perform detailed calculations of the electronic
structure for these configurations.

There are two issues that should be discussed concerning the
modeling used in the paper. First, since we aim to address the
experimental data obtained within 1–2 ps after laser irradiation
do we have arguments in favor of considering the 4f spins
disordering as an ultrafast process? The second issue concerns
the 5d6s moments of the Gd atoms. Should the 5d6s moments
be considered as separate degrees of freedom or should they
be treated as determined by the 4f moments? These questions
will be addressed in Sec. III.

In Sec. IV we discuss the properties of the electronic states
of the 3D periodic hcp Gd. Section V reports slab calculations
and focuses mostly on the properties of the surface states.

II. METHOD OF THE CALCULATIONS

The calculations are performed with the augmented spher-
ical wave (ASW) method generalized to the case of non-

collinear magnetic structures [19,20]. The local spin density
approximation (LSDA) to the exchange-correlation functional
is used [21]. The spin-polarized 4f electrons are treated as
core electrons and do not hybridize with valence electrons. In
the ASW method the electron states are presented as linear
combinations of the atomic basis functions characterized by
a given spin projection on the local atomic axis as well as
by orbital and magnetic quantum numbers l and m. The
knowledge of the coefficients of the linear combination allows
us to determine for each electron state the partial atomic
characteristics such as contribution to the moment of a given
atom and the angle between the 5d6s and 4f spin moments
[see Eq. (6) below].

The calculations are performed for the bulk hcp Gd and the
slab consisting of a number of Gd layers and several layers of
empty spheres simulating the vacuum (Figs. 2 and 7 present
the corresponding unit cells).

We study the influence of the noncollinearity of the 4f

moments on the electronic structure. The smearing of the
Fermi-Dirac distribution function or other types of single-
electron excitations are not considered.

III. THE MODEL OF DISORDERED 4 f MOMENTS

A. Ultrafast character of the 4 f disordering

It is usually assumed that the direct consequence of the
absorption of the laser pulse is the spin-conserving transfer
of the 5d6s electrons from the occupied states below the
Fermi energy to the empty states above the Fermi energy.
It is, however, important that the spin-down hot electrons
can decay in energy creating deviations of the atomic spins
from the direction of the net magnetization. Such spin-
flip processes are the consequence of the electron-electron
Coulomb interaction [16] and therefore should be fast. Indeed,
there are experiments demonstrating the fast character of the
4f disordering initiated by the pump laser pulse. For example,
in Refs. [4,22] it is shown that the demagnetization of both f

and d electron subsystems in Gd and Gd/Fe multilayers takes
place at the picosecond time scale (see also corresponding
discussion in Ref. [2]). It is also worth mentioning that an
experimental estimation of the magnon-emission time, that is
a relevant quantity for the characterization of the process of
the disordering of atomic spins by hot electrons, gives a value
in the subpicosecond region [23]. On this basis we conclude
that the transition from the collinear ferromagnetic (FM)
orientation of the 4f moments to a noncollinear orientation
under the influence of the hot electrons is an ultrafast process
of a picosecond time scale.

On the other hand, the successful description of the results
of the pump-probe experiment on Gd performed in this paper
provides an additional strong argument supporting the ultrafast
character of the 4f disordering.

B. 5d6s atomic moments as separate Heisenberg degrees
of freedom

Different studies suggest different views of the relation
between the atomic 4f and 5d6s spin moments of Gd atoms
in excited states of Gd and Gd compounds. For example,
Mekonnen et al. [6] in the paper published in 2013 treat the
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4f moment and the induced 5d6s moment of a Gd atom as
a rigid entity. On the other hand, Wienholdt et al. [7] in the
paper published in the same year argue that it is important to
treat the moments as separate degrees of freedom that interact
as two Heisenberg spins according to the Hamiltonian

H = JintS5d6s · S4f . (1)

Wienholdt et al. remark that exchange parameter Jint was
estimated by comparison of the energies of the configurations
where 4f and 5d6s moments are parallel and antiparallel
to each other. It is, indeed, a rather common practice in
mapping an electron system onto a Heisenberg Hamiltonian of
interacting spins to estimate exchange parameters by the com-
parison of energies of different collinear spin configurations.
A necessary condition for the realization of this procedure is
the possibility of performing first-principles calculations for
spin configurations that are obtained from the ground state by
reversal of the directions of some of the spins. In the present
case this is the reversal of the 5d6s moments with respect to
the 4f moments.

For performing such a calculation it is crucial that the
moments whose directions are changed to opposite are
sufficiently rigid to be well defined for the reversed directions.
The condition of rigidity is satisfied if the change of the value
of the moment needs distinctly more energy than the rotation
of the moment by a large angle. The applicability of the rigid
spin scenario can be verified by the calculation of the energy
profile E(m), where m is the value of the spin moment varied
continuously. The direction of the spin remains collinear to the
ground state direction. Positive (negative) m values correspond
to the direction of the 5d6s moment parallel (antiparallel) to
the direction of the 4f moment. In the case of rigid atomic
spins E(m) has a two-minima form (see an example in the
inset in Fig. 1) where the deeper minimum corresponds to the
ground state and the less deep minimum to the excited state.
The energy difference between two minima can be used for
the estimation of the effective Heisenberg exchange parameter
as suggested by Wienholdt et al. The barrier between two
minima corresponds to a high energy of the small-|m| values
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FIG. 1. (Color online) Energy of hcp Gd as a function of the value
of spin moment of 5d6s electrons. In the inset the energy of the fcc
Fe film as the function of the moment of the atoms of the first layer.

that makes the rotation of the spin energetically preferable
compared to its decrease. The first-principles calculation of
the E(m) curve can be performed by applying a constraining
effective magnetic field stabilizing a given m value.

The example of the two-minima E(m) curve shown in
Fig. 1 is obtained by varying the spin moment of the surface
layer of the fcc-Fe film [24]. In the case of the 5d6s moments
of the Gd atoms the situation is principally different. The
calculated E(m) curve has only one minimum corresponding
to the ground state value of m (Fig. 1). Physically this
situation is well understandable. In contrast to the Fe film
where each atomic Fe spin moment is the result of the
intra-atomic exchange interaction between 3d electrons, the
5d6s moment in Gd is induced by the exchange interaction
of the 5d6s electrons with 4f electrons. The spin-up states of
the 5d6s electrons are lower in energy than the corresponding
spin-down states because the spin-up exchange-correlation
potential is deeper than the spin-down exchange-correlation
potential. This is the consequence of the presence of
seven spin-up 4f electrons contributing to the spin-up electron
density and of the absence of the spin-down 4f electrons [25].

The intra-atomic exchange interaction tends to form an
atomic 5d6s moment that is parallel to the atomic 4f moment.
A negative 5d6s moment can be obtained by a nonequilibrium
occupation of the 5d6s states where the high-energy spin-down
states are more strongly occupied than the lower-energy spin-
up states. However, first, such an inversion in the occupation
of the spin-up and spin-down states is not an expected result
of the laser light absorption. Second, even if to assume,
unrealistically, that such occupation inversion takes place there
is no reason to expect that it will be well described by the
Heisenberg Hamiltonian of rigid spin moments.

On the other hand, we will show that the noncollinearity
of the 4f spins leads to the noncollinearity of the atomic
4f and 5d6s moments. This latter noncollinearity is the
consequence of the interatomic hybridization between the
electron states of different atoms. Through the hybridization
the magnetic structure of the neighboring atoms influences the
spin polarization of the electron states in the atomic sphere of a
given atom and leads to the deviation of the 5d6s spin moment
from the direction of the 4f moment. This noncollinearity is
the property of the lowest-energy state corresponding to a
given configuration of the 4f moments and is not an argument
in favor of the treatment of the 5d6s moments as separate
Heisenberg degrees of freedom [26].

On the basis of the arguments suggested in this section,
the calculations presented below do not consider the 5d6s

moments as separate degrees of freedom. In the modeling of
the excited states of the system, only the directions of the
4f moments are treated as the degrees of freedom making
a decisive contribution in the formation of the electronic
properties discussed in the paper.

C. Stoner model vs spin-mixing behavior

As mentioned above the properties of the electronic states
in magnetically excited ferromagnets are usually discussed
either in terms of the Stoner model or in terms of the spin-
mixing model. The concept of spin mixing inevitably arises
when noncollinear magnetic configurations are considered.
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This property is general and valid for any choice of the spin
quantization axes. However, the interpretation of the physical
consequences of the spin mixing depends on the choice of the
spin quantization axes.

There are two choices of the axes that are most often
used in the analysis of the properties of the electron states
of noncollinear magnetic configurations. First choice is the
global axis parallel to the net magnetization of the system. For
strong disorder of the atomic spins this axis is far from the
directions of the individual atomic moments. If the properties
of an electron state reflect an average of the potentials of
different atoms the global axis is a proper reference system to
characterize this state. Since in the Stoner theory only the value
of the net magnetization is important, the spin quantization axis
parallel to the net magnetization is always used. The second
choice of the spin quantization axes are the local atomic axes
parallel to the atomic moments, in the case of Gd parallel to
the 4f moments. In this local system the spin-polarized atomic
exchange-correlation potential due to the 4f electrons takes
spin-diagonal form

V (r) =
(

v↑(r) 0
0 v↓(r)

)
. (2)

Within each atomic sphere the exchange field of the atom
[Eq. (2)] tends to orient the electron spin either parallel or
antiparallel to the direction of the atomic moments. If the
influence of the neighboring atoms is negligible the spinor
wave function of an electron state written with respect to the
atomic axis is either (ψ↑(r)

0 ) or ( 0
ψ↓(r)) and has a definite spin

projection on the local axis. The influence of the noncollinear
environment disturbs this feature and leads to the spinor
function of a general form (ψ↑(r)

ψ↓(r)). The spin moment in the
atomic sphere � corresponding to this state is given by the
formulas

mz = n↑ − n↓, (3)

where

nσ =
∫

�

drψσ (r)ψσ (r)∗, σ = ↑,↓, (4)

and

m⊥ = 2
∫

�

dr|ψ↑(r)ψ↓(r)∗|. (5)

Here mz is the projection on the local z axis and m⊥ is the
component of the moment orthogonal to the local z axis. The
deviation of the moment from the local z axis is given by the
formula

tan θdev = mz

m⊥
. (6)

If for a given electron state n↑ ∼ n↓ the atomic spin-up
and spin-down potentials average their influence on the state
and we obtain the picture that resembles the Stoner model.
If, however, the intra-atomic potential dominates over the
influence of the noncollinear environment the states remain
close to (ψ↑(r)

0 ) and ( 0
ψ↓(r)) form. Then the difference of the

energies of the states reflects the difference of the atomic
spin-up and spin-down potentials. Therefore, these states
can be treated in terms of exchange splitting due to the
intra-atomic exchange interaction independent of the extent
of the disordering of the 4f spins.

To obtain values mz and m⊥ for the total atomic moment,
the sum over occupied states must be performed.

IV. BULK HCP Gd

We start the discussion of the results of the calculations with
bulk hcp Gd. We will consider noncollinear spin configurations
of the 4f moments with varying angle 2� between neighbor-
ing noncollinear atomic 4f moments (Fig. 2). The analysis of
the character of the changes in the electronic structure with
increasing noncollinearity of the 4f moments will help us to
understand the trends in the properties of the system disturbed
from the ground state by heating or pump-pulse absorption.

A possible simple verification of overall validity of the
Stoner picture in the case of Gd is the calculation of the values
of the atomic 5d6s moments in the strongly noncollinear
configurations of the 4f moments. In the Stoner-type picture
in the limit of the antiferromagnetic (AFM) configuration of
the 4f moments the extended 5d6s states average the influence
of the nearest oppositely directed 4f moments leading to
“nonmagnetic” itinerant-electron states that demonstrate no
spin polarization and exchange splitting. The calculations
(Fig. 3) reveal that the induced 5d6s atomic moment, although
decreased compared to the ferromagnetic configuration, is still
significant and has the value of ∼0.4μB . A similar estimation
is obtained by Khmelevskyi et al. [17] with the DLM method
in the limit of complete disorder.

With the deviation of the 4f moments from the par-
allel directions the induced 5d6s atomic moments become
noncollinear to the corresponding atomic 4f moments. For
� = 45◦ (the angle between neighboring 4f spins of 90◦
corresponds to the maximal possible noncollinearity) the angle
between atomic 4f and 5d6s moments is ∼5◦. This angle
is much smaller than the angle between noncollinear 4f

Θ

Θ

FIG. 2. (Color online) The unit cell of the hcp structure. The
arrows show the directions of the 4f spin moments for two Gd atoms
in the unit cell. The atoms connected by lattice translations have the
same directions of the spin moments.
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FIG. 3. Total (summed over all occupied electron states) atomic
5d6s spin moment as a function of �.

moments. Obviously the influence of the atomic spin-polarized
potential on the formation of the direction of the atomic 5d6s

moment is stronger than the influence of the environment.
These calculational results show that the Stoner picture does
not provide an adequate complete description of the physics
of magnetic excited states of Gd. Why do some of the
spectroscopic experiments seem to be well described by the
Stoner picture? To answer this question it is not sufficient
to consider the properties of the atomic moments that are an
integral characteristic of all occupied states. Instead we should
look closer at the properties of individual electronic states
that can deviate strongly from the properties of the integrated
quantities.

Let us focus first on the �A interval in the BZ of the
hcp lattice (Fig. 4). In the ferromagnetic structure (Fig. 4,
left panel) there are two pairs of the occupied exchange split
bands. In the collinear structure the spin-up and spin-down
states do not hybridize and the spin-down subband of the first
pair intersects with spin up subband of the second pair at

k ∼ 0.75�A. With increasing � two types of changes in the
band structure can be distinguished. In the main part of the
�A interval from � to about 0.65�A the bands within each
of the two pairs are getting closer to each other and become
degenerate at � = 90◦. This behavior reminds us of the Stoner
picture where energy distance between exchange-split states
decreases with increasing temperature and the states become
degenerate when the net magnetization of the system vanishes.
The calculated projection of the spin moment of individual
electronic states on the local atomic axis decreases with
increasing �. In Fig. 4 these projections are presented by
“errorbars” where the length of the bar shows the absolute
value of the projection and the upper or lower position of
the bar with respect to the energy point corresponds to,
respectively, the positive or negative sign of the projection.
The projection with respect to the local atomic axis decreases
because the states become spin mixed with respect to this axis.
The angle between the vector of the 5d6s moment of the states
and the local atomic axis is given by Eq. (6). If the projection
of the vector on the local axis is small the angle between the
moment and local axis is large.

In Fig. 5 we present the calculated angles between the 5d6s

moment and the spin quantization axis for the electron states of
the four occupied bands in the interval �A (Fig. 4). The data
are shown for the noncollinear structure with � = 45◦. For
convenience the values of the angle are given with respect to
both local (θlocal) and global (θglobal) spin-quantization axes.
The two angles differ by 45◦. (We use lowercase letter θ

to distinguish the characteristics of individual electron states
from the characteristics of the total atomic moments where we
employ capital �.) The behavior of the angles is remarkable.
For bands 1 and 4 the k dependence of the angles is rather weak
in the whole �A interval. The analysis from the point of view
of the global axis is more informative. It shows that despite
large noncollinearity of the 4f moments the 5d6s moment
of the electronic states remains almost parallel to the global z

axis for the first band and almost antiparallel to it for the fourth
band. This is the behavior expected for the Stoner model. For
bands 2 and 3 the angle θglobal varies weakly in the first part of
the �A interval. It is close to 180◦ for band 2 and close to 0◦
for band 3. Thus the energy positions and the directions of the
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FIG. 4. (Color online) The band structure of hcp Gd for the �A interval of the three-dimensional (3D) BZ. Left panel: FM structure.
Middle panel: Noncollinear structure with � = 45◦. Right panel: Antiferromagnetic structure (� = 90◦). The lengths of the errorbars show
the absolute value of the projection of the 5d6s moment of the electron state on the local atomic axis. The upper or lower position of the bar
with respect to the energy point corresponds to, respectively, the positive or negative sign of the projection.
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FIG. 5. (Color online) The angle between 5d6s moment and
global and local axes for the electron states of the four occupied
bands of hcp Gd in interval �A. Calculation for the noncollinear
configuration with � = 45◦. The numbering and the color scheme
correspond to those from the middle panel of Fig. 4.

spin moments resemble the behavior expected on the basis of
the Stoner theory. However, in the second part of the interval
the angle θglobal changes strongly for both the second and third
bands. At the end of the interval the states of the second band
are close to the global spin-up, whereas the states of the third
band are close to the global spin-down. Therefore, the spin
character of the states of the second and third bands changes
to the opposite.

The strong spin-hybridization effect in the second part of
the �A interval is explained by the increased number of the
interacting states lying close in energy to each other. In the

limit of � = 90◦ we obtain at the A point a gap of about
0.03 Ry between pairs of partly spin-polarized states. The gap
and the spin polarization are the result of the hybridizational
redistribution of the spin projections between interacting
states. In the Stoner picture, the energy gap between pairs
of bands at the A point closes and the states of both pairs of
bands give no contribution to the atomic moment. So, the states
at the A point cannot be described within the Stoner model. On
the other hand, at the � point the redistribution process is weak
since the energy distance between pairs of interacting states is
large compared with the characteristic exchange splitting. In
this case the Stoner model is applicable.

Qualitatively similar properties were obtained also for the
�M and �K intervals (Fig. 6). The noncollinearity of the 4f

moments leads to the spin mixing and decreased projection of
the spin moment of the states on the local atomic axis. In the
limit � → 90◦ some of the states make sizable contribution to
the local atomic moment, whereas others behave like Stoner
states.

To summarize, in the study of the 3D periodic hcp Gd we
found two types of behavior of the electronic states. If the pair
of the exchange-split states of the ferromagnetic structure is
isolated from the other states by energy exceeding the
characteristic exchange splitting the states behave according to
the Stoner scenario. If however, a larger number of the states
is close in energy the spin hybridization of the states leads
to a complex redistribution of the spin projections and results
in the behavior that cannot be described within the Stoner
picture. It is important that, from the viewpoint of the local
atomic axes, both types of behavior correspond to the strong
spin mixing. Completely different situation was obtained in
the case of surface states studied in the next section.
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FIG. 6. The same as in Fig. 4 but for the �M and �K intervals.
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V. SLAB CALCULATION: PROPERTIES OF THE SURFACE
STATES

To study the surface properties of Gd we performed the slab
calculation for a periodically repeated block of Gd layers in
hcp structure and several layers of empty spheres simulating
vacuum. Most of the results presented in the paper are obtained
for 12 Gd layers and 4 layers of the empty spheres. Test
calculations for larger slabs show that all the conclusions of
the paper remain intact.

An important consequence of the presence of the surface is
inequivalence of the Gd atoms belonging to different layers. In
particular, the atoms of the first surface layer have a strongly
different atomic environment compared to the atoms of deeper
layers. One of the consequences of this inequivalence is the
formation of the surface electronic states that are localized
mostly in the surface layer and quickly decay with increasing
depth of the layer. The surface states were detected in many
experiments and were also obtained in the first-principles
calculations for the ferromagnetic ground state [27,28]. Our
purpose is to study the influence of the noncollinearity of the
4f moments on the properties of the surface states.

We will consider the noncollinear magnetic configurations
(Fig. 7) similar to those used above in the study of the bulk Gd
(Fig. 2). First, we focus on the integrated quantities obtained

1

3

2

11

12

Θ

Θ

FIG. 7. (Color online) The slab unit cell. Most of the results
presented in the paper are obtained for 12 Gd layers and 4 layers of
the empty spheres. The arrows show the directions of the atomic 4f

moments. The empty red circles show the first layer of the empty
spheres. The atoms belonging to the same plane have the same
direction of the spin moments.
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FIG. 8. (Color online) The � dependence of the 5d6s moments
of different atomic layers. The layers are numbered starting from
the surface layer. The moments are obtained by summing over all
occupied states.

by summing over all occupied electron states. The values of
the atomic spin moments for different layers as a function of
angle � are presented in Fig. 8.

In all layers excluding the surface layer the spin moment
monotonously decreases with increasing angle. In the surface
layer the spin moment depends rather weakly on the variation
of �. At both ends of the angle interval, � = 0◦ and � = 90◦,
the atomic moment of the surface layer is close to 0.7μB . On
the other hand, the spin moment of the second layer is smaller
than the spin moments of all other layers. In the limit of � =
90◦ the spin moment of the atoms of the second layer decreases
down to 0.15μB that is much smaller than the corresponding
value of 0.45μB for the atoms of the third layer. Obviously
the specific structural properties of the surface layer influence
strongly the electronic properties of the next layer.

An increase of the number of Gd layers changes only
weakly the properties of the surface and subsurface layers.
Additional layers behave like inner fourth to sixth layers in
Fig. 8. To a good approximation the atoms of these additional
layers can be considered as bulk atoms that experience only
weak influence of the surface.

The calculated angles between 4f and 5d6s atomic
moments are also layer dependent. For the surface layer the
angle between two moments is very small for all values of �.
For � = 45◦ the angle between atomic 4f and 5d6s moments
of the surface layer is as small as 1.5◦. On the other hand, for
the second layer it reaches a relatively large value of ∼17◦.
For the third layer it decreases again to the value of ∼8◦ and
remains on this level for further layers.

In Fig. 9 we present the band structure of the slab in the
interval �M of the 2D BZ. In the ferromagnetic structure
the electronic states can be exactly classified by their spin
projection and plotted separately. For both spin-up and spin-
down states we clearly see a specific isolated band lying in the
energy gap formed by the other bands. These isolated bands
are formed by the surface states. The layer distribution of the
spin-up and spin-down surface states of ferromagnetic Gd slab
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FIG. 9. The spin-projection resolved band structure of the fer-
romagnetic Gd in �M interval of the 2D Brillouin zone. Slab
calculation. Left panel: Spin-up. Right panel: Spin-down. SS marks
the surface states.

at the � point of 2D BZ is presented in Fig. 10. More than 50%
of the states are in the surface layer. The contribution of the
second layer drops to about 20% with further fast decrease for
deeper layers. Since in the FM structure the spin projection
is a good quantum number the spin-down contribution in the
left panel (black dashed curve) and spin-up contribution in the
right panel (black solid curve) are zero.

In Fig. 11 we compare the band structures for the fer-
romagnetic configuration of the 4f spin moments and the
noncollinear configuration with � = 50◦. Many quantitative
changes can be noticed. For example, in the noncollinear case
the lowest-energy band shifts by 0.02 Ry to higher energy.
The energy gap at the M point of the FM spectrum just below
−0.1 Ry is closed in the noncollinear case, whereas a similar
energy gap appears at the � point in the energy interval between
−0.15 and −0.2 Ry. The band of the spin-up surface states is
clearly seen also in the noncollinear case. The states have
somewhat higher energy and are closer to the Fermi level.
Note that although the band of the spin-down surface states
cannot be distinguished visually on the band structure plot
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FIG. 10. (Color online) Distribution of the surface state at the
� point over layers. Left panel: Spin-up surface state for the FM
configuration (black curves) and for the configuration with � = 50◦

(red curves). The solid lines give the partial spin-up contribution
with respect to the local atomic axes, the broken lines give partial
spin-down contribution. In the inset, the sum of the partial spin
contributions for both spin configurations. Left panel: The same as in
the right panel but for the spin-down surface states.
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FIG. 11. The band structure of the Gd slab in �M interval of
the 2D Brillouin zone. Left panel: Ferromagnetic configuration of
the 4f moments (� = 0◦). Right panel: Noncollinear configuration
(� = 50◦). The positions of the spin-up and spin-down surface states
at the � point are marked with letters SS.

(Fig. 11) the analysis of the wave functions of the electronic
states allows us to uniquely establish the properties of these
states.

Since for nonzero � the spin projection ceases to be a
good quantum number we need to analyze spin mixing of the
states to understand the � dependence of the energy. For this
purpose we come back to Fig. 10 and consider the results
obtained for the noncollinear configuration with � = 50◦. In
contrast to the ferromagnetic case (black curves) both spin
contributions become nonzero: in the left panel the spin-down
contribution, in the right panel the spin-up contribution. The
comparison of the calculations for � = 0◦ and � = 50◦ gives
a number of interesting results. First, the sum of the spin-up
and spin-down contributions depends very weakly on � (see
insets in Fig. 10). This means that the noncollinearity does
not lead to the delocalization of the states from the surface
layer. Second, in the surface layer the spin mixture due to the
noncollinearity is very weak. For the second layer the situation
becomes strongly different. Here for the nominally spin-up
surface state the spin-down contribution considerably exceeds
the spin-up contribution (left panel of Fig. 10) with similar
property of the nominally spin-down surface state (right panel
of Fig. 10). For deeper layers the spin mixing drops again.

In Fig. 12 we present the calculated angles between the
atomic 5d6s moment and the local atomic axis for the spin-up
surface states in the noncollinear structure with � = 50◦. Since
the layers are inequivalent the angles θlocal are layer dependent.
In Fig. 12 we show the θlocal for the surface and first subsurface
layers numbered, respectively, with 1 and 2. In correlation
with spin-mixing data (Fig. 10) we obtain for the surface layer
an angle of about 12◦ that is much smaller than the angle
100◦ between the 4f moments of the neighboring layers. In
the second layer the large spin mixing leads to a large angle
between atomic 5d6s and 4f moments. Since the spin-down
component exceeds the spin-up component (Fig. 10) the angle
is larger than 90◦.

These results are very important for the understanding of
the properties of the surface states. In Fig. 13 we present the
� dependence of the energies of the spin-up and spin-down
surface states. The energy shift of the states with increasing
noncollinearity is small compared with the characteristic
exchange splitting of ∼0.058 Ry between corresponding
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Calculation for the noncollinear configuration with � = 50◦. The
curve labeled with “1” gives the angle for the surface layer, the curve
labeled with “2” corresponds to the first subsurface layer.

spin-up and spin-down states in the ferromagnetic case. Since
these states are localized predominantly in the surface layer
where the spin mixing is very weak the main part of the state,
also in the noncollinear configuration, experiences the atomic
potential of either spin-up (left panel) or spin-down (right
panel) character. This naturally leads to the preserving of the
spin splitting in the excited system since the spin splitting of the
electronic states reflects the difference between atomic spin-up
and spin-down potentials. Therefore, even in the case of very
strong noncollinearity of the 4f moments the surface states
can be approximately characterized as spin-up or spin-down
referring to the local atomic axis. On the other hand, a smaller
part of the surface state localized in the second layer produces
a different trend. The influence of the spin-down potential of
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FIG. 13. (Color online) The � dependencies of the spin-up (up-
per panel) and spin-down (lower panel) surface states at the � point.
The inset presents the � dependence of the exchange splitting.
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FIG. 14. (Color online) The θ dependence of the bulk states at
the � point obtained in the slab calculations.

the second layer on the nominally spin-up surface state leads
to the increase of the energy of this state. Respectively, the
influence of the spin-up potential of the second layer on the
nominally spin-down surface state leads to the decrease of the
energy of this state. Therefore, in agreement with experiment
the states move in energy towards each other keeping however
a large part of the spin splitting preserved.

Very low spin mixing in the first layer distinguishes the
surface states with respect to the bulk states considered
above and explains their highly non-Stoner behavior in the
spectroscopic experiments.

Next we turn to the properties of the bulk states observed
by Carley et al. [3]. As mentioned in the Introduction they
report a stronger change of the energy of the bulk spin-up
states compared to the spin-down states. In the consideration
of the states at the � point of the hcp bulk Gd crystal performed
above (Sec. IV) we did not obtain this effect. The shift of the
spin-down state to lower energy was approximately equal to
the shift of the spin-up state to the higher energy. However, in
the slab calculations we find the behavior of the “bulk” bands
that is similar to the properties observed by Carley et al. In
Fig. 14 we show the dependence of the two states at the � point
on the angle � between atomic moments of the adjacent layers.
In contrast to the surface states these states are predominantly
located in the inner part of the slab. In the FM, where spin
mixing is absent the lower state is of the spin-up type, whereas
the upper state is of the spin-down type. For nonzero � the
states become spin mixed. With increasing � the spin-up state
shifts to higher energies while the spin-down state shifts to
lower energies. The values of the shifts are however different.
For instance, for � = 30◦ we obtain, respectively, 0.12 eV
(9 mRy) and 0.07 eV (5 mRy) that is good correlation with
the values reported by Carley et al. (see Introduction). The
shift of the spin-up bulk state is much larger than for the
surface state. For instance the spin-up surface state shifts for
� = 30◦ by 0.04 eV (3 mRy) that is also in good agreement
with experiment.
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The reason for the difference between 3D-periodic calcula-
tion for the hcp crystal and the calculation for the 2D-periodic
slab is clear. In the 3D periodic case we also obtained different
shifts of the corresponding spin-up and spin-down states for
the k points at the end of the �M and �K intervals where
the number of interacting bands lying close to each other
increases. In this part of the electronic structure the influence
of the noncollinearity of the 4f moments on the energy bands
becomes more complex because of the complex influence of
the states on each other. In the 2D case such complex influence
takes place already at the � point since the kz projection of
the crystal momentum is no longer a good quantum number
and all states corresponding to different kz for a given k||
are now involved in the interaction. The slab calculation is
closer to the experimental situation since it takes into account
the presence of the surface exerting strong influence on the
electronic structure.

There is another interesting observation reported by Carley
et al. They obtained a time delay in the variation of the energy
of the bulk spin-up state compared to the bulk spin-down
state where no delay was noticed. In the picture discussed
in this paper the noncollinearity of the atomic exchange fields
influences all states without time delay. We also remark that
in the experiment by Carley et al. the dynamics of the spin-up
surface state has no time delay. This means the sign of
the spin projection by itself does not lead to the observed
effect. The possible reason for the apparent delay is the
following. Besides the noncollinearity of the 4f moments the
energies of the electron states are influenced by the values
of the induced 5d6s moments. These moments contribute
to the difference of atomic spin-up and spin-down electron
densities and, therefore, to the difference between atomic
spin-up and spin-down potentials. In our present calculations
we considered the self-consistent solution for the system with
given noncollinear configuration of the 4f moments. But
in the laser excited system the occupation of the electronic
states must not correspond to the equilibrium occupation. The
time-dependent nonequilibrium redistribution of the electrons
between surface and bulk states can differently influence the
surface layer and the inner layers of the slab. We propose
that these additional effects influencing the contribution to
the spin-polarized potential from the 5d6s states compensates
the influence of the noncollinearity of the 4f moments
leading to an apparent delay in the response of the part of
the states. The quantitative description of such competing
processes needs a detailed picture of the nonequilibrium

electron distribution over the states of the excited system. This
problem is not the topic of the present work.

VI. CONCLUSION

We studied the properties of electronic states in excited
states of Gd. The calculations were performed for both bulk
hcp crystal and slabs of Gd layers separated by layers of
empty spheres. We simulated magnetically excited states by
noncollinear configurations of the 4f moments. We found
strong difference in the response of the bulk and surface states
on the noncollinearity of the 4f spin moments. Also different
bulk states show substantially different behavior. We explain
the difference in the behavior by analyzing the character of the
spin mixing with respect to the local atomic spin quantization
axes. In most of the bulk states this spin mixing is strong,
which leads to the property that some groups of the bulk states
behave like Stoner states. On the other hand, the properties of
the surface states are different. Since the presence of the surface
makes different layers inequivalent the spin mixing becomes
layer dependent. In the surface layer where more than 50% of
the surface state is localized the spin mixing is very weak and
this part of the surface state experience predominantly either
local spin-up or local spin-down potential. On the other hand,
the part of the surface state corresponding to the second layer
becomes strongly spin mixed and experiences strong influence
of the opposite-spin exchange-correlation potential. Thus the
surface state preserving mostly its local spin character changes
its energy because of the spin mixing in the second layer. The
results of the calculations are in good agreement with available
experiments.

An interesting result we obtained by the study of the bulk
states in the case of slab calculations. In particular, at the �

point of the 2D BZ we obtained different energy shifts of the
spin-up and spin-down states. This property is in agreement
with recent measurement by Carley et al. In the case of the
slab because of the absence of the periodicity along the z

direction the involvement of a large number of close-in-energy
states into a spin-mixing process leads to different shifts of the
spin-up and spin-down states.

Good correlation between our theoretical results and the
experimental data obtained in the pump-probe experiment
within the first 1–2 ps gives an additional argument in favor
of the ultrafast character of disordering of the 4f moments in
Gd.
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