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Neutron scattering experiments of Cr/V�001� superlattices are discussed, which show that the incommensu-
rate spin-density-wave �SDW� in thick Cr layers becomes suppressed when the V spacer layers are loaded with
hydrogen. The hydrogen loading triggers a transition from the incommensurate SDW state to a commensurate
antiferromagnetic state. Model Hamiltonian calculations are presented, which show that this transition is not
connected with the nesting property of the Cr Fermi surface. Instead, the transition is a manifestation of the
antiferromagnetic ground state of Cr, which is separated from the incommensurate SDW state by an energy
barrier. Hydrogen is identified as an effective trigger for reducing the activation barrier, enabling the system to
relax to the ground state.
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I. INTRODUCTION

The nature of the incommensurate spin density waves �I-
SDW� in Cr and in multilayers with Cr spacer layers is an
open question despite the extensive experimental and theo-
retical efforts that have been undertaken for its elucidation.
All recent ab initio calculations show that the ground state
for bulk Cr is antiferromagnetic �AF� or a commensurate
spin-density-wave state �C-SDW�, see Refs. 1 and 2 and ref-
erences therein. Ab initio calculations reproduce the nesting
property of I-SDWs, but the gain in energy due to the tran-
sition from paramagnetic �P� to I-SDW state is always less
than from P to C-SDW state. Therefore, either all ab initio
calculations fail in the determination of the ground state for
Cr or standard theories that presuppose that the nesting prop-
erty of the Cr Fermi surface is the only reason for the I-SDW
ground state should be revisited and eventually revised. Re-
cently, we have put forward a theoretical approach based on
the Periodic Anderson Model �PAM�, which provides an ex-
planation of the SDW state in Cr.3 Despite the simplicity of
this approach, which contains only three parameters for the
description of each transition metal, in the case of Cr, it
reproduces most of the results obtained within the more so-
phisticated ab initio approaches. In particular, the ground
state of Cr corresponds to AF ordering, the magnetization
profile for I-SDW solutions are very similar to those ob-
tained within ab initio methods etc. Moreover, due to the use
of analytical transformations instead of numerical integra-
tions of the density-of-states during the self-consistency pro-
cedure, we were able to study the stability of the system
relative to the local external magnetic field that so far cannot
be done with ab initio approaches. In our calculations,3 the
transition to the I-SDW state was stimulated by the applica-
tion of a local external and staggered magnetic field, which
repeats the spatial distribution of the magnetization within
the SDW. After switching off the magnetic field, the system
remains in the SDW state if the SDW wavelength exceeds 40
ML. Furthermore, when the SDW period is longer than 51

MLs, the system cannot be transferred back to the AF state
even after applying a staggered magnetic field on each site
with changing in the field direction. Instead of a node anni-
hilation, the nodes of the SDW shift and the system remains
in the SDW state. Such a behavior can be considered as an
excitation of nodes as quasiparticles on the AF ground state.
These quasiparticles do not interact over large distances, but
strongly attract each other and can even annihilate if the
distance between them becomes less than 20–25 ML. Mag-
netic impurities and thermal excitations can easily destroy
the nodes. This is considered to be the basic mechanism,
which ultimately leads to a transition from I-SDW to AF in
dilute Cr alloys with magnetic impurities and also explains
the increase in the I-SDW period with increasing tempera-
ture.

The dynamical behavior of Cr magnetic moments at el-
evated temperature was analyzed by Aernout et al.4 Com-
parison of perturbed angular correlation measurements and
neutron diffraction data reveals fluctuating magnetic mo-
ments in the Cr spacer of a Fe/Cr multilayer. They affirm that
the observed spin fluctuations may be essential for the un-
derstanding of the SDW evolution with changes in tempera-
ture.

Fullerton et al.5 reported hysteretic SDW ordering in
Cr /Cr97,5Mn2,5�001� multilayers. They observed a transition
from AF to I-SDW order and discrete changes in the I-SDW
period when cycling the temperature. Such behavior also can
be associated with the dynamics of the I-SDW nodes. Ther-
mal fluctuations can lead to a shift and diffusion of the
nodes, and even to their annihilation due to the interaction
with other nodes or with interfaces. In layered structures, the
movement of the nodes in the direction perpendicular to the
layers is restricted, and if the distance between nodes is of
the same order as the radius of their interaction, they will not
be able to move across interfaces but will only annihilate
with increasing temperature. Change in the number of nodes
leads to a discrete change in the SDW wavelength, and these
transitions show hysteretic behavior because of the relative
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stability of the nodes. If the distance between nodes is larger
than the radius of their interaction, thermal fluctuations lead
to a translational movement of the nodes without change in
their separation. In this case, the excitations of the nodes are
harder to detect experimentally and hysteretic effects are hid-
den, as observed in neutron scattering experiment.5

For an experimental verification of the suggested SDW
formation, it is important to find a way to continuously tune
the SDW state. This can be done, for instance, via interface
alloying, via adsorption of hydrogen at free Cr surfaces, or
via doping Cr interfaces in layered structures with hydrogen.
Utilization of finite-size effects in thin Cr films provides an
additional possibility to test the SDW state.6

Mibu and Shinjo7 demonstrated that the magnetic struc-
ture of SDWs in Cr can be modified by a periodic insertion
of nonmagnetic monatomic layers, using neutron scattering
and Mössbauer spectroscopy with 119Sn probe layers as a
probe. Nonmagnetic Sn, Ag, and Au layers tend to increase
the Cr magnetic moments at the interface, whereas V atoms
suppress the magnetic moment of neighboring Cr atoms.
This leads to a pinning of the SDW antinodes by Sn, Ag,
and Au layers and of the nodes by V layers. Thus, in such
superlattices, the SDW wavelength is no longer determined
by the intrinsic Cr properties, but by the superlattice period
and the boundary conditions. The I-SDW state is transformed
to the AF state due to thermal excitations, which destroy the
SDW nodes with increasing temperature. Moreover, the AF
state is observed in superlattices with relatively short periods
��40 Å�, because I-SDWs with short modulation period are
not stable with respect to a transition to the AF state.3

Studies of SDWs in Cr/V multilayers are of particular
interest because of the possibility to modify the magnetic
structure via hydrogen absorption in the V layers. However,
it should be kept in mind that not only hydrogen but also the
interface mixing has a dramatic effect on the SDW state in
Cr/V superlattices. Almokhtar et al.8 detected a sizable mag-
netic moment already at a distance of 5 Å from the interface
in �V�10 Å� /Cr�80 Å���001� superlattices. In contrast,
Kravtsov et al.9 reported a complete suppression of Cr mag-
netism in V /Cr�001� superlattices for Cr layers that are less
than 90 Å thick. Fritzsche et al.10 found in �110� oriented
V�50 Å� /Cr�300 Å� superlattices a complete suppression of
the I-SDW, instead they observe an AF state down to the
temperature of 2 K. The authors explained this suppression
by the elastic strain effects due to the lattice mismatch at the
interface. In contrast, Rotenberg et al.11 observed an I-SDW
state in Cr�110� films grown on W�110� substrates already at
thicknesses below 80 Å despite a 9% Cr-W lattice mis-
match. On the other hand, Jiko et al.12 detected in Cr�110�/Sn
multilayers a coexistence of AF and I-SDW states for a Cr
thickness of 160 Å, but for a thickness 80 Å, only AF or-
dering was found.

Such inconsistencies in experimental results reported by
different groups is not surprising, because already 3.8% of V
in dilute CrV alloys suppresses completely the magnetic or-
der. For lower concentrations of V, the magnetic phase
boundary is continuously shifted toward the AF phase and
finally vanishes with increasing V concentration.13,14 There-
fore, intermixing at the interface or within very thin Cr layers
during sample preparation can easily result in a nonmagnetic
state9 or in a state with pure AF ordering.10

Therefore, in order to test the intrinsic properties of the
I-SDW state, it is important to control the intermixing and to
use an alternative approach for tuning the system. Hydrogen
adsorption on surfaces and interfaces with Cr provides an
excellent possibility. Rotenberg et al.14 and Krupin et al.13

mapped the SDW phase diagram of Cr�110� and
Cr100−xVx�110� thin films grown on W�110� substrates by
means of angle resolved photoemission as a function of the
film composition, thickness and hydrogen surface coverage.
Using a wedge-shaped thickness profile, they observed both
AF and SDW phases separated by a nearly continues transi-
tion. Furthermore, they found that hydrogen adsorption on
the outer surface of the film extends the region of the AF
phase stability to thicker films. The AF stabilization was as-
sociated with an interplay between two-dimensional �2D�
and three-dimensional Fermi surface nesting.13 In fact, Ro-
tenberg et al. concluded that the Fermi contour for surface
states plays an important role through an accidental symme-
try upon hydrogen adsorption that favors the AF state.

To check this hypothesis. it is worth to investigate the
modification of the SDW state under hydrogenation in Cr/V
superlattices. V exhibits an exothermal hydrogen solubility
and can reversibly absorb hydrogen from the surrounding
atmosphere. The influence of hydrogen loading on the mag-
netic properties has already been investigated for Fe/V mul-
tilayers, where interlayer exchange coupling, Curie tempera-
ture of the Fe layers, and the Fe magnetic moments can be
tuned with the hydrogen concentration in the V spacer
layers.15,16 Our theory based on the model Hamiltonian ap-
proach taking into account the intermixing during the epitax-
ial growth17 has been proven to describe not only the main
trends of Fe/V upon hydrogen loading16,18 but also to pre-
dicted the possibility for a “remote control” of the Fe mag-
netic moment via hydrogen uptake in the V layer, which was
confirmed experimentally by Remhof et al.19 The same the-
oretical approach, which does not use the nesting property of
the Cr Fermi surface, was also used for the description of
SDWs in thin Cr films.3 The aims of this paper are as fol-
lows.

�i� To review experimental studies that show the influence
of hydrogen on SDW and AF states in Cr/V�001� multilayers
�Sec. II�.

�ii� To develop the theoretical approach for calculating the
magnetic structure in an external magnetic field which stimu-
lates the transition from one magnetic state to another �Sec.
III�.

�iii� To explore if the proposed model can explain the
observed transition from the SDW to the AF state under hy-
drogen loading and to discuss the driving forces of this tran-
sition �Sec. IV�.

II. MODIFICATION OF THE SDW STATE IN CR/V
SUPERLATTICES VIA HYDROGEN UPTAKE

IN V LAYERS

For the investigation of the hydrogen influence on the
SDW state, we consider a superlattice with thick Cr layers
and relatively thin V layers. Hydrogen cannot penetrate into
the Cr slabs and interaction with the SDW state can only
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occur via contact at the H-Cr interface, similar to the adsorp-
tion of hydrogen on Cr surfaces as reported in Refs. 13 and
14 or more indirectly, via d-state hybridization of the V and
Cr interface layers. The sample preparation and characteriza-
tion of Cr/V�001� superlattices was reported in detail by
Kravtsov et al.9 In short, Cr/V superlattices were grown by
conventional dc sputtering methods in ultrahigh vacuum
�UHV� onto polished MgO �001� substrate. The samples
were covered by a thin catalytically active Pd layer to en-
hance hydrogen uptake and to prevent the Cr/V heterostruc-
tures from corrosion. Structural characterization by x-ray
scattering revealed an excellent layer structure, a high degree
of structural coherence, and a low interface roughness. How-
ever, interface intermixing at the monolayer scale cannot be
excluded.

The SDW state of the superlattices was analyzed with
unpolarized elastic neutron diffraction. Considering certain
selection rules for magnetic neutron scattering, the propaga-
tion direction and the polarization �transverse or longitudi-
nal� of the SDW can be determined.21 Furthermore, one can
easily distinguish between a commensurate AF SDW state
and an incommensurate SDW state. This is due to the fact
that the bcc �100� half-order peak is forbidden by the nuclear
or atomic structure factors, but it is allowed for an antiferro-
magnetic Cr state, because of the doubling of the magnetic
unit cell with respect to the chemical structure.

In these neutron scattering experiments, it was confirmed
that the SDW state in Cr/V superlattices is strongly affected
by finite-size and proximity effects from neighboring V
layers.9,20 Surprisingly, the Cr magnetism becomes com-
pletely suppressed in Cr/V heterostructures at Cr layer thick-
nesses of less than 100 Å. The suppression is much stronger
than previously reported by Almokhtar et al.,8 and it is most
likely due to some interface alloying. When increasing the Cr
thickness beyond 100 Å, first, the Cr layers in Cr/V show a
transition to a commensurate SDW state and finally devel-
oped an incommensurate SDW for Cr layer thicknesses of
more than 250 Å. Furthermore, in thick Cr layers, a stabili-
zation of the longitudinal out-of-plane SDW was observed.
This is in contrast to Fe/Cr superlattices, where a transverse
out-of-plane SDW is preferred.21 In Cr layers of 500 Å
thickness, the longitudinal SDW exists from below 50 up to
220 K, between 220 and 250 K, a commensurate AF phase
occurs and coexists with the I-SDW phase, and above 250 K
only the AF phase can be recognized up to 300 K.

More recently, the �Cr�14 Å� /V�500 Å���4 superlattice
was reinvestigated by thermal neutron scattering in order to
analyze the effect that hydrogen loading has on the SDW
state.24 By exposing the Cr/V superlattice to a hydrogen at-
mosphere, hydrogen penetrates into the V layers while the Cr
layers remain free of hydrogen.22,23 The hydrogen concentra-
tion in the V layers can thereby be controlled by the external
hydrogen pressure.

The neutron scattering results from Ref. 24 are repro-
duced in Fig. 1. At a constant temperature of 220 K and in
vacuum, we recognize the incommensurate SDW peaks at
the reciprocal lattice position �0 1���, �=0.04. No inten-
sity is seen at the commensurate �0 1 0� position. Upon hy-
drogen loading, a commensurate peak develops at �0 1 0� on
the expense of the incommensurate �0 1��� peaks for hy-

drogen pressures up to 300 mbar. At higher pressures, a satu-
ration effect occurs and no further change in the position or
in the intensity of the SDW peaks is observed. From these
experiments, it is clear that hydrogen, solely residing in the
V layers, can at least partially drive the SDW state from
incommensurate to commensurate ordering. The position of
the incommensurate SDW peaks change only slightly with
hydrogen loading, and the main change is connected with a
redistribution of intensity from incommensurate to commen-
surate SDW peaks. This means that, with hydrogen uptake,
the volume fraction of the AF phase increases relative to the
incommensurate SDW phase. At larger hydrogen pressure,
the satellite reflections begin to shift toward the central re-
flection. Here, most likely, SDW-domains with different
number of nodes coexist.5 The differences observed for the
300 mbar loading and for the 1000 mbar loading are rather
small, suggesting that saturation is already achieved at 200–
300 mbar.

The effect of temperature increase on the SDW state is
very similar to the effect of hydrogen uptake. However, the
temperature at which the SDW state is completely sup-
pressed, indicated by the depression of the incommensurate
�0 1��� peak intensity, is 10–20 K lower for the hydrogen
loaded sample as compared to the pristine sample. Addition-
ally, small volume fractions of the hydrogen loaded sample
are in the AF state even at low temperatures �20 K�. This has
not been observed for the pristine sample. Obviously, the
presence of hydrogen in the V layers favors the AF state
within the adjacent Cr layers. This effect is completely re-
versible. The incommensurate SDW state is recovered by
reducing the hydrogen pressure.

III. THEORETICAL MODEL FOR CALCULATING THE
HYDROGEN INFLUENCE ON THE SDW STATE

IN CR/V MULTILAYERS

As was established above, hydrogen loading leads to a
transition from I-SDW to AF state in the Cr slabs of Cr/V

FIG. 1. �Color online� Neutron scattering scans taken in the L
direction through the Cr�010� position at temperature T=220 K.
The satellite peaks observed at zero hydrogen pressure are at �
� �0.04 r.l.u. and correspond to neutron scattering from the in-
commensurate SDW phase. The peak at �=0 is due to neutron
scattering from the commensurate AF state. Data are reproduced
from Ref. 24.
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superlattices. Such behavior agrees with the observation re-
ported in Ref. 13, that hydrogen adsorption on the outer sur-
face of the Cr1−xVx�110� alloy extends the regime of AF
phase stability to thicker films in the wedge sample. More-
over, the AF phase was found to be very stable: it was de-
tected at a vanadium concentration of up to x�0.08 that is
about twice as high as the concentration where in the bulk,
the AF paramagnetic transition occurs.13 Therefore, we can
conclude that the transition from SDW to AF state under
hydrogen action is quite a general phenomenon. In both
cases, hydrogen atoms do not penetrate into the Cr slab and
hybridization of Cr-H electronic states can have an impact
only on interface Cr atoms. Each hydrogen atom absorbed in
the V layers brings one electron into the system. However,
these electrons are confined and the corresponding electronic
states lay far below the Fermi level.25,26 Therefore, the influ-
ence of hydrogen cannot be explained via a change in the
nesting property of the Cr Fermi surface. Even the Fermi
surface of V will not be perturbed much by hydrogen. But
some additional nesting of the interface Cr states is conceiv-
able, stabilizing the AF state. However, suppression of the
SDW state, which is observed for different surface orienta-
tions, can hardly be explained by the appearance of specific
nesting vectors for the different directions. Therefore, an ex-
planation of the hydrogen impact on the basis of electronic
structure calculations is of large interest for a thorough un-
derstanding of the SDW in Cr.

We used a model Hamiltonian approach for itinerant elec-
trons with real-space recursion methods for calculations of
the magnetic structures. The model assumes the existence of
two bands, one corresponding to the quasilocalized d elec-
trons and the other one to the itinerant sp electrons. The
Hamiltonian of the system reads

H = 	
i,j,�

Eijd̂i�
+ d̂i� + 	

k,�
Ekĉk�

+ ĉk� + 	
k,i,�

Vkiĉk�
+ d̂i�

+ 	
i

Uid̂i�
+ d̂i�d̂i−�

+ d̂i−� + H.c. �1�

Here, d̂i�
+ �d̂i�� and ĉk�

+ �ck�� refer to the creation �annihilation�
operators of d electrons with spin � on atomic site i and s�p�
electrons with quasimomentum k and spin �, respectively.
The energies of these electrons Eii and Ek, hopping param-
eters Eij, and sp-d hybridization potential Vki are taken to be
spin independent. Mean field approximation is used for treat-
ing the Coulomb repulsion on site Ui.

Equations for d-electron Green’s functions Gij
� have the

form

�� − Ei
��Gij

���� − 	
l

VilGlj
���� = �ij , �2�

where the effective d-electron energy Ei
� and hopping inte-

grals Vil contain contributions associated with sp-d hybrid-
ization

Ei
� = Eii + 	

k

VikVki

� − Ek
+ UiNi

−� �3�

Vil = Eil + 	
k

VikVkl

� − Ek
. �4�

Thus, Ei
� includes an imaginary part, which is determined by

the sp-d interaction

	i = Im	
k

VikVki

� − Ek
. �5�

In what follows, all energy parameters are measured in 	
units, which is assumed to be independent on site i.

Self-consistency condition �3� connects the energy of d
electrons �Ei

�� with occupation number �Ni
−��, which can be

calculated via the imaginary part of the Green’s function
�Gii

−��. Equations �2� are solved by real-space recursion
methods, taking into account, for simplicity, hopping Eq. �4�
inside the first-nearest neighbor shell of each atom. Poles of
the Green’s function can be found numerically and than for
occupation numbers analytical expressions can be obtained.
This procedure increases effectively the accuracy and the
convergence rate of the self-consistent calculations.

The outlined theory contains only very few phenomeno-
logical dimensionless parameters, which are universal for
each of the elements. These parameters determine the posi-
tion of the d states relative to the Fermi level ��E0i−
F� /	�,
the on-site Coulomb repulsion �U /	�, and the hopping inte-
grals between nearest neighbors �V /	�. The parameters for
Cr and V were chosen in accordance with data from previous
calculations for Cr,3 Fe/V,16,18,19 and Fe/Cr �Ref. 17� systems.

Our previous calculations of the effect of hydrogen on the
magnetic properties of Fe/V multilayers16,19 have shown that
interface intermixing has to be taken into account for an
adequate description of experimental data. Therefore, the
growth related intermixing should be included in the theoret-
ical modeling of SDW-state transformation. For the descrip-
tion of intermixing, we put forward an algorithm, which as-
sumes that a fraction of the deposited atoms is exchanged
with atoms of the growing film. As a result, adatoms are
floating on the upper layers. The only parameter of the algo-
rithm is the ratio of atoms that are exchanged with the sub-
strate atoms during the deposition of the next layer, which is
always smaller than unity ���1�. Due to the existence of a
preferred direction �the growth direction�, the chemical pro-
file near the interface becomes asymmetric. Using the float-
ing algorithm for modeling the interface mixing in superlat-
tices, combined with self-consistent calculations of atomic
magnetic moments, we could explain �see Ref. 17� the mag-
netic asymmetry of interfaces reported for Cr/V heterostruc-
tures by Almokhtar et al.8

Hydrogen absorption inside V layers was modeled by
using a procedure that fills randomly chosen octahedral
interstitial sites. In the V/Cr system with intermixing,
only those interstitial sites are available for hydrogen occu-
pation that have only V atoms among the nearest neighbor or
second neighbor lattice sites. This procedure automatically
hinders any hydrogen atom to occupy sites in the Cr slabs
and generates a concentration gradient at the interface.17,19
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Self-consistent calculations of the magnetic structure were
performed for the generated distribution of V, Cr, and H at-
oms in the bcc lattice.

The most challenging problem is to determine the number
of nonequivalent atoms in a unit cell, for which the calcula-
tions of magnetic moments have to be performed self-
consistently. The total number of atomic layers in one period
of the experimentally studied Cr/V sample is about 360 �350
Cr layers and 10 V layers�. For modeling of intermixing, we
used a 8�8 in-plane unit cell with periodic boundary con-
ditions. Thus, the total number of nonequivalent atoms ex-
ceeded 23 000. Calculations with absorbed hydrogen were
even more complex. Therefore, using an analytical represen-
tation for the electronic d state occupation numbers proved to
be extremely important.

In a system with tens of thousands of nonequivalent at-
oms, one might expect a large number of different self-
consistent solutions with a close energy distribution. To sepa-
rate the solutions that correspond to the SDW state, we
performed our calculations under the assumption of an exter-
nal magnetic field H that stimulates the transition to the
SDW state.3 The introduction of an external magnetic field
into the Hamiltonian �1�, within the collinear framework,
leads to a shift in the bands for electrons with different spin
projections by the value h=BH /	�in 	 units�. In order to
obtain the SDW structure with a period �, the periodic or
staggered field was chosen to mimic the distribution of the
magnetic moments in the SDW,

hi = �− 1�i+1h� sin
2�

�
�i − 1�, i = 1,2 . . . � , �6�

with amplitude h�=10−3. After convergence, the field was
switched off and self-consistent calculations were continued
with initial states corresponding to the self-consistent solu-
tion in the external field �6�.

IV. HYDROGEN AS TRIGGER FOR TRANSITION FROM
SDW TO AF STATE IN CR/V STRUCTURES

Calculations of the electronic structure were performed
for Cr350 /V10 �the subscripts indicate the number of atomic
layers� with in-plane periodicity 8�8 atoms. Interface alloy-
ing was introduced into the system using a floating algorithm
with intermixing parameter � as described above. First, self-
consistent calculations of magnetic moments were performed
in a periodic external field �6�. Then, the field was switched
off and the calculations were repeated without field. In all
cases, independent of the intermixing parameter �, the final
self-consistent solution was found to be an incommensurate
SDW state. However, due to the random algorithm in the
intermixing, modeling the profile of the magnetization can be
slightly different even for the same value of �. In Figs. 2�a�
and 3�a�, the average magnetic moments per layer are de-
picted for �=0.25. Layers 1–10 refer to the vanadium layers,
whereas all other layers refer to chromium. Layers 60–320
are not shown for clarity of the figure. Small variations in the
magnetic profiles can be seen near the Cr/V interfaces in
Figs. 2�a� and 3�a�. For other intermixing parameters ���, the

variations are larger, but they are always located within the
interface region.

When convergence for the hydrogen free structure was
achieved, the hydrogen atoms were inserted into the system
and again self-consistent calculations were performed start-
ing from the initial SDW-state obtained without hydrogen.
The atomic positions of V and Cr atoms were taken to be
exactly the same as in the preceding calculations without H.
The stoichiometry was not fixed and the hydrogen concen-
tration xH=H /V atoms was considered as a continuous pa-
rameter, which can be adjusted via the applied hydrogen
pressure at a given temperature. The results of our calcula-
tions clearly show that hydrogen acts as trigger for the tran-
sition from SDW to AF state. Figure 2�b� shows the mag-
netic profile of the system with a hydrogen concentration of
xH=0.14. The SDW state in Cr is still present but the values
for the Cr magnetic moments, as well as the induced mo-
ments on the V atoms, have increased in the interface region
as compared to the virgin structure �Fig. 2�a��. This result
resemble the results obtained on Fe/V heterostructures,
where absorption of hydrogen in V layers leads to an in-
crease in the Fe magnetic moments.16,19 When the amount of

0 20 40 60 320 340 360
Number of layer

ζ = 0.25Μ(µB)
0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

0 20 40 60 320 340 360
Number of layer

Μ(µB) ζ = 0.25 xH=0.14
0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

(b)

(a)

FIG. 2. Magnetic profile of a V10 /Cr350 superlattice before �a�
and after hydrogen uptake in V layers �b�. Chemical intermixing at
the Cr/V interface is modeled with the intermixing parameter �
=0.25 and the hydrogen concentration in the V layers is xH=0.14.
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hydrogen in the V spacer layers increases, a sudden transi-
tion from the SDW state to AF ordering takes place as can be
seen in Fig. 3�b� at xH=0.5. The mechanism of the transition
is not connected with specific nesting properties at the Fermi
surface for Cr atoms near the V/Cr interface,11 but with a
reduction in the threshold that separates the metastable SDW
and the AF ground states.

Evolution of threshold with intermixing and with hydro-
gen loading can be studied via calculations of hysteresis
loops in a local magnetic field �6� as it was described in Ref.
3 for bulk Cr. There, we have shown that the smaller the
distance between nodes �wavelength of SDW�, the smaller
the field that is required to enable a transition from I-SDW to
AF. The influence of hydrogen leads to the same effect as a
decrease in the SDW wavelength �. From this, we infer that
the threshold between I-SDW and AF states becomes lower
with hydrogen loading.

For other intermixing parameters, we obtain similar sce-
narios for the SDW-AF transition. In some cases, hydrogen
annihilates not all SDW nodes, but only a few of them, and
in this case, the influence of hydrogen is similar to the influ-
ence that a temperature increase has on the number of nodes
in Cr slabs, for instance, in Cr /Cr97,5Mn2,5�001� structures.5

In our model, the stability of the SDW state depends on
the intermixing parameter in a nontrivial way. For ��1, the
Cr/V and V/Cr interfaces are almost symmetric and very
narrow. With increasing intermixing parameter, a small frac-
tion of V atoms penetrate farther from the interface. In the
limiting case ��1, almost all V atoms flow up from inter-
face and the interface will be ideally flat without intermixing.
Note also that the suggested mechanism of intermixing dur-
ing growth promotes floating of only one monolayer of V
into the Cr slab. Therefore, the concentration of V in the Cr
layers is always very small. In real samples, the intermixing
could depend on the lateral coordinates and could be consid-
erably larger than assumed in our model. Furthermore, real
samples should be considered as composed of a set of sys-
tems with different � values. Calculations have shown that
for a fixed value of �, the SDW nodes can only disappear
with increasing hydrogen concentration xH, in other words,
adding hydrogen to a system with a fixed value of � will
decrease the number of nodes.

Our calculations can explain all the main features of the
magnetic structure of Cr/V multilayers and their behavior
upon hydrogen uptake. For moderate hydrogen pressures,
there are parts of the interface where intermixing and local
hydrogen concentration in the V layers trigger the transitions
from SDW to AF as it is shown in Fig. 3. These parts will
change the intensity ratio between SDW and AF peaks in
neutron spectra. The transition to the ground state occurs
when all nodes are successively being annihilated. The anni-
hilation process changes the effective wavelength of the
SDW, thus shifting the SDW peaks toward the central AF
peak. Simultaneously, the amplitude of the SDW decreases
to zero. This is the transition that is actually observed in
experiments when Cr is in contact with hydrogen.

V. CONCLUSIONS

We have presented experimental and theoretical studies of
the SDW stability in V/Cr�001� superlattices with thick Cr
layers. Neutron scattering experiments have shown that hy-
drogen uptake in thin V spacer layers favors a transition from
the incommensurate SDW state to the commensurate antifer-
romagnetic state. These results, together with recent obser-
vations of a change in the magnetic phase diagram in
Cr1−xVx�110� alloy films under the action of H adsorption on
the �110� surface,11,13 confirm that the destabilization of the
incommensurate SDW phase and the stabilization of the
commensurate AF phase is general phenomenon. It can
hardly be explained by the appearance of an additional 2D
nesting effect at Cr surface or interface, or at surface layers
under the action of hydrogen.

Theoretical calculations based on a model Hamiltonian
approach for itinerant electrons provide a natural explanation
for the observed phenomena which do not rely on specific
nesting properties of the Cr or V Fermi surfaces. In pristine
Cr, the incommensurate SDW state is quite stable, although
all recent ab initio theories have shown that it is not the
ground state of the system.1,2 The stability is due to the en-
ergy barrier, which separates the incommensurate SDW state
from the more stable AF ground state. The height of barrier
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FIG. 3. Magnetic profile of a V10 /Cr350 superlattice before �a�
and after hydrogen uptake in V layers �b�. Chemical intermixing at
the Cr/V interface is modeled with the intermixing parameter �
=0.25 and the hydrogen concentration in the V layers is xH=0.14
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for the annihilation of the SDW nodes was found to be
higher than for their shift. As results magnetic nodes cannot
be easily destroyed. They only shift under the action of ex-
ternal perturbations. Hydrogen reduces this barrier for anni-
hilation of the nodes and therefore, it works as a trigger for
the SDW-AF transition. The presented results support the
insight into the SDW formation without reference to the
nesting property of the Fermi surface.3
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