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Abstract. The spin density wave (SDW) magnetism of thin epitaxial Cr films has recently become
the focus of interest because of its mediating role in exchange coupled superlattices. While the
incommensurate SDW magnetism and the Néel temperature are well established for bulk Cr, the
question arises of how these properties are altered in thin films and superlattices either due to
dimensionality effects or due to proximity with the ferromagnetic or paramagnetic boundary layers.
After a brief introduction to the basic properties of bulk Cr, this review provides an overview of
the SDW magnetism in thin Cr films, starting with surface properties and continuing with the
discussion of Cr films of various thickness. The emphasis is more on SDW order in different
confined environments than on exchange coupling. The scaling of the Néel temperature with
thickness, the critical thickness for the onset of SDW order, the orientation of the SDW wave
vector in different environments and the enhancement of SDW order due to proximity effects are
extensively discussed. Most important is the role of the interface roughness in case of contact
with a ferromagnetic layer. Conflicting results obtained with different experimental techniques
are critically reviewed and an interpretation of the SDW order depending on interface quality is
proposed.

1. Introduction

The incommensurate spin density wave (SDW) magnetism of Cr has fascinated many
researchers since its first discovery via neutron scattering in 1959 by two independent groups in
Brookhaven [1] and in Leningrad [2]. Although the satellite peaks were first interpreted in terms
of antiphase domain boundaries, their explanation as a manifestation of an incommensurate
spin density wave followed soon after by Overhauser [3]. In thin films the magnetism of
Cr has recently become the focus of interest because of its mediating role in exchange
coupled superlattices and GMR materials [4]. While the magnetic phase diagram and the
Néel temperature,TN = 311 K, are well established properties for bulk Cr, the question
arises of how they are altered in thin films and superlattices either due to dimensionality
effects or due to the proximity with ferromagnetic or paramagnetic boundary layers. The
early scattering experiments were performed on large single crystals. Unravelling the spin
density wave magnetism in thin films is not an easy task. Usual experimental techniques for
studying magnetism are not applicable because of the antiferromagnetic nature of Cr. The
most direct techniques, neutron and x-ray scattering, are difficult to apply because of the small
scattering volume. Nevertheless, these methods remain the most suitable ones even for thin
film investigations. In addition a number of indirect methods have been utilized to unravel the
magnetic state in thin Cr films. Those are either nuclear probe techniques, domain imaging
of ferromagnetic layers on top of Cr or magnetic hysteresis measurements of ferromagnet/Cr
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heterostructures. Thin films of Cr are also of interest because of predictions concerning their
surface magnetic properties. It has been proposed that Cr possesses an enhanced magnetic
moment exceeding the bulk value by a factor of 3–4 and that (001) oriented layers are ordered in
alternating ferromagnetic monolayers with opposite magnetization direction. The possibility
of unveiling the intriguing magnetic properties of Cr films and surfaces relies on the capabilities
of growing well ordered epitaxial films. Assuming perfect layers, interfaces and surfaces, a
number of issues are of interest such as:

(1) the mechanism for the formation of a spin density wave in thin films as compared to the
bulk;

(2) the critical thickness for Cr to develop an SDW order;

(3) the scaling of the Ńeel temperature with the Cr film thickness;

(4) the magnetic moment in thin Cr films in the commensurate and incommensurate SDW
state, and at surfaces;

(5) the boundary conditions for the SDW to be fulfilled at interfaces between Cr and
ferromagnetic or paramagnetic materials and the position of the nodes with respect to
the interface;

(6) the enhancement or suppression of SDW order due to proximity effects;

(7) the magnetic domain structure of Cr in confined environments;

(8) the dependence of the polarization, wave vector and amplitude of the SDW on proximity
effects, growth properties, epitaxial strain and epitaxial relationships;

(9) the effect of interface roughness on the polarization and orientation of the SDW in Cr
films.

Considerable theoretical and experimental effort has been devoted in recent years to the
understanding of SDW order in Cr subjected to confined environments with specific boundary
conditions. This review attempts to describe the current status of the field and examines open
questions remaining for future work. The exchange coupling in magnetic heterostructures
mediated by the Cr spacer will not be discussed here. This will be the subject of other
contributions in this volume provided by Parkin and Bruno. On the other hand, exchange
coupling often serves as an important tool for obtaining information on the magnetic state of
Cr in thin films. The main emphasis will, however, be on the magnetic state and structure
of thin Cr films. It is clear that such a short review cannot be comprehensive. Therefore
only some main results will be discussed without attempting completeness. We will start
with a short overview of the bulk properties of Cr, continue with an overview of theoretical
predictions for the bulk, surface and thin film cases in section 3, introduce the most frequently
applied experimental techniques in section 4 and finally review experimental investigations of
structural and magnetic properties of Cr surfaces and thin films in section 5. We close with a
discussion and summary of the current status of the field in section 6.

2. Bulk properties

An excellent and extensive review of the bulk properties of Cr was given by Fawcett about
10 years ago [5], and the reader is referred to this work for any details. Chromium has a bcc
structure with a lattice parameter ofaCr = 2.884 Å in the paramagnetic state. As a 3d metal Cr
has to be considered an itinerant antiferromagnet. If Cr had a commensurate antiferromagnetic
structure, the magnetic moment density at the corners would be opposite to the ones at the
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Figure 1. Commensurate and incommensurate spin density wave structure of bcc Cr. In the lower
panel a transverse SDW is sketched with wave vector in the [001] direction and magnetic moments
normal to the wave vector.

centre of the bcc unit cell, as sketched in figure 1(a), forming a commensurate spin density
wave (C-SDW) structure with a wave vector of

EQcom = 2π

aCr
[001]= 2π

3
[001]= EG{001} = {0, 0, 1} (1)

where3 = aCr is the periodicity of the C-SDW. Thus the antiferromagnetic bcc structure
consists of a sequence of ferromagnetic (001) planes with alternating spin direction.
Furthermore, the magnetic moments can be oriented parallel to any of the{0, 0, 1}
crystallographic axes. Therefore, in thermal equilibrium three different domains are expected
to co-exist for the different orientations of the magnetic moments. Pure Cr exhibits, in fact, a
linearly polarized incommensurate spin density wave (I-SDW) structure, which consists of a
sinusoidal modulation of the magnetic moments:

Eµ(Er) = Eµ0 sin( EQ±Er) (2)

with an amplitudeµ0 of about 0.5µB /atom at 4.2 K [6] and an incommensurate wave vector
EQ± given by

EQ± =
(

2π

aCr
− 2π

3SDW

)
[001]= 2π

aCr
(1− δ) = EG{001}(1− δ) = {0, 0, 1− δ} (3)

whereδ is a measure of the deviation from the commensurability and3SDW is the periodicity
of the incommensurate SDW. The I-SDW is schematically shown in figure 1(b) and can be
visualized as a spin lattice which is slightly expanded as compared to the crystal lattice, yielding
a beating effect between both with a beat periodicity of3SDW = a/δ and a number 1/δ of
Cr monolayers (ML) between any successive nodes. Sinceδ is about 5%,3SDW amounts to
about 60 Å.3SDW increases smoothly from 60 Å at 10 K to 78 Å at the Néel temperature
TN = 311 K, corresponding to an increase from 42 to 54 Cr ML for a full period or 21 to
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27 ML between the nodes in the [001] direction, respectively. For a commensurate structure
δ is zero.

Unlike the commensurate case, for an incommensurate SDW we need to distinguish
between the orientation of the ordering wave vectorEQ± and the polarization of the spins.
EQ± can be oriented along any one of the three crystallographic{100} directions. The

polarization may, however, be either longitudinal( EQ± ‖ Eµ) or transverse( EQ± ⊥ Eµ). At
low temperatures the I-SDW has longitudinal character, referred to as the AF2 phase. Usually
all three orientations occur with equal probability in three different domains. At 123 K a first
order spin flip transition occurs to a transverse I-SDW (AF1 phase), now co-existing in six
possible domains. The transverse I-SDW exhibits a weak first order Néel transition at 311 K
[6, 7]. Above 311 K, Cr is a paramagnet. The bulk phase diagram is schematically reproduced
in figure 2.

ΤS ΤN 
1.0 
 
0.5 
 
0 

0 0 0 0                123            311   Τ       123            311   Τ       123            311   Τ       123            311   Τ/Κ/Κ/Κ/Κ    

L-SDW     T-SDW 
  AF2                    AF1 

 

PM 
Figure 2. Schematic phase diagram of Cr. The vertical axis indicates
the volume fraction of the respective phase. L-SDW or AF2 and T-
SDW or AF1 refer to the longitudinal and transverse spin density
wave in Cr below the Ńeel temperature at 311 K, PM designates the
paramagnetic phase. At 123 K a first order spin flop transition from
a longitudinal to a transverse spin density wave takes place.

In addition to the SDW, Cr exhibits a charge density wave (CDW) and a strain wave (SW)
with half the period of the SDW. The SW can be considered as a periodic, longitudinal lattice
modulation, similar to a frozen phonon. The origin of the SW has long been disputed. It
may either be considered as arising from an exchange striction effect of the SDW [8], or as
independently induced by an instability of Cr with respect to a CDW [9–11]. In the first model
the wave vectors are related asEQSW

± = 2 EQSDW
± , whereas in the second model the SW wave

vector is not required to be strictly twice that for the SDW. Comparison of neutron scattering
results determiningEQSDW

± by Werneret al [11] with x-ray scattering measurements ofEQSW
± by

Gibbset al [12] and Hill et al [13] show that they are indeed related by a factor of 2. Therefore
in the bulk there is no reason to believe that the SDW and CDW/SW are two independent
entities.

The close relationship between SDW and SW is also expressed by the crystal symmetry. In
the paramagnetic phase Cr is cubic. In the AF1 phase Cr has an orthorhombic crystal structure
with the longest axis atTN becoming the shortest atTSF . In the AF2 phase Cr is tetragonal.
Thus the first order transition atTSF is not only characterized by an L to T spin flip transition
but also by a change of crystal symmetry from tetragonal to orthorhombic.

Under normal conditions bulk Cr forms a poly-domain state forT < TN , i.e. domains exist
with different orientations forEQ± and Eµ. A single domain state can, however, be achieved by
cooling the sample through the Néel temperature either in a high external magnetic field or
under uniaxial stress along one of the cube edges. Magnetic field cooling throughTN favours
domains withEQ± parallel to EH (Bastow and Street [14], Werneret al [11]). For instance, ifEH
is parallel to [001] belowTN and then reduced to zero,Eµ will be perpendicular toEH and EQ±
(spin flop phase) in the AF1 phase (oriented either along [100] or [010]), and parallel to [001] in
the AF2 phase. Cooling throughTN with uniaxial tensile stress along [001] will also alignEQ±
parallel to the expanded axis [14]. This observation is important for the discussion of epitaxial
and pseudomorphic Cr films with different residual strains depending on the substrate.

The SDW structure of Cr is usually incommensurate. Internal elastic strains or small grain
sizes may cause the SDW to become commensurate. The commensurate antiferromagnetic
structure is designated as the AF0 phase. The AF0 phase has a much higher Néel temperature
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of about 475 K and a higher magnetic moment. Alloying has also a dramatic effect on the
SDW state of Cr. For instance, doping with Mn increases the electron concentration (donor),
whereas V decreases the electron concentration (acceptor). At the same timeEQ±, | Eµ| andTN
increase (decrease) with Mn (V) doping. With only 0.3% Mn in Cr will result in a C-SDW
with EQ± = 1, | Eµ| ∼= 0.8 µB andTN = 600 K [15, 16]. Vice versa, doping Cr with 2% V
reduces theTN to 50% of the bulk value and the node to node distance decreases from 21 to
13 ML at low temperatures [16].

3. Theory of SDW magnetism in CR

3.1. Bulk

Overhauser was first to point out that the paramagnetic state of an electron gas is unstable
against the formation of a static spin density wave [3]. The instability occurs for a wave
vector EQ = 2kF , the diameter of the Fermi surface. In order to increase the contact area and
therefore the interaction between spin up and spin down Fermi surfaces,EQ should be slightly
less than 2kF . For a spherical or slightly truncated Fermi surface this instability is rather weak.
However, Lomer has shown that the Fermi surface of Cr exhibits a pronounced nesting property
[17]. The electron and hole Fermi surfaces situated at the0 andH points of the bcc reciprocal
lattice, respectively, have nearly octahedral shape. This Fermi surface was later confirmed by
a number of band structure calculations [18, 19], including a most recentab initio calculation
by Hirai [20]. Figure 3 shows the Fermi surface from the calculations of Laurentet al [18].
Because of the same shapes the electron ‘jacks’ and hole ‘necks’ effectively nest each other
to induce a SDW instability. This implies thatEQ, which measures the distance between the
electron and hole octahedra, couples Bloch states of the electron band to Bloch states of the
hole band such that the occupied states are lowered and the unoccupied states are lifted in
energy. This effectively lowers the density of states at the Fermi level and stabilizes the SDW
in Cr. Because the hole Fermi surface is slightly larger than the electron Fermi surface, theEQ

Figure 3. Fermi surface of Cr according to the band structure calculations of Laurentet al [18]:
(a) three dimensional sketch of the Fermi surface; (b) projection into the (100) plane. The electron
Fermi surface is centred at the origin of the Brillouin zone at0, while the hole Fermi surface is
concentrated around the H-points in the reciprocal lattice.Q− andQ+ designate the nesting vectors
between electron and hole states at the respective Fermi surface.



9308 H Zabel

for the SDW is incommensurate. Thus the difference between the paramagnetic and the SDW
phase is characterized by a saddle point at the incommensurate positionEQ in reciprocal space
with an energy gapEg of about 120 meV atT = 0. The opening of band gaps at the specified
points in the reciprocal lattice becomes quite obvious in band structure calculations by Kübler
[19], which compare the paramagnetic and antiferromagnetic state.

With increasing temperature the upper energy branch will be occupied at the expense of
the lower energy branch. Since the upper branch has a spin polarization opposite to that of
the lower branch, the overall result will be a reduction of the SDW amplitude with increasing
temperature. At the same time the exchange potential will also be reduced, providing less
polarization of each state and causing a further reduction of the SDW amplitude. Overhauser
has pointed out the similarity between the theories of SDW and BCS superconductivity [3].
On the basis of this similarity the energy gap is predicted to vary withT/Tc in a similar fashion
as in superconductors:

Eg(T )

Eg(0)
=
√

1−
(
T

TN

)β
(4)

with an exponentβ, depending on the approximation chosen.
The linear spin density wave in Cr is characterized by an amplitudeµ = αsg(T ), a period

a/δ and a phaseθ . For EQ± oriented along the [001] direction the SDW can be written as [21]:

Eµ(z) = Emαsg(T )(−1)2z/a cos

(
2π

aCr
δz− θ

)
= EµCr(T )(−1)2z/a cos

(
2π

aCr
δz− θ

)
(5)

whereαs is a constant amplitude,g(T ) is a normalized and temperature dependent order
parameter,Em is a unit spin polarization vector appropriate for longitudinal or transverse
polarization andz (= a/2, a,3a/2, . . .) is an index for the sequence of (001) lattice planes.
For bulk Cr, the amplitude at zero temperature isµ(0) = αsg(0) = 0.5 µB /atom. In neutron
scattering experiments the Fourier transform of the SDW is determined. For a purely sinusoidal
modulation of the spin lattice, only one harmonic occurs for each reciprocal lattice point with
an intensityI ( EQ±) proportional to the square of the ensemble averaged SDW amplitude:

I ( EQ±, T ) ∝ 〈EµCr(T )〉2 (6)

and a position of the magnetic Bragg peak determined by the magnitude and orientation of
the ordering wave vectorEQ± = EG{001}(1± δ) (see also section 4.1). Jiang and Fishman [16]
maintain that the ordering wave vectorEQ±, as determined by neutron scattering, should be
distinguished from the nesting wave vectorE�± = EG{001}(1±1). E�± measures the mismatch
between the electron and hole Fermi surface, which in turn can be tuned continuously by
alloying. For pure Cr at zero temperature1 ≈ 0.05, which is bigger thanδ ≈ 0.04. As1
decreases continuously by alloying and the nesting between electron and hole Fermi surface
improves, the SDW ordering wave vector may jump discontinuously to commensuration
EQ± = EG100 with δ = 0.

3.2. Surfaces

Early tight binding calculations of Allan showed for the first time that the Cr(001) surface
would exhibit a magnetic moment of 2.8µB , which is four to five times larger than in the bulk
[22]. This finding has spurred a number of further theoretical investigations to study the surface
magnetism of Cr. Subsequent theoretical work has to be divided into those considering the top
layer of bulk Cr, a free standing Cr ML or Cr on ferromagnetic or paramagnetic substrates.

The magnetism of the top layers of Cr was also examined by Grempel [23]. Using a
tight binding approach, he finds surface ferromagnetic order stabilized by coupling to the
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Figure 4. Magnetic order at the Cr(001) surface containing monatomic high steps. Each
monolayer is ferromagnetically ordered and antiferromagnetically coupled to the next monolayer.
On the terraced surface domains with opposite spin direction alternate, creating a topological
antiferromagnet (from Blügelet al [26]).

bulk, a surface moment of 2.6µB and a very high surface Curie temperature of about 800 K.
Self-consistent tight binding calculations by Victora and Falicov [24] predict a giant spin
polarization at the Cr surface of 3.0 electrons. Assuming an electronicg-factor of 2, this
accounts to a Cr magnetic moment of 3µB for the Cr(001) surface.Ab initio full-potential
linearized augmented plane wave (FLAPW) calculations by Fu and Freeman [25] show that
the surface enhanced magnetic moment is related to the sharp surface density of states peak
near the Fermi level for the paramagnetic state. For the top Cr layer they find ferromagnetic
order with a moment of 2.49µB , whereas the first layer below the surface carries also an
enhanced moment and is antiferromagnetically coupled to the surface layer with−1.29µB .
Blügelet al [26] considered surface magnetic structures other than the p(1× 1) of Cr(001),
but found this structure together with a layered antiferromagnetism along [001] the most
stable configuration. On terraced surfaces with monolayer steps, ferromagnetic patches with
opposite magnetization direction alternate, yielding a topological antiferromagnet, as sketched
in figure 4.

Different from the Cr surface discussed above is the case of a Cr(001) monolayer on
substrates other than Cr. This situation has been considered by Blügelet al [27] and Bl̈ugel
[28] in the framework of density-functional theory applying the local density approximation.
Specifically they have calculated the magnetism of a Cr(001) overlayer on a Pd(001) substrate.
Using the bulk in-plane lattice parameter, they find an energy minimum for an antiferromagnetic
c(2× 2) structure with a local magnetic moment of 3.46µB /atom. They assert that similar
results are expected for Cr overlayers on Pt as well as on the noble metals Cu, Ag and Au.
Slightly different is the case for one ML of Cr(001) sandwiched between Au(001). For this
situation, Fu and Freeman [29] find an enhanced moment of 1.55µB /atom, which is about half
of that for a Cr overlayer on Au. Fu and Freeman interpret this result as being due to enhanced
interface states nearEF , which become more delocalized by hybridization with the low lying
Au d band as compared to the plain surface.

Highly interesting is also the case of a single isolated Cr(001) monolayer for which Blügel
et al [27] find an antiferromagnetic c(2× 2) structure and a local moment of 3.91µB /atom.
As soon as two more layers are added, Cr(001) develops a layered antiferromagnetic structure,
i.e. the topmost layer has ferromagnetic p(1× 1) structure with alternating spin orientation in
the subsequent layers and lower local moment of 1.55µB /atom.

Most theoretical investigations considering one or several ML of Cr deposited on a Fe(001)
substrate find that Cr is ferromagnetically ordered with a p(1×1) structure. For one ML of Cr
on Fe(100) an induced magnetization with a very large magnetic moment ranging from 3.1 to
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3.65µB /atom has been predicted to align antiparallel to the magnetization of the Fe substrate
accompanied by a slight reduction of the interfacial Fe moment [24, 30]. More recent tight
binding calculations by Vegaet al [31] and Stoeffleret al [32] place the Cr magnetic moment
between 2.5 and 3.2µB . In contrast to previous work, the tight-binding calculations by Vega
et alsuggest that the c(2×2) structure might be energetically lower than p(1×1) for a Cr ML
deposited on Fe(001). However, this would lead to spin frustrations at the Fe–Cr interface.
A self-consistent tight binding calculation by Pizzagalliet al [33] finds that the most stable
solution for an ML Cr on Fe(001) might be a ferrimagnetic order with a p(2× 2) structure,
which has been suggested previously by Victora and Falicov [24].

From the foregoing discussion the following conclusions can be drawn. The surface
of Cr(001) exhibits an enhanced moment as compared to the bulk, is ferromagnetically
ordered and is antiferromagnetically coupled to the subsurface layer. The magnetic moment
enhancement decays rapidly within two or three layers beneath the surface. A free standing
monolayer of Cr also exhibits an enhanced local magnetic moment, but in contrast to the
surface layer it is definitely antiferromagnetically ordered with a c(2× 2) structure. The same
structure occurs for Cr(001) on (001) oriented Pd and Pt as well as on noble metal substrates.
These properties stem from surface states with an increased density of states at the Fermi
level. Details depend on the extent of delocalization due to hybridization effects with the
substrate d band. The situation is different for a single Cr ML on Fe(001). Here the Cr layer is
ferro- or ferrimagnetically ordered with a commensurate structure and antiferromagnetically
coupled to the Fe substrate. The Cr moment is induced by proximity to the Fe substrate and
exhibits an enhanced moment, which may be slightly lower than for the free standing film
or for Cr on paramagnetic substrates, while the first Fe layer covered by Cr experiences a
slight moment reduction. All these predictions are made for perfect surfaces and interfaces.
However, Stoeffler and Gautier [32] have also considered the effect of roughness on the local
magnetic moment distribution, which will be discussed later in subsection 3.4.

3.3. Thin films

For bulk Cr theory ascribes the formation of a SDW to the nesting between parallel sheets of
the electron and hole Fermi surfaces, resulting in a lowering of the energy by opening a pseudo-
band-gap at the Fermi surface. In layered systems with a broken symmetry in the direction
normal to the film and limiting thickness it isa priori not clear whether the same mechanism
works for the formation of a SDW as in the bulk. Furthermore, in thin films interface exchange
and hybridization effects may have an important effect on the amplitude and wave vector of
the SDW. Thus we expect that the difference between Cr thin films and bulk is determined by
symmetry, proximity and finite size scaling.

Starting in the spirit of the previous paragraph we consider a numberN of Cr(001) ML on
an Fe(001) substrate. The first Cr(001) ML is expected to be in-plane ferromagnetically ordered
with a p(1×1) structure and out-of-plane AF coupled to the Fe substrate. The second Cr ML is
again F ordered and AF coupled to the previous Cr ML, setting up a layered antiferromagnetic
structure with a two ML period. For thicker Cr layers the first phase slip indicates a transition
from the commensurate to an incommensurate SDW. While the first Cr ML is undoubtedly
F ordered due to the proximity to the Fe substrate, the question arises whether the magnetic
order in and out of plane can be sustained for several ML, or whether it decays fast with
the number of ML before the intrinsic I-SDW order sets in for a critical numberNc of Cr
MLs. Accordingly, theoretical considerations need to distinguish Cr order forN < Nc and
N > Nc, and for temperatures above and below the bulk Néel temperature. IfN chromium
MLs are embedded in between two ferromagnetic layers F1 and F2, the magnetic order of Cr
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Figure 5. Oscillation of the exchange coupling reflecting the incommensurate spin density wave in
Cr with a finite number of (001) oriented monolayers. On either side the Cr film is in contact with
a ferromagnetic layer. (a) Spin density wave forT = 0.5 TN , (b) spin density wave forT = 1.2
TN (from Shi and Fishman [36]).

may depend on whether the magnetization vectors in F1,2 are aligned parallel (F-alignment)
or antiparallel (AF-alignment) and whether the number of Cr MLs is even or odd.

The earliest theoretical study of Cr spin polarization on Fe(001) was carried out by
Shi et al [34], following experimental observations by Unguriset al [35] of an I-SDW-like
polarization in Cr for temperatures as high as 1.8TN . In a series of papers Fishman and
Shi have systematically studied the SDW magnetism of a finite number of Cr monolayers
sandwiched between Fe layers and using different boundary conditions [36–40]. First we
discuss the case of a Cr spacer layer with thicknessL = (N − 1)a/2, collinearly coupled to
proximity ferromagnetic layers on either side with moments| EµF1| = | EµF2|. The energy of
the SDW per interface areaa2 can then be written [36]:

E = A[ EµF1 EµCr(1) + EµF2 EµCr(N)] + 1
21Fa

3(N − 1) (7)

whereA is an interfacial antiferromagnetic exchange coupling and1F is the nesting free
energy per unit volume of the spacer at temperatureT . The first term describes the proximity
to the boundary layers and the second term the intrinsic instability of bulk Cr against the
formation of an incommensurate SDW. For a temperatureT = 0.5 TN and with an increasing
number of Cr(001) MLs, the magnetic coupling of the Cr layers oscillates with a 2 MLperiod.
If the proximity magnetic layers are free to rotate between F (EµF1 = EµF2) and AF alignment
( EµF1 = −EµF2), according to the number of Cr MLs in the spacer, the F configuration is
stable forN odd, and the AF configuration is stable forN even between 1 and 24. Then the
stability suddenly shifts to an even (odd) number between 24 and 39, and shifts again to an
odd (even) number between 40 and 61. The exact location of the phase slips depends on the
exchange parameters chosen. In any case, they indicate the appearance of nodes. ForN < 24
the SDW order is commensurate; between 24 and 39 the Cr spacer contains one node, and
between 40 and 61 two nodes. If the antinodes are located at the interface, one node is required
for a half period SDW and two nodes for one complete SDW period. ForT = 1.2 TN the
magnetic coupling shows almost the same periodicity, including the position of the nodes, but
the amplitude quickly decays with thickness like 1/N2. Figure 5 shows the calculated shape
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Figure 6. Spin structure in Cr films with an even and odd number of monolayers sandwiched
between Fe layers. The Cr spin structure depends on the orientation of the Fe magnetization
vectors and number of Cr monolayers. ForN odd and Fe magnetization vectors parallel, the Cr
spin structure is simple commensurate antiferromagnetic. Turning the Fe magnetization vectors
from parallel to antiparallel, a node is induced in the Cr spin structure. For an even number of
Cr monolayers the analogous situation occurs: commensurate antiferromagnetic spin structure for
antiparallel Fe magnetization vectors and a node for parallel magnetization vectors. For the number
of Cr monolayers below a critical number, all spin structures are commensurate with the Cr lattice.
Spin structures shown are based on first principles calculations by Hirai [41].

of the SDW for Cr(001) sandwiched between Fe(001) layers and for temperatures below and
above the bulk Ńeel temperature from the work of Shi and Fishman [36].

There is an important difference to be noted between I-SDWs in Cr films as compared to
the bulk [36]. In thin films the period of the SDW is not as rigid and can easily deform to match
the boundary conditions. For instance, 34 Cr MLs between two F aligned boundaries exhibit
an enhanced amplitude and a single node in the centre. Adding successively two Cr MLs, this
structure can be stretched up to 50 ML. However, adding two more MLs, the structure relaxes,
two new nodes appear and the SDW amplitude drops towards the bulk value. AsN increase
further, the same stretching and relaxing starts again and the next jump takes place at 74 ML.
For an odd numberN of Cr spacer layers, the same cycle of stretching and relaxing is offset
by 20 ML. This is a clear sign of proximity magnetism, maximizing the SDW amplitude at
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the interface on one hand, and intrinsic I-SDW magnetism on the other hand, favouring bulk
values for the SDW amplitude and wave vector.

So far we have considered proximity layers free to rotate in order to minimize the total
free energy. If, on the other hand, the magnetization vectorsEµF1 and EµF2 are controlled by
an external field, the SDW order depends on their orientation and the number of Cr MLs in
the spacer [36]. For instance, ifN is even with 24< N < 39 and the boundary layers are F
aligned, the resulting spin structure is an I-SDW with one node in the centre. Switching the
F1,2 layers to AF alignment, the Cr spin structure changes to C-SDW. Thus it is possible to
switch between the I and C states by controlling the orientation of the magnetization vectors
in the boundary layers.

Figure 7. Calculations of the layer projected magnetic spin moments for 52 Cr monolayers
sandwiched between Fe on one side and vacuum on the other side. The Cr monolayers in contact
with Fe and vacuum exhibit an enhanced moment (from Niklassonet al [42]).

Recently first principles electronic-structure calculations for the SDW order in Fe/Cr/Fe
superlattices have been presented by Hirai [41] which confirm the conclusions of Shi and
Fishman. Hirai considers only Cr monolayers withN < Nc ∼ 24. For an odd numberN and
F alignment of the Fe layers, the C-SDW is the stable configuration. With the same number
N but switching the Fe layers from F to AF alignment places a node in the middle of the
Cr layer and an antinode at the interfaces, hence producing half an I-SDW. ForN even, the
reverse is true. The spin structures for even and odd Cr monolayers and different alignments
of the boundary F layers is reproduced in figure 6. Since the Cr spin structure is dictated by
the boundary conditions, Hirai concludes that forN < Nc the spin order is not a consequence
of Fermi-surface nesting but is mainly governed by the boundary conditions, whereas intrinsic
I-SDW is expected for a larger number of Cr MLs of at leastN = 19.

Similar boundary conditions were considered by Niklassonet al [42] using the linearized
muffin-tin-orbital method (LMTO) and the Greens’ function technique. Their results are
consistent with those of Shi and Fishman [36] and Hirai [41]. Niklassonet al have also
calculated the SDW state of Cr in non-magnetic environments. For Fe/52 ML Cr/vacuum an
I-SDW is obtained with a two ML periodicity and nodes at 15 and 36 ML, similar to the case
of Fe/52 ML Cr/Fe. However, at the vacuum side the topmost Cr layer is ferromagnetically
ordered with a surface moment of 2.6µB /atom and an in-plane orientation which depends



9314 H Zabel

Figure 8. Similar calculations as in figure 7 but for a Cr film in contact with Fe on one side and
Mo on the other side. On the Mo side a node in the Cr spin density is induced (from Niklasson
et al [42]).

onN being even or odd. Therefore, at the Cr surface an anti-node exists always, as shown
in figure 7. For 51 Cr MLs embedded in between Cu bcc(001) flats, antinodes occur at the
Cu–Cr interface with an interface moment of 1.7µB /atom and nodes at 15 and 37 ML. Since
proximity magnetism is not at work for the presence of these nodes, they must be intrinsic,
setting an upper limit for the appearance of intrinsic I-SDW in Cr. For Cr embedded between
Fe and Mo, the Cr moment is enhanced on the Fe side, but quenched on the Mo side due to
strong hybridization effects. Therefore on the Mo side a node is required (see figure 8).

The two monolayer periodicity, the surface and interface enhanced Cr moments at the
vacuum and Fe side, respectively, and the rotation of the top Fe layer magnetization according
to the number of MLs in the Cr spacer layer have already been noted by Stoeffler and Gautier
using tight binding approximations [32]. The basic results obtained forN 6 10 are in very
good agreement with the latter first principles results.

Finally we need to discuss the dependence of the Néel temperature on the film thickness.
Theory ascribes the finite size scaling of the critical temperature to the dimensional cross-over
upon reduction of one of the linear dimensions [43]:

Tc(t)− Tc(∞)
Tc(∞) =

(
t

t0

)
(8)

whereTc(∞) is the bulk critical temperature,Tc(t) the critical temperature for a finite thickness
t andλ is the shift exponent related to the critical exponentν for the correlation length according
to

ξ = ξ0

(
Tc(t)− Tc(∞)

Tc(∞)
)−ν

(9)

with ν = 1/λ. For ferromagnetic films this type of scaling behaviour can indeed be observed
[44]. However, for more complex spin structures with an extended repeat distance, the exact
nature of scaling is still an open question. Fishman and Shi have addressed this question for
the spin density waves in Cr [37, 40], where it is much more complex than for an elemental
ferromagnet. On one hand the bulk Néel temperature is expected to scale with the thickness;
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Figure 9. Dependence of the Ńeel temperature on the number of nodesn in the Cr film
sandwiched between Fe boundary layers. The thick solid line denotes the phase boundary between
commensurate and incommensurate spin structure while the thin solid lines separate regions for
incommensurate phases with a different number of nodesn (from Fishman and Shi [40]).

on the other hand proximity to ferromagnetic boundaries stabilizes the SDW order in Cr spacer
layers. Combining both effects, they find that the scaling of the Néel temperature depends
on both the thickness of the Cr spacer layert and the number of nodesn in the spacer:
TN = TN(N, n). Keepingn fixed, the Ńeel temperature drops to zero for a finite thickness
t0(N, n) ≈ na/2δ as shown in figure 9. For a fixed temperature belowTN and an increasing
numberN of MLs, phase slips occur, whenever the scaling curve for a particular number of
nodes is crossed. Betweenn = 1 andn = 0 an incommensurate–commensurate (IC) phase
transition takes place, which according to figure 9 is the case for smallN < 24 ML and/or
high temperaturesT > 1.7 TN . For low temperatures and fixedn the SDW period is almost
constant. However, aboveTN the period can be dramatically stretched before it undergoes an
IC transition.

All calculations inherently assume that the interface exchange coupling between the in-
plane magnetization of the ferromagnetic layers and Cr is strong enough to control the spin
structure in Cr. As a consequence the spins in Cr are aligned either parallel or antiparallel to the
in-plane magnetization of the ferromagnetic layer, setting up a single, linearly polarized and
transverse SDW, withEQ perpendicular to the film plane. According to Hirai [41], the helical
or spiral SDW is never the more stable spin configuration as compared to the linear SDW, if
the boundary Fe layers are collinearly F or AF aligned. However, when the magnetization
vectors of adjacent Fe layers are not collinear, there appears to be a possibility for a helical
SDW order (H-SDW). This confirms early tight binding calculations by Stoeffler and Gautier
[45] that an H-SDW could be stable with perfect Fe/Cr interfaces but with non-collinear Fe
magnetization vectors. On the other hand, the prerequisite for non-collinear Fe magnetization
vectors is interface roughness, and this will be the topic of the next section.

From the foregoing discussion of finite Cr monolayers and proximity effects at perfect
interfaces the following conclusions can be drawn:

(a) The interface between Cr and a noble metal will be similar to the Cr/vacuum interface and
an enhanced moment can be expected for the next Cr layer closest to the interface due to
surface or interface states. No proximity induced spin order occurs.
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(b) At the interface between Cr and a ferromagnetic material, interfacial exchange coupling
increases the magnetic moment, enhances the order parameter and changes the shape as
well as the period of the SDW below the Néel temperature.

(c) Above the bulk Ńeel temperature, SDW order can be induced by proximity to a
ferromagnetic layer. Although the SDW amplitude decays fast with increasing thickness,
the nodes are reminiscent of the intrinsic I-SDW.

(d) At the interface between Cr and an early 4d or 5d transition metal, strong hybridization
quenches the magnetic moment of Cr and places a node at the interface.

(e) In trilayers of F/N ML Cr(001)/F the SDW order depends onN and the collinear alignment
of the F layers.

(f) For N < 19, C-SDW and I-SDW order is induced by the boundary conditions to the
proximity layers. The I and C order can be switched by the F or AF alignment of the
proximity boundary layers.

(g) ForN > 24, a first intrinsic node appears, but the amplitude and wavenumber still depend
on the boundary conditions. The I-SDW will stretch and collapse periodically as the Cr
film increases in order to fulfil the boundary condition.

(h) For ferromagnetic boundary layers, in-plane magnetization, perfect interfaces and a small
number of Cr layers, in-plane orientation of the Cr spins and a single linear and transverse
SDW with EQ oriented normal to the plane is the stable configuration.

(i) The Néel temperature scales with the film thickness and is a function of monolayers and
nodes in the spacer.

(j) A helical SDW may only occur if the boundary ferromagnetic layers are non-collinearly
aligned; otherwise the linear SDW is the more stable configuration.

While clear predictions exist for F/N Cr ML/F, the situation is less evident for Cr films
embedded in a paramagnetic matrix. There is noa priori requirement for the Cr spins to align
in the plane and to set up a transverse SDW withEQ± out of plane. The boundary conditions
can also be fulfilled by a longitudinal SDW with an out-of-planeEQ±, or by spin density waves
oriented in the film plane. Spin flip transitions may occur and the coexistence of several
domains is not excluded by the boundary conditions.

3.4. Rough interfaces

So far we have assumed ideal interfaces with a perfectly flat boundary. The effect of
interface defects on the SDW state in Cr has been considered by a number of authors in
recent years [32, 38, 40, 45–54]. First we need to distinguish between Cr/paramagnetic and
Cr/ferromagnetic interfaces. At either interface the roughness may consist of single ion
exchange, interdiffusion or alloying and steps with sharp terraces. In experiments one will
certainly find a combination of these effects, but for a discussion of their action it is better to
keep them separate.

Starting with the roughness at Cr/paramagnetic interfaces, single ion exchange is
considered a weak defect which can be healed locally. For instance at Cr/Mo or Cr/Nb
interfaces the Cr moment in the paramagnetic matrix will be quenched but spin frustration
is excluded. Interdiffusion and alloying changes the magnetic properties of Cr, the ordering
wave vector and the Ńeel temperature. Interface alloying will reduceTN at the Cr/V interface
and enhanceTN at the Cr/Mn interface. At the ideal Cr/Mo interface, a node of the I-SDW is
required as shown in figure 8. Interdiffusion is expected to shift the node gradually away from
the interface into the Cr matrix. At noble metal interfaces alloying will destroy the interface
states and quench the moment enhancement. At surfaces alloying is not possible, but roughness
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is expect to also destroy the surface states. Steps are not expected to cause frustration effects,
since the layered antiferromagnetism of Cr is not altered.

At Cr/ferromagnetic interfaces the treatment of roughness is much more complex and
many more possibilities exist to cope with the different types of defect. Single ion exchange
causes a local non-propagating frustration. In case of interdiffusion two cases have to be
distinguished. For a lower degree of interdiffusion, an antinode may still exist close to the
interface, but the phase may be shifted by one monolayer, such that the second layer on top of an
Fe substrate is antiferromagnetically instead of ferromagnetically coupled to the Fe substrate
[32]. Freysset al have determined the concentration for which a phase change occurs [54].
On the assumption that two monolayers at the interface are intermixed, aπ phase shift occurs
at a Cr concentration of 33%, whereas the phase changes at a 50% level if three monolayers
are intermixed. For a larger degree of interdiffusion various theoretical treatments agree that
the Cr moment becomes strongly reduced to the point that a node is placed at the interface
[32, 40, 46, 53, 54]. For a Cr spacer layer embedded between two rough interfaces, SDW
order requires the number of nodes in the spacer layer to ben > 2. No proximity enhanced
order parameter at the interface is possible nor a commensurate structure forN < 20, since
the nodes exclude commensuration. With increasingN the SDW will undergo a cycle of
stretching and contraction as in the case of the perfect interfaces. Each time a node is added,
the order parameter, period and Néel temperature exhibit a jump. For largeN , these properties
approach their bulk values. ForN < 20 ML the Ńeel temperature drops to zero sinceN is
less than required for half an SDW period and since C-SDW order cannot gain any coupling
energy due to lack of contact with the proximity layers [40].

While steps at the Cr/paramagnetic interface are harmless, they constitute the single most
severe defect at the Cr/ferromagnetic interface. The response to this defect depends on the
terrace length, the Cr and Fe layer thicknesses and their respective exchange coupling constants.
Many different scenarios can be visualized, including domain formation in the Fe layer, in
the Cr layer or non-collinear magnetization vectors in successive ferromagnetic layers along
with a helical twisting of the Cr spin structure. For a Cr thickness large compared to the
average terrace length, the ordering wave vectorEQ± is likely to rotate from perpendicular to
in plane.

Stoeffler and coworkers [32, 45, 46] have considered different situations for domain walls
in Cr propagating to the surface or being confined to the area around the step, as shown
schematically in figure 10. Assuming a straight domain wall, the defect energy stored depends
linearly on the Cr thickness asEDef = µCr +γCr tCr +σCr , whereµCr andσCr are interface and
surface contributions to the defect energy, respectively, andγCr is the energy per in-plane Cr
atom in the domain wall. The energy can be lowered if a domain wall connects two successive
steps at distanceλ. In this case the defect energy isE′Def = µCr + γCrλ, which becomes
smaller for a Cr layer thickness exceedingλ/2− σCr/γCr . Estimates of the ratioσCr/γCr
yield a critical thickness oftCr > λ/2− 10 ML for which the domain wall becomes localized
close to a kink. Typical terrace widths for high quality epitaxial growth are about 300 Å, such
that localization is expected for thicknesses larger than 140 Å. If the Cr film is covered with
another ferromagnetic layer, the domain walls have to accommodate the step structure at the
lower as well as at the upper interface. Localization of the domain walls by connecting steps
at the same interface may again take place under conditions mentioned before, shielding the
remaining layer from the defect area [46].

Berger and Fullerton [47] have employed a local Ising model solved in the mean field
approximation to study frustration effects at kinks. Similar to the results of Stoeffleret al
[32, 45] they establish a phase diagram as a function of Fe and Cr layer thickness and of
temperature for propagating domain walls in Cr from the interface to the surface, in the Fe
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Figure 10. Schematic representation of several possibilities for interface roughness at the Fe/Cr
interface, according to Vegaet al [46]: (a) initial stage of growth of Cr on a rough Fe surface with
the possibility of domain formation in the Cr layer; (b), (d), (f) the case for thin Cr films, (c), (e),
(g) the case for thick Cr layers compared to the step separationλ. (b) continuation of (a) with
straight domain walls in the Cr layer; (d) domain bending by connecting steps on either side of
rough interfaces without domain formation in the Fe layer; (f) continuation of (d) with increasing
Fe thickness; (c) localization of the domain in the Cr layer to the interface by connecting two
successive steps at distanceλ; (e) growth of thin Fe layer on a rough Cr surface results in domain
formation in the Fe layer; (g) with increasing Fe thickness, the top Fe layer forms a single domain
and the frustrations in the Cr film become localized at the interfaces.

layer and for confinement of the domain wall to the interface. In contrast, Bödekeret al
[48] and Hucht [49] use a local Heisenberg model together with a single ion anisotropy term
for modelling the spin structure in Fe and Cr with frustration effects at the interface. In
the case of a step at the interface it is no longer possible to minimize all three coupling
energies,JFe–Fe, JCr–Cr andJFe–Cr , independently. Thus, the resulting spin structure of
the system depends on the values of the respective coupling constants. The following four
limiting cases, which are sketched in figure 11, can be distinguished assuming a single
monatomic step at the interface. If the interface couplingJFe–Cr is large compared to
JFe–Fe andJCr–Cr , a domain wall forms in the Fe layer (case (c)), or in the Cr layer (case
(d)). For a very small interface couplingJFe–Cr , the ideal FM and AF order in the Fe
and Cr layers can be preserved by a domain wall forming along the interface (case (b)).
If, however, the AF interface coupling is of intermediate magnitude, the system can react
by reorienting the Cr moments perpendicular to the Fe (case (e)). This phenomenological
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Figure 11. Schematic and simplified representation of the interface between a thin ferromagnetic
Fe layer and a thicker antiferromagnetic Cr film. The white arrows indicate the orientation of the
magnetic moments in the Fe film, the black arrows the Cr magnetic moments. (a) An ideal and flat
interface with antiferromagnetic coupling between the Fe and Cr moments. (b)–(e) Interfaces with
monatomic high steps causing frustration of the interface exchange coupling. The frustration can
be overcome by formation of a domain in the Fe layer (c) in the Cr film (d) or by a reorientation
of the spin-density wave (e). The latter case is observed experimentally in thick Cr films (from
Bödekeret al [56]).

description is confirmed by computer simulations of a classical Heisenberg model taking
into account nearest-neighbour interaction and a single ion anisotropy term to model the
shape anisotropy. In figure 12 the resulting ground state spin configuration is shown. As
one can readily see, the frustration induces an effective 90◦ rotation of the Cr moments at
some distance to the interface, while close to the interface the antiferromagnetic coupling
is preserved to a large extent. Macroscopically this rotation leads to a perpendicular
orientation of the Cr spins with respect to the Fe in-plane magnetization. For a transverse
I-SDW the wave vector is then expected to lie in the plane, consistent with experimental
observation for a thickness range large compared to the average distanceL between steps
[48]. A crossover from out-of-plane to in-plane spin orientation takes place roughly when the
conditionJCr–Cr tCr = JFe–CrL is fulfilled. If JCr–Cr andJFe–Cr are of the same order of
magnitude, this will occur for a Cr thickness equalling the average distance between monatomic
steps.

With intermediate disorder, such as steps separated by large terraces, the coupling between
an I-SDW and proximity layers is reduced but not extinct. Fishman [38] has calculated the
magnetic phase diagram for steps at the Fe/Cr interface and finds that for a small Cr thickness
or for a high temperature a helical SDW is stabilized by the interfacial coupling. However,
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Fe

Cr

Figure 12. Ground state spin structure near an Fe/Cr interface with a monatomic step from computer
simulations based on a Heisenberg model assuming interdiffusion over two layers. On either side
of the step the Cr moments try to align antiparallel to the Fe moments. The combined action is
a rotation of the magnetic moments from parallel to perpendicular orientation with respect to the
in-plane magnetization of the Fe film. Note that the Fe moments are also affected (from Bödeker
et al [48]).

only helical order with a single twist of±π/2 is stable; higher order helices may be frustrated
by the presence of defects. The helical spin order between non-collinear Fe magnetization
vectors is shown in figure 13 [38]. With decreasing temperature I-SDW and H-SDW order
may coexist. Slonczewski has already argued that in the presence of steps at the Fe–Cr interface,
non-collinear orientations of the adjacent Fe magnetization vectors may occur, mediated by
the intervening Cr spins which are twisted counter-clockwise on either side of a step [50, 51].
In the proximity magnetism model the exchange coupling energy of the adjacent Fe layers is
expressed phenomenologically as:

E = −J−
(
θ

π

)2

− J+

(
θ − π
π

)2

(10)

with 0 6 θ 6 π . The coupling constantsJ− andJ+ favour ferromagnetic (θ = 0) and
antiferromagnetic (θ = π ) coupling for perfect interfaces withN odd or even, respectively.
The competition between the two results in a non-collinear 90◦ orientation of the successive
Fe layers if|J−| = |J+|, but can deviate from 90◦ for differentJ− andJ+ values. Freysset al
[52] have performed band structure calculations to determine self-consistently the magnitude
and orientation of the Fe and Cr moments in case of non-collinear Fe coupling. They find
that for more than five Cr MLs the phenomenological expression by Slonczewski for the
exchange coupling energy is satisfied, but deviations occur for smaller numbers because
of moment reduction at the interface and perturbation of the collinear order within the Fe
layer.

The effect of roughness can clearly be classified into three categories. In the first category
belong almost ideal interfaces with random ion exchange, causing a partial alloying. The main
effect of the alloying is to shift the phase of the interface exchange coupling byπ , such that at a
distance of two Cr MLs away from the interface the Cr magnetic moment is antiparallel to the
Fe magnetization vector instead of parallel, as one would expect for an ideal interface. With
increasing roughness a node is expected at the interface. In this case the SDW cannot take
any advantage of the proximity magnetism to the F layer and I-SDW order should first occur
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Figure 13. A sketch of two commensurate and twisted (helical) SDW,
one right handed with 11 monolayers and the other left handed with 10
monolayers, coupling Fe moments 90◦ apart due to a step at the interface.
At the interface the Fe and Cr moments are antiparallel (from Fishman [38]).

if two nodes on either side of the interface fit within the Cr spacer thickness for appropriate
temperatures. With increasing roughness the interface may develop spin glass properties and
the node may shift some distance away from the interface. Steps with flat terraces between them
belong to the third category. For a Cr film thickness larger than the average step separation, a
reorientation of the SDW wave vector from perpendicular to the plane to in plane can occur.
For a smaller thickness, the orientation ofEQ± remains perpendicular and the domain becomes
localized close to the kink. This a clear idealization of the real situation, since alloying will
also occur on the terraces.

4. Experimental techniques

In the following a few experimental techniques are recalled, which are capable of
determining directly the SDW order in Cr. These are neutron scattering, x-ray scattering
and perturbed angular correlation spectroscopy. All other methods, which have been
used in recent years for unravelling the Cr order, are more indirect and rely on the
interface exchange interaction between a ferromagnetic cap layer on Cr, measuring either
the ferromagnetic hysteresis or the domain structure in the ferromagnetic film. Another
class of experiments uses surface sensitive and polarized probes such as spin polarized
secondary-electron emission (SPSEE), spin resolved core level photoemission spectroscopy,
spin polarized electron-energy loss spectroscopy (SPEELS) etc. These methods will not
be reviewed here but will be mentioned along with a discussion of the corresponding
experiments.

4.1. Neutron scattering

The sinusoidal modulation of the magnetic moments produces sharp Fourier components in the
reciprocal lattice, which can most effectively be determined by elastic neutron scattering [1, 11].
With this method the spin orientation and the propagation direction of the spin density waves
can be analysed. Furthermore, commensurate and incommensurate SDW order can easily be
distinguished and the magnetic moments including their orientation can be determined. In
neutron scattering experiments the magnetic moment of the neutrons couple to the magnetic
moments of the magnetic material via dipolar interaction. Working out the elastic scattering
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Figure 14. Partial reciprocal lattice showing the positions for the satellite reflections due to spin
density waves and strain waves in Cr. The L direction is chosen to be perpendicular to the film
plane. The SDW satellite positions are denoted by open circles, the SW satellite positions by filled
small circles. The large dots denote allowed bcc reflections.

cross section, one obtains for the scattering cross section of an unpolarized neutron beam with
the spin density waveEµ( EQ±) [6, 55]:

(
dσ

d�

)
el,mag

= |Eµ EK |2 sin2(8 EK)δ( EK + EQ± − EGbcc) (11)

where8K is the angle between the magnetizationEµ and the scattering vectorEK (| EK| =
(4π/λ) sinθ ), EQ± = EG{001}(1− δ) is the wave vector for the SDW,EGbcc are the reciprocal
lattice vectors for allowed bcc reflections andEµK is the Fourier component of the magnetization
vector Eµ(Er) corresponding to the scattering vectorEK = Ek′ − Ek. The delta function warrants
that intensity occurs only at positions in the reciprocal lattice for which the scattering vector
fulfils the condition: EK = EGbcc ± EQ±.

Figure 14 shows a partial reciprocal lattice for Cr. The SDW satellite peaks are marked
by open circles. They occur around the structurally forbidden bcc reflections. Any intensity in
their vicinity has therefore to be of magnetic origin. There are two selection rules to be obeyed
for determining EQ± and Eµ EK . First, the vector connecting a satellite peak with the nearest
allowed reciprocal lattice pointEGbcc along any one of the{100} directions determines the
orientation and magnitude ofEQ±. Second, the magnetic neutron scattering cross section yields
intensity only for components ofEµ EK , which are perpendicular to the scattering vectorEK.
Scans around a few orthogonal reciprocal lattice points uniquely determine the orientation and
polarization of the SDW [14, 56]. For example, satellite peaks parallel to the [001] direction
on either side of the (001) position reveal an out-of-plane transverse SDW with spins either
pointing in the [100] or [010] direction. Satellite reflections around the (010) position in the
[001] direction indicate again an SDW withEQ± out of plane, but either with longitudinal
or with transverse character. Several scans are usually required to uniquely determine the
polarization of the SDW and all possible volume fractions of coexisting domains. In addition,
with neutron scattering it is easy to detect any commensurate SDW phase, since this generates
a peak at the structurally forbiddenEG{100} positions.
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4.2. X-ray scattering

Scattering with synchrotron x-ray photons is a very important alternative to neutron scattering.
The spin density wave sets up a charge density and a strain wave with wave vector 2EQ± in
the Cr lattice. The amplitude of the charge density wave is very small and can hardly be
recognized. The strain wave, on the other hand, is easier to detect. The Thomson cross section
for the strain waves is given by [57]:(

dσ

d�

)
x−ray

= 1

4
|ρ0( EK)( EK E1)|2δ( EK ± 2 EQ± − EGbcc) (12)

whereE1 is the strain wave amplitude andρ0 is the average electron density. The delta function
expresses the fact that the strain wave vector is doubled compared to the SDW. Thus the satellite
peaks from the SW occur close to the structurally allowed reciprocal lattice pointsEGbcc, as
indicated by the shaded dots in figure 14. The SW can be visualized as a frozen phonon
modulating the lattice in the direction parallel toEQ±, yielding the same selection rule for the
scattering cross section as a one phonon cross section. Because of the scalar product( EK E1),
only the SW with EQ± parallel to the scattering vectorEK produces intensity; the others are
silent. Thus from the Thomson scattering follows the orientation of the SDW; the polarization
cannot be determined. The SW satellite peaks were first observed with x-rays by Tsunodaet al
[58]. Using high resolution x-ray scattering with synchrotron radiation, Gibbset aldetermined
the temperature dependence of the 2EQ± peak [12]. An extensive synchrotron radiation study
of the SW satellite peaks including their temperature dependence was carried out recently by
Hill et al [13].

With synchrotron radiation of incident photon energy ofE = 5.91 keV, which is just
below the Cr K edge, satellite peaks at the{1± δ, 0, 0} positions have been observed, which
are of magnetic origin [13]. The magnetic intensity is, however, non-resonant and therefore
too weak to be of practical interest for thin film studies.

Investigations of the magnetic order in Cr via the strain wave vector 2EQ± takes advantage
of the high intensity of synchrotron sources as compared to neutron sources. Therefore this
method can also be applied to thin films. The first investigation of thin Cr film via synchrotron
radiation was published by Sonntaget al [59]. The method is limited by the high background
at the 2EQ± position due to the adjacent charge peak atEGbcc. With increasing temperature the
situation becomes worse, since 2EQ± increases and the satellite peaks move closer towards the
charge peak. In contrast to neutron scattering, with x-ray scattering the AF0 phase cannot be
detected, since the commensurate peak is completely covered by charge scattering.

4.3. Perturbed angular correlation spectroscopy

The method of perturbed angular correlation spectroscopy (PACS) has recently been used for
the first time by Meersschautet al [60] to study the spin density wave magnetism in thin Cr
films. Theβ−-decay of111In (111Cd) isotopes implanted in the film is followed by aγ–γ
cascade of111Cd, which is detected by two oppositely placed counters. In the coincidence
experiment the time correlation between the twoγ particles is determined. Since the radioactive
nuclei are embedded in the hyperfine field of the host matrix, they will precess about the main
field axes. Theγ–γ emission is axially symmetric about the direction perpendicular to the
hyperfine field. After emitting the firstγ ray, the time dependent anisotropy of the secondγ

ray reflects the Larmor frequency, which in turn is proportional to the strength of the hyperfine
field. For a ferromagnet or a commensurate antiferromagnet the PAC time spectrum consists of
one or two damped cosine terms for the ground frequency and its first harmonic. In case of an
incommensurate and sinusoidally varying hyperfine field, the PAC time spectrum is determined
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Figure 15. Schematic view of the configuration of the detectors and the sample (a) in the
perpendicular geometry and (b) in the in-plane geometry used in perturbed angular correlation
spectroscopy experiments (from Meersschautet al [60]).

Figure 16. The top panels (a) and (b) show reference PAC time spectra for a 38 nm Fe film, grown
on MgO, taken at 289 K, perpendicular (a) and in-plane geometry (a), as defined in figure 15. The
solid lines are fits to the data using the first sum in equation (13). In the lower panels are shown the
PAC time spectra for a 20 Å Fe/400 Å Cr heterostructure grown on an MgO(001) substrate taken in
the perpendicular (c) and in-plane (d) geometry. The solid line corresponds to an incommensurate
SDW, described by the second sum in equation (13) (from Meersschautet al [60]).

by a Overhauser distribution of hyperfine fields, yielding one or two damped Bessel functions
of zeroth order. For both cases the time correlation function can be expressed as [60–63]:

R(t) = fCSDW
∑
n=0,2

an e−nδνCt cos(nνCt) + fISDW
∑
n=0,2

bn e−nδνI t J0(nνI t) (13)

wherefCSDW andfISDW are the relative fraction of the C-SDW and I-SDW phases,ν is the
Lamor frequency proportional to the local hyperfine field andJ0 is the Bessel function of zeroth
order.

The interpretation of the PAC time spectra relies on the fact that the hyperfine field and
the Cr moments are collinear. If the hyperfine field is perpendicular to the detector plane
consisting of four detectors separated by 90◦, as shown in figure 15, a double frequency is
observed, whereas if the hyperfine field lies in the detector plane only one frequency is visible.
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Thus, the orientation of the hyperfine field relative to the detector plane is uniquely determined
by two orientations of the sample with respect to the detector plane. A typical example is
shown in figure 16. This method is therefore capable of detecting the magnetic state in Cr
films and of distinguishing between commensurate, incommensurate and paramagnetic phases.
Furthermore, the PAC technique has the advantage of being sensitive to the absolute volume
fraction of any coexisting phases and to their simultaneous magnetic moments. However, it
does not yield information on the orientation of the ordering wave vector. Therefore it is not
possible to distinguish between L-SDW and T-SDW. On the other hand, the hyperfine field
value depends on the polarization of the SDW, being larger for longitudinal polarization than
for transverse. Therefore the hyperfine field value provides an indirect indication even for the
polarization of the SDW [63].

Mössbauer spectroscopy is an alternative method to perturbed angular correlation
spectroscopy, yielding information on hyperfine fields, magnetic order and anisotropy.
However, there is no Cr isotope which could be used as a nuclear probe. Therefore, all
information about Cr is indirect from either implantation of nuclear probes or by Mössbauer
active isotopes in adjacent layers. Obviously,57Fe is the isotope of choice. However, in this
case the ferromagnetism of Fe is probed more than the antiferromagnetism of Cr, since the
hyperfine field of the surrounding Fe atoms is stronger than the hyperfine field from the distant
Cr film [64]. An exemption is the119Sn isotope, which has also been used as a Mössbauer
probe in paramagnetic Sn layers. In this case a hyperfine field distribution can be detected
even at some distance to the antiferromagnetic Cr layers [65, 66].

5. Experimental results

5.1. Growth studies of Cr

Because of the exciting theoretical predictions concerning the magnetism of single Cr layers
and superlattices containing Cr spacer layers, a substrate for perfect and uniform epitaxial
growth of single Cr films is in high demand. A number of substrates have been tested for Cr
growth with different success, including Al, V, Fe, Co, Cu, Ag, Nb, W and Au. Furthermore, Cr
has been grown on semiconductor substrates such as Si and GaAs, and on insulator substrates
LiF and MgO. The growth of thin epitaxial films is reviewed by E Bauer in this volume [67].
Therefore only some specific cases will be considered here.

Because of the very good lattice match between Cr on Ag(001) and Au(001), these surfaces
would be ideal candidates for layer by layer growth. However, Cr on Au(100) shows a tendency
for alloying at the interface (Hanfet al [68]) and Cr on Ag(100) exhibits a tendency of island
growth even in the submonolayer region and at room temperature (Krembelet al [69]). After
a coverage of 4–5 ML, the Cr film resembles more that of a bulk Cr surface.

Sonntaget al [70] have studied to some extent the MBE growth of Cr(110) on
Nb(110)/Al2O3(112̄0). Cr(110) forms a single domain structure on Nb(110) and the lattices
exactly align in the plane. The perpendicular coherence length of the Cr film is about 90% of
the total film thickness, and the out-of-plane mosaicity is 0.6◦, whereas the in-plane mosaicity
ranges from 0.3 to 0.9◦. The Nb buffer layer on the sapphire substrate is elastically relaxed and
exhibits the intrinsic lattice parameter. Between Nb and Cr there is a lattice mismatch of 14%.
With this large lattice mismatch one should expect that the Cr lattice relaxes within the first
few monolayers. Contrary to expectations, the elastic relaxation of the Cr films turns out to
be quite unusual. While the in-plane lattice relaxes with increasing film thickness towards the
bulk lattice parameter in the expected way, the out-of-plane lattice parameter does not exhibit
a corresponding Poisson response. Instead the Cr out-of-plane lattice parameter maintains its
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bulk value for all thicknesses independent of the in-plane relaxation. It was speculated that
there is a correlation between the single domain longitudinal SDW for Cr(110) films on Nb
and the anomalous elastic behaviour.

Bödekeret al [56] have studied in detail the MBE growth of Cr(001) on Al2O3 (11̄02)with
an Nb(001) buffer layer, using RHEED, LEED, Auger and x-ray analysis. At the optimized
growth temperature of 450◦C a layer-by-layer growth was observed with essentially no increase
of the surface roughness. Post-growth annealing improves further the surface quality and
structural coherence of the Cr film. The out-of-plane structural coherence lengths comprise
typically 50–80% of the total film thickness, whereas the in-plane structural coherence lengths
lie between 250 and 350 Å. The out-of-plane and in-plane mosaicities are 0.2–0.3 and 0.3–0.4◦,
respectively, which is slightly better than for Cr(110) films. The epitaxial relationship between
Cr(001) and Nb(001) is such that the{100} axes of both metals are parallel.

Cr growth on W(100) and W(110) should be comparable to the growth on Nb(100)
and Nb(110). The difference is a smaller lattice mismatch in the former system (9%) as
compared to the latter (14%). Berlowitz and Shinn [71, 72] have studied the Cr growth on W
from the monolayer range up to a couple of monolayers. While layer-by-layer growth and
pseudomorphic (1× 1) structures are observed on both substrate orientations at 100 K with a
stability of up to about 1300 K, thicker films show the Stranski–Kastranov growth mode forming
three dimensional clusters on top of the pseudomorphic Cr/W monolayers. At the same time the
thermal stability of the layer is much reduced to about 400–500 K. The desorption experiments
showed that the bonding of Cr on both W substrates is stronger than Cr to itself. The same
workers also noted that there is an interesting variance in the work function behaviour for Cr/W
as compared to other metal overlayers in that there is little difference between the work function
of one ML Cr on W and the work function for bulk Cr. This appears to reflect a subtlety in the
charge transfer between W and the top Cr layer and could also have an effect on the boundary
conditions for the SDW at the Cr/W interface as soon as it emerges in thicker Cr layers.

Cr growth on LiF(001) has been studied in detail by Mattsonet al [73]. The optimal
growth conditions are cited as 400◦C. At this temperature, Cr first grows in a mixed mode
followed by a layer-by-layer growth beyond 200 Å.

Cr and Al are both bcc metals with a fairly small lattice mismatch of only 0.7%. Thus,
from a misfit point of view, Cr should grow well on Al. On the contrary, Kimet al [74] showed
that already a fraction of a monolayer of Cr on Al(001) leads to an immediate loss of the LEED
pattern, destroying even the crystalline structure beneath the surface. Continued deposition
restores the Cr structure, which appears to have the same orientation as the Al substrate,
although film and substrate are separated by a disordered interface a couple of monolayers thick.

Cr growth on Co(0001) is different from the heteroepitaxial systems mentioned before,
because of the different symmetries. Ohresseret al [75, 76] find that the growth of Cr on
Co(0001) strongly depends on the substrate temperature. At room temperature a layer-by-layer
growth mode is observed with a Nishiyama–Wassermann epitaxial relationship, while at higher
temperatures the interface becomes diffuse and epitaxial islands form with Kurdjumov–Sachs
epitaxial orientation.

Metokiet al [77] have studied the growth of Co/Cr(001) superlattices. When starting with
the growth of Co on Cr(001), Co grows pseudomorphically with a pseudo-bcc structure, which
relaxes back to the intrinsic hcp structure after deposition of about 40 Å. Then the [0001] axis
lies in the film plane parallel to the Cr[110] axis. Deposition of Cr on this Co surface leads
to a sudden relaxation of the pseudomorphic Cr structure to bulk-like bcc after deposition of
5 ML.

Investigations of Cr growth on Fe and vice versa is most important as these interfaces have
model character for testing theories concerning exchange coupling effects and the intrinsic
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Figure 17. Plot of the Cr concentration in the surface layers versus Cr deposition for a growth
temperature of 300◦C. The empty and filled circles represent the concentrations on the substrate
and the first growth layer, respectively (from Davieset al [78]).

magnetic order of Cr. Although the growth of Cr on Fe should be almost ideal due to the close
lattice match and the availability of nearly perfect, single crystal Fe(001) whisker substrates,
experimental evidence tells us otherwise. Using scanning tunnelling microscopy and tunnel
spectroscopy, Davieset al [78] have shown that under layer-by-layer growth conditions Cr
deposition leads to the formation of a Cr–Fe alloy within the first few monolayers. At a growth
temperature of 300◦C only one out of every four deposited Cr atoms remains in the surface
layers; the others diffuse to subsurface sites. After completion of 1 ML Cr, only a fraction of
about 0.10 ML resides in the surface layer, as shown in figure 17. The tunnelling spectroscopy
measurements suggest that the first predominantly Cr layer occurs at a Cr coverage of no more
than 2–3 ML. Interdiffusion also takes place below the surface and may go as deep as to the third
layer below the surface, as indicated by angle-resolved Auger electron spectroscopy by Venus
and Heinrich [79]. Cr growth on Fe whiskers has also been studied in detail by Pierceet al [80].
STM images after deposition of 5 ML of Cr at 50◦C show island growth with a mean square
roughness of 0.86 ML. At 215◦C the island size has increased by a factor of 20 and the rms
roughness is reduced to about 0.47 ML. At 300◦C true layer-by-layer growth is observed. On
the other hand, Fe growth on Cr is much more perfect and interdiffusion is hardly recognized.

Cr growth on Cu(001) was investigated by Lawleret al [81] in the hope of finding a
pseudomorphic fct phase. However, no indication for such a structure has been obtained even
in the submonolayer region. The growth is found to be three dimensional in character with the
formation of irregular multilayer high islands forming four equivalent domains. A number of
studies with different methods assure that Cr retains its bulk bcc structure on Cu(001) [82–84].

5.2. Magnetism of Cr monolayers and surfaces

The magnetism of Cr monolayers or sub-monolayers on Fe(001) has been investigated by
a number of groups with different experimental techniques [85–97]. However, there is
considerable disagreement between the corresponding experimental investigations and also
between the experimental and the theoretical results. For example, Jungblutet al [85] used
spin resolved core-level photoemission spectroscopy (SPPS) and estimated the Cr moment to be
about 1µB for a ferromagnetic Cr monolayer coupled antiferromagnetically to Fe(001). From
a similar SPPS study by the same group a value of 0.5–1.0µB /atom is reported [86]. A spin
polarized electron-energy loss spectroscopy (SPEELS) study by Walkeret al [87] measured
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Figure 18. Magnetization profile of a thin Cr overlayer on Fe(001) obtained from energy resolved
and spin polarized secondary-electron emission (from Fuchset al [90]).

the exchange asymmetry of Cr monolayers on Fe and found that it has the opposite sign to
the Fe spectrum and an enhanced magnetic moment. From an exchange splitting of 1.9 eV
they infer a moment of roughly 1.9µB /atom for 1 ML Cr on Fe. Furthermore, with increasing
coverage the exchange asymmetry oscillates with a period of 2 ML, clearly indicating the
antiferromagnetic order of Cr within this thickness range. Idzerdaet al [88, 89] deduced the
magnitude of the magnetic moment from soft-x-ray magnetic circular dichroism measurements
and found 0.6µB for a Cr coverage equal to 0.25. In contrast, Fuchset al [90] find by energy
resolved spin polarized secondary-electron emission a large spin polarization of Cr on Fe
with a magnetic moment of 1.8± 0.2 µB /atom coupled antiparallel to Fe. The polarization
changes sign after completion of the first monolayer and remains positive for thicker layers.
These results, reproduced in figure 18, are in general agreement with SPPS experiments
by Xu et al [91], reporting also a magnetic moment of 1.8µB /atom for a submonolayer
coverage. Finally, a recent and controversial study by Turtur and Bayreuther [92], using an
in situalternating gradient magnetometry technique, determined a magnetic moment of about
4µB /atom antiparallel aligned for the first Cr monolayer on Fe.

Several authors have tried to explain the disagreements among the experimental results.
From an experimental point of view, the Cr magnetism is highly sensitive to the structure of
the interfaces and to interfacial roughness as suggested by the study of Cr on Fe(001) whiskers
by Davieset al [78]. Surface preparation and cleanness is therefore of utmost importance.

Only a few reports have been published on the surface magnetism of bulk Cr, probably
due to the difficulties encountered in preparing a clean surface. During repeated cleaning
cycles residual contaminations diffuse to the surface and may change the surface structure and
magnetism. Klebanoff has studied the Cr surface by angle resolved photoelectron spectroscopy
[93–95]. The spectral features are claimed to be consistent with a surface-sensitive
enhancement of the 3d polarization, yielding evidence that the Cr(001) surface is in a
ferromagnetic state with an associated surface magnetic moment of 2.4µB /atom. From the
temperature dependence of the splitting of the surface resonance state a transition temperature
of 780 K was estimated.

Berger and Hopster [96] have studied indirectly the Cr(001) surface by depositing Fe films
with different thicknesses and measuring magnetic hysteresis loops of the top layer via the
magneto-optical Kerr effect. The coercivity field showed a strong temperature dependence
below 130 K, independent of the Fe film thickness, resembling a phase transition. Clearly
this effect is connected with the Fe–Cr antiferromagnetic interface exchange coupling and
possibly reflects the bulk spin flip transition, which occurs atTSF = 123 K. Similarly the
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interface exchange coupling of thin Fe on stepped Cr(001) with steps parallel to the [100]
direction was investigated by Escorcia-Aparicioet al [97]. Above the bulk Ńeel temperature
the steps induce a uniaxial magnetic anisotropy with easy axis parallel to the step edges along
the [100] direction, whereas forT < TN the interface coupling favours the Fe magnetization
perpendicular to the step edges if the step density is low.

Wiesendangeret al [98] performed STM measurements on the Cr(001) single crystal
surface. Using a ferromagnetic CrO2 tip and spin polarized tunnelling techniques they observe
a periodic alteration of the step height between larger and smaller values compared to the non-
polarized detection of the step height, which the authors interpret as being due to a topological
antiferromagnetism as proposed by Blügelet al [26].

In conclusion, the surface studies agree on the fact that 1 ML of Cr on Fe is
ferromagnetically ordered, exhibits an enhanced magnetic moment and is oppositely polarized
to the Fe substrate. The exact value of the surface moment is converging to about 1.9µB ,
which is a factor of two lower than theoretical predictions. This may still be the result of
unavoidable intermixing at the Cr/Fe interface.

5.3. Spin density waves in Cr films

5.3.1. Cr films interacting with paramagnetic boundary layers.The spin density wave
magnetism in thin epitaxial Cr films has recently been investigated via x-ray and neutron
scattering by Sonntaget al [59, 99]. Cr(001) films were grown on an A2O3(11̄02) substrate
with an Nb(001) buffer layer. Aside from a native oxide layer, these films were not covered
by another metallic film. The most prominent features of the SDW in thin epitaxial Cr films
comprise a singleEQ±-state propagating perpendicular to the growth plane, a period for the
I-SDW which is much larger than in bulk and which scales with the inverse film thickness
and a spin flip transition from longitudinal to transverse I-SDW shifting up in temperature as
the film thickness decreases. The single and longitudinalEQ±-state oriented perpendicular to
the plane becomes more prominent with decreasing film thickness. Figure 19 reproduces the
SW satellite reflections close to the (002) Bragg reflection in a 3000 Å thick Cr(001) film for
different temperatures as revealed by scattering experiments with synchrotron radiation. The
(002) Bragg reflection is taken out for clarity. The temperature dependentEQ±-position and
intensity approaching the Ńeel transition is clearly visible. Additional neutron scattering shows
that above the Ńeel temperature a fraction of the sample remains in a C-SDW persisting up to
about 400 to 500 K. One of the samples used for scattering experiments (2500 Å thick Cr(001)
film on a 500 Å thick Nb buffer layer) was also examined with PACS methods by Meersschaut
et al [63] in order to test the comparability of these two techniques for determining SDW order
in thin films. The PACS experiments confirm that the spins are oriented out of plane and that
the I-SDW has longitudinal character with no flip transition up to the Néel temperature of
325 K. Above this temperature the sample is in a paramagnetic state with a small fraction of
the sample (15%) still being in a commensurate state. In the commensurate state the hyperfine
field is substantially enhanced, reflecting a Cr magnetic moment of 0.9µB .

The Nb substrate provides an in-plane tensile stress on the Cr film. In bulk samples,
EQ± would then be oriented parallel to the tensile stress axis, which is in conflict with the

observations for Cr films on Nb. It appears that the electronic boundary condition between Cr
and Nb plays a more important role than the stress for the orientation ofEQ±. On the other hand,
the SDW period and the spin flip transition, which scale with the film thickness are indicators
for the residual stress in the Cr film.

Bödekeret al [48, 56] have also determined the effect of a 20 Å thick Cu cap layer on
the phase diagram of 2000 Å Cr(001) film via neutron scattering. They found that the cap
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Figure 19. Strain wave satellite reflections on both sides of the Cr(002) reflection of a 3000 Å
thick Cr(001) film on Nb/sapphire over a temperature range from 20 to 320 K, measured with
synchrotron radiation (from Sonntaget al [59]).

layer has no effect on the longitudinal character of the I-SDW, again existing from the lowest
temperature up to the Ńeel temperature. As in the uncovered Cr film, the spin flip transition
is suppressed. A commensurate SDW becomes noticeable close to the Néel temperature, in
agreement with the uncovered Cr film. Bödekeret al noticed that the Pd cap layer improves
the coherence length of the SDW order in the Cr film as compared to those interacting with
ferromagnetic cap layers. This may be caused by an exchange enhancement via the Pd cap
without introducing frustration effects at interfaces containing steps. In figure 20 scattering
results from the same Pd/Cr heterostructure using synchrotron radiation are shown. In contrast,
a Cu cap layer is essentially inert, and the SDW order and phase transition is comparable to
that of an uncovered Cr film [56].

Recently the SDW magnetism in Ag/Cr(001) superlattices was probed with PAC methods
by Demuyncket al [62]. Ag/Cr superlattices are promising as model systems for studying the
intrinsic SDW magnetism of Cr in confined environments without interference with proximity
effects. The Cr spacer thickness was varied from 30 to 80 Å, just above the critical thickness for
the stability of a I-SDW. In spite of the rather good lattice match a strong out-of-plane contrac-
tion of the Cr lattice parameter is observed in the superlattice. The PAC time spectrum uniquely
determines that an I-SDW with spins normal to the plane exists. From the hyperfine field it is
inferred indirectly that the I-SDW has longitudinal character. Contrary to the neutron results
for Cr on Nb, the longitudinal SDW (AF2) phase in Ag/Cr multilayers exists from the lowest
temperature up to 500 K, where it suddenly disappears. Demuyncket alargue that the enhanced
stability of the AF2 phase is due to the structural properties of the sample, in particular due to the
tetragonal distortion of the Cr layer. Decreasing the Cr spacer thickness from 59 to 51 Å leads
to a complete collapse of the I-SDW with no indication for the existence of a C-SDW order. For
this thickness the hyperfine field is quenched indicative for a paramagnetic state of the Cr film.

Mibu and Shinjo [65, 66] investigated Sn/Cr multilayers via Mössbauer hyperfine fields
at the119Sn nuclear sites in the Sn layer. Multilayers with different Sn thicknesses but fixed Cr
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Figure 20. Measurements with synchrotron radiation probing the strain waves in a 2200 Å thick
Cr(001) film capped with a 20 Å thick Pd layer. The scans, taken for different temperatures
and along the K direction across the (110) reflection, reveal an in-plane orientation of 2EQ±.
Corresponding neutron scattering measurements confirm that the SDW in Pd/Cr heterostructures
has a partial transverse polarization withEQ± in the film plane and partial longitudinal polarization
with EQ± out of plane (from B̈odekeret al [56]).

thickness of 50 Å show a large distribution of hyperfine fields at room temperature, indicating
Cr spin order. The maximum hyperfine field observed is larger than for Sn dissolved in Cr, and
even larger than for Sn in Fe or Co matrix. Mibuet al interpret this result as due to the contact
of Sn with the Cr layer and the penetration of spin polarized electrons into the Sn layer. Vice
versa, if for a constant Sn thickness of 20 Å the Cr layer thickness is varied between 30 and
100 Å, the hyperfine field at 300 K stays roughly the same, indicating that Cr is in a magnetically
ordered state over the whole thickness range. Even in Cr/Sn epitaxial multilayers with a Cr
layer thickness between 2 and 40 Å very large hyperfine fields were found, characteristic for
their antiferromagnetic order at room temperature and possible enhanced Néel temperature. A
distinction between C- and I-SDW is not possible with this method.

The experimental situation for Cr films in contact with paramagnetic layers is not clear
at the present time. Besides the compatibility check on one of the samples, there exists an
uncomfortable disagreement between some of the neutron and PAC data. Both techniques
agree that in Cr films, which are in contact with paramagnetic boundary layers, the L-SDW
(AF2) phase is predominant and that the spin flip transition is suppressed. Tetragonal strains
are considered to be responsible for this. However, for all samples the tensile strain is in the
plane, and therefore an in-plane orientation of the SDW wave vector would have been expected.
Furthermore, strain also induces a C-SDW, but a commensurate phase is either not observed at
all (Cr/Ag) or remains a minority phase (Cr/Nb and Cr/Nb/Cu). The high Néel temperature for
the incommensurate phase in Cr/Ag is totally unexpected, in particular since proximity effects
are not at work to support this spin structure. In Cr/Sn the presumable C-SDW order appears
enhanced whereas in Ag/Cr a collapse of the C-SDW order is observed. Whether an antinode
exists at the Cr/noble metal interface, as expected for smooth interfaces, is not known.

5.3.2. Thin Cr films in contact with ferromagnetic layers.First we shall briefly describe
the by now classical experiments by Unguriset al [100, 101]. This group has deposited a Cr
wedge on an Fe whisker with (001) orientation and covered the wedge with a thin Fe film.
The domain structure of the top Fe layer was imaged by a scanning electron microscope with
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Figure 21. Image of the domain structure in an Fe layer covering a Cr(001) wedge grown
on an Fe(001) single crystal whisker substrate. The image was taken with a scanning electron
microscope including polarization analysis of the secondary electrons (SEMPA). The arrows mark
Cr layer thickness in monolayers where phase slips in the domain structure occur, due to the
incommensurability of the SDW (from Unguriset al [100]).

polarization analysis (SEMPA). Figure 21 reproduces the SEMPA results. Dark and white
stripes alternate, whenever the Cr thickness changes by one ML. Two sets of striped domains
run parallel along the whisker axis shifted by a constant phase factorπ , because the whisker
contains two antiparallel Fe domains with the magnetization vectors oriented along the whisker
axis. The striking feature of these experiments can be summarized as follows. The domains
alternate in the lateral direction with a periodicity of two Cr monolayers. Periodic phase slips
are visible at positions 24, 44 and 64, i.e. at distances of 20 ML. At the phase slips, even and
odd numbers of Cr MLs lead to the same coupling. ForN < 23, F coupling occurs for an
evenN rather than for an oddN , as would have been expected for an ideal interface. This
has been attributed to interfacial roughness and alloying of the first Cr ML on the Fe whisker,
as observed by Pierceet al [80] and Davieset al [78]. ForN < 23, the Cr spacer appears to
be C-SDW ordered. The first node indicates I-SDW order forN > 23. The incommensurate
order is stable at least up to 550 K, beyond which interdiffusion takes place and destroys the
heterostructure. The distance between the nodes depends on the temperature and increases
smoothly up to 550 K, similar to the increase ofEQ± with temperature observed in bulk Cr
(figure 22). In contrast to bulk properties, in the Cr wedge I-SDW order exists far above the
bulk Néel temperature, at least up to 1.8TN , and for a Cr thickness of at least 70 ML.

These beautiful experiments tell us many features about SDW magnetism in thin Cr films
without really seeing the spin structure. In spite of the interface roughness, the Fe–Cr interface
coupling is still strong enough to place an antinode at the interface and induce proximity
magnetism in the Cr layer which withstands temperatures as high as 1.8TN . Whenever the Cr
thickness is incremented by one monolayer, the Fe in-plane magnetization switches direction.
Thus magnetic domains are not created in the Cr film but in the top Fe layer to overcome
possible frustration effects following a step at the Fe–Cr interface. Stretching of the SDW as
predicted by Shi and Fishman [36] seems not to take place since the distance between phase
slips is constant and in fact lower than in the bulk at the same temperature. The highly regular
pattern points to a rather rigid SDW period. The distance between the steps is larger than the
average magnetic domain wall thickness in the Fe layer. Therefore the magnetic domains in
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Figure 22. The temperature dependence of the distance between nodes of the SDW (1/δ) for bulk
Cr according to [11] (open triangles) and for the Fe/Cr/Fe heterostructure shown in figure 21 as
determined by the distance between the phase slips (solid circles). The arrow marks the bulk Néel
temperature. The SDW in the Cr wedge exists to much higher temperature than in the bulk (from
Unguriset al [100]).

Figure 23. Schematic representation of the ideal magnetic structure depicted for the situation
present in 250 Å thick films in proximity with Fe layers. The incommensurate spin-density wave
propagates in the out-of-plane direction and the Cr spins are oriented in the plane, allowing for an
antiferromagnetic exchange interaction at the Fe/Cr interface.

the top Fe layer can follow the directional change of the Cr spins at the Fe–Cr interface. This
is another proof of the fact that the surface of Cr is ferromagnetically ordered with a layered
antiferromagnetic structure. From these visual inspections we can infer that in the Cr film the
I-SDW is transverse withEQ± perpendicular to the plane and spins in the plane, as sketched in
figure 23.

The SDW order in Fe/Cr multilayers was also investigated by Fullertonet alwith neutron
scattering [102]. For a Cr thickness of 115 Å the structure factor around the (001) reflection ex-
hibits two satellite reflections at positions comparable to those in the bulk. From the position of
the satellite reflections and using the selection rules for neutron scattering, it can be inferred that
in the Fe/Cr multilayer a transverse I-SDW exists withEQ± normal to the layers. The neutron
scattering data are shown in figure 24. No evidence for a longitudinal SDW has been seen nor
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Figure 24. Neutron scattering from Fe/Cr superlattices with different Cr spacer thickness. The left
panel shows the experimental neutron scattering results; the right panel reproduces the results of a
structure factor analysis for the determination of the magnetization profile in the Cr layers (from
Fullertonet al [102]).

for an SDW with an in-planeEQ±, asserting that the Cr layers are in a singleEQ±-state. For thin-
ner Cr layers the scattering pattern becomes more complex. A careful structure factor analysis
shows that the SDW period is independent of the thickness. However the phase changes with
thickness. As figure 25 shows, for multilayers with a Cr thickness of 115 and 63 Å the nodes of
the SDW are located close to the interface. For 51 Å thick Cr the antinode lies at the Fe–Cr in-
terface and two nodes occur in between, forming half an SDW period. Below this thickness the
SDW order collapses, and for 31 Å Cr possible C-SDW order may exist. The temperature vari-
ation of the structure factor shows that the Néel temperature depends on the Cr layer thickness,
in good agreement with magnetic hysteresis measurements by the same authors, indicating
finite size scaling of the bulk Ńeel temperature with decreasing Cr film thickness [103].

Schreyeret al [104] have studied with neutron scattering an Fe/Cr(001) superlattice
with a Cr thickness of 80 Å and compared interlayer exchange coupling with SDW order.
While at low temperatures a transverse I-SDW exists withEQ± normal to the film, I-
SDW order vanishes by passing a transition region aboveTN(tCr = 80 Å) = 200 K
and is replaced by a C-SDW. The C-SDW exhibits a much higher Néel temperatureTNC
of about 500 K. The same sample was also examined by reflectivity experiments with
polarized neutrons probing the Fe-layer magnetization vectors [105]. Combining both
scattering techniques it was concluded that in the low temperature I-SDW phase the exchange
coupling is weak, whereas in the high temperature C-SDW phase the Cr spin structure
mediates a strong exchange coupling, causing the magnetization vectors of adjacent Fe
layers to enclose a non-collinear angle. This notion has been confirmed by several neutron
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Figure 25. Neutron scattering from an Fe/Cr superlattice with a Cr spacer thickness of 42 Å. In the
centre is shown a scan at the (010) Bragg position in thez-direction. The commensurate Cr(010)
peak is modulated by the magnetic superlattice periodicity, which has twice the chemical periodicity.
The inset in the upper left corner shows polarized neutron reflectivity data, revealing a non-collinear
arrangement of the Fe layer magnetization vectors. In the upper right inset is sketched the most
reasonable spin structure in the Fe/Cr superlattice with respect to the experimentally determined
boundary conditions. Those include a non-collinear Fe magnetization, a doubling of the magnetic
periodicity compared to the chemical and a commensurate Cr spin structure, which is twisted in
order to take advantage of the interface exchange coupling (from Schreyeret al [104]).

scattering experiments on Fe/Cr(001) superlattices [104–109]. In particular, for an Fe/Cr
superlattice with a Cr spacer thickness of 40 Å, neutron scattering studies confirmed a
non-collinear Fe layer magnetization together with a commensurate Cr spin structure being
modulated by the same periodicity as the Fe layers. The neutron scattering results are
reproduced in figure 26 from the work of Schreyeret al [104]. They are consistent with
the proximity magnetism model discussed in section 3.4 for an intermediate level of interface
roughness.

Neutron diffraction and reflectivity studies by Fullertonet al [102, 106] and Adenwalla
et al [107] on Fe/Cr(001) superlattices grown on MgO(001) substrates confirm these results.
These authors believe, however, that in thin Cr layers the interface disorder may be sufficiently
high to suppress either the long range order of the Cr moments or the magnitude of their
magnetic moments, such that Cr would exhibit only local order or be in a paramagnetic state.
In contrast, the neutron scattering results by Schreyeret al [104, 108] assure that whenever
Cr is not in an I-SDW state, it is commensurate antiferromagnetic due to the proximity with
the ferromagnetic Fe layers, more precisely in a helical state. These conflicting statements
about the Cr spin order in very thin films are most likely due to different levels of interface
roughness, which, in turn, depends on the growth methods and substrates chosen.



9336 H Zabel

Figure 26. Neutron scattering on a 3000 Å thick Cr(001) film covered with a 20 Å thick Fe(001)
layer to explore the orientation and polarization of the spin-density waves for different temperatures
from 30 to 450 K. Scans are shown in different directions in the reciprocal space as sketched close
to the respective panels, where the filled circles represent existing peaks while open circles indicate
satellite positions scanned but no intensity detected at 50 K (from Bödekeret al [56]).



SDW magnetism of thin Cr films 9337

Meersschautet al [60] have studied the SDW order in an Fe/Cr(001) superlattice by
the PAC method and found for a Cr thickness between 40 and 60 Å an I-SDW phase at low
temperatures and a rapidly increasing Néel temperature with increasing film thickness. For a Cr
thickness between 75 and 400 Å this group determined from the PAC time spectra a longitudinal
SDW structure with spins andEQ± oriented normal to the plane. The Néel temperature for this
spin structure was reported to be much higher than in bulk Cr. For a thickness below 60 Å, no
magnetic moment of Cr could be detected and it was concluded that Cr would be non-magnetic
or paramagnetic below 60 Å.

Although the exchange coupling and in particular the biquadratic coupling, as we noted,
is strong only for a commensurate Cr spin structure, it is still much weaker than expected
theoretically. Recent studies by Venus and Heinrich [79] show that the interface exchange
coupling at the Fe/Cr interface is 1/30 smaller than expected for perfect coupling without
interface roughness, as determined by first principles calculations (Stoeffler and Gautier [110]).

5.3.3. Thick Cr films in contact with ferromagnetic layers.After discussing the thin film
case, we now turn our attention to thicker Cr films in contact with ferromagnetic boundary
layers. B̈odekeret al [48, 56] have studied the SDW order in Cr(001) films in contact with
ferromagnetic layers via x-ray and neutron scattering. Starting with a Cr film thickness of
3000 Å covered with a 20 Å thick Fe layer, a singleEQ± state and transverse I-SDW is
expected belowTN with EQ± oriented perpendicular to the film plane because of the in-plane
magnetization of the Fe layer and the AF coupling at the Fe–Cr interface, as sketched in
figure 23. Contrary to expectations, the scattering experiments univocally show thatEQ± is
oriented parallel to the film plane with the Cr magnetic moments pointing in the direction
normal to the film plane and to the Fe in-plane magnetization. A typical neutron scattering
experiment from a 3000 Å thick Cr(001) film capped with a 20 Å thick Fe(001) layer is shown
in figure 26. The scans are taken at four specific points in reciprocal lattice to ascertain the
orientation and polarization of the I-SDW.

The transverse I-SDW with in-plane orientation ofEQ± has been explained by Bödekeret al
[48] and Hucht [49] in terms of steps and kinks at the interface, as discussed in section 3.4. A
transverse I-SDW with in-plane orientation ofEQ± and spins out of plane has also been reported
for about 3000 Å thick Cr films covered with Ni or Co cap layers. In none of the cases do the
cap layers change the Néel temperature, remaining bulk-like for this thickness range [56].

Upon reduction of the Cr film thickness, Bödekeret al [56] observe a rotation ofEQ±
from in-to out-of-plane orientation. The re-orientation starts at a Cr thickness of about 750 Å
and is completed at about 250 Å. Neutron scattering results from a 250 Å thick Cr film
sandwiched between Fe layers are shown in figure 27. The reorientation of the SDW is obvious
by comparing figures 26 and 27. Bödekeret al argue that below 250 Å interfacial exchange
coupling wins over the frustration effects, the Cr layer thickness for which the transition
occurs being an indication of the average terrace length. A qualitative phase diagram for the
orientation of the spin-density waves in epitaxial Cr(001) films covered with a thin Fe layer as
a function of the Cr film thickness is reproduced in figure 28 from the work of Bödekeret al
[56]. It reproduces the situation present at about 100 K.

5.3.4. Scaling of the Ńeel temperature. The earliest report of a thickness dependence of the
Néel temperature was given by Mattsonet al [73]. By measuring the resistivity they observed
a reduction ofTN from the bulk value at 3000 Å to 235 K at 400 Å. The authors concluded
that the reduction is due to epitaxial stress from the lattice mismatch between the Cr film
and the LiF substrate, which becomes enhanced due to a mismatch of the thermal expansion
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Figure 27. Neutron scattering results probing the spin density wave in a 250 Å thick Cr film
sandwiched between 20 Å thick Fe layers all with (001) orientation. From the observation of
satellite reflections at the positions (0, 0,±δ), (0, 1,±δ) it can be inferred that the spin density
wave is transverse withEQ± oriented parallel to [001] (from B̈odekeret al [56]).
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Figure 28. Qualitative phase diagram of the spin-density waves in epitaxial Cr(001) films covered
with a thin Fe layer as a function of the Cr film thickness. The phase diagram represents the
situation at about 100 K. The arrows indicate the orientation of the Cr magnetic moment, where
the vertical direction corresponds to spins oriented perpendicular to the film plane (from Bödeker
et al [56]).

Figure 29. The Ńeel tempeatureTN for a series of [Fe(14 Å)/Cr(tCr Å)]×13 superlattices against
Cr thicknesstCr . The open circles are the measured values, and the dashed and solid curves are
fitted by equations (8) and (15), respectively (from Fullertonet al [103]).

coefficients at low temperatures. It is well established that the Néel temperature exhibits a
negative uniaxial pressure coefficient thus explaining rather well the shift ofTN with Cr film
thickness. A possible scaling effect could not be separated.

Fullerton et al [103] have shown via transport measurements and magnetic hysteresis
curves that the biquadratic coupling of Cr observed forT > TN becomes reduced below
TN , the Ńeel temperature depending critically on the Cr film thickness in Fe/Cr/Fe trilayers.
The scaling of the Ńeel temperature with the layer thickness is expected to follow equation
(8). However, the experiments show a strong deviation from the simple scaling behaviour at
low temperatures, pointing to the existence of a magnetically dead layer with thicknesst0.
Rephrasing equation (8) yields

TN(∞)− TN(tCr)
TN(tCr)

= b(tCr − t0)−λ′ (14)
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Figure 30. Magnetic phase diagram of the Fe/Cr system as determined by magneto-optical Kerr
effect and neutron scattering experiments. The solid lines separate regions for the incommensurate,
commensurate and paramagnetic state of Cr as a function of Cr layer thickness and temperature.
The solid line between the CSDW and ISDW states exhibits the scaling behaviour already visible
in figure 29. The solid line between the CSDW and PM phases is due to the proximity induced
antiferromagnetic order in Cr via the Fe layers. The different regions can also be characterized by
their exchange coupling strength between the Fe layers.Tu–c andTc–u then designate the transition
temperatures between uncoupled and coupled Fe layers, and vice versa, respectively (from Schmitte
et al [111]).

which fits much better the experimental results, as shown in figure 29. Below a thickness oft0 =
44 Å or 30 ML the Ńeel temperature for the I-SDW completely vanishes. Thus the hysteresis
measurements yielded two important results about the SDW magnetism in thin Cr films: scaling
behaviour of the Ńeel temperature and a collapse of the I-SDW magnetism for film thicknesses
smaller than 30 ML. This critical thickness matches about the extension of half a period of the I-
SDW in Cr at low temperatures. In contrast, the experiments by Unguriset al[100] clearly show
AF order starting with the first Cr monolayers. The contradiction is lifted by considering the in-
terface quality. As discussed previously, a smooth interface allows a maximum coupling of the
Cr spins to the Fe layers, including a proximity enhanced magnetism even aboveTN and below a
Cr thickness for which an I-SDW would not be possible. However, for a rough interface a node
is required at the interface excluding C-SDW order. Then the limit for I-SDW order corresponds
to half a SDW period or about 30 ML, in very good agreement with the results by Fullertonet al
[102] and Schreyeret al [104]. In figure 30 a combined phase diagram including neutron scat-
tering results of Schreyeret al[104] and magneto-optical Kerr effect measurements of Schmitte
et al [111] is reproduced. The solid line between the I-SDW and C-SDW is in agreement with
the results of Fullertonet al [102]. According to this phase diagram the Néel temperature for
the I-SDW scales with the film thickness, similar to the phase diagram shown in figure 29. In
addition it shows that outside of the existence region of the I-SDW, Cr exhibits either a com-
mensurate, helical or mixed spin structure. In particular, for a thickness below 30–40 Å, Cr
is in a commensurate state. The commensurate antiferromagnetic structure exhibits a higher
Néel temperature of roughly 500 K, which increases slightly with decreasing film thickness.

Using FMR spectroscopy from a capping Fe layer deposited on Cr films, Pflaumet al
[112] observed a strong temperature dependence of the resonance field. At a characteristic
temperature the resonance field deviates from a linear behaviour. Identifying this temperature
as the spin flip transition, Pflaumet al find a scaling behaviour of the spin flip temperature
with Cr thickness for a thickness range of 30 Å< tCr < 5000 Å. A similar observation was
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(111)-rod 

Figure 31. (11L) crystal truncation rod measurements of the plain Cr(001) surface and after
deposition of three monolayers of Fe. The hump between the (110) and (111) reflection is due
to a relaxation of the top surface layer. Model calculations show it can only be described by the
assumption of an outward relaxation of about 10% (from Stierleet al [113]).

made by Pflaumet al for the coercivity of the Fe film, which also scales with the Cr film
thickness. If both scaling behaviours are identified with the spin flip transition between the
AF1 and AF2 phase, then a completed suppression of the spin flip transition is observed below
a Cr film thickness of 60 Å. This cut-off is similar to the one discussed above for the scaling
of the I-SDW. The mechanisms for the spin flip transition in thin exchange coupled Cr films
with fixed boundary conditions to the Fe layers is, however, not clear.

5.3.5. In situ studies of Cr spin density waves.Cr films in contact with paramagnetic layers
or with vacuum exhibit an L-SDW withEQ± perpendicular to the film plane. Neutron scattering
and PAC experiments agree on this fact, although the reason for it is not yet clear. As soon as
the Cr film is in contact with a ferromagnetic layer the boundary conditions are changed and
interface structure and exchange dictates the orientation and polarization of the SDW. It would
be interesting to investigate the change of the boundary conditionin situ during deposition
of ferromagnetic films on Cr. Stierleet al [113] have studied with synchrotron radiation
the structure of a plain Cr(001) surface under UHV conditions and subsequently covered the
Cr surface with several monolayers of Fe while successively studying structural changes as
well as the satellite reflections from the strain wave. Figure 31 shows (11L) truncation rod
measurements of the plain Cr surface. After several cleaning cycles the top Cr layer appears
to be outward relaxed by 10%. This structural relaxation remains intact even after deposition
of a few Fe monolayers. Scans along the (H00), (0K0), and (00L) directions under surface
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Figure 32. Surface sensitive synchrotron study of the strain waves in Cr(001). Scans are only
shown for the in-plane [H00] direction. The clean Cr surface exhibits a strain wave parallel to
the film plane, which vanishes almost completely after deposition of a few monolayers of Fe. The
strain is then oriented along the [00L] direction and is associated with a transverse spin density
wave (from Stierleet al [113]).

sensitive scattering conditions are sensitive to the strain waves close to the surface. An example
is shown in figure 32. Before Fe deposition, SW satellite reflections are visible along theH

and along theL direction (not shown here). After deposition of 3 ML of Fe the in-plane strain
wave has almost completely vanished and only an out-of-plane strain remains. For a smooth
Cr surface this is to be expected, since then only a transition from L-SDW to T-SDW takes
place, both withEQ± normal to the film plane. On the other hand, for a rougher surface similar
synchrotron experiments within situ deposition of a few MLs of Fe show that a reorientation
of the strain wave from perpendicular to parallel to the film indeed occurs, as expected from the
spin frustration at the interface and in agreement with the experiments by Bödekeret al [48].

6. Summary and conclusions

The spin density wave magnetism in Cr films is as complex as it is spectacular and exquisite.
The SDW is not a rigid property, but it depends on many factors such as temperature, film
thickness, interface exchange coupling, hybridization with the adjacent layers and interface
roughness. The principal mechanism of the SDW magnetism in thin Cr films can be understood
on one hand by fulfilling the specific boundary condition at the interface and on the other
hand by the intrinsic incommensurate SDW magnetism, favouring bulk values for the SDW
amplitude and wave vector.

This review attempted to provide a brief overview of recent developments concerning the
magnetism of Cr at the surface and in thin films. The main results can be stated as follows. The
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surface magnetism of bulk Cr(001) clearly shows a ferromagnetic order with antiferromagnetic
coupling to the subsurface layer. The surface magnetic moment may, however, be lower than
expected theoretically. Stierleet al noticed an outward relaxation of the top surface layer,
which may have an important impact on the magnetic moment density at the surface. Also the
magnetic moment of a Cr monolayer on Fe(001) turns out to be lower than expected. Aside
from the obvious reasons of interdiffusion and roughness at the interface, more fundamental
reasons for this include a possible ferrimagnetic order of Cr as predicted theoretically and a
reduction of the Fe moment in the subsurface layer.

Clear predictions exist for the spin structure of Cr monolayers on Pd, Pt and noble metals.
However the experimental research is lacking behind those predictions, in part because of
growth problems. The situation is better for Cr on Fe(001), for which a more consistent
picture is emerging. Cr on Fe(001) exhibits a ferromagnetic order with a local moment of
about 1.8µB and is antiferromagnetically coupled to the Fe substrate.

The investigation of thin Cr films and the observation of SDW as they emerge with
increasing thickness is most fascinating. Practically all theoretical and experimental studies
have investigated{001} oriented Cr films, since this is the major axis for the orientation of
the SDW. Cr in contact with vacuum or noble metals is predicted to exhibit an antinode at the
interface, if the interface is smooth. On the other hand, at the interface between Cr and Mo and
possibly also between other 4d and 5d metals, a node should exist. Experiments have not yet
confirmed this. However, neutron scattering and perturbed angular correlation spectroscopy
experiments agree that the longitudinal SDW is favoured over the transverse SDW if Cr is
in contact with vacuum or with paramagnetic layers. There is some disagreement about the
Néel temperature. While x-ray and neutron scattering results agree that the Néel temperature
for the incommensurate SDW is never higher than in the bulk and eventually scales with
the thickness, PAC experiments appear to indicate an enhanced Néel temperature in Cr/Ag
superlattices.

Among the studies considering Cr/ferromagnetic interfaces, the Cr/Fe interface is the most
important and intensively examined interface. Therefore we shall restrict our discussion to this
interface. Furthermore, it is useful to distinguish between thick and thin layers and smooth
or rough interfaces. For smooth interfaces and a Cr spacer thickness between Fe layers of
less than 20 monolayers, Cr experiences a proximity enhanced magnetism with antinodes at
the interface and a commensurate SDW in the spacer. If the Fe layers are free to rotate and
adapt to the number of Cr monolayers in between, Cr remains antiferromagnetic down to the
monolayer level and the Ńeel temperature of the commensurate phase increases with decreasing
Cr thickness, proportional to the magnetic moment density of Cr. Beyond 20 monolayers a first
node will appear, signalling the onset of intrinsic incommensurate SDW order. The SDW has
transverse character with spins in the plane and orientation of the SDW perpendicular to the
plane. Thus, the in-plane magnetization of the Fe layers and the antiferromagnetic exchange
coupling at the interface between Fe and Cr single out one particular transverse SDW. The
Néel temperature of the incommensurate SDW scales strongly with the Cr layer thickness.
Furthermore, the period of the SDW is a function of temperature and expands with increasing
temperature as in the bulk. Therefore, if for a finite film thickness an incommensurate SDW
exists at low temperatures, a transition from an incommensurate to a commensurate phase
occurs at higher temperatures, before the Cr films finally become paramagnetic at an even
higher temperature.

If the interface is very rough, nodes are required at the interface and the Cr layer loses
contact with the proximity enhancing neighbouring layers. Then the Cr layer has no choice
but to be either in an incommensurate state for thick enough layers, or becoming paramagnetic
with decreasing film thickness or increasing temperature.
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The most interesting case is the one with an intermediate level of roughness. Point defects
due to interdiffusion may be considered as gentle defects. They only shift the phase but leave
the antinode close to the interface. Monatomic high steps constitute much more severe defects.
If the step separation is smaller than the Cr film thickness, the orientation of the SDW ordering
wave vector is being rotated from perpendicular to in plane, while preserving the transverse
polarization. With decreasing film thickness the SDW resembles more the one for a smooth
interface, trying to keep the antinode at the interface and setting up a transverse SDW with
spin in the plane and wave vector out of plane. Upon further reduction of the film thickness
an incommensurate–commensurate transition takes place similar to the situation for smooth
interfaces. However, the steps at the interface are now compensated by two commensurate
and twisted SDWs on either side of the step, turning counter-clockwise and coupling the Fe
in-plane magnetization vectors in the top and lower layer at a non-collinear angle.

Although an almost consistent picture emerges from these studies of the spin
density wave magnetism in thin Cr films, there is still a major discrepancy among the
experimental data. Assuming almost perfect interfaces, the Néel temperature for the
incommensurate–commensurate spin density wave scales with the thickness never exceeding
the bulk value, as shown by the magnetic phase diagrams in figures 29 and 30, gained from
neutron scattering experiments and magnetic hysteresis measurements. On the other hand, in a
Cr film wedged between Fe layers the Néel temperature can be about twice as high as in the bulk,
as shown in figure 22. Furthermore, since the distance between the nodes is a strong function
of temperature, for a fixed number of Cr monolayers an incommensurate–incommensurate
transition must occur in the Cr wedge with changing temperature, before reaching the phase
boundary for the incommensurate–commensurate transition. This scenario is in accordance
with theoretical predictions, but it has never been confirmed in Fe/Cr systems other than in
the Fe-whisker/Cr-wedge/Fe film used by the NIST group. Thus the discrepancies pointed out
may still be a question of interface quality.
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