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Charge-density waves and strain waves in thin epitaxial Cr(001) films on Nb

P. Sonntag and P. Bodeker
Institut fur Ezperimentalphysik, Festkorperphysik, R uhr Uni-versitat Bochum, 44780 Bochum, Germany

T. Thurston
Brookhaven Nationa/ Laboratory, Upton, ¹nYork 11978

H. Zabel
Institut filr Ezperimentalphysik, Festkorperphysik, Ruhr Univ-ersitat Bochum, 44780 Bochum, Germany

(Received 23 February 1995; revised manuscript received 9 May 1995)

We have investigated the magnetic structure of thin epitaxial (001)-oriented Cr 61ms grown on a
Nb bufFer layer on sapphire. By means of x-ray difFraction measurements the charge density waves
(CDW) and strain waves (SW) in Cr films with thicknesses between 500 and 3000 A have been
studied. The results show that there exists an orientational pinning efFect at both the Cr surface
and the interface between Cr and the Nb bufFer layer which causes an enlargement of the CDW-SW
period, and a single q domain mode having a q vector pointing perpendicular to the surface. This
pinning behavior relaxes with increasing film thickness.

I. INTRODUCTION

Below the Neel temperature of 311 K the itinerant
antiferromagnet chromium exhibits a spin density wave
(SDW) state, in which the spin density varies sinusoidally
in space. The wave vector of the modulation may point
along any (001) direction in the bcc Cr lattice. In
bulk Cr there exist domains with three equally occupied
modes of SDW's with their wave vectors parallel to the
three possible (001) directions. The period of the SDW
is incommensurate with the Cr lattice and the wave vec-
tor q is determined by the nesting of the Fermi surfaces.

In recent years Cr has attracted much attention as a
coupling medium in magnetic superlattices, in particu-
lar in Fe/Cr (Ref. 2) and in Co/Cr (Ref. 3) superlat-
tices. In the [001] direction the antiferromagnetic struc-
ture of Cr causes an oscillatory ferromagnetic and antifer-
romagnetic alignment of the adjacent ferromagnetic lay-
ers with a two-Cr-monolayer periodicity. This has been
beautifully demonstrated by Unguris et al. who grew
a Cr(001) wedge on an Fe wisker covered with another
Fe(001) film. Using secondary electron microscopy with
polarization analysis (SEMPA) the domain structure of
the top Fe film could be imaged. Whenever the Cr thick-
ness increases by one monolayer, the Fe magnetic do-
main switches its orientation by 180'. Furthermore, the
authors have shown that the Cr film in proximity of an
Fe layer remains in the Neel state well above the bulk
Neel temperature. Recent measurements of the coercive
field of Fe(001) on Cr(001) by Berger and Hopster seem
to indicate a single q domain state in Cr in proximity
with Fe, which is oriented parallel to the surface normal.
The observed spin flip transition from a longitudinal to
a transversal SDW at 120 K is in agreement with bulk
data. All these experiments have increased the interest
in the intrinsic properties of thin Cr films. How is the

poly q state affected by epitaxial strains or by hybridiza-
tion effects with the substrate? What is the period of
the SDW as a function of film thickness, and what is
the coherence length of the SDW's? In this paper we
try to answer some of these questions for Cr(001) films
grown on a paramagnetic Nb substrate. This is part of a
more extensive work also investigating the SDW's in Cr
on insulating and on magnetic substrates, which will be
reported in the future.

The modulation of the antiferromagnetic spin struc-
ture by the incommensurate SDW's causes satellite re-
flections to occur around the Cr fundamental Bragg re-
flections which can easily be observed by magnetic neu-
tron scattering. Since we deal here with thin samples
having a small scattering volume the neutron scatter-
ing intensity due to the SDW would be too small to ob-
serve using conventional neutron sources. Therefore we
have to measure the magnetic structure of our samples
via x-ray scattering using synchrotron radiation. With
this method we observe satellite reflections with half the
period of the SDW's originating &om strain waves~
(SW's) and from charge density wavesis is (CDW's) be-
ing periodic modulations of the lattice constant and the
charge density in the Cr lattice, respectively. Both the
SW as well as the CDW result from the SDW.

For unstrained bulk Cr measurements of the SW and
the CDW have been already reported. ' Reference 15
shows the coexistence of CDW's and SW's and provides
a detailed discussion about the amplitudes of both mod-
ulations.

The purpose of our present study is the investigation
of the magnetic properties of thin Cr films, i.e. , effects
that the finite film thickness, the elastic strains, and the
substrate have on the properties of the SDW's in thin Cr
films, especially on the population of the three possible
q modes.
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II. SAMPLE PREPARATION
I

Using the molecular-beam-epitaxy (MBE) method we
have grown single-crystalline bcc Cr(001) layers on A1203
(1102) substrates with a 500 A thick Nb(001) bufFer
layer. Nb is well known for its excellent growth quality
on sapphire substrates. Its use as a buffer layer for the
growth of Cr(110) on A120s (1120) was already approved
by Ankner following the well-established recipe for the
growth of metals on sapphire substrates erst published
by Kwo et al. The first successful attempts to grow
Cr(001) on a Nb(001) bufFer layer on A120s (1102) were
reported by Donner et at.

The substrates were of high crystalline quality with
mosaicities between 0.002 and 0.006 and had a miscut
less than 1 . The layer deposition was carried out in
a Riber EVA 32 MBE machine under ultrahigh vacuum

,UHV) conditions, described in more detail in Ref. 20. A
description of the growth process is given in Ref. 21. A
series of Cr layers with thicknesses ranging from 500 A.

to 3000 A. was grown in this fashion. After the growth
the samples had been taken out of the vacuum, causing
the formation of an oxide layer on top of the Cr surface.

III. X-RAY MEASUREMENTS

A. Experimental methods

The structural characterization of our samples has
been done with two different x-ray setups under nor-
mal atmospheric pressure conditions and at room tem-
perature. For x-ray total reflectivity measurements and
out-of-plane Bragg scattering we made use of a high-
resolution triple-axis x-ray diffractometer at a conven-
tional x-ray source with a Si(220) monochromator using
Mo Ko.i radiation. For the in-plane characterization by
means of grazing incidence x-ray diffraction we used a
surface diffractometer at a rotating anode generator with
a Cu target. The (002) reflection of a highly oriented py-
rolitic graphite monochromator was used to select the Cu
Ko. wavelength. A detailed description of those setups
and the characterization methods is given in Ref. 22.

With this equipment we were able to gain multiple
structural information about our samples. The thick-
nesses of the different layers a sample consists of, i.e.,
Nb, Cr, and Cr oxide, as well as the electron densities and
roughnesses of the various layers and interfaces could be
determined with x-ray total reflectivity measurements.
Using x-ray Bragg diffraction methods in the high an-
gle regime we could investigate the crystalline structure
of the samples, i.e., the structural coherence lengths as
well as the mosaicities of the layers. To gain information
about the in-plane structure and the epitaxial relations
between the different layers, we performed Bragg diffrac-
tometry on lattice planes perpendicular to the sample
surface. For this purpose we used an x-ray beam with a
glancing incident angle with respect to the surface gen-
erating an evanescent wave parallel to the surface.

To investigate the magnetic structure of our sam-
ples, i.e. , the CDW's and the SW's we made use of a

horizontal four circle diffractometer at the X22B beam
line of the National Synchrotron Light Source (NSLS)
in Brookhaven. To achieve both a good resolution of
AK/K 8 x 10 and a high beam intensity, we
used Ge(111) crystals as monochromator and analyzer.
The wavelength of the x-ray radiation was chosen to be
X =1.50 A.

For the mounting and cooling of the samples we ap-
plied a close cycle He re&igerator cryostat with Be x-ray
windows.

B. X-ray scattering amplitude for CDW's and SW's

The scattering amplitude for a Cr lattice, which ex-
hibits both CDW's and SW's, can be calculated as fol-
lows. The SW and the CDW can be described as a si-
nusoidal modulation of the atomic position vector r~ and
the total charge p~ (r), respectively, of an atom in the Cr
lattice according to

r~ = r + d, sin(2q r ),
p~ (r ) = p (r ) + 0(r ) cos(2q r. ),

(1)

(2)

where D, q, r~, po(r ), and o(r ) are, respectively, the
displacement amplitude parallel to q, the wave vector
of the SDW, a position vector of the jth atom in the
paramagnetic state, the form factor of Cr without the
CDW, and the amplitude of the charge modulation.

Thus the x-ray scattering intensity in a longitudinal
scan around a fundamental Cr Bragg reflection at K = 7"

can be calculated as

I =
I
p'(K) I'~(K —r)

+ —
~ p (K)K . iK + 0'(K)

~
h(K + 2q —7 )

+ ~p (K)K A —o.(K)~ b(K —2q —r),
4

where 7 is a reciprocal lattice vector in the paramagnetic
state, and po(K) and cr(K), respectively, are the Fourier
transforms of p (r) and o(r)

Equation (3) yields the intensity for two satellite reflec-
tions at K = v+2q and the fundamental Bragg reflection
at K=7".

Figure 1 displays the positions of the satellite reflec-
tions in the reciprocal space. Since most of the satellite
intensity results &om the SW's, there are only satellites
observable which have a q component pointing along the
direction of the scattering vector K belonging to the fun-
damental Cr Bragg reflection. Any other q modes lead to
satellite intensities that are almost zero, since the scat-
tering amplitude of the SW's is proportional to K
where 4 is parallel to q.

In the following we show results &om scans around the
[002] and the [Oll] Bragg reflections of our (001) oriented
Cr films, including the adjacent satellite reflections. The
scans have been peformed along all three (001) directions
around both fundamental Bragg peaks. To determine the
phase transition and the Neel temperature, we measured
the satellite reflections over a temperature range &om 13
K to 310 K.
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I

thickness of the oxide layer is in good agreement with in,
situ oxidation studies of Cr(110) by Stierle et al. In-
vestigating the crystalline structure of the Cr layers we
measured the in-plane and out-of-plane coherence lengths
to be I

t]
——100 3—00 A and I,~&

——0.3D —0.65D, respec-
tively, where D is the film thickness. The mosaicities of
the Cr films could be determined to be AO~ ——0.3 —0.6
and LO~~

——0.5 —0.9 . With in- and out-of-plane mea-
surements a single domain Cr lattice could be observed.
All those measurements show that our samples exhibit a
high single crystalline quality.

B. Magnetic structure

FIG. 1. The positions of the SW satellite refiections (small
circles) around the Cr[002] and the Cr[011] Bragg refiections
(large circles) in the reciprocal space. The open circles design
the in-plane satellites which we did not observe in our Cr 6lms
on Nb.

IV. KESU j TS

A. Structural characterization

The structural characterization of five samples with
thicknesses ranging from 500 A. to 3000 A. yielded multi-
ple information about the growth quality of our Cr(001)
films on Nb/sapphire. First, via small angle reflectivity
measurements the samples could be determined to con-
sist of three layers with diferent electron densities and
roughnesses o~. Above the substrate having a roughness
of approxiinately 2 A. there is a 500 A. thick Nb buffer
layer with approximately 4 L roughness followed by a Cr
layer with og, = 5—10 A. . A 15—20 A thick top layer of Cr
oxide having almost the same roughness as the Cr covers
the layer structure and prevents further oxidation. The

(DbP = —ln/ —[.D (Po) (4)

Here p is a fit parameter which we determined to
be 903 A. . Equation (4) is usually used to describe
the structural relaxation of strained epitaxial films on a
substrate. In that case P and Po would be the lattice
constant of the strained film and the unstrained bulk ma-
terial, respectively.

Furthermore, we investigated the temperature depen-
dence of the position and the intensity of the satellite
re8ections.

Figure 2 shows typical satellite reQections situated on
the shoulders of the fundamental Cr[002] Bragg re8ec-
tion of a 3000 A thick Cr film on Nb/sapphire and at a
temperature of 20 K.

From the width of the satellite rejections the coher-
ence length of the out-of-plane CDW's and SW's could
be deduced to be approx. 60% of the structural coherence
length in the out-of-plane direction for all our samples.

Additionally we have determined the period of the
modulation which is shown in Fig. 3 as a function of
D. The modulation period P is enlarged for all films,
where the bulk value Po ——29.5 A is being approached
with increasing thickness following a typical relaxation
behavior according to
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FIG. 2. Satellite re8ections
on both sides of the Cr[002] re-
flection of a 3000 A. thick Cr
film on Nb/sapphire at a tem-
perature of T=20 K.
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FIG. 3. The period of the out-of-plane CDW and SW as it
depends on the Cr layer thickness D. The dotted line designs
a relaxation curve 6tted to the data. The dashed line denotes
the bulk value of 29.5 A. .
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FIG. 4. The temperature dependence of the CDW-SW pe-
riod of a 3000 A thick Cr film on Nb and a 1000 A thick Cr
film compared with the results of bulk Cr measurements. The
bulk data are taken from Refs. 9 and 11.
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FIG. 5. The temperature dependence of the CDW-SW
satellite intensity of a 3000 A thick Cr film on Nb and a 1000
A. thick Cr film compared to the bulk behavior measured by
means of x-ray difFraction (Ref. 27). The dotted line is a
guide to the eye designing the bulk behavior. The intensity
is normalized to 1 at T=100 K.

Figure 4 displays the CDW-SW period as a function
of the temperature for two Cr films with thicknesses of
1000 A and 3000 A compared with bulk measurements
done by means of neutron and x-ray scattering. ' The
deviation of the CDW/SW period observed in the Cr
films &om the bulk value increases with increasing tem-
perature. This effect appears to be much stronger in
the 1000 A. thick film. The temperature dependence of
the satellite intensity is shown in Fig. 5 as compared with
bulk measurements. Over a wide temperature range be-
low T 200 K the behavior of the thin film data is the
same as for bulk Cr. At 250 K a sudden drop of the
satellite intensity is observed in the thin films. The Neel
temperature seems to be reduced compared to bulk Cr
and the Neel transition is smeared out. This could be
explained as an effect of epitaxial strains, as suggested
by Werner et al.

Next we studied the satellite rejections around the
Cr[011] fundamental peak. This position in reciprocal
space is particularly interesting since here both in- and
out-of-plane components of the CDW's and SW's can be
investigated. In Fig. 1 the respective scans parallel to the
K direction (in-plane component) and L direction (out-
of-plane component) are reproduced. The experiments
show that no satellite refj.ections belonging to a q vector
pointing along an in-plane direction could be observed.
Therefore we have to conclude that the SDW is strongly
polarized along the [001] growth direction.

A comparison between out-of-plane and in-plane mea-
surements performed around a Cr[011] reflection is pro-
vided in Fig. 6.

V. DISCUSSION

From recent neutron and x-ray studies on the SDW's in
bulk Cr we know that there exists an orientational sur-
face pinning efFect which suppresses the in-plane SDW
modes. Hill et al. performed both x-ray and neutron
difFraction experiments on Cr bulk crystals with an (001)
oriented surface. Looking at the SDW's with neutron
scattering their samples seemed to be in a poly-q mode
in which all possible SDW modes were equally populated.
Using x-ray scattering around an off-axis Cr Bragg reHec-
tion and comparing the results with theoretical calcula-
tions for a poly-q state the out-of-plane mode appears
to be stronger than those having q vectors parallel to the
surface plane. This behavior could be explained by a sur-
face pinning efFect suppressing the in-plane SDW's and
leading to, a nearly single q domain state when observed
with x rays, since x rays only provide information about
the surface of the bulk sample.

This observation suggests that the behavior of our Cr
films could be a result of an orientational interface pin-
ning effect at both the Cr oxide surface and the Cr/Nb
interface. This pinning effect appears to be temperature
dependent, since the observed period of the out-of-plane
CDW and SW shows a strong temperature dependence.
The deviation of the period from the bulk values increases
with increasing temperature. As expected for an inter-
face effect this behavior is stronger in the thinner film.
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FIG. 6. Scans around the
satellite re6ections adjacent to
the Cr[011] reflection of the
same sample as mentioned in
Fig. 2 taken at T =20 K.
The upper part of this 6gure
shows scans along the K direc-
tion in reciprocal space. The
lower part displays scans along
the L direction. It can be seen
that the in-plane SW compo-
nent observable via K scans
is suppressed compared to the
out-of-plane mode.
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VI. CONCLUSIONS ACKNOWLEDGMENTS

Our measurements described above provide valuable
information about the magnetic structure of thin Cr(001)
films on Nb on sapphire. We have observed an orienta-
tional pinning eKect of the CDW's and SW's depending
on temperature and thickness and leading to a single q
domain state with j pointing perpendicular to the film
plane. Measurements of the out-of-plane SW-CDW satel-
lite reflections show that this pinning also influences the
period of the out-of-plane modulations which is enlarged
compared to the bulk value. The Neel temperature of
the Cr films appears to be lower than in bulk Cr, and
the transition is smeared out probably due to strain ef-
fects.
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