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Surface structures of polycrystalline and monocrystalline samples of chromium were
investigated using the following techniques: magnetic force microscopy, scanning tunnel-
ing microscopy, and spectral ellipsometric method. Presence of magnetic nanostructure on
the surface of polycrystalline chromium has been explained in terms of spin orientation of
the atoms. Also we carried out numerical quantum mechanical calculations of chromium
supercell and analyzed the results using experimentally obtained curves of the optical
conductivity for chromium single crystal.

IloBepxHOCTHAA CTPYKTypa IOJUKPHUCTAIINYECKOr0 M MOHOKPHUCTANINYECKOrO XPOMAa
H3y4yeHa C HCIOJb30BAHMEM MATHUTOCHUJIOBOM MUKPOCKONHH, CKAHUPYIOIIEH TYyHHEJIBHON
MUKPOCKOIIMYU M CIIEKTPAJIbHOM duaiuicomerpun. Hannure MarHUTHOTO HAHOCTPYKTYPHUPOBA-
HUA HA IIOBEPXHOCTH IIOJUKPUCTALINYECKOr0 XpPoMa OObACHEHO OPHMEHTAIlMel CIIHHOB aTo-
MoB. [IpousBeseHsl UMCIeHHBIE KBAHTOBOMEXAHHWUYECKME BBIUMCJIEHHS M CPABHEHHE C JKCIIe-
PUMEHTAJIbHO IIOJYYEHHBIMU 3aBUCUMOCTAMMK OIITUUYECKOU MPOBOAMMOCTA MOHOKPUCTAJJIN-
YeCKOro Xpoma.

MarmiTHe HAHO-YNIOPSAKYBAHHA Yy MOJIKPHCTAJIYHOMY i MOHOKPHCTAJITHOMY XpOMY.
T.Posysan, I.IOpzenesuy, C.Pozysan, JI.ITonepenko.

IToBepxHeBa CTPYKTypa MOJIKPHUCTANIUHOTO i MOHOKPUCTAJIIUYHOTO XPOMY BHBUAajacd 3
BUKOPUCTAHHAM MAarHiTOCHJIOBOI MIiKpOCKOIil, CKaHYyHUYOol TyHeJbHOI MiKpocKomil i crexT-
pajabHoi exincomerpii. HaaBHicT, MarHiTHOTO HAHOCTPYKTYPYBAHHS Ha NOBEPXHI MoJikpuc-
TAJIYHOTO XPOMY IOSICHEHO opieHTanicio cminiB atomin. IIpoBemeno umcenbHi KBaHTOBOME-
xaHiuHi 00UMCIeHNA i TOPIBHAHHA 3 €KCIIEPUMEHTANLHO OTPUMAHUMU 3aJI€KHOCTAMU OTITHY-
HOI TPOBIZHOCTI MOHOKPUCTANIUHOTO XPOMY.
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1. Introduction

Magnetic properties of macroscopic or
microscopic chromium most of the times are
related to antiferromagnetism. It is common
knowledge that chromium is the most
known for its’ magnetic properties. It is the
only elemental solid which shows antiferro-
magnetic ordering at the room temperature.
In the case of chromium the magnetic prop-
erties are the results of spin-density-waves
which make this 3d metal’s magnetism of
more specific nature. Detailing of the cur-
rent state of Cr magnetism studies is pre-
sented in profound reviews [1, 2]. One of
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the most interesting trends in contemporary
condensed matter physics of magnetic phe-
nomenas is the study of materials on nanos-
cale level. Recent progress in experimental
techniques, which deliver data about the
samples’ nanostructure, also allows the de-
termining of material’s magnetic nanoscale
physical properties. For example, antiferro-
magnetism is explained in terms of imper-
fect nesting i.e. slightly different radii of
electron- and hole-bands [3]. Spin fluctua-
tions theory is applied to characterize dy-
namic magnetic succeptibilities of antiferro-
magnets [4], the alteration of Cr nanocrys-
tals due to microstrain fluctuations and
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Fig. 1. Photo of chromium monocrystal. Ver-
tical image size 5 mm.

correlations with the crystallite sizes which
were determined in [5]. Lower total mag-
netization of noncolinear ground magnetic
states in small chromium clusters was stud-
ied in [6]. Magnetic force microscopy (MFM)
and scanning tunneling microscopy (STM)
are among basic techniques to study Cr sur-
face nanomagnetism. The techniques allow
to check the growth, thickness, composition
and structure of oxide thin films on the Cr
surface [7] and to detect C, N and O impu-
rities on Cr(100) single crystal surface [8].
Oxygen integrated into the Cr lattice in-
duces ferromagnetic order and no variation
of magnetic properties if oxygen is adsorbed
on top of the surface. No indication of fer-
romagnetism of the oxygen-free surface has
been observed [9]. Surface nanomagnetism
can be a topic practical interest due to its
possible application in magnetic sensors,
spin electronics, and magnetic recording
media. The goal of this article is to study
the magnetic properties of chromium sur-
face on nanoscale level by applying precise
MFM and STM techniques.

2. Experimental

In this work we studied samples of poly-
crystalline and monocrystalline chromium.
Chromium monoctystal (see photo in Fig. 1)
was grown using the Czochralski process.
Small size of the crystal and its irregular
geometric shape created certain difficulties
while applying atomic force microscopy and
spectroscopic ellipsometry methods. In Fig. 1
the sample has ideal flat faces, although its
small size creates experimental difficulties,
especially while fixating it and with the
precision alignment of the faces orientation.
Since atomic force microscopy (AFM) is a
robust technique for surface profile meas-
urements, first we checked the roughness of
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Fig. 2. AFM scan of chromium polycrystal-
line polished surface.

our polycrystalline chromium sample (Fig. 2)
applying AFM. We used microscope INTE-
GRA NT-MDT, which allowed us to conduct
measurements in atomic force microscopy
and tunneling microscopy regimes. In our
case the latter was used for precise surface
topology study. Atomic force microscopy
measurements have been conducted both in
contact and semicontact regimes. Spatial
resolution at these measurements was deter-
mined by a cantilever tip curvature and
reached 40 nm in horizontal direction.
Scanning tunneling microscopy spatial reso-
lution reached up to 1 nm. In Fig. 2 there
are visible polished surfaces of the sample
which have the roughness in the range of
approximately ten nanometres. The presence
of vertical lines on the scanned surfaces is
typical since they contain fine particles of
the cleaved material, which will inevitably
appear with mechanical polishing. To study
chromium’s magnetic properties we used
magnetic force microscopy. It consists of
two passes of the needle, where the first
pass is when the system determines the pro-
file of the surface (Fig. 3, on the right).
During the second pass the needle, which is
covered in ferromagnetic material (cobalt),
is held at a predetermined height (in our
case it’s 50 nm, which significantly exceeds
the size of the roughness of the sample) and
repeats the motion profile of the measured
surface of the first pass. This approach al-
lows us to measure the distribution of only
the magnetic component of the force and to
exclude the short-distance van der Waals
force and as a result to eliminate the pres-
ence of systematic measurements error. The
magnetic force is the force which arises be-
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Fig. 3. Magnetic force microscopy results of chromium polycrystal: magnetic force distribution

(left), AFM scan surface (right).

—— 150 nm
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Fig. 4. Magnetic force microscopy of chromium monocrystal: magnetic force distribution (left),

STM scan surface (right), spatial resolution 1 nm.

tween the ferromagnetic tip of the cantile-
ver and the substrate. In Fig. 3 there are
visible distributions of the magnetic force
component of the scanned surface, which is
not constant (Fig. 3, on the left) which can
be an indication of the heterogeneousness of
the magnetic nanostructure on chrome’s
surface. Profiles from Fig. 8 on the left and
right do not match which strongly indicates
the presence of magnetic related nanopat-
terns of the sample surface. Findings of
magnetic force microscopy of the surface of
the monocrystal chrome are presented in
Fig. 4. Unlike the data in Fig. 8, profiles
represented a permanent constant within
the margins of measurement error. Meas-
urements are impossible on a very smooth
plane surfaces (e.g. atomic plane) since the
radius of the tip of the cantilever’s needle
exceeds 30 nm. It is too low spatial resolu-
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tion, when surface roughness is a few
nanometers. Due to these additional factors
we also performed measurements using high
spatial-resolution scanning tunneling mi-
croscopy with the results which are pre-
sented on the right in Fig. 4. Sizes of the
irregularities of the monocrystalline chrome
were determined to be in the range of sev-
eral nanometres. Availability of magnetic
nanostructures in polycrystalline chrome
may be explained as the influence of surface
structure and irregularities between sepa-
rate monocrystals of polycrystalline sub-
strate. By this approach the images that for
monocrystalline Fig. 4 chromium contain
distortions in the surface’s homogenous
magnetic structure.
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3. DFT calculations and
discussion

As we know from theoretical predictions
[10] (001) surface of Cr can have three dif-
ferent spin arrangements-ferromagnetism,
inside-the-surface ¢(2x2) antiferromag-
netism, and “topological” antiferromag-
netism between ferromagnetic terraces sepa-
rated by single steps. A majority-spin sur-
face state with a binding energy of 1 eV at
the I'" point and ferromagnetic Cr(001) sur-
face associated magnetic moment of 2.49 uB
was found [11]. A surface magnetic phase
transition on Cr(100) at transition tempera-
ture of 780150 K was also observed [12]. A
possible theoretical explanation of our
MFM, STM experimental data can be based
on Cr surface spins nanoscale topology. Im-
purities seem not to be responsible for sur-
face nanomagnetic fluctuations. If we had
point defects (interstitial impurity atoms or
substitutional atom) it would not be regis-
tered in our measurements because of its
non-atomic spatial resolution (40 nm for
AFM and 1 nm for STM). The clusters of
impurities in Cr sample would form domains
on surface with sharp boundaries [8, 13]
and as a consequence would result in distor-
tion of optical conductivity dispersion
curves measured earlier [14]. We completed
numerical simulations of chrome supercell
using density functional theory (DFT) to
model the process of magnetic nanostructur-
ing in polycrystalline chrome. In order to
find approximate solutions of the Schrodin-
ger equation for crystal lattice supercells
the whole problem can be reduced to a more
solvable case by applying the charge density
n(r) variable. DFT can formally be regarded
as a development of the Thomas Fermi the-
ory [15, 16] and the self-consistent Hartree
equations [17]. The DFT equations are based
on developed Hohenberg-Kohn theorem [18]
and Kohn-Sham system [19]. The respective
Kohn-Sham equations for the effective sin-
gle-particle wave functions can be written
in the form

[—(h2/2m)A + Ve,ﬂcbi(r) = E® ), @)

e2n(r’
Verdr) = V(r) + '|.|r _(r,|)dr’ +Vxdr),
N
n’(r) = 2|(I)i(r)|2,
i=1
where the local exchange-correlation poten-

tial Vxo(r) is the partial derivative of the
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Fig. 5. Two spin orientation maps used for
numerical simulation.
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exchange correlation functional Ey(n(r))
with respect to the charge density n(r) for
the ground-state ny(r). The first term in the
first equation (1) corresponds to the kinetic
energy of non-interacting electrons and the
second term of the second equation (1) is
just the Hartree contribution Vg(r) to the
interaction energy. In order to make nu-
merical simulations with non-collinear DFT
(taking into account electron spins) we add an
additional member to Hamiltonian in Eq. (1)

iMBBXC’Y(r) (BXC,Y(r) is magnetlc fleld, MB
is Bohr magneton) for wave functions and
@i(r,T) and &y (r, 1) (for electrons with spins
up and down oriented along Y axis) [20].

The different irregularities in chromium
crystal lattice (e.g. terraces on the surface)
and as a result irregularities in spin pat-
terning can be modeled by two different
sets of spin-orientation displayed in Fig. 5.
In order to determine the types of influ-
ences of these spin orientation on chro-
mium’s electronic density and energy pa-
rameters we used ABINIT software in
LINUX environment to perform DFT calcu-
lations. In Fig. 6 we presented a typical dis-
tribution of the electronic density for the
chosen chrome supercell. Calculation find-
ings for two types of spin orientation from
Fig. 5 show that differences in spatial dis-
tribution of electronic density in Fig. 6 are
insignificant.

Distributions of electron density of
states for two types of spin patterns from
Fig. 5 are shown in Fig. 7 and demonstrate
noticeable differences in the two curves.
Practically this means that non-flat profile
of the surface, which leads to wuneven
boundary conditions for surface terraces or
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Fig. 6. Calculated Cr electron density for
2x2x2 supercell the Fig. 5b orientation map.

Density isovalue 0.045. Size of faces of the
cube 0.661 nm.

neighboring crystallites (thus it leads to
changes in the distribution curves of elec-
tron density of states) can result in nanos-
tructuring of the spin orientation in neigh-
boring nanoclustered surfaces. In our case
the spin orientation from Fig. 5,b is more
energetically favorable comparing to the
regular spin set from Fig. 5,a.

Spectral ellipsometric measurements per-
formed on a single crystal of chromium,
with results shown in Fig. 8, provide indi-
rect confirmation of the accuracy of our
numerical simulations. Since spectral de-
pendence of optical conductivity is the con-
volution of the distribution of the electronic
states [21], similarity of the curve drawings
in Fig. 7 and Fig. 8 is collateral proof of the
accuracy of our calculations. The shape of the
curve in Fig. 8 is similar to the results of the
experiments in [14] which were acquired for
grinded polycrystalline surface.

4. Conclusions

Experiments on monocrystalline and
polycrystalline chromium using magnetic
force and scanning tunneling microscopy
demonstrated that nanoscale magnetic force
spatial distributions can have certain pecu-
liarities. Polycrystalline chrome displayed
heterogeneuos magnetic field distribution
along the surface. This may be explained by
taking into account boundary conditions be-
tween the irregularities. On the surface of
the polycrystalline chromium the neighbor-
ing spins in spots between crystallites or
terraces may have disruptions in antiferro-
magnetic order. As a result the orientation
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Fig. 7. Calculation of density of states (D)
for spin map a (thick line) and b (thin line).

5L Joe -3'—..,,,,,;“\
g L
‘Il \
— r X
2, 4r / ‘—\
2 15*‘3 ' 3
o A\
T i AN
© /
3Srr \\
7 N,
1 1 1
1 2 3 E, eV

Fig. 8. Optical conductivity of Cr monocrys-
tal obtained by spectral ellipsometry.

of the chrome spins in the vicinity of the
surface irregularities can change its direc-
tion to parallel. Numerical calculations con-
ducted by the method of density functional
theory using the software package
"ABINIT" for chromium supercells resulted
in different electron density of states
curves for different spin patterning. As a
consequence of the numerical simulations, a
non antiferromagnetic order may be more
energetic favorable in some spots of the
chrome surface. Spectral ellipsometry data
confirm nanoscale character of the observed
effects. Antiferromagnetic ordering effects
in chromium may play an important role in
construction of novel nanodevices.
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