PHYSICAL REVIEW B 70, 1744442004

Photoemission study of the spin-density-wave state in thin films of Cr
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Angle-resolved photoemissigRE) was used to characterize the spin-density w@RW) state in thin films
of Cr grown on W110). The PE data were analyzed using results of local spin density approximation layer-
Korringa-Kohn-Rostoker calculations. It is shown that the incommensurate SDW can be monitored and im-
portant parameters of SDW-related interactions, such as coupling strength and energy of collective magnetic
excitations, can be determined from the dispersion of the renormalized electronic bands close to the Fermi
energy. The developed approach can readily be applied to other SDW systems including magnetic multilayer
structures.
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Bulk Cr is an almost unique material revealing itinerantbranches of sometimes coexisting SDWs, which differ from
antiferromagnetism with a spin-density wat&DW) ground  each other by the number of nodeswere calculated. Upon
state at room temperatuteAt the Néel temperaturdy increase of the Cr thickness, eathbranch is abruptly sub-
=311 K chromium exhibits a transition from a paramagneticstituted by a(m+2) branch giving rise to phase slips of the
(bce lattice to an antiferromagneti¢AF) order (sc of CsCl  short-range oscillation, which, however, may also be cor-
type) that is modulated by the incommensurate SDW alongelated with peculiarities of the bulk nesting conditions. A
the (100 directions!—2 Thereby the periods of the AF ar- similar study within the DFT approach was performed both
rangement and the SDW oscillations amount to 2 asgll ~ for Mo/Cr/Mo(100 structure and for Cr films on a Mb00)
monolayers(ML) of Cr, respectively. It is widely accepted surface!® The SDW order in Fe/Cr/Fe was also treated by
that the AF ordelalthough this order is often referred to as means of the Korringa-Kohn-Rostoker Green’s function
the commensurate SDW, everywhere in the following wemethod within the framework of the local spin-density func-
will use the term SDW to denote the incommensurate SDWtional formalism*
is caused by a nesting of the Fermi surfaéeS) sheets While the SDW in Cr films seems to be relatively well
around thd™ and theH points of the Brillouin zongBZ) of  investigated theoretically, experimental studies are mainly
bce Cr, while the nature of the incommensurate SDW is stillrestricted to rather indirect information obtained from
the subject of extensive debateEhe SDW in Cr is accom- measurements of induced magnetic properties of marginal
panied by a strain wave and a charge-density w&@2W) layers, which were performed, e.g., by means of the
with half the period of the SDWas well as by a series of magneto-optic Kerr effeét, spin-polarized electron-energy
collective excitations including spin waveémagnong and  loss spectroscofyand scanning electron microscopy with
phonons. Electron interactions particularly with the mag- polarization analysi&® So far, no systematic photoemission
netic excitations lead to renormalization of the electronic(PE) study of the SDW in Cr films of different thicknesses,
structure of the ground state. Although a number of attemptexcept the work of Schaferet all® performed on
were made to study the renormalization of the electronicCrygq \ /W(110), was reported. On the other hand, particu-
bands in some Cr systefkfsthe subject requires further in- larly PE provides mostly direct insight into the structure of
vestigations. the occupied electron states allowing better understanding of

A detailed understanding of the SDW and the SDW-the SDW in solids. The incommensurability of the SDW in
related phenomena in Cr is of great importance, since th€r can causei) corrections of the ground-state electronic
above short- and long-range magnetic modulations givatructure mainly in the region of the Fermi-enerdfgr)
much reason to use Cr as spacers in magnetic multilayejags) related to the magnetic order, a(id) renormalization
structures providing giant magnetoresistance, spin-valve ebf the electronic bands due to the electron interaction with
fect and applications in magnetic sensor technofogye of  the accompanying SDW state excitations similar to the case
the mostly investigated systems Fe/Cr(H#) shows that of quasiparticle interactions in, e.g., high-temperature super-
the ferromagnetic or AF type of coupling between Fe layersonductorgHTSC9.16 Both phenomena can be studied with
varies with thickness of Cr spacer following the short period,angle-resolved PE. The effect of SDW-derived folding of the
whereas the strength of the coupling changes with the longntiferromagnetic PE bands is expected to be neglitfilb
period of oscillation§-*1 The description of the SDW in thin the reason of only weak perturbation of the crystal potential
films is complicated by the fact that the boundary conditionsintroduced by the large unit cell of the incommensurate-
at the interfaces have to be properly considered. In th&sSDW chromium.
density-functional theoryDFT) study of Fe/Cr/FEL00 by In the present paper we approach understanding of the
Niklassonet al'2 mainly AF order was found for Cr spacers SDW phenomena in multilayer Cr systems by an angle-
with thicknesses<<10 ML. For thicker layers, various resolved PE study of epitaxial Cr filnij0—100 ML grown
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Rostoker(LKKR) calculations. It is shown that the way of oAy y /7F N \ N
characterization of the SDW state by looking for the Fermi- B
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energy gap? is not straightforward, since the gap is mostly kX
located abovéEr and masked by surface states. Instead, the oy , /"  \p
incommensurate SDW can be monitored and important pa-2 % (& \”ﬁ“
rameters of the SDW-related interactions, such as coupling (a)
strength and energy of magnetic excitations, can be deter:

mined from the dispersion of the electronic bands close to
Er.

Films of Cr were grownn situ on a W110) crystal by
deposition from a molybdenum crucible heated by electron¢
beam. Various thicknesses of Cr were used in order to follow \
the transition from the thick films characterized by the SDW
state(47 and 100 ML to the thin film (10 ML), where the
incommensurate SDW is suppresséd:As-deposited”
samples were annealed to 900 °C in order to ensure well- ®) ©
ordered films under consideration. In all cases the grown
epitaxial films revealed sharp low-energy electron diffraction  FIG. 1. (a) FS cut within the(110) plane of the bulk BZ of bce
patterns. The PE measurements were performed with @r; (b) FS jack around th& point; (c) path in the bulk BZ of bce Cr
SCIENTA 200 electron-energy analyzer using monochromasampled withh»=40.8 eV (thick line). k; andk, denote parallel
tized light from a He lamp(h»=40.8 e\j. The overall- and perpendicular to thg10) plane components of the wave vec-
system energy resolution including thermal broadening wa#or, respectively.
set to 130 meV full width at half maximum, the angular _ ) )
resolution to 0.4°. All experiments were carried out at roomt€fized by only slightly changing, coordinate. Therefore,
temperature well belowly at the surface of GL10),5 the the.sn.uatlon we have is very S|m.|Iar to the case of photo-
base pressure was6L0™° Pa. emission studies of quaS|-two—d|menS|or(&|D) systems

The electronic structure of the @10) semi-infinite crys-  (€.9., HTSCs or surface stajewhere 2D slices of the elec-
tal was calculated within a LSDA-LKKR multiple scattering tronic structure in the reciprocal space are considered.
approach. This method uses the Green’s function technique The results of the LKKR spectral density of state¥0S)
and allows the calculation of systems with a broken translac@lculations for the bulk and the surface layer of AF sc Cr
tional symmetry along one directidf.The calculated layer Without the incommensurate SDW modulation are presented
resolved spectral density of states are related to the layéR Fig. 2. Similar to other theoretical d&t&*°the AF energy
Green’s function simply aB(k;,E)=-Tr Im G(k,E)/ . gapA of about 390 meV is obtained in the region tagged

A calculated cut of the bulk FS of bee Cr within tig10)  PY the shaded circle in Fig(d). Note that the calculated gap
plane is demonstrated in Fig(a. The rhomb-like contours S Predominantly located in the region of the unoccupied
of the FS around thE and theH points of the bulk BZ look electron states. The cprrespondmg “as—measure_d" data close
almost identical: They are connected by the spanning vectdP the energy-gap region taken for the 100-ML-thick Cr layer
ks and are expected to be strongly affected by the magneti@® Shown in a gray-scale plot in FigaBand as individual -
ordering. Also the three-dimensional FS jacks athand ~ SPectra in Fig. 4. The measured band B follows the behavior
the H points [the I'-point jack is shown in Fig. (b)] have AF Cr metal
similar shapes. In a first approximation they can be obtained bulk surface
from each other by a parallel transfer definedkQyThere- > A\ I ¥
fore, everywhere in the region of these jacks one would ex- s
pect the discussed above effects of the energy gap and the | E, '
band renormalization related to the SDW state. We have per- A o720 dev e u !

X .
L

formed experiments along tHé-S direction in the surface
BZ of Cr by varying the polar electron-emission angle. In
this way the part of the FS around tliepoint, where the
bumps at the cornerfsee Fig. 1b)] do not distort the mea-
surements, was sampled. Assuming free-electron like final .
states, the measurements were carried out along the path in
the bulk BZ as shown in Fig.(&), where for simplicity the

FS calculated for bcc Cr is presented. The BZ for AF phase
can be obtained from the bcc BZ by folding. The path T S T S
crosses the FS sheet in the region of interest marked by a o

shaded circle in the figure. Note that the sampling path in FIG. 2. Spectral LKKR-DOS; along thel’-S direction. The
this region reveals a nearly zero slop and, hence, is charadarker the color, the more intense the DOS.
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k“(A-l) (kink region) for the 100 ML film of Cr.

S _ _ ~ toward higher or lower BEs, variations, which are much
FIG. 3. Logarithmic PE signal. Dark areas represent higher ingmajler than the energy resolution of the experiments. An
tensity:(a) “as-measured” data. Energy of the band B maximum forj,crease of the chemical potential leads to a considerably
each PE spectrum are marked with white circ(é$Data corrected larger value of the derived energy gifig. 3(c)]. Even more
by the Fermi distribution withw equal to the mer_:\surda:; (c) and drastic changes are observed upon decreage[6fg. d)].
(d) p-Er was selected to be £20 meV, respectively. The AF gap is not monitored anymore. Instead, the region

of the high DOS at the boundary of a bulk state continuumbPetween the Fermi energy and 0.2 eV abéyss filled with

As k; increases it approaches first the Fermi energy. Aglectron states. The surface origin of these states is seen from
k,>0.55 AL it turns back toward higher binding energies @ cOmparison with the theoretical results shown in the right
(BES). The PE intensity of the band fdg>0.65 A1 is al- Panelin Fig. 2. _

most negligible, a cross-section effect, which is well known  One has to admit that the proposed method to use the
for folded bands in solid¥, From Fig. 3a) and further care- Fermi-distribution correction of the PE d&t&° is not
ful analysis of the individual PE spectra in Fig. 4, it is, how- Straightforward even to extract the energy-gap information
ever, by far not clear as to whether the gap is seen irEhe rglatgd wlth the anUferromagneﬂsm, which is the main con-
region. On the other hand, according to our calculations onlyfibution into the magnetic order in Cr metal beldky. In
small part of the AF gaps~ 20 meV, Fig. 3 is found below this respect, it ‘seems there is no way to follow_ fine gap
Er and can directly be observed with PE. To extract infor-changes that might be caused by the rather weak incommen-
mation about unoccupied electron states we followed théurate SDW contribution. In difference to the energy gap the
method used in Refs. 15 and 20. The raw data were divide@PW-derived renormalization of the shallow electronic
by the Fermi distribution to allow observation of the ther- bands in Cr systems can easily be monitored. As seen in Fig.
mally excited states. The corrected data are presented in Fig: the high DOS at the boundary of a bulk state continuum
3(b). It seems that indeed an energy gap in the region of theeveals smooth monotonic dispersion when going fromthe
unoccupied states ef 170 meV is monitored here. The ob- point toward the gap &¢. In contrast to that our experimen-
served gap is narrower than the calculated one. This can bal band shows a pronounced “kink” &t~ 0.45 AL, The
explained by a reduction of the gap size expected for roonobserved kink can be simulated by a superposition of two
temperature as compared to the ground state. Note, howevegntributions: the calculated single-particle LSDA data for
that the corrected results depend strongly on the used valmall k, and a renormalized data fdg>0.45 AL Indeed

of the chemical potentigk that was estimated from the mea- the PE spectra of band B in the region of the kiifg. 4)
surements oEg for a metallic sample. Qualitatively different have a complicated line shape with two structures: a main
results are obtained shifting paramegerby only 20 meV  peak and a shoulder, which exchange their spectral weight
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crossing the kink. The main peak, which is quite broad, L1 11
asymmetric and characterized by strong dispersion for 027 7
k,<0.45 At (BE>0.11 eV}, becomes much sharper and
less dispersive for largds; (shadowed BE area close ).

This peak reveals almost symmetric line shape for
0.49 A'<k,<0.61 A1, where it approaches closely the
Fermi energy. All above shows that the signals measured in
the dispersion region before and after the kink have a differ-
ent nature.

This kind of behavior of bands close t#©: is a well-
known phenomenon for correlated systéthsThere is a
pole in the self-energy of the material at the energy of a 00 02 04 06 02 04 06 08
quasiparticle interaction. The strength of interaction is de-
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scribed via a coupling constarX that is defined as\ 5

=-JReX/dE|g. The energy dependence &f can be in- FIG. 5. PE signal in the region of the kink.

verted into ak dependence. Therelgi) the self-energy pole

is transformed into the kink in the band dispersion ding The dispersion of band B in the region of the kink was

the coupling constant is rewritten as=[(dE-SP*/k)/  studied for Cr films of different thicknesséBigs. 5 and &
(JE™" k)|~ 1] depending on the ratio of the group veloci- In all cases the films were selected to be thick enough to
ties determined by the LSDRE-SPA(k)] and the renormal- reveal the bulk and the surfa¢§, and S,) features of the
ized [E™k)] bands. As a result both and the energy of electronic structure of the AF sc @Fig. 2). In this way both
guasiparticle excitation can be derived from the analysis ofurface and bulk electronic properties of the bare antiferro-
the band dispersion in the vicinity of the kink. Energy gapsmagnetic phase of Cr metal were excluded from the consid-
that can appear to stabilize the excited state may complicateration as possible reasons for the thickness dependent be-
the situation. In this case the quasiparticle energy is relatedavior of the kink, which is discussed in the following. It is
not to Eg, but to the bottom of the corresponding gap. of high importance to underline that no kink is observed for
For the 100 ML film the kink energy relative to the bot- the 10 ML film, where the incommensurate SDW is
tom of the calculated Fermi-energy gap is estimated to bsuppresseéf As seen in Fig. 6 the broad structureless band
(81+7) meV [Fig. 3@)] that is of the order of the expected B approaches the Fermi energy becoming more and more
energy for the magnon excitations in Cr métdtRecently, a asymmetric due to its truncation by the offset of the Fermi
renormalization of the surface electronic bands due to coudistribution. In contrast to the situation for the 100 ML film
pling to spin wavegenergy scale of~160 me\j was re- of Cr (Fig. 4) only one dispersive band is necessary to de-
ported for the(110) iron surface?? Similar to this study, in  scribe the measured behavior. Apart from the theoretical re-
our case interaction with phonons accompanying the straigults, the above facts are considered as a further strong evi-
wave or CDW state can be ruled out by the reason of much
lower energy of the phonon excitatiofisTo obtain\ the
ratio of the group velocities for the LSDA and the renormal-
ized bands was substituted by the ratio of the tangents of two
anglesa and B between the directions of the corresponding
band dispersion and the¢ axis[see Fig. 8a)]. The directions
of band dispersion were least-square approximated by
straight lines through the energy positions of the main peak
of each individual spectrum that are shown by white circles \ 0.34

in the figure. By this procedure a value=1.41+0.09 was g “ 042
obtained pointing to a moderate strong quasiparticle interac- E ‘ 045
tion. This bulk value is much larger thax=0.20+0.04 re-

ported in the respective angle-resolved PE study for the 049

electron-spin wave scattering at t#1.0) surface of irorf? It ‘
is, however, of the order of the mass enhancement factors |
(0.5<\<2) obtained from de Haas—van Alphen measure- f 0.52
ments on bulk Fé* The small value of\ at the F€110) \
surface is explained by the final-state phase space limitations

caused by the spin-flip scattering between spin-down and Cr10ML 0.55
spin-up surface states in a ferromagnet as well as by the only 0.59
weak spatial overlap between spin-down surface states and 04 02 é,, 02
spin-up bulk states limiting the effective scattering strength. Binding Energy (V)

For antiferromagnetic metals such phase-space limitations do
not exist and much stronger coupling strength is to be FIG. 6. Individual PE spectra taken close to the Fermi energy
expected? for the 10 ML film of Cr.
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dence for the SDW in thicker Cr films and the possibility to from one branch of the SDW to another. Therefore, the ob-
monitor this state in the dispersion of the renormalizedserved change of may be understood by slightly different
bands. The disappearance of the kink allows one to expedlectron interaction with magnons associated with individual
from the analysis dimensionality effects like quantum wellSDW branches, which are expected to be also present in
states, which are expected to be mostly pronounced particr/W(110).

larly for thin films. A decrease of the film thickness from  In summary we have shown that angle-resolved PE can
100 to 47 ML does not result in the removal of the kink, successfully be used to monitor the SDW in thin films of Cr.
although it causes a slight drop of its energy#8+7) mev. A valuable information about quasiparticle magnetic interac-
Assuming a linear energy dispersion of the spin-wavetions was obtained by the ana_lysis of 'gh_e dispersion of the
excitatior} this may be assigned to the increase of the bul€normalized electronic bands in the vicinity . The used
period of the related SDW due to growing influence of the2PProach can be applied to a large variety of other SDW

boundary conditions. Also. decreases slightly with the systems including magnetic multilayer structures highly rel-

thickness reaching the value 1.30+0.09 for the 47-ML-thickevant for technological applications.

film. As reported in Ref. 10 there are two phase slips in the  This work was supported by the DFG, SFB 463 TP B16.
coupling between the marginal layers in the range from 47 tarhe authors are grateful to M. Richter, S. Halilov, C. Laub-
100-ML-thick Cr spacers in Fe/Cr/FE0) systems. Ac- schat, S.-L. Drechsler, S. Shulga, S. Borisenko, A. Kordyuk,
cording to Niklassoret al'? each slip originates in a jump and T. Kim for valuable scientific discussions.
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