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Molecular beam epitaxy was used to grow a ferromagnet/antiferromagnet (Fe/K€ystem. A

series of structural, surface, and magnetic characterization techniques were used to understand the
correlation between microstructural and magnetic properties in this exchange bias system.
Depending on deposition conditions, the fluoride grew either in a single crystal or a polycrystalline
form, which was initially confirmed by reflection high energy electron diffraction patterns and x-ray
studies. The crystalline form of the KCgFsignificantly affected the magnetic properties, in
particular the exchange bias and the magnetocrystalline anisotropy of the Fe layer. Transmission
electron microscopyTEM) studies were carried out to shed more light on the microstructure of the
fluoride and on the interface between Fe and KClalyers. Single crystals KCgHayers grown at
elevated temperature of001) Fe template have #001) orientation. On the other hand, the
cross-sectional TEM images of the polycrystalline fluoride deposited at room temperature show
columnar structure of the grains with a column diameter of about 10 nm. In addition, planar defects
were observed in the Fe layer due to the slight mismatch between Fe and; Kaftages. These
defects and grain boundaries in the antiferromagnet are responsible for considerable modification of
magnetic properties of the structures with polycrystalline fluoride compared to those with the single
crystal KCok. Magnetic anisotropy and the exchange bias were measured using ferromagnetic
resonance and superconducting quantum interference device magnetometry, respectively. The
exchange bias and blocking temperature in the samples with polycrystalline fluoride were
significantly reduced, however, the low-temperature fourfold anisotropy was enhanced by a factor
of 3 for the samples with 1-nm-thick Fe and polycrystalline fluoride compared to the samples with
the same thickness of Fe but single crystal fluoride. 2@3 American Vacuum Society.
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[. INTRODUCTION ferent factors, for example, the change of crystal symmetry

Studi ¢ ultrathi tic films h ttracted _dof the magnetic layer at the interface, the stresses due to
udies of uftrathin magnetic Tims nave attracted Consityyice mismatch at the interface and different thermal expan-
erable attentichin the last two decades. Progress in ultra-

high vacuum technology and especially the use of molecula?Ion coefficients of two adhering layers. The effect of

beam epitaxy(MBE) has made possible the creation of ul- stresses can be greatly enhanced in the case of magnetostric-

trathin structures with interfaces that are sharp on the atomigVe materials. On the other hgnd, th.e exchange |.n'Feract|on
scale. This development has brought exciting ways of engigverages out the magnetic anisotropies of the individual at-

neering new magnetic materials. Three significant experioMs across the film thickness for systems thinner than an

mental discoveries, giant magnetoresistahegchange cou- €Xxchange Iength,thus allowing us to engineer their mag-
pling between ferromagnetic layetsand giant magnetic N€tiC properties.
anisotropie§, have Sparked tremendous interest among One Special case occurs as a result of the eXChange inter-
physicists in this new class of artificially structured magneticactions between ferromagnetic and antiferromagnetic materi-
materials. The giant magnetic anisotropy in ultrathin mag-a|S where a unidirectional anisotropy can be induced. This
netic layers is peculiar since it can be caused by many difoccurs when the structure is cooled in the presence of a mag-
netic field below the Nel temperature of the
dElectronic mail: zcelinsk@brain.uccs.edu antiferromagnet=’ In magnetic measurements, this unidirec-
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tional anisotropy causes a shift of the magnetization hyster-
esis loop, called exchange bias. We studied both the structure
and magnetic properties of the exchange biased system con- KCoF; layer
sisting of a thin ferromagnetic single crystal F&g02) film

and an antiferromagnetic fluoride—KCgoFThe fluoride is a

Au cap

model Heisenberg antiferromagnet with éléemperature of Bel00l) lerer
114 K801t is also highly magnetostrictive\(=2x 10" %). In

the bulk form, the KCoF crystallizes as a perovskite, with a Ag(001) template
cubic lattice constana=0.408 nm'° This system has a

type-G antiferromagnetic order, where one Co cation has an- Fe(001) seed layer

tiferromagnetic coupling with all the nearest-neighbor Co
cations. The magnetic unit cell has four formula units per
cell. KCoF; exhibits a small tetragonal distortion (c/a
=0.998 at 78 K accompanying the antiferromagnetic long-
range order. The equilibrium direction of the spins is parallel Fic. 1. Schematic diagram of the Fe/KGpStructure.
to the tetragonal axis in the bulk form'*'?2 An important
feature is that KCokfilms can be grown with thg001] axis
directed normal to the interface. If these mentioned aboveised analytical transmission electron microscopigM). We
bulk properties remain the same in our thin films, one wouldprepared our samples by the conventional face-to-face tech-
expect a compensated interface for a single crystal structurgque with sticking, grinding, dimpling, and ion milling, as
with a (001) surface. Due to the good lattice match betweenwell as by the focused ion beam technique. The transmission
Fe and KCok, the strains should be small at the interfaceelectron microscopy studies were carried out using the JEOL
and epitaxial Fe/KCofstructures can be grown. The aim of (model 2010 Supertwin TEM. The x-ray photoelectron
the work is to correlate the structural properties with mag-spectroscopy(XPS) measurements were performed with a
netic properties of this exchange biased system. Physical Electronics PHI 5700/660 spectrometer, using
In this article, we present a comprehensive study, concermonochromatized AK« radiation (1486.6 eV and energy
trating on the structural, surface, and magnetic properties dgesolution of~0.35 eV.
Fe/KCoR; structures, investigated by a series of complemen- To determine the magnetic properties, we carried out mea-
tary methods. We first briefly describe the experimental techsurements using two ferromagnetic resonafiddR) setups
niques, sample preparation, and the conditions at which theperating at 10 and 24 GHz with a cylindrical cavity
measurements were carried out. Our main structural result i€TEo;;—mode.** The 24 GHz FMR system operated in the
that there is a significantly larger number of defects at thgdemperature range between 24 and 360 K. We evaluated
ferromagnet/antiferromagnet interface for samples with anagnetocrystalline, uniaxial and unidirectional anisotropy
polycrystalline fluoride compared to samples with singlecomponents from the angular dependence of the resonant
crystal fluoride. The crystallographic structure of the antifer-fields at different temperatures. Precise measurements of the
romagnet significantly affects the magnetic properties of theshift of magnetization hysteresis loops were determined in
Fe films. Samples with polycrystalline fluoride show a sig-the temperature range from 5 to 300 K using a sensitive
nificant increase of magnetocrystalline anisotropy in Fe anguperconducting quantum interference dev8@UID) mag-
much lower exchange bias when compared with samplesetometer(Quantum Design For the SQUID measure-
with single crystal fluoride. ments, the samples were cooled below thelNemperature
of 114 K in the presence of a positive magnetic field of 10
Il EXPERIMENT ASPECTS lgcl)(%:/hlle the FMR field cooled experiments used a field of
We used a molecular beam epitaxy systémo prepare Figure 1 shows a schematic diagram of our structures. We
our samples. All elements were evaporated using the Knudsrepared Ga terminated GaA801) wafers by annealing at
sen cells, with the exception of the fluoride, which was540 °C and Ar sputtering. First we deposited a few monolay-
evaporated with an electron beam. The thickness of the indiers thick Fe seed laydtypically 0.75 nm thick and an 80-
vidual layers was determined using a quartz crystal monitomm-thick silver template. We annealed these structures at
Reflection high energy electron diffractioiRHEED) was  250°C for several hours. We then grew single crystal Fe
utilized to monitorin situ the crystallographic structure. The (001) layers with thicknesses from 1 to 3 nm on the Ag
chemistry of the surfaces was examined using Auger electrotemplate and used the electron beam evaporator to deposit a
spectroscopy. 30-nm-thick film of KCok. The deposition conditions af-
For the x-ray diffraction experiments, we employed afected the structure of the fluoride. For the deposition at
Philips-XPert diffractometer with C « radiation, an Eule- room temperature with high deposition ratek®ove 0.5 nm/
rian cradle and a thin-film attachment. We performed boths), the fluoride films were polycrystalline as indicated by the
low- and wide-angle measurements after careful sample adRHEED imageqsee Fig. 2a)]. Typical for the polycrystal-
justments using reflectometry methods. To investigate théne structures, rings were clearly visible. By depositing fluo-
grain morphology and layer structure on cross sections, weade at an elevated temperature of 150 °C and at low deposi-
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Fic. 2. RHEED images of the sample with) polycrystalline fluoride(b) ¢ [deg]

single crystal fluoride.
Fic. 4. KCoF; film ¢ scans(in-plane rotation The unit cells of film and

substrate are rotated 45° against each other.
tion rates, below 0.1 nm/s, it was possible to achieve a

dramatic improvement in the quality of the film. Figurébp . L
shows the single crystal structure in the film grown on thestrate. Due to the peak widths, it is reasonable to assume that

top of the Fe. The samples were covered with a thin, 3—nm'Ehe .KCOE: gra'ins are grown throlugh the complete film in the
thick layer of Au. We also prepared a series of KGoF vertical dlrecthn'(loo nm. No signs qf othgr texture com-
samples grown directly on GaAs substrates for the x-ray an Qnents are visible from the KCgHdifiraction pattern in
XPS studies. These films, grown at elevated temperature |g._3. . .
(~150°C), were 100 nm thick and the RHEED images sug-. Figure 4 shows the measurement of the in-plane orienta-

gested that they are single crystalline. We note that growing_‘on{g'lsg '?;:f;.;onrstg? tﬁce:c;_lgnfa;nFﬂe‘i;h:hrgezsgrfimﬁgltdm
the fluoride on top of the Fe results in a smoother interfac € ' ' Y= W u

. . pattern, thus indicating the presence of only one in-plane
compared to growing Fe on top of the fluoride. texture component of the filni{100 planes parallel to the
sample side facgsAdditional scans at the Bragg angles of
lll. STRUCTURAL AND SURFACE other reflections confirmed that no other texture components
CHARACTERIZATION are present. However, peaks of tfiELQ} substrate planes

While the growth of Fe layers on Ag using GaAs sub- (Fig. 4, dotted ling indicate that the in-plane orientation of
strates has been studied very extensively;'”the deposi- the film is rotated by 45° with respect to the substrate, which
tion of the KCok layers has been initiated in our laboratory. was expected from the lattice mismatch between Géass
The stoichiometry of such fluoride films is an important is- well as F¢ and KCok.
sue. To resolve this issue we have studied the single crystal We note that the x-ray measurements were performed on
KCoF; film (as indicated by the RHEED imagedeposited  100-nm-thick fluoride, while most other measurements were
directly on the GaAs substrates using x-ray diffraction andnade on samples with thinn€80 nm fluoride films. The
XPS. Figure 3 shows the diffraction pattern of the KGoF thickness of the fluoride film was increased for the x-ray
film measured with symmetrical beafBragg—Brentano ge- measurements to enhance scattering intensity. The main con-
ometry, solid ling and, for comparison, a measurement of clusion from the x-ray studies is that the fluoride film has the
the substrate itselfdotted ling. The pattern clearly shows correct lattice constant and can be grown in single crystal
the {h0GQ} reflections of the GaAs substrate and €0, form. This is consistent with all of our other measurements
{200, and {400 reflections of the epitaxiallf100) grown  on thinner fluoride films as we shall demonstrate.
fluoride film!® as well as additional reflections from the sub-  The XPS survey spectrum of the as-grown layer shows
the lines from the components of KCp&nd a relatively low
amount of carbon and oxygeisee Fig. 5 Low intensity
lines from As and Ga can also be detected. The escape depth
of photoelectrons at the XPS regime is about 1-2 nm, so the
600 ] presence of the elements from the substrate indicates some
(Gars)s minor introduction of As and Ga to the structure of the layer.
The quantity of As(less than 1 at. %is a few times larger
than the Ga. Table | shows the surface composition of the
layer. The composition of the sample, when neglecting the
surface contaminants and elements from the substrate, agrees
well with the nominal atomic concentrations. A slight defi-

, , ciency of fluorine may be related to the top atomic layer
20 40 60 80 100 terminating the single crystalline KCgFIt contributes con-
26 [deg] siderably to the spectrum and usually has a slightly different

Fic. 3. §— 26 scans of the KCoffilm (solid line) and of the GaAs substrate atomic CompO_Sition- _
(dotted line. Both techniques, x-ray and XPS, confirmed the RHEED

10°F 400 (GaAs)

1°F 200 (GaAs)

KCoF,
layer KCoF,
400

Intensity [arb. units]
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1250 1000 750 500 250 0 Fic. 6. TEM cross-sectional images of the MBE grown structures of Fe/
Binding Energy (eV) KCoF3 on a silver templatéa) Structure with the polycrystalline fluoride.

(b) Epitaxial growth of the fluoride.
Fic. 5. XPS survey scan.

. . i . columnar structure of the polycrystalline fluoride with differ-
observations. During the evaporation of the fluoride a stognt crystallographic orientation of the columns, the spin
ichiometric film is deposited, and the polycrystalline or sycture at the interface will be quite different because a
single crystal form of the layer is properly identified by gypstantial part of antiferromagnet spins will not match the
RHEED images. We stress this point since obtaining RHEEQQ1) orientation of the Fe. Consequently, there could be a
images of an ionic film is not easy. The film becomes|grge fraction of uncompensated spins at this interface. In

charged and as a result the RHEED features are smearegyjition, there are networks of defects at the Fe/KCioF
Also the RHEED's 15 keV beam of electrons starts to evapoierface.

rate the fluoride within a second, leaving permanent marks \we note that exchange biasing has been studied previ-

on the film. ously in other fluorides. In most cases, the Fe/FafStem is

To image the interface of the Fe/KCpBtructures, we 4 good exampld? the antiferromagnetic fluoride has strong
used high resolution TEM. Figured& and Gb) show two niaxial anisotropy. In contrast, our studies focus on an an-

cases—structures with poly_crystallin_e and single CryStal_"”Eiiferromagnet with a small uniaxial anisotropy but with a
KCoF;. For the polycrystalline fluoride, the films grew in |59 exchange coupling within the antiferromagnet. This al-

the form of columns with an average diameter of 10 nm. Thgqs ys to explore different features in the magnetic proper-
crystallographic orientation of the grains differs from grain tjeg of the coupled system.

to grain and the defects originate at the Fe/Kg ofterface. Our SQUID measurements show that the magnitude of
The single crystalline structures, on the other hand, show,e exchange bias at low temperatures is larger for the
smooth interfaces with the arrangement of atoms irf Gd] samples with the single crystal fluorideee in Fig. 7. The
direction normal to the substrates. The average terrace Sizeé‘kchange bias decreases with increasing temperature and
Fe/KCoF interface exceeds 10 nm. For both types of strucyapishes at the blocking temperature, which is close to the
tures, the arrangement of atoms in Ag, Fe, and K{Jalfers  ngg| temperature. In contrast, the exchange bias in the
is clearly visible on the cross-sectional high-resolution trans'samples with polycrystalline fluoride is smaller and decays

mission electron microscope images. much faster with the temperature. In addition, the blocking
temperature is much lower than the éléemperature. Our
IV. MAGNETIC RESULTS AND DISCUSSION FMR measurements of the unidirectional anisotropy were

Before we present the results of the magnetic measuréonsistent with the SQUID results of exchange bias. This
ments we would like to comment on the importance of the'esult is surprising since the structures with the single crystal
quality and type of the Fe/KCaFinterface. The crystalline

form of the antiferromagnetic fluoride determines the mag- %

netic properties of the interfacial Fe atoms as it will be ap- —O— Polycrystal KCoF,
parent from magnetic measurements. In the case of the single ° —@— Singie Crystal KCoF,
crystal fluoride the spins at the ferromagnet/antiferromagnet 8 60'\ -
interface are expected to be compensated. However, for the 8 '\ 5 ;
1 e &
?}0 40 \ g }

. U g 2" .
TaBLE |. Atomic concentratior(%) including all elements, calculated from S 204 82 . S
the XPS survey spectruitfirst row). Atomic concentration of the fluoride i T \\ ] N |' Field [Oe]

. . B ee
components, calculated from the high resolution spesteaond row. . \ '\L/.TB
c 0 = K Co Ga As 0 50 100 150 200 250 300
(19  (1s) (19  (2p) (20  (2p3)  (2p3) Temperature [K]
18.5 11.1 38.6 15.3 15.8 0.08 0.63 Fic. 7. Temperature dependencies of the exchange bias for the samples with
54.3 23.8 21.9 1.3 nm Fe film and single crystal or polycrystalline fluoride. The inset shows

an example of the hysteresis loop illustrating the exchange bias effect.
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7 o~ Single Crystal KCoF interface for the samples with single crystal or polycrystal-
T=24K —e— Polycrystalline KCoF, line fluorides have an important effect on the exchange in-

o 64. teractions and the exchange bias in this system. It is not
g known whether the structural changesngle crystal versus
2 . polycrystalling or properties of the interfacénterdiffusion,
= roughness, etgcause the measured changes, but the changes
§ in the magnetic properties do correlate strongly with changes
2 41 in the structure of the fluoride. The exchange bias is signifi-
A cantly larger for the Fe/KCafstructures with the single

3 crystal fluoride. In contrast, the fourfold anisotropy of the Fe

00450 412ng912 [(112;180 225270 film is significantly increased for structures with the poly-
crystalline fluoride.

Fic. 8. Angular dependence of the resonance field in FMR-=a4 K for
the systems with 1.05-nm-thick Fe and single crystal or polycrystalline fluo-
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