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Magnetic Phase in the Near-Surface Region of an FeBO3 Single Crystal
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An FeBO; single crystal was studied from 291 K up to the Néel temperature Ty = 348.35 K by depth
selective conversion electron Mdsshauer spectroscopy in ultrahigh vacuum (10~° mbar). A new magnetic
near-surface phase was found. Its thickness D diverges on approaching T and gives a critical exponent
for the correlation length of » = 0.59(4). The phase boundary between the bulk and near-surface phase

could be identified.

PACS numbers: 75.30.Pd, 75.40.—s, 76.60.Es, 76.80.+y

Surface magnetism has been extensively studied on ul-
trafine particles[1] aswell as on thin films[2]. Pioneering
work on ultrafine hematite particles was published by van
der Kraan [3] and Shinjo et al. [4]. It reveded a different
magnetic behavior of the first monolayers with respect
to bulk samples. The first depth selective conversion
electron Moésshauer spectroscopy (DCEMS) experiment
on a polycrystalline hematite film at room temperature [5]
gave a thickness of the magnetically distinct near-surface
region of 1.8 nm. For theoretical aspects of surface
magnetism, see [6].

In experiments on ultrafine particles and thin films not
only the presence of a surface or interface may change the
magnetic behavior, but also structural differences may play
an important role. To avoid such complications, in our ex-
periment the surface of a perfect single crystal was chosen
as the most simple geometrical and physical situation pos-
sible. The experimental method had thus to fulfill not only
the requirements concerning magnetic characterization but
should also give an appropriate depth resolution for a
variable surface layer of 1 to 100 nm. An idea tool for
studying magnetism is the M dssbauer technique. The im-
provements in the combination of Mssbauer and con-
version electron spectroscopy [7,8] made such a depth
resolved experiment feasible. DCEMS makes use of the
energy loss of primarily monoenergetic conversion and
Auger electronsthat are emitted in succession to the M 6ss-
bauer absorption process in the sample. This can be used
in a deconvolution procedure to get the depth information
of the Mésshauer absorption [9].

The FeBO; single crystal (enriched to 96% in >’Fe) was
prepared by the flux method and subsequently cleared of
its surface by mechanical and chemical polishing. Thus
a structural homogeneous sample was obtained. This is
confirmed by the detailed DCEMS analysis of the isomer
shift and quadrupole splitting in the paramagnetic state.
The root mean sguare of the surface roughness was mea-
sured by atomic-force microscopy in a500 nm by 500 hm
areato give 0.4 nm. The ¢ axis of the single crystal is ori-
ented perpendicularly to the surface and the local magnetic
moments of the canted antiferromagnet.

5632 0031-9007,/ 00/ 84(24) /5632(4) $15.00

As our DCEMS experiment on a hematite single crystal
at room temperature [10] confirmed thefinding of Ref. [5],
we focused our experimental investigation on the tempera-
ture dependence of the near-surface magnetic properties
of an FeBO; single crystal, which has a similar mag-
netic structure as hematite. The first investigations of this
kind were realized by Kamzin et al. [11] by comparing
the Mésshauer signal detected by transmitted v quanta,
backscattered x rays, and conversion electrons. Apart from
a depth dependent gradual change of the magnetic struc-
ture in a surface region, a continuous reduction of the Néel
temperature by approaching the surface was proposed. In
the work of Kovalenko et al. [12] relaxation effects have
been found in a near-surface layer. The crude depth reso-
Iution in the above experiments (=100 nm) did not alow
for an unambiguous characterization of the near-surface
magnetic behavior.

The present study gives results for a surface region of
600 nm in thickness with an appropriate resolution. The
main finding is the coexistence of a homogeneous mag-
netic near-surface phase and the antiferromagnetic bulk
phase. Both are separated by a phase boundary that is un-
ambiguously identified by its hyperfine interaction. The
near-surface phase is characterized by strong relaxation
effects that include a paramagnetic contribution down to
0.65 K below Ty. Near-surface and transition phases show
a systematic dependence of their thickness as a function of
temperature.

To get an idea of the temperature dependent differences
of the magnetic ordering as a function of depthin the crys-
tal, Fig. 1 shows the M&ssbauer spectra for two electron
energy settings of the orange spectrometer [7] at the K con-
version edge of 3’Fe. The respective depth weight func-
tions are showing the surface sensitivity for 7.25 keV and
arather flat distribution for 6.50 keV. All spectra are nor-
malized to equal area and the residuals between the two
columns are shown. At 341.25 K the Mdssbauer spectra
can be mainly understood by a reduction of the average
magnetic hyperfine field in a surface layer. By approach-
ing Ty, in addition, the near-surface spectrum shows the
characteristics of afast (1078 s) relaxation. Thisissimilar

© 2000 The American Physical Society



VOLUME 84, NUMBER 24 PHYSICAL REVIEW LETTERS 12 JunE 2000
7.25keV  6.50 keV  Residual (a) I
T T 30 .
T K] t — ]
] ] 348.25[ - ]
2000 ] e £ 20
] ] 3 s
0_“|“'|"'|'”_""'T-- LR MRS LAY LA A a 10_: .
@ 2000- . 347.95 {——otci %
S ] ] f\\ - 1----- s(ci
3 : : R A T o (e /2L ER— e
o | | V - 290 300 310 320 330 340 350 360
c O — it st Frrrrrrites UL AR L (b) 1
g 1000_- ] 346.75 —_ -0 __t ---------- e ]
2 ] = o084 -% 1z 2]
i} ] _ 0 o 4 T ", L . ) ]
[+ . i = 06 Y g:l e . .
= e e 1] 1 ° \\ 1
1000_- i 341.25: i 0.4 7 o« cm ~$ ]
1 | i < 0. 2_ o(Cll) i
] -"Wﬁ“‘gv"v‘o A (R a(Cil) 1
E r 0.0 -+ IR IS L I
0 et e e e 290 300 310 320 330 340 350 360
202 202 -202 T [K]
Velocity [ mm/s ] () T
T 0.08 i
£ 7.25 keV 1 —_
= 0.04 - = 10 o .
” I — 3 v Cl:p =0.348(4)]
) - 3 . e ]
£ om E | o run
0 50 100 0 50 100 Soid L Pa= 0913 1
X [nm] 1 B, ((T) = By((0) (1-T/TN)B
R RRLY | LR | T T
FIG. 1. Méssbauer spectra for two electron energies and the 0.1 1 10 100
corresponding depth weight functions. The residuals have the T,-T [K]

same scales as the Mdsshauer spectra

to superparamagnetic behavior but is caused by spin wave
excitations at lower temperatures and critical fluctuations
in the vicinity of Ty. From the intensity ratio of the Mdss-
bauer lines it can be concluded that the relaxation takes
place perpendicularly to the crystallographic c-axis.

At 348.25 K, just 0.1 K below Ty, the two M dssbauer
spectrain Fig. 1 look almost identical. Thisis aclear in-
dication that the thickness of the magnetically distinct sur-
face region has grown to about 200 nm. The L conversion
electrons of >’Fe allow the determination of this thickness,
as their weight functions cover a 600 nm surface region.

By analyzing the temperature and electron energy de-
pendence of the Mdssbauer spectra, a deconvolution into
three components CI—CIl1I could be established: CI ex-
hibits the same characteristics as bulk FeBO; [13], Cll is
similar to ClI but shows a small reduction and distribution
of the magnetic hyperfinefield, and ClIl shows areduction
of the average hyperfine field by 15% already at 300 K in
combination with a wide hyperfine field distribution with
astandard deviation of 10%. It turns out that the paramag-
netic contribution in the Mossbauer spectra for reduced
temperaturesr = Ty — T of 0 K <t < 0.65 Kisanin-
herent feature of the near-surface phase CllI and will be
named ClllIb. In this context, the magnetically split frac-
tion of component CllI will be named Cllla

The temperature dependence of these components is
plotted in Fig. 2a. The inset gives the magnetic hyper-

FIG. 2. Magnetic hyperfine field of CI-ClII as a function of
temperature. (a) Symbols represent the average of By, for each
component; lines indicate the sigma value of the Gaussian dis-
tribution. The inset shows the distribution at 337 K. (b) Bys in
units of By¢(Cl). (c) Logarithmic plot of By versus .

fine field distribution at 337 K, which is typical for spec-
tra below 346 K. The deconvolution into three distinct
magnetic phases is supported by the depth analysis of
the DCEMS data. Other deconvolutions that are pos-
sible within the statistical error of the Mdssbauer spec-
tra, especiadly for T > 346 K, lead to resonant electron
spectra that are not compatible with the electron transport
theory. Thus, the depth deconvolution provides additional
information that restricts the interpretation of the otherwise
partly ambiguous Md&ssbauer spectra near the Néel tem-
perature. In Fig. 2b the magnetic hyperfine fields are plot-
ted in units of the splitting of component Cl. It becomes
obvious that Cll stays within a constant distance from ClI
up to temperatures of 346 K. The magnetic hyperfinefield
shows only a narrow distribution (solid lines). These prop-
erties are due to the exchange coupling of phase ClI to the
spin system of the bulk phase CI. In contrast, Clll shows
astronger collapse of the average magnetic hyperfine field
as afunction of temperature accompanied by awide distri-
bution. The logarithmic plot of Fig. 2c reveas the char-
acteristic exponents which are identical for Cl and ClI
within the statistical error bars. The small deviations above
346 K may be due to the statistical correlation of Cll with
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Clll. The exponent 8; = 0.348(4) is in agreement with
Ref. [13]. The stronger decrease with temperature for Cll|
is given by B3 = 0.51(2), following the same analytical
relationship.

The depth information of the above Mdssbauer deconvo-
lution is given by the resonant electron spectra of ClI, ClI,
and ClII (splitin Clllaand CllIbin Fig. 3). Theattribution
of Clllaand CllIb to the same magnetic near-surface phase
and the exclusion of areduction of the Néel temperature on
top of this layer results unambiguously from the identical
shape of both electron spectra. The depth distributions of
Clilaand Clllb coincide. Figure 3 shows the development
of the resonant electron spectra for three temperatures. At
323.25 K the electron spectra of Cll and CllI are equal to
the experimental response function, which means that the
magnetic surface layer is too thin to result in a measur-
able energy loss of the electrons. Nevertheless, a thick-
ness information is obtained by the absolute height of the
signal, giving a much smaller thickness for ClIlI than for
Cll. The dominant contribution at this temperature comes
from phase Cl. The solid lines give the simulation results
on the basis of the electron transport theory for the above
three phase model. The stronger decrease with energy loss
of the smulated bulk spectrum compared to experiment
is due to transport properties that are seen only in single
crystal spectra. They are considered to arise from electron
channeling. Infirst order, this effect gives a systematic un-
certainty for the depth deconvolution of 15% by a linear
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FIG. 3. Resonant count rate of components CI—ClII as afunc-
tion of electron energy. With increasing temperature the inten-
sity of the magnetic surface layer increases systematically.
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scaling factor for al depth values as it will affect the elec-
tron spectra at any temperature in the same way. Thus, the
characteristic exponent for the temperature dependence of
the surface layer thickness will not be affected.

At 347.75 K the electron spectra of Cll and ClIl are
no longer similar. The edge of the spectrum of Cll has
shifted to alarger energy loss which equals the deeper re-
gion in the sample where this phaseisfound. Furthermore,
the intensity of ClIl has increased considerably which re-
flects the strong increase in volume. As the leading edge
is unshifted this phase must still reach to the very surface.
Already visibleis asmall contribution of the paramagnetic
line Cl11b which becomes the dominant part at 348.05 K.
At this higher temperature the similarity of the electron
spectra of Cllla and Clllb becomes obvious. The contri-
bution CI has nearly vanished and ClI is found at even
larger depths. The deviations in the shape of the simulated
and experimental spectrafor electron energies between 6.9
and 7.1 keV are due to the statistical correlation of ClI
and ClII in the Mdssbauer spectra; thus CllI is dlightly
underestimated whereas ClI is overestimated in intensity.
Deviations in the absolute height are correlated with the
already mentioned peculiarities of the electron transport in
the single crystal.

The analysis of the resonant electron spectra for nine
temperatures reveals the systematics of the volume varia-
tion of components Cll and Cl1I with reduced temperature,
or in amore direct way, with the magnetic hyperfine field
Bys of the bulk phase. For B,s = 10 T, i.e, t = 2 K, the
thickness DIl and DIII follow a power law (Fig. 4). The
multiplication of the exponent for DIl »3/8; = 1.7(1) by
1 leads to the characteristic exponent v; = 0.59(4). The
temperature dependence of DIl is much weaker and gives
v2/B1 = 0.5(1). Above 346.5 K the divergence is much
stronger than the extrapolated power law. This coincides
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FIG. 4. Temperature dependence of the layer thickness DIl
and DIll. The deviation from the power law for By <7 T
is significant, though the error bars get much larger as the Bethe
range of the K conversion electrons is reached.
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FIG. 5. Paramagnetic fraction CllIb of component CIII.

with the appearance of the paramagnetic fraction of com-
ponent CIII (Fig. 5).

By the DCEMS method the critical behavior of the
volume fraction of a homogeneous magnetic near-surface
phase of an antiferromagnetic FeBO; bulk single crystal
could be observed over 2 orders of magnitude in thickness.
Because of the depth resolution a phase boundary could
be identified. The coexistence of the bulk and near-
surface phase contradicts the theoretically proposed
gradual dependence of the order parameter on depth
in so-caled ordinary or extraordinary transitions [14].
This finding will have significant implications on the
interpretation of critical behavior in small particles.
The characteristic exponent »; for the thickness of the
near-surface phase for + = 2 K is in striking agreement
with the theoretical critical exponent vy, = 0.63 for the
correlation length &,k in the three-dimensiona Ising
model [15-18]. The critical length scale &gyrace for the
surface of a semi-infinite system should be the same
[14,19]. The exponent B3 = 0.51(2) lies between the
bulk value and the surface value of the semi-infinite
Heisenberg model [20—22] with 8 = 0.8. The similarity
of »3 and w»y, is originated in the fact that both the
increase of D and ¢ with temperature is counteracted
by the magnetocrystalline anisotropy. The effective
dimensionality of the system seems to be 3. The steeper
increase of D for + < 1 K hints to a reduction of this
value. Pardlel to the divergence of ¢ for + — 0 K, at
t = 0.65 K a measurable fraction of the critical fluctua-
tions reaches the Lamor precession time of the M dssbauer
transition (1078 s), which is seen in the paramagnetic
contribution.
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