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Surface magnetism at the Ne´el temperature of an FeBO3 single crystal
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In the near-surface region of an FeBO3 single crystal a new magnetic-phase transition was discovered at the
bulk Néel point by depth selective Mo¨ssbauer spectroscopy. The results neither fit into the concept of an
ordinary nor that of an extraordinary type of surface transition. The sublattice magnetization dynamics of the
near-surface phase is changed with respect to that of the bulk and exhibits similarities to that of a superpara-
magnetic system. In the same way as the Mo¨ssbauer line shape reveals the critical slowing down in the
time-correlation function of the local moment, the increase in thickness of the near-surface region mirrors the
divergence of the correlation length in the system when approaching the Ne´el temperature. The results on the
pure FeBO3 crystal are compared to those gained by replacing one-quarter of the Fe atoms by Ga. The phase
transition in the FeBO3 single crystal was studied from 291 K up to the Ne´el temperature TN5348.35 K by
depth selective conversion electron Mo¨ssbauer spectroscopy in an ultrahigh vacuum of 1029 mbar.
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I. NEAR-SURFACE MAGNETISM AT PHASE
TRANSITIONS

One of the first phenomenological treatments of the
pact of the surface on the magnetic ordering of the nea
atomic layers was given by Ne´el.1 Developments on this
theory can be found in the work by Bogdanovet al.2,3 With
the aid of computer simulations the insight into the scena
of near-surface magnetism could be improved and crit
laws and exponents of various quantities could
established.4–8 In general the surface exchange coupli
need not be the same compared to the bulk material. In
case of an enhanced surface coupling the magnetic orde
is expected to show up above the bulk transition tempera
in a near-surface region that is given by the magnetic co
lation length. Below the bulk transition temperature the s
face should exhibit an enhanced order-parameter value
the case of a diminished surface coupling the whole se
infinite sample should show magnetic ordering only bel
the bulk transition temperature. Nevertheless, the ord
parameter value of the surface will be lowered at any te
perature compared to the bulk value. A transition region
tween surface and bulk will again be defined by the magn
correlation length.9

Near-surface magnetism, in relation to critical pheno
ena, was first studied on ultrafine particles10,11 and then ex-
tended to thin films.12 In small particles the idea is to a
tribute the size dependence of the measured paramete
the surface. In thin films or semi-infinite systems, the exp
mental methods have to fulfill the demanding requireme
with respect to phase characterization and depth resolu
Scattering techniques with polarized particles in ultrah
vacuum usually probe the topmost atomic layers without g
ing information on the subsequent regions in the sample
they measure the change in polarization of the scattered
ticles, their application is restricted to ferromagnets. Wat
0163-1829/2002/66~10!/104426~11!/$20.00 66 1044
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et al.13 developed evanescent magnetic x-ray scattering
get the information on a near-surface region of semi-infin
systems. The recent improvements in nuclear resonant s
tering of synchrotron radiation provide a similar depth res
lution and include information on the magnetic ordering v
the hyperfine interaction.15,16 It has yet to be applied to this
field. The pioneering work on the temperature dependenc
the order parameter near the surface of an antiferroma
was carried out on ultrafine hematite particles by van
Kraan17 and Shinjoet al.18 decades ago. The results reveal
a magnetic behavior of the first few atomic layers on t
surface of the crystallites that was different in comparison
that of the bulk. The first DCEMS~Depth Selective Conver
sion Electron Mo¨ssbauer Spectroscopy! experiment on a
polycrystalline hematite film at room temperature,19 gave a
thickness of 1.8 nm to the magnetically distinct near-surfa
region. These results could be confirmed by our o
DCEMS measurements for the surface of a hematite sin
crystal.20 The same crystal was also used to study the ne
surface behavior at the spin reorientation transition, the
called Morin transition at 260 K.21

The extreme difficulty of characterizing the magne
state close to a phase transition as a function of tempera
and depth under ultrahigh vacuum is responsible for a lac
hard experimental tests of the theoretical background. De
selective Mo¨ssbauer spectroscopy22,23 as a nondestructive
method in ultrahigh vacuum satisfies both requiremen
Mössbauer spectroscopy gives quantitative results on the
erage value of the order parameter of a magnetic system
well as its dynamical features. It can be easily applied
antiferromagnets, avoiding stray field contributions to t
Hamiltonian that occur in ferromagnets. Also the ability
depth selection allows us to study the interesting magn
quantities as a function of depth. Such a depth selective
perimental study is vital for testing the full implications o
the theories on surface critical phenomena. To our kno
©2002 The American Physical Society26-1
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B. STAHL et al. PHYSICAL REVIEW B 66, 104426 ~2002!
edge, only evanescent magnetic x-ray scattering on a si
crystal of UO2 at a synchrotron radiation facility was able
fulfill part of these requirements.13 Nevertheless, it was no
possible to determine the depth dependence of the mag
ordering with sufficient precision, as the depth weight fun
tions involved are pure exponentials. In addition, x-ray sc
tering cannot characterize the magnetic order parameter
direct and as unambiguous a manner as in Mo¨ssbauer spec
troscopy.

II. DCEMS ON A FeBO 3 SINGLE CRYSTAL

As a consequence of the adequate features of the DCE
method, experiments to study near-surface magnetism c
to a critical point could be performed on single crysta
Single crystals constitute the simplest and cleanest sys
where the pure influence of the surface on the magnetic
dering can be studied. In experiments on ultrafine partic
and thin films not only can the presence of a surface
interface change the magnetic behavior, but uncontrolla
structural inhomogeneities can also play an important r
For instance, it is well known that otherwise unstable cr
tallographic phases are stabilized in small particles at ro
temperature. In the case of thin films the epitaxial interp
between substrate and film has to be taken into account

With the DCEMS technique a near-surface region of 1
300 nm in depth could be probed with sufficient statisti
quality. As hematite with its high Ne´el temperature of 956 K
is not a feasible candidate to study the antiferromagneti
paramagnetic phase transition, an FeBO3 crystal was chosen
for this purpose.14 FeBO3 has a rather similar crystal an
magnetic structure compared to hematite. Its Ne´el tempera-
ture of 348.35 K makes it an ideal sample for the pres
characterization. Due to the elevated temperature the sur
of the crystal could be held clean of adsorbates during
duration of the experiment. The time period amounted
several weeks of measurement. To ensure the highest
sible experimental sensitivity, the single crystal was fu
enriched in the Mo¨ssbauer isotope57Fe. The FeBO3 single
crystal was synthesized by the flux method. Its surface
subsequently thinned down by mechanical and chemical
ishing. Thus a structurally homogenous sample was
tained. Thec axis of the single crystal was perpendicular
the studied surface. The magnetic moments in this antife
magnet, with a weak parasitic moment due to spin cant
lie in plane. The smoothness of the surface was checke
atomic force microscopy~AFM!. On areas of 5mm 3 5 mm,
which are macroscopic compared to the probing thicknes
the DCEMS experiments, only rare steps of the size o
single lattice constant were found. As a consequence,
determined roughness of 0.4 nm is more a sign of the n
of the AFM than the real geometrical roughness of
sample.

First depth selective Mo¨ssbauer investigations on a
FeBO3 single crystal were undertaken by Kamzinet al.24 by
comparing the Mo¨ssbauer signal detected by transmitt
g-quanta, backscattered x rays, and conversion electr
Apart from a depth dependent gradual change of the m
netic structure in a surface region, a continuous reductio
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the Néel temperature, on approaching the surface, was p
posed. In the work of Kovalenkoet al.,25 relaxation effects
were found in a near-surface layer. The crude depth inform
tion in the above experiments ('100 nm! did not allow an
unambiguous characterization of the magnetic behavio
the near-surface region.

III. THE DCEMS METHOD

The DCEMS method is based on the coincident spect
copy of electrons and gamma radiation.26–28 The spectros-
copy of g radiation with high resolution is provided by th
nuclear resonance absorption effect, which is called Mo¨ss-
bauer spectroscopy. Mo¨ssbauer spectroscopy yields th
chemical and magnetic phase characterization via the hy
fine interaction of the nucleus with the electronic shell. Th
kind of high-resolutiong spectroscopy can be converted in
a depth selective mode when detecting the subsequent
version and Auger electrons. Their energy loss is linked
their depth of origin, i.e., the location where the Mo¨ssbauer
absorption process has occurred. The random walk of
electrons by elastic and inelastic scattering can be simul
and quantified by a Monte Carlo technique. The experim
tal data can be deconvoluted according to these results to
the depth profile of the Mo¨ssbauer absorption.

In the DCEMS experiment both, nuclear resonance
sorption and electron spectroscopy are closely linked by
convolution of the Mo¨ssbauer excitation with the electron
transport process. Due to this correlation in DCEMS,
chemical or magnetic phase resolution increases even w
out a precise evaluation of the depth information if one co
pares it to a standard Mo¨ssbauer experiment.

In its modern form, DCEMS uses an optimized setu
which, due to its highly sensitive design, makes it suita
for standard materials science characterizations.29

IV. EXPERIMENTAL EVIDENCE OF NEAR-SURFACE
MAGNETISM IN FeBO 3

To get an idea of the principal hyperfine interaction
FeBO3 the Mössbauer spectrum at 291 K, i.e., well belo
the magnetic transition point, is shown in Fig. 1. The six li
pattern is reminiscent of the antiferromagnetic ordering
the sample. The intensity ratios of the individual lines mirr

FIG. 1. Mössbauer spectrum of FeBO3 at 291 K including the
deviation between the measurements at 6.71 and 7.29 keV.
6-2
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SURFACE MAGNETISM AT THE NÉEL TEMPERATURE . . . PHYSICAL REVIEW B 66, 104426 ~2002!
the perfect in-plane alignment of the atomic magnetic m
ments at the iron sites. The peculiar asymmetries in the s
tral areas of pairs of lines, i.e., the first and sixth, second
fifth, and third and fourth lines, are due to the perpendicu
orientation of the electric-field gradient and the magne
moments. This is also seen in the relative line positions
the sextet. To demonstrate the sensitivity of the DCEM
method to minor changes in the line shape of the Mo¨ssbauer
spectrum as a function of depth, the spectra for the two
treme electron energies of 6.71~bulk like! and 7.29 keV
~surface enhanced! are compared. The hyperfine paramet
in the least-squares fit procedure were optimized with re
ence to the bulk spectrum. The spectrum at 7.29 keV
shows a surface enhancement was fitted with these pa
eters and the difference between experiment and theor
plotted as a horizontal line. The adequacy of the theoret
approach is seen in the flat line for the 6.71 keV case.
same characteristic deviations of the line shape show u
all resonance lines with a clear accentuation on the outm
ones. This deviation can easily be understood in terms o
appropriate magnetic hyperfine field distribution that var
towards the surface layers of the crystal. Figure 2 shows
average magnetic hyperfine field, i.e., the zero moment of
distribution, as a function of electron energy. Below 7.3 k
the K conversion electrons dominate in intensity, wh
above onlyL conversion electrons contribute to the reson
signal. K as well asL conversion electrons with high-energ
loss transport the Mo¨ssbauer information from deeply burie
layers to the electron detection system. They represent
bulk behavior of the material. However, at theK conversion
edge at around 7.3 keV, a strong surface enhancement o
depth weight function reveals the changes in magnetic
perfine field towards the surface. Notice the minute scale
the differences of about 1% of change.

This magnetic peculiarity of the surface is connected
the phase transition at 348.35 K. As the transition point s
lies 57 K ~or 0.16 in reduced units! above the room tempera
ture measurements, the impact of the surface on the cri
behavior is still weak. This will obviously change when th

FIG. 2. Average magnetic hyperfine field at 291 K as a funct
of electron energy.
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temperature is raised in a logarithmic sense towards the N´el
point. Figure 3 demonstrates the systematic collapse of
magnetic hyperfine field in the 6.5 keV Mo¨ssbauer spectrum
as well as the evolution of differences to the spectra m
sured at 7.3 keV. This is plotted in the same way as in Fig
with the residual on the right. A close look at the spectra
the first two columns reveals another important feature. T
bulk-like spectra are characterized by a mere shrinkage
the magnetic splitting, i.e., the relative distances between
resonance lines~the line width stays constant thus diminis
ing the resolution! with increasing temperature, whereas t
shape of the surface sensitive spectra follows another ro
A significant line broadening is followed by a strong grow
of a paramagnetic fraction in the central part of the spectr
above 347.25 K. Both features hint towards a change in
namical properties of the local magnetic moments compa
to the bulk case. A final important observation is the fact t
the Mössbauer spectra at these two energies approach i
tical shapes at very low temperatures as well as above
Néel transition. This confirms the crystallographic homog
neity of the examined sample. The paramagnetic dou
with the pronounced and ideal intensity asymmetry of
two resonance lines emphasizes the perfect orientation o
crystallographicc axis along the normal to the surface of th
sample. The isomer shift as well as electric quadrupole sp
ting ~QS! are plotted as a function of electron energy in F
4. The depth weight functions have to be taken in the sa
way as in Fig. 5. Considering the extremely expanded sc
of the two graphs in comparison to the natural linewidth

n

FIG. 3. Mössbauer spectra at selected temperatures for the
extreme electron energies when considering their depth we
function.
6-3
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B. STAHL et al. PHYSICAL REVIEW B 66, 104426 ~2002!
the Mössbauer transition in57Fe of '0.2 mm/s, and the
usual sensitivity of the line position to changes in the cha
state or the crystal structure, this data again proves the
quality of the analyzed crystal. The small systematic incre
of QS towards 7.4 keV could be a signature of the dangl
bonds of the surface and a lattice contraction involving
first Fe monolayer.

FIG. 4. Isomer shift and electric quadrupole splitting in the pa
magnetic state as a function of electron energy.

FIG. 5. A selection of Mo¨ssbauer spectra at 346.75 K at diffe
ent electron energies.
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V. DEPTH DEPENDENCE OF THE MAGNETIC
ORDERING IN THE NEAR-SURFACE REGION

To further clarify the nature of the magnetic ordering
the near-surface region of the FeBO3 single crystal, Mo¨ss-
bauer spectra at 346.75 K~this is 1.6 K below the Ne´el
point! were carried out as a function of electron energy~Fig.
5!. At the deepest accessible regions of the sample, i.e., a
electron energy of 6.54 keV, the Mo¨ssbauer spectrum fit
perfectly in shape and splitting to what is expected for a b
sample at this temperature~component CI!. The filled graph
on the right-hand side shows the appropriate depth we
function for that electron energy. Going to the other extre
of high surface sensitivity, i.e., at 7.33 keV, it is clearly vi
ible that the spectrum is dominated by a component~CIII !
that lacks the clear pattern of six lines. Nevertheless, a f
tion of the spectrum still demonstrates the characteristic
the deeper regions of the sample. Both CI and CIII contrib
tions are well separated with respect to their average hy
fine fields. Note that one does not observe a smooth tra
tion from one extreme case to the other as the elec
energy is varied. Instead, all the Mo¨ssbauer spectra betwee
6.54 and 7.33 keV can be deconvoluted into a mere su
position of these two extreme situations. A precise analy
of the Mössbauer data reveals an additional detail that tu
out to be important for the final interpretation of the dep
dependence of the hyperfine interaction. Besides the
components CI and CIII, a third contribution CII is seen wi
parameters that are very similar to CI but with a sligh
reduced magnetic hyperfine splitting. As will be seen la
component CIII has further to be separated into two con
butions as the Ne´el temperature is approached within 0.6
These will be labeled CIIIa and CIIIb.

To resolve the nature of the three components that h
been determined in the Mo¨ssbauer spectra one has to take
glance at their electron spectra in Fig. 6. They are plotted
a function of temperature. The ordinate is given in absol
units of the spectral area for a relative energy resolution
2% of the orange type spectrometer with a sample diam
of 3 mm. This allows for a comparison of the detection ef
ciency of different DCEMS setups. At low temperature
component CI obviously dominates the whole Mo¨ssbauer
spectrum at any electron energy. Nevertheless, due to
excellent statistical quality of the data and the entirely diff
ent nature of their respective magnetic hyperfine field dis
butions ~as will be discussed below!, components CII and
CIIIa can be resolved as well.

Increasing the temperature up to 346.75 K, the followi
observations can be made:

~1! Component CIIIa steadily increases in intensity wh
CII stays constant.

~2! The electron spectrum of CIIIa does not change
shape or position.

~3! The edge of the electron spectrum of CI is flatten
out and shifted to lower energies with increasing intensity
CIIIa.

~4! The position of the electron spectrum of compone
CII is always found in between those of CI and CIIIa, be
seen in the position of its maximum.

-

6-4
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SURFACE MAGNETISM AT THE NÉEL TEMPERATURE . . . PHYSICAL REVIEW B 66, 104426 ~2002!
The points~1! to ~4! summarize a general trend that
even more pronounced above 346.75 K. At 347.75 K, it
comes most apparent that the relative positions of the th
resonant electron spectra obey rule~4!. However, in addition
to the increase in intensity, the electron spectrum of C
also grows in width. Nevertheless, its edge stays at aro
7.3 keV, indicating its continued presence at the very surf
of the sample. In contrast to this behavior, the position of
electron spectrum of CII~though roughly maintaining its in
tensity, shape, and width! is shifted significantly to higher-
energy losses. This represents a shift to deeper regions o
sample. In the same way, CI is driven out of this volum
retreating itself to the center of the crystal, which is n
accessible to the experiment.

FIG. 6. Resonant electron spectra at selected temperatures.
lines: simulation with the discussed model.~The stronger decreas
of the simulated bulk spectrum with energy loss compared to
observed in the experiment is due to transport properties that ca
only seen in single-crystal spectra. They are considered to a
from electron channeling. This temperature independent effect g
a systematic uncertainty of 15% for the deconvoluted depth sc
The characteristic exponent for the temperature dependence o
surface layer thickness will not be affected.!
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Coming back to the paramagnetic fraction mentioned
the context of Fig. 3, its electron spectrum increases in
tensity from 347.75 K upwards. It is labeled as CIIIb. Th
corresponding naming of components CIIIa and CIIIb fin
its origin in the same shape of their respective electron sp
tra. This means, without a detailed analysis of the depth p
file by a full deconvolution procedure, there is an identic
depth range of both contributions. Thus, they are two sig
tures of the same magnetic phase.

The preceding discussion of the resonant electron spe
can be only considered as a crude description of the deta
depth profile that underlies the data. Each set of 10 to
Mössbauer spectra~as a function of electron energy! for each
temperature point~which were about 9 in number! was ana-
lyzed simultaneously and the depth profile deconvoluted
cording to the depth weight functions as sketched in Fig
The result of this analysis was rather surprising. Though
were expecting a gradual and smooth decrease of the m
netic order parameter~the average magnetic hyperfine fie
value! on approaching the surface of the sample, the o
scenario that fits the Mo¨ssbauer data consistently is a com
pletely different one. The sample consists of two depth
gions that contain two different magnetic phases with
tirely different properties. They are separated by some k
of a phase boundary seen as component CII in the Mo¨ss-
bauer spectra. With increasing temperature this phase bo
ary is shifted to larger depth while both phases CI and C
persist. Such a scenario is expected for a bulk phase tra
tion of first order, like the surface melting of water-ice.9,30

Surprisingly, it is observed for the second-order transition
an antiferromagnet. To clarify this finding, a quantification
the evolution of the depth profile as a function of tempe
ture has to be established. In addition, the line shapes of
Mössbauer components have to be discussed.

Looking at the temperature evolution of the separa
Mössbauer fractions CI and CIII in Fig. 8, their entirely di
ferent characteristics become obvious. Let us first conc
trate on the spectral shape of CI. Up to a temperature of
K, that is just 0.35 K below the Ne´el point, the typical six
line pattern of~antiferro!magnetic ordering can be figure
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FIG. 7. Electron transport functions for FeBO3 as generated
from Fe transport functions by scaling according to the mass d
sity.
6-5



th
th
m
e

C
a

in
of
om
el

a
y

gl
a

ld
bu

e

a

e
e
de-
-

ulk
ase.

ag-

the
g-
es
ed
r to
ed
on
w
he
be-
re-

ra-
ag-

he
This

face
se.
se
te

der

o

re.

B. STAHL et al. PHYSICAL REVIEW B 66, 104426 ~2002!
out. During the collapse of the average hyperfine field
width of the resonance lines stays constant. The plot of
well-defined magnetic hyperfine field as a function of te
perature~Fig. 9! yields the typical magnetization curve of th
ferromagnetic sublattice of an FeBO3 single crystal. Thus, CI
is representative of the bulk behavior.31 The line shape and
temperature dependence of CII is very similar to that of
with the exception of a slightly reduced hyperfine field th
exhibits a narrow distribution@see the inset in Fig. 9~a! at
337 K#.

In Fig. 9~b! the magnetic hyperfine fields are plotted
units of the splitting of component CI. The hyperfine field
CII stays in a narrow range within a constant distance fr
CI up to temperatures of 346 K. The magnetic hyperfine fi
shows only a narrow distribution~solid lines!. These corre-
lated properties are due to the exchange coupling of Fe
oms in the phase boundary region CII and the adjacent la
belonging to region CI. In contrast, CIII seems to be stron
decoupled from the underlying bulk system and shows
enhanced collapse of the average magnetic hyperfine fie
a function of temperature accompanied by a wide distri
tion. The double-logarithmic plot of Fig. 9~c! reveals the
characteristic exponents that are taken according to the
pression

Bhf~T!5Bhf~0!S 12
T

TNéel
D b

. ~1!

The exponentsb are identical for CI and CII within the
statistical error bars. The small deviations above 346 K m

FIG. 8. Mössbauer components CI and CIII as a function
temperature.
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be due to the statistical correlation of CII with CIII. Th
exponentb1 5 0.348~4! is in agreement with Ref. 31. Th
more pronounced decrease with temperature for CIII is
scribed byb3 5 0.51~2!, following the same analytical rela
tionship.

In summary, the expected simple behavior of the b
component is not found in the magnetic near-surface ph
Its characteristics resemble the features of a superparam
netic system. Up to about 1 K below the Ne´el transition
point, the line shape, especially the line broadening of
outer pair of lines, hints to a relaxation of collective ma
netic moments. The intensity ratio of the resonance lin
indicates that the moments of these dynamically form
magnetic clusters fluctuate within the plane perpendicula
thec axis of the crystal. Later on, we will see that a detail
model of this relaxation process will lead to a quantificati
of its time constant. As a function of temperature it will sho
the expected critical slowing down on approaching t
phase-transition point. Above a certain temperature, still
low TNéel , these collective relaxations along a certain p
ferred direction~in-plane uniaxial anisotropy! will convert to
a complete directional switching behavior. As in superpa
magnetism, this will lead to the appearance of a param
netic fraction in the center of the Mo¨ssbauer spectra~Fig. 8!.

Before going into further detail, let us have a look at t
temperature-dependent depth scale of the phenomenon.
scale is easily defined by the thickness of the near-sur
region that contains the newly discovered magnetic pha
This quantity is plotted along with the thickness of the pha
boundary between CI and CIII in Fig. 10, in an appropria
double-logarithmic plot. In a phase transition of second or
one expects the thicknessD(T) of the region that is modified

f

FIG. 9. Magnetic hyperfine field as a function of temperatu
~a! linear plot,~b! Bhf normalized to the bulk hyperfine field, and~c!
double logarithmic plot ofBhf versus TNéel-T. Solid lines: fit to Eq.
~1!.
6-6
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SURFACE MAGNETISM AT THE NÉEL TEMPERATURE . . . PHYSICAL REVIEW B 66, 104426 ~2002!
by the influence of the surface to scale with the same po
law as the correlation lengthj:

D~Bhf!5D0Bhf
2n/b1;S 12

T

TNéel
D 2n

;j~T!. ~2!

From Fig. 10 it is clear that for Bhf>10 T, i.e., TNéel2T
>2 K, the thickness DII and DIII follow this behavior. Th
multiplication of the exponent for DIIIn3 /b1 5 1.7~1! by
b1 leads to the characteristic exponentn3 5 0.59~4!, which
is identical to the theoretical value 0.63 of the magnetic c
relation length of the bulk system. The temperature dep
dence of DII is much weaker and givesn2 /b1 5 0.5~1!. This
fits into the picture of a phase boundary region with a m
or less constant thickness.

Above 346.5 K, the divergence of the thicknesses DII a
DIII are much stronger than the extrapolated power law. T
coincides with an onset of a strong line broadening of co
ponent CII and the appearance of the paramagnetic frac
of component CIII. The paramagnetic fraction indicates
switching of the local magnetic moments between oppo
directions of the easy axis. The switching occurs on a ti
scale that is shorter than 1028 s.

VI. DYNAMICS

Concentrating now on the dynamical aspects of the c
cal system the evaluation of the Mo¨ssbauer line shape ca
reveal a crude idea of the relaxation time in the near-surf
phase CIII. According to Wegener32 the collective relaxations
of magnetic moments should lead to a characteristic
broadening. The line broadening~given in mm/s! does not
scale in a simple linear fashion with the average magn
hyperfine field. Rather, a scaling proportional to the aver
squared fluctuation of the hyperfine field^DBhf

2 & is predicted
as

G5G01
2c~0.243mn^Bhf&!2

14.4 keV \
t^DBhf

2 &. ~3!

FIG. 10. Evolution of the depth profile as a function of reduc
temperature~triangles: thickness of near-surface phase, circ
thickness of phase boundary!. Solid lines according to Eq.~2!. The
arrow indicates the appearance of the paramagnetic fraction C
close to the Ne´el temperature.
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G0 represents the experimental linewidth without the rela
ation effects,c the velocity of light,mn531.531029 eV/T
the nuclear magneton, andt the relaxation time of the atomic
moment. 2p\/0.243mn^Bhf& constitutes the nuclear Larmo
precession time wherêBhf& is the average value of the hy
perfine field while the average squared fluctuation ofBhf is
given by

^DBhf
2 &5^~Bhf2^Bhf&!2&5^Bhf

2 &2^Bhf&
2. ~4!

To determinet, i.e., the time scale of the collective dy
namics of the atomic moments, an estimate of the quadr
fluctuation ^D Bhf

2 & has to be obtained. The average hyp
fine field has to be taken from the near-surface ph
(^Bhf

near-surface&), which is a function of temperature~Fig. 9!.
The physical reason for this choice is the necessity to dis
guish between the rather short-time scale~compared to the
nuclear Larmor frequency! of the fluctuations of the indi-
vidual atomic moments due to spin-lattice relaxation and
longer-time scale of the collective fluctuations of a cluster
atomic moments relative to the magnetic easy axis. The la
crosses the nuclear Larmor precession time at a certain
perature, thus leading to the experimentally observed
broadening. As this effect scales linearly with^Bhf

near-surface& it
is clear that the collapse of the average hyperfine field n
TNéel will limit the experimental observation above a certa
temperature. On the other hand, at lower temperatures,
collective fluctuations will be frozen out and only the rela
ation free experimental line width will be measured. In oth
words, there is only a small temperature interval where
relaxation effects can be evaluated quantitatively. As we w
see later, the results, nevertheless, cover a time interva
four orders in magnitude.

To get an idea of̂DBhf
2 & as a function of temperature, on

has to bring to mind the following picture: similar to th
situation in small particles, the collective relaxation of clu
ters of magnetic moments@their average size is temperatu
dependent through the correlation lengthj(T)] will take
place along the direction of the magnetic easy axis. Howe
in contrast to the small particle case and in accordance w
the above experimental observations~Mössbauer line inten-
sities!, the fluctuation is confined to a plane. The simple
approach33 for the potential of the collective moment i
given by

E~u!5KV sin2u, ~5!

whereK is the magnetocrystalline anisotropy,V, the volume
of the cluster, andu, the angle between the easy axis and
collective moment. The temperature-dependent probab
density for any direction specified by the polar angleu can
then be expressed as

P~u!;e2(KV/kT)sin2u. ~6!

In the three dimensional case an additional factor of su
would appear in the expression forP(u). Choosing the ab-
breviations a5kT/KV, x5sinu, and A12x25cosu, the
projected hyperfine field as well as its quadratic deviat

:

Ib
6-7
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can be determined analytically with the help of the giv
probability function. The following integrals will be used fo
this purpose:

E
0

1

P~x!
dx

A12x2
5

p

2
e21/2aI 0S 1

2aD , ~7!

^cosu&5E
0

1

P~x!dx5
1

2
AaApErfS 1

Aa
D , ~8!

^cosu2&5E
0

1

P~x!A12x2dx5
p

4
e21/2aF I 0S 1

2aD1I 1S 1

2aD G .
~9!

I n(x) defines the modified Bessel function of the first kind
order n. Erf(x) is the error function. Equation~7! gives the
normalization of the probability. The expression in Eq.~9! is
the first step to evaluate Eq.~3! as it is proportional to the
projected quadratic fluctuation of the collective mome
which generates the hyperfine field. The average value of
hyperfine field will be proportional tôcosu& as given in Eq.
~8!.

The next step is to elucidate the physical meaning oK
andV, especially with respect to their temperature variati
In terms of the reduced temperaturet512T/TNéel and the
critical exponentsb50.348(4), n50.63, andnz ~from t
;t2nz, the temperature dependence of the correlation tim!
the following expressions can be written down:

K~ t !5K0t3b'K0t ~10!

gives the temperature-dependence of the uniaxial magn
crystalline anisotropy. As has been mentioned,
temperature-dependent average volume of the magnetic
ters should be given by the magnetic correlation length:

V~ t !5bj3;t23n't22. ~11!

Hence, the productKV will approximately follow the power
law 1/t. More generally 1/a will obey

FIG. 11. Relaxation time of the magnetic clusters showing
critical slowing down near the Ne´el temperature.
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KV

kT
5

K0bt3(b2n)

kT
5S 12

T

TNéel
D 3(b2n) K0b

kT
. ~12!

This expression fora can be introduced into the Eqs.~7! to
~9!. Together with Eq.~3! and the temperature dependence
the mean magnetic hyperfine field, the theory can be fitte
the experimental line broadening data withI 05K0b andz as
free parameters.

Figure 11 shows the development of the relaxation timt
as a function of reduced temperaturet. It reveals the ex-
pected slowing down towards the Ne´el temperature, which is
an increase of the correlation time in the self-correlat
function of the atomic moment. The exponent of the pow
law is nz52.0 (6 0.9) which fits into the theoretically ex
pected range.34 As a reverse conclusion, the assumption
Eq. ~11! with respect to the relationship between the volum
V(t) and the correlation lengthj(t), seems to hold good.

VII. DISCUSSION

The DCEMS results demonstrate that in the near-surf
region of an FeBO3 single crystal an unexpected magne
phase is formed on an approach to the Ne´el transition from
below. This phase is separated from the bulk region of
crystal by a phase boundary that could be detected in
Mössbauer experiments. The thickness of the magnetic
distinct near-surface region follows a power law as a fu
tion of reduced temperature with a critical exponent ofn3
50.59(4). This value is identical to the theoretical value
the corresponding exponent of the correlation lengthjbulk(t)
in the three-dimensional Ising bulk system.35–38 The depth
profile of the near-surface phase is expected to scale
jbulk(t).9,39

Regarding Fig. 3~7.3 keV! and Fig. 8~component CIII!
magnetic correlations are still seen in the near-surface re
up to the Ne´el point. Though the respective Mo¨ssbauer spec
tra close to TNéel look very much like those of the pure para
magnetic state, the measured line width has still not reac
the low value of the paramagnet. In other words, the ph
transition at the surface occurs at the same temperature a
bulk system with an uncertainty of 0.1 K. Thus, we are de
ing with the so-called ordinary case of a surface-phase t
sition.

e
FIG. 12. Depth profile of the order parameter:~a! expected and

~b! measured.
6-8
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SURFACE MAGNETISM AT THE NÉEL TEMPERATURE . . . PHYSICAL REVIEW B 66, 104426 ~2002!
Putting together this last point and the temperature dep
dence of the length scale of the near-surface region
would expect a depth profile of the magnetic order param
M (x,t) according to Fig. 12~a!,9 namely,

M ~x,t !5tanhS x

2 j~ t ! D . ~13!

What is observed experimentally for the mean of the or
parameter is a depth dependence as shown in Fig. 1~b!,
which would be in agreement with a bulk phase transition
first order. That is not the case as can be seen from
magnetization curves in Fig. 9. The determined depth pro
of the order parameter according to Fig. 12~b! is usually
connected with the surface melting in solid-liquid phase tr
sitions. This surface wetting is well known fo
water-ice9,30,40,41 in the temperature interval of213 °C to
0 °C. It was studied with glancing incidence x-ray diffra
tion. Surface wetting is not confined to the melting of wat
ice alone, but has also been observed on a lead surface
a proton channeling technique.42 A similar behavior can be
found in order-disorder transitions at antiphase bounda
when studied with a transmission electron microscope43–47

or at free surfaces measured with x-ray scattering.48,49

Coming back to the magnetic system, the order param
exhibits ~in addition to the wetting phenomenon! a distribu-
tion function that originates from the relaxation dynamics
the spin system at any temperature. From the Mo¨ssbauer line
shape in the appropriate temperature interval, it can be
duced that collective moments are formed in accorda
with the magnetic correlation length. Thus the average s
of the magnetic clusters correlates to the thickness of
near-surface phase. The collective moments show a cha
teristic relaxation along the in-plane easy axis of the syst
The related relaxation time could be measured over four
ders of magnitude. Looking at the temperature depende
of the order parameter it has to be pointed out that the crit
exponentb350.51(2) lies between the bulk value and t
surface value ofb50.8 for the semi-infinite Heisenber
model.34,50,51 The value of 0.51 coincides with the valu
found by Watsonet al.13,52 for the surface of UO2.

The origin of the observed discrepancies with the theo
ical predictions are not yet clear. To elucidate the situatio
second single crystal of FeBO3 doped with Ga was analyze
with the DCEMS technique. 24% of the Fe had been
placed by Ga~checked by Rutherford backscattering spe
troscopy!. This would weaken the magnetic interaction b
tween the Fe moments. Temperature as well as de
dependent measurements were carried out. In Fig. 13
Mössbauer spectra of the bulk signal are plotted as a func
of temperature. At 67 K the spectrum is composed of a se
with symmetrical resonance lines. As the temperature
creases an asymmetrical line broadening is observed.
reflects that the magnetic interaction of the Fe atoms here
more complicated as compared to the pure FeBO3 crystal.
The present state of data analysis does not allow a distinc
between pure structural effects~Ga distribution! and dynami-
10442
n-
ne
er

r

f
he
le

-

-
ith

s

er

f

e-
e
e
e

ac-
.

r-
ce
al

t-
a

-
-
-
th
he
n

et
-
is
re

on

cal aspects. The Ne´el temperature is reduced to around 2
K, as expected for the weakened exchange interaction of
Fe moments.

The plotted Mo¨ssbauer spectra have to be compared
those spectra that have increased surface sensitivity. Fo
sake of simplicity, a subset of only five spectra has be
selected for that purpose. In Fig. 14 the phase transition
be followed between 67 and 300 K. Looking at the shape
the spectra for both electron energies, no significant dif
ences are observed. This means that the underlying hype
interaction is of the same nature. Nevertheless, the temp
ture scale of the two data sets is different. Note especi
that the intermediate temperature values differ by roughly
K. This means that the surface transition exhibits a low
order parameter value at the intermediate temperatures c
pared to the bulk transition. However, in contrast to the p
FeBO3 crystal, the shape of the spectra in the two sets

FIG. 13. Temperature-dependent Mo¨ssbauer spectra for the G
doped crystal.

FIG. 14. Subset of temperature-dependent Mo¨ssbauer spectra
for the (Fe0.76Ga0.24)BO3 crystal at the two electron energies 6
and 7.3 keV.
6-9
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similar. This is exactly what is expected if the orde
parameter profile follows a behavior as plotted in Fig. 12~a!.

According to the present state of analysis, the substitu
of about 1/4 of the Fe by Ga changes the magnetic inte
tion in a way that the near-surface region of the crystal ob
perfectly the theoretical predictions of an ordinary surfa
phase transition in the presence of a bulk transition of sec
order. Considering the fact that the Fe-O-Fe superexcha
interaction is blocked by Ga atoms, it becomes obvious w
the critical behavior near the surface of the pure FeBO3 crys-
tal is not observed in the case of the (Fe0.76Ga0.24)BO3
sample. An essential feature of the near-surface phase in
pure crystal is the dynamical formation of magnetic clust
that behave similarly to small magnetic particles. The av
age size of these clusters as well as the thickness of
near-surface region is determined by the magnetic corr
tion length jbulk(t). Only in the pure crystaljbulk(t) can
develop its characteristic temperature dependence that h
homogeneously for the whole crystal. In the Ga doped cr
tal the local fluctuations in the Ga concentration will bre
the homogeneity of the magnetic system. This will lead t
e
l@

s
o

a

ls

r,

r-
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local variation of the correlation lengthjbulk(t,xW ). The pri-
mary consequence of this will be that a magnetically disti
but homogenous~in the time average! layer of constant
thickness D~t! cannot be formed any longer on top of th
bulk system. Under this condition, and on the background
the spatially varying strength of the superexchange inter
tion, the dynamical formation of magnetic clusters will b
weakened. They will be subjected to stronger statisti
variations. In other words, the unexpected magnetic featu
of the pure FeBO3 crystal have their origin in the well de
fined but temperature-dependent magnetic correlations
tween neighboring Fe atoms.

As in a phase transition of first order, the magnetic-pha
separation between the bulk and the near-surface regio
the pure FeBO3 crystal is preferred energetically to the e
pected gradual decrease of the order parameter with dept
accordance with Eq.~13!. This implies that the magnetic
near-surface phase with its dynamic properties entails a
duction of energy of the entire system. This over compe
sates for the cost in energy of maintaining the phase bou
ary that separates the surface and bulk regions.
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