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Surface magnetism at the Nel temperature of an FeBQ, single crystal
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In the near-surface region of an FeB&ingle crystal a new magnetic-phase transition was discovered at the
bulk Neel point by depth selective Msbauer 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 thésbhmuer 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 #ietévieperature. The results on the
pure FeBQ crystal are compared to those gained by replacing one-quarter of the Fe atoms by Ga. The phase
transition in the FeB@single crystal was studied from 291 K up to thédNeemperature J=348.35 K by
depth selective conversion electron $sébauer spectroscopy in an ultrahigh vacuum of°1@bar.
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I. NEAR-SURFACE MAGNETISM AT PHASE et all® developed evanescent magnetic x-ray scattering to
TRANSITIONS get the information on a near-surface region of semi-infinite

systems. The recent improvements in nuclear resonant scat-

One of the first phenomenological treatments of the im-tering of synchrotron radiation provide a similar depth reso-
pact of the surface on the magnetic ordering of the nearedttion and include information on the magnetic ordering via
atomic layers was given by W&' Developments on this the hyperfine interactioft:*® It has yet to be applied to this
theory can be found in the work by Bogdanewal?® With  field. The pioneering work on the temperature dependence of
the aid of computer simulations the insight into the scenaridhe order parameter near the surface of an antiferromagnet
of near-surface magnetism could be improved and criticalvas carried out on ultrafine hematite particles by van der
laws and exponents of various quantities could beKraan’ and Shinjoet all® decades ago. The results revealed
established™® In general the surface exchange couplinga magnetic behavior of the first few atomic layers on the
need not be the same compared to the bulk material. In theurface of the crystallites that was different in comparison to
case of an enhanced surface coupling the magnetic orderirigat of the bulk. The first DCEM$Depth Selective Conver-
is expected to show up above the bulk transition temperatursion Electron Mssbauer Spectroscopexperiment on a
in a near-surface region that is given by the magnetic correpolycrystalline hematite film at room temperatdfegave a
lation length. Below the bulk transition temperature the surthickness of 1.8 nm to the magnetically distinct near-surface
face should exhibit an enhanced order-parameter value. Iregion. These results could be confirmed by our own
the case of a diminished surface coupling the whole semiBCEMS measurements for the surface of a hematite single
infinite sample should show magnetic ordering only belowcrystal?® The same crystal was also used to study the near-
the bulk transition temperature. Nevertheless, the ordersurface behavior at the spin reorientation transition, the so-
parameter value of the surface will be lowered at any temealled Morin transition at 260 ¥
perature compared to the bulk value. A transition region be- The extreme difficulty of characterizing the magnetic
tween surface and bulk will again be defined by the magnetistate close to a phase transition as a function of temperature
correlation lengtt. and depth under ultrahigh vacuum is responsible for a lack of

Near-surface magnetism, in relation to critical phenom-hard experimental tests of the theoretical background. Depth
ena, was first studied on ultrafine partidfes and then ex- selective Mesbauer spectroscaffy® as a nondestructive
tended to thin films? In small particles the idea is to at- method in ultrahigh vacuum satisfies both requirements:
tribute the size dependence of the measured parameters Mossbauer spectroscopy gives quantitative results on the av-
the surface. In thin films or semi-infinite systems, the experi-erage value of the order parameter of a magnetic system as
mental methods have to fulfill the demanding requirementsvell as its dynamical features. It can be easily applied to
with respect to phase characterization and depth resolutiomntiferromagnets, avoiding stray field contributions to the
Scattering techniques with polarized particles in ultrahighHamiltonian that occur in ferromagnets. Also the ability of
vacuum usually probe the topmost atomic layers without giv-depth selection allows us to study the interesting magnetic
ing information on the subsequent regions in the sample. Aguantities as a function of depth. Such a depth selective ex-
they measure the change in polarization of the scattered paperimental study is vital for testing the full implications of
ticles, their application is restricted to ferromagnets. Watsorthe theories on surface critical phenomena. To our knowl-
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edge, only evanescent magnetic x-ray scattering on a single T T T T T T
crystal of UO, at a synchrotron radiation facility was able to 16000 T et A e A et
fulfill part of these requirements. Nevertheless, it was not S oo A e N

possible to determine the depth dependence of the magnetic 140001 671 kev

ordering with sufficient precision, as the depth weight func- 2 120004 1
tions involved are pure exponentials. In addition, x-ray scat- 3
tering cannot characterize the magnetic order parameterinas 10004 i,
direct and as unambiguous a manner as irsshauer spec-
troscopy. 8000 -
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Il. DCEMS ON A FeBO; SINGLE CRYSTAL Velocity [mm /s ]

As a consequence of the adequate features of the DCEMS g5 1 wissbauer spectrum of FeB@t 291 K including the

method, experiments to study near-surface magnetism cloggyiation between the measurements at 6.71 and 7.29 keV.

to a critical point could be performed on single crystals.

Single crystals constitute the simplest and cleanest systefle Neel temperature, on approaching the surface, was pro-
where the pure influence of the surface on the magnetic Olsosed. In the work of Kovalenket al,? relaxation effects
dering can be studied. In experiments on ultrafine particlegere found in a near-surface layer. The crude depth informa-
and thin films not only can the presence of a surface oo in the above experiments<(L00 nm did not allow an

interface change the magnetic behavior, but uncontrollablgampiguous characterization of the magnetic behavior of
structural inhomogeneities can also play an important roleghe near-surface region.

For instance, it is well known that otherwise unstable crys-
tallographic phases are stabilized in small particles at room
temperature. In the case of thin films the epitaxial interplay

between substrate and film has to be taken into account. The DCEMS method is based on the coincident spectros-
With the DCEMS technique a near-surface region of 1 tocopy of electrons and gamma radiatién?® The spectros-
300 nm in depth could be probed with sufficient statisticalcopy of y radiation with high resolution is provided by the
quality. As hematite with its high Ne temperature of 956 K nyclear resonance absorption effect, which is callets$do
is not a feasible candidate to StUdy the antiferromagnetic t®auer spectroscopy. Nebauer spectroscopy y|e|ds the
paramagnetic phase transition, an FgB@ystal was chosen chemical and magnetic phase characterization via the hyper-
for this purposé’ FeBO; has a rather similar crystal and fine interaction of the nucleus with the electronic shell. This
magnetic structure compared to hematite. lt®INempera-  kind of high-resolutiony spectroscopy can be converted into
ture of 348.35 K makes it an ideal sample for the presenf depth selective mode when detecting the subsequent con-
characterization. Due to the elevated temperature the surfagersion and Auger electrons. Their energy loss is linked to
of the crystal could be held clean of adsorbates during theneir depth of origin, i.e., the location where the $ébauer
duration of the experiment. The time period amounted taabsorption process has occurred. The random walk of the
several weeks of measurement. To ensure the highest postectrons by elastic and inelastic scattering can be simulated
sible experimental sensitivity, the single crystal was fully and quantified by a Monte Carlo technique. The experimen-
enriched in the Meshauer isotopé’Fe. The FeB@single  tal data can be deconvoluted according to these results to get
crystal was synthesized by the flux method. Its surface waghe depth profile of the Mesbauer absorption.
subsequently thinned down by mechanical and chemical pol- |n the DCEMS experiment both, nuclear resonance ab-
ishing. Thus a structurally homogenous sample was obsorption and electron spectroscopy are closely linked by the
tained. Thec axis of the single crystal was perpendicular to convolution of the Mssbauer excitation with the electron-
the studied surface. The magnetic moments in this antiferraransport process. Due to this correlation in DCEMS, the
magnet, with a weak parasitic moment due to spin cantingghemical or magnetic phase resolution increases even with-
lie in plane. The smoothness of the surface was checked hyut a precise evaluation of the depth information if one com-
atomic force microscop§AFM). On areas of um X 5 um,  pares it to a standard Mebauer experiment.
which are macroscopic compared to the probing thickness of |n its modern form, DCEMS uses an optimized setup,
the DCEMS experiments, only rare steps of the size of avhich, due to its highly sensitive design, makes it suitable
single lattice constant were found. As a consequence, th@r standard materials science characterizatfdns.
determined roughness of 0.4 nm is more a sign of the noise
of the AFM than the real geometrical roughness of the IV EXPERIMENTAL EVIDENCE OF NEAR-SUREACE

sample.
h . . . . MAGNETISM IN FeBO
First depth selective Mssbauer investigations on an 8

FeBQ;, single crystal were undertaken by Kamznal?* by To get an idea of the principal hyperfine interaction in
comparing the Mssbauer signal detected by transmittedFeBO; the Massbauer spectrum at 291 K, i.e., well below
y-quanta, backscattered x rays, and conversion electronthe magnetic transition point, is shown in Fig. 1. The six line
Apart from a depth dependent gradual change of the magpattern is reminiscent of the antiferromagnetic ordering in
netic structure in a surface region, a continuous reduction afhe sample. The intensity ratios of the individual lines mirror

IIl. THE DCEMS METHOD
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ments at the iron sites. The peculiar asymmetries in the spec- 1000 + . {291.0
tral areas of pairs of lines, i.e., the first and sixth, second and 1 1 7 w0
i ) . . o A —
fifth, and third and fourth lines, are due to the perpendicular 6420246 6420246 -64-20246
orientation of the electric-field gradient and the magnetic Velocity [mmis]

moments. This is also seen in the relative line positions of
the sextet. To demonstrate the sensitivity of the DCEMS FIG. 3. Mossbauer spectra at selected temperatures for the two
method to minor changes in the line shape of thessbauer extreme electron energies when considering their depth weight
spectrum as a function of depth, the spectra for the two exfunction.
treme electron energies of 6.7bulk like) and 7.29 keV
(surface enhancgdire compared. The hyperfine parametersemperature is raised in a logarithmic sense towards fle Ne
in the least-squares fit procedure were optimized with referpoint. Figure 3 demonstrates the systematic collapse of the
ence to the bulk spectrum. The spectrum at 7.29 keV thamnagnetic hyperfine field in the 6.5 keV Msbauer spectrum
shows a surface enhancement was fitted with these pararas well as the evolution of differences to the spectra mea-
eters and the difference between experiment and theory sured at 7.3 keV. This is plotted in the same way as in Fig. 1
plotted as a horizontal line. The adequacy of the theoreticalith the residual on the right. A close look at the spectra in
approach is seen in the flat line for the 6.71 keV case. Théhe first two columns reveals another important feature. The
same characteristic deviations of the line shape show up ibulk-like spectra are characterized by a mere shrinkage of
all resonance lines with a clear accentuation on the outmoshe magnetic splitting, i.e., the relative distances between the
ones. This deviation can easily be understood in terms of aresonance lineghe line width stays constant thus diminish-
appropriate magnetic hyperfine field distribution that variesng the resolutiopwith increasing temperature, whereas the
towards the surface layers of the crystal. Figure 2 shows thshape of the surface sensitive spectra follows another route.
average magnetic hyperfine field, i.e., the zero moment of tha significant line broadening is followed by a strong growth
distribution, as a function of electron energy. Below 7.3 keVof a paramagnetic fraction in the central part of the spectrum
the K conversion electrons dominate in intensity, while above 347.25 K. Both features hint towards a change in dy-
above onlyL conversion electrons contribute to the resonanthamical properties of the local magnetic moments compared
signal. K as well ag conversion electrons with high-energy to the bulk case. A final important observation is the fact that
loss transport the Mssbauer information from deeply buried the Mossbauer spectra at these two energies approach iden-
layers to the electron detection system. They represent thigcal shapes at very low temperatures as well as above the
bulk behavior of the material. However, at tkeconversion  Neel transition. This confirms the crystallographic homoge-
edge at around 7.3 keV, a strong surface enhancement of tieity of the examined sample. The paramagnetic doublet
depth weight function reveals the changes in magnetic hywith the pronounced and ideal intensity asymmetry of the
perfine field towards the surface. Notice the minute scale ofwo resonance lines emphasizes the perfect orientation of the
the differences of about 1% of change. crystallographic axis along the normal to the surface of the
This magnetic peculiarity of the surface is connected tosample. The isomer shift as well as electric quadrupole split-
the phase transition at 348.35 K. As the transition point stillting (QS) are plotted as a function of electron energy in Fig.
lies 57 K(or 0.16 in reduced unitsabove the room tempera- 4. The depth weight functions have to be taken in the same
ture measurements, the impact of the surface on the criticalay as in Fig. 5. Considering the extremely expanded scale
behavior is still weak. This will obviously change when the of the two graphs in comparison to the natural linewidth of
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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 in
the near-surface region of the FeB®ingle crystal, Mss-
bauer spectra at 346.75 Khis is 1.6 K below the Nel
point) were carried out as a function of electron eneffig.

5). At the deepest accessible regions of the sample, i.e., at an
electron energy of 6.54 keV, the Msbauer spectrum fits
perfectly in shape and splitting to what is expected for a bulk
sample at this temperatuteomponent CL The filled graph

on the right-hand side shows the appropriate depth weight
function for that electron energy. Going to the other extreme
of high surface sensitivity, i.e., at 7.33 keV, it is clearly vis-
ible that the spectrum is dominated by a compor(€}itl)

that lacks the clear pattern of six lines. Nevertheless, a frac-
tion of the spectrum still demonstrates the characteristics of
the deeper regions of the sample. Both Cl and CIII contribu-

FIG. 4. Isomer shift and electric quadrupole splitting in the para-tions are well separated with respect to their average hyper-

magnetic state as a function of electron energy.

the Mossbauer transition if’Fe of ~0.2 mm/s, and the

fine fields. Note that one does not observe a smooth transi-
tion from one extreme case to the other as the electron
energy is varied. Instead, all the ¥sbauer spectra between

usual sensitivity of the line position to changes in the chargé-54 and 7.33 keV can be deconvoluted into a mere super-
state or the crystal structure, this data again proves the highosition of these two extreme situations. A precise analysis
quality of the analyzed crystal. The small systematic increas@f the Massbauer data reveals an additional detail that turns
of QS towards 7.4 keV could be a signature of the danglingut to be important for the final interpretation of the depth

bonds of the surface and a lattice contraction involving thedependence of the hyperfine interaction. Besides the two

first Fe monolayer.
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FIG. 5. A selection of Mesbauer spectra at 346.75 K at differ-

ent electron energies.
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components Cl and ClII, a third contribution Cll is seen with

parameters that are very similar to Cl but with a slightly
reduced magnetic hyperfine splitting. As will be seen later,
component Clll has further to be separated into two contri-
butions as the Nad temperature is approached within 0.6 K.

These will be labeled Cllla and Cllib.

To resolve the nature of the three components that have
been determined in the Mesbauer spectra one has to take a
glance at their electron spectra in Fig. 6. They are plotted as
a function of temperature. The ordinate is given in absolute
units of the spectral area for a relative energy resolution of
2% of the orange type spectrometer with a sample diameter
of 3 mm. This allows for a comparison of the detection effi-
ciency of different DCEMS setups. At low temperatures,
component CI obviously dominates the whole $dbauer
spectrum at any electron energy. Nevertheless, due to the
excellent statistical quality of the data and the entirely differ-
ent nature of their respective magnetic hyperfine field distri-
butions (as will be discussed belgwcomponents CIl and
Cllla can be resolved as well.

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

(1) Component Cllla steadily increases in intensity while
Cll stays constant.

(2) The electron spectrum of Cllla does not change its
shape or position.

(3) The edge of the electron spectrum of Cl is flattened
out and shifted to lower energies with increasing intensity of
Cllla.

(4) The position of the electron spectrum of component
Cll is always found in between those of Cl and Cllla, best
seen in the position of its maximum.
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FIG. 7. Electron transport functions for FeB@s generated
from Fe transport functions by scaling according to the mass den-
sity.

Coming back to the paramagnetic fraction mentioned in
the context of Fig. 3, its electron spectrum increases in in-
tensity from 347.75 K upwards. It is labeled as Clllb. The
corresponding naming of components Cllla and Clllb finds
its origin in the same shape of their respective electron spec-
tra. This means, without a detailed analysis of the depth pro-
file by a full deconvolution procedure, there is an identical
depth range of both contributions. Thus, they are two signa-
tures of the same magnetic phase.

The preceding discussion of the resonant electron spectra
can be only considered as a crude description of the detailed
depth profile that underlies the data. Each set of 10 to 13
Mossbauer specti@s a function of electron energfor each
temperature poinfwhich were about 9 in numbewas ana-
lyzed simultaneously and the depth profile deconvoluted ac-

Electron Energy [ keV ] cording to the depth weight functions as sketched in Fig. 7.
The result of this analysis was rather surprising. Though we

FIG. 6. Resonant electron spectra at selected temperatures. Soligere expecting a gradual and smooth decrease of the mag-
lines: simulation with the discussed mod€éThe stronger decrease netic order parametgthe average magnetic hyperfine field
of the simulated bulk spectrum with energy loss compared to thayalue) on approaching the surface of the sample, the only
observed in the experiment is due to transport properties that can kgenario that fits the Misbauer data consistently is a com-
only seen in single-crystal spectra. They are considered to arisgletely different one. The sample consists of two depth re-
from electron channeling. This temperature independent effect givegions that contain two different magnetic phases with en-
a systematic uncertainty of 15% for the deconvoluted depth Scaletirely different properties. They are separated by some kind
The characteris.tic expongnt for the temperature dependence of traﬁ a phase boundary seen as component Cll in thssvio
surface layer thickness will not be affected. bauer spectra. With increasing temperature this phase bound-

The points(1) to (4) summarize a general trend that is ary is shifted to larger depth while both phases CI and ClII
even more pronounced above 346.75 K. At 347.75 K, it bepersist. Such a scenario is expected for a bulk phase transi-
comes most apparent that the relative positions of the threon of first order, like the surface melting of water-it&.
resonant electron spectra obey r(#¢ However, in addition ~ Surprisingly, it is observed for the second-order transition of
to the increase in intensity, the electron spectrum of Clllaan antiferromagnet. To clarify this finding, a quantification of
also grows in width. Nevertheless, its edge stays at arounthe evolution of the depth profile as a function of tempera-
7.3 keV, indicating its continued presence at the very surfacture has to be established. In addition, the line shapes of the
of the sample. In contrast to this behavior, the position of theMossbauer components have to be discussed.
electron spectrum of Clithough roughly maintaining its in- Looking at the temperature evolution of the separated
tensity, shape, and widthis shifted significantly to higher- Mossbauer fractions Cl and Clll in Fig. 8, their entirely dif-
energy losses. This represents a shift to deeper regions of tiierent characteristics become obvious. Let us first concen-
sample. In the same way, Cl is driven out of this volume,trate on the spectral shape of Cl. Up to a temperature of 348
retreating itself to the center of the crystal, which is notK, that is just 0.35 K below the N point, the typical six
accessible to the experiment. line pattern of(antiferromagnetic ordering can be figured

Resonant Count Rate [ mmV/s /s /4 t1/mCi ]
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FIG. 8. Maossbauer components Cl and Clll as a function of

temperature. be due to the statistical correlation of Cll with ClIl. The

exponentB; = 0.3484) is in agreement with Ref. 31. The

out. During the collapse of the average hyperfine field the"0ré pronounced decrease with temperature for Clil is de-
width of the resonance lines stays constant. The plot of thécribed byBs = 0.51(2), following the same analytical rela-
well-defined magnetic hyperfine field as a function of tem-tionship. . .

perature(Fig. 9) yields the typical magnetization curve of the N summary, the expected simple behavior of the bulk
ferromagnetic sublattice of an FeB@ingle crystal. Thus, CI €0mponent is not found in the magnetic near-surface phase.
is representative of the bulk behavidrThe line shape and 'S characteristics resemble the features of a superparamag-
temperature dependence of Cll is very similar to that of CIN€tic system. Up to aboul K below the Nel transition

with the exception of a slightly reduced hyperfine field thatPOint, the line shape, especially the line broadening of the

exhibits a narrow distributiofisee the inset in Fig.(® at  Outer pair of lines, hints to a relaxation of collective mag-
337 K. netic moments. The intensity ratio of the resonance lines

In Fig. Ab) the magnetic hyperfine fields are plotted in indicates that the moments of these dynamically formed
units of the splitting of component CI. The hyperfine field of Magnetic clusters fluctuate within the plane perpendicular to
Cll stays in a narrow range within a constant distance fronfn€¢ axis of the crystal. Later on, we will see that a detailed
Cl up to temperatures of 346 K. The magnetic hyperfine fielgnodel of this relaxation process will lead to a quantification
shows only a narrow distributiosolid lineg. These corre- of its time constant. As a function of temperature it will show
lated properties are due to the exchange coupling of Fe afl® expected critical slowing down on approaching the
oms in the phase boundary region ClI and the adjacent |ayé}hase-tran3|t|on point. Above a certain temperature, still be-
belonging to region CI. In contrast, Clll seems to be stronglyloW Tneel, these collective relaxations along a certain pre-
decoupled from the underlying bulk system and shows aferred direction(in-plane uniaxial anisotropywill convert to
enhanced collapse of the average magnetic hyperfine field gscomp_lete dlr_ecthnal switching behavior. As in superpara-
a function of temperature accompanied by a wide distribuMagnetism, this will lead to the appearance of a paramag-
tion. The double-logarithmic plot of Fig.(§ reveals the NetC fract|on.|n the center of the .I\ssbauer specti@ig. 9.
characteristic exponents that are taken according to the ex- Before going into further detail, let us have a look at the

pression temperature-dependent depth scale of the phenomenon. This
scale is easily defined by the thickness of the near-surface

T \# region that contains the newly discovered magnetic phase.

Bn(T)=Bne(0)| 1 Tom (1) This quantity is plotted along with the thickness of the phase

boundary between CI and Clll in Fig. 10, in an appropriate
The exponents3 are identical for Cl and Cll within the double-logarithmic plot. In a phase transition of second order
statistical error bars. The small deviations above 346 K mayne expects the thickneBg T) of the region that is modified
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1-TITngel I', represents the experimental linewidth without the relax-
0.00042 0.0046  0.033 0.1 ation effects,c the velocity of light, u,=31.5x10"° eV/T
4 ' i the nuclear magneton, andhe relaxation time of the atomic
100] s g:lf :2%:2%3 ] moment. 277/0.243u,(By;) constitutes the nuclear Larmor
i L B precession time whergBy;) is the average value of the hy-
perfine field while the average squared fluctuatiorBgfis
given by

(ABE) =((Bh— (Bp))?) = (B — (B> (4)

104

D [nm]

To determiner, i.e., the time scale of the collective dy-
namics of the atomic moments, an estimate of the quadratic
Bg(Cl) [T] fluctuation(A BZ) has to be obtained. The average hyper-

) ) ) fine field has to be taken from the near-surface phase
FIG. 10. Evolution of the depth profile as a function of reduced«BE?ar-surfacf), which is a function of temperatur@ig. 9).

temperature(triangles: thickness of near-surface phase, circles: . . R . g
thickness of phase boundangolid lines according to Eq2). The The physical reason for this choice is the necessity to distin

arrow indicates the appearance of the paramagnetic fraction CIIIQUISh between the rather short-time scél_jempared to_ th_e
close to the Nel temperature. nuclear Larmor frequengyof the fluctuations of the indi-

vidual atomic moments due to spin-lattice relaxation and the
eIpnger—time scale of the collective fluctuations of a cluster of
atomic moments relative to the magnetic easy axis. The latter
crosses the nuclear Larmor precession time at a certain tem-
T\~ perature, thus leading to the experimentally observed line

1— —> ~&T). (2)  broadening. As this effect scales linearly w{Bjf """ it

Theel is clear that the collapse of the average hyperfine field near
From Fig. 10 it is clear that for B=10 T, i.e., Tnee—T Tnee Will limit the experimental observation above a certain
=2 K, the thickness DIl and DIII follow this behavior. The temperature. On _the other hand, at lower temperatures, the
multiplication of the exponent for Dilvg/B, = 1.7(1) by collective fluctuations will be frozen out and only the relax-
B, leads to the characteristic exponent= 0.594), which ation free experimental line width will be measured. In other

is identical to the theoretical value 0.63 of the magnetic cor-Words’ there is only a small temperature interval where the

relation length of the bulk system. The temperature deIoenr_elaxation effects can be evaluated quantitatively. As we will

dence of DIl is much weaker and gives/ 8, = 0.5(1). This see later, the results, nevertheless, cover a time interval of
o : gives/py = L3 four orders in magnitude.
fits into the picture of a phase boundary region with a more . P) .

To get an idea of ABj;) as a function of temperature, one

or less constant thickness. ; ; : : .
Above 346.5 K, the divergence of the thicknesses DII andﬂ'_als to br_lng to mlnd_the following picture: S|m_|lar to the
DIIl are much stronger than the extrapolated power law. ThiSituation in small particles, the collective relaxation of clus-
' ters of magnetic momenfsheir average size is temperature

coincides with an onset of a strong line broadening of com- : )
ponent Cll and the appearance of the paramagnetic fractiofiePendent through the correlation lengdiT)] will take

of component Clil. The paramagnetic fraction indicates theP!2c€ along the direction of the magnetic easy axis. However,

switching of the local magnetic moments between oppositd] contrast to the small particle case and in accordance with

directions of the easy axis. The switching occurs on a timdh€ above experimental observatidiMossbauer line inten-
scale that is shorter than 19's. sitie, the fluctuation is confined to a plane. The simplest

approach® for the potential of the collective moment is
given by

by the influence of the surface to scale with the same pow
law as the correlation lengté

—vl
D(By) =DoB,; "1~

VI. DYNAMICS

Concentrating now on the dynamical aspects of the criti- E(9)=KVsirfo, ®

cal system the evaluation of the Mibauer line shape can \ here is the magnetocrystalline anisotrops, the volume
reveal a crude idea of the relaxation time in the near—surfacgf the cluster, and, the angle between the easy axis and the
phase CIII._Accordlng to Wegeniéthe collective relaxat|c_)ns_ collective moment. The temperature-dependent probability

broadening. The line broadenirigiven in mm/$ does not ?heennsgyefg)r(;rgscggeggon specified by the polar anglean

scale in a simple linear fashion with the average magnetic

hyperfine field. Rather, a scaling proportional to the average P(0)~e‘(KV’ms‘“2" ®)
squared fluctuation of the hyperfine figldBZ) is predicted '
as In the three dimensional case an additional factor ofgsin

would appear in the expression B #). Choosing the ab-
3) breviationsa=kT/KV, x=sinf, and y1—x“=cos6, the
projected hyperfine field as well as its quadratic deviation

2¢(0.243u,(Byy))?

F=lot —  kev

T(AB%).
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0.?856 0.I9713 0.8I565
10"+ ' 9
Z f Mbulk
(1] S =
g 107 3 Msurtace :
e :
S 10° i 1 /\~ &)
g 0
8 107 1 Mok + — =
& J
10°] 3 ] Msurtace :
i >
5 10 50 ~&(t) X

T.-T [K]

ne FIG. 12. Depth profile of the order parameté} expected and
FIG. 11. Relaxation time of the magnetic clusters showing the(b) measured.
critical slowing down near the ™ temperature.
_ _ _ _ 1 KV Kgbt3 ( T )WV) Kob
can be determined analytically with the help of the given —=—— == 1 = —. (12
probability function. The following integrals will be used for a kT kT Theel kT

this purpose: This expression fom can be introduced into the Eq¥) to

(9). Together with Eq(3) and the temperature dependence of
the mean magnetic hyperfine field, the theory can be fitted to
the experimental line broadening data wigh= Kb andz as
free parameters.
. L ! Figure 11 shows the development of the relaxation time
_ _ as a function of reduced temperaturelt reveals the ex-
(cos)= J'O P()dx= 5\/5\/;5]‘( ﬁ) ’ ® pected slowing down towards the &léemperature, which is
an increase of the correlation time in the self-correlation
function of the atomic moment. The exponent of the power
law is vz=2.0 (= 0.9) which fits into the theoretically ex-
pected rangé&* As a reverse conclusion, the assumption in
(9 Eq. (11) with respect to the relationship between the volume

. N ) . ) V(t) and the correlation lengtf(t), seems to hold good.
I,(x) defines the modified Bessel function of the first kind of

order n. Erfk) is the error function. Equatiofv) gives the
normalization of the probability. The expression in E9).is VII. DISCUSSION

the first step to evaluate E(B) as it is proportional to the The DCEMS results demonstrate that in the near-surface

prqjected quadratic fluctuation_ of the collective momentregion of an FeB@ single crystal an unexpected magnetic
which generates the hyperfine field. The average value of thﬁhase is formed on an approach to theeNeansition from

hyperfine field will be proportional tocose) as given in Eq.  pejow, This phase is separated from the bulk region of the
(8). crystal by a phase boundary that could be detected in the

The next step is to elucidate the physical meanindof \j5sshauer experiments. The thickness of the magnetically
andV, especially with respect to their temperature variation gistinct near-surface region follows a power law as a func-

In terms of the reduced temperature 1—T/Tye and the  tjon of reduced temperature with a critical exponentvgf

flp(x) ax =z(fllza'o ; (7)
0

1-x% 2

2a

1

2a

1+I
E 1

(cos#?)= flp(x) I dxe ;ema[h)
0

critical exponents3=0.3484), »=0.63, andvz (from 7 _( 594). This value is identical to the theoretical value of
~t"", the temperature dependence of the correlation)timee corresponding exponent of the correlation lergti(t)
the following expressions can be written down: in the three-dimensional Ising bulk systéM® The depth
profile of the near-surface phase is expected to scale with
K(t)=Kot*$~Kot (10)  ghulk(ty 939

Regarding Fig. 37.3 keV) and Fig. 8(component CllI

gives the temperature-dependence of the uniaxial magnetgnagnetic correlations are still seen in the near-surface region
crystalline anisotropy. As has been mentioned, theup tothe Nel point. Though the respective Msbauer spec-
temperature-dependent average volume of the magnetic clufia close to T4 look very much like those of the pure para-
ters should be given by the magnetic correlation length:  magnetic state, the measured line width has still not reached

the low value of the paramagnet. In other words, the phase

V(t)=bgi~t"3"~t "2, (1) transition at the surface occurs at the same temperature as the

bulk system with an uncertainty of 0.1 K. Thus, we are deal-
Hence, the produdfV will approximately follow the power ing with the so-called ordinary case of a surface-phase tran-
law 1/t. More generally H will obey sition.
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Putting together this last point and the temperature depen- FeBO -Ga
dence of the length scale of the near-surface region one T h U E _e5keV
would expect a depth profile of the magnetic order parameter 300 )
M (x,t) according to Fig. 1@),° namely, 264 A
260 A
M(x,t)=t V( X ) (13 256 J\
x,t)=tanh ——+|.
2 &(1)

250 ‘/\IA/\

What is observed experimentally for the mean of the order 240”/./\,\/\/\,'\“
parameter is a depth dependence as shown in Fifh),12
which would be in agreement with a bulk phase transition of W\/L
first order. That is not the case as can be seen from the ‘ [
magnetization curves in Fig. 9. The determined depth profile
of the order parameter according to Fig.(d2is usually
connected with the surface melting in solid-liquid phase tran-
sitions. This surface wetting is well known for 7 A A A A
water-ic€304%41in the temperature interval of 13°C to st —
0 °C. It was studied with glancing incidence x-ray diffrac-
tion. Surface wetting is not confined to the melting of water-
ice alone, but has also been observed on a lead surface with
a proton channeling technigd®A similar behavior can be do
found in order-disorder transitions at antiphase boundaries
when studied with a transmission electron microsédpe
or at free surfaces measured with x-ray scattet#fg.
Coming back to the magnetic system, the order paramet
exhibits (in addition to the wetting phenomenjoa distribu-

Resonant Signal

Velocity [mm/s]

FIG. 13. Temperature-dependent $4bauer spectra for the Ga
ped crystal.

cal aspects. The Nétemperature is reduced to around 265
, as expected for the weakened exchange interaction of the
e moments.
The plotted Mesbauer spectra have to be compared to

tion function that originates from the relaxation dynamics Ofthose spectra that have increased surface sensitivity. For the
the spin system at any temperature. From thessbauer line pectra th . L.
sake of simplicity, a subset of only five spectra has been

shape in the appropriate temperature interval, it can be des'elected for that purpose. In Fig. 14 the phase transition can

duced that collective moments are formed in accordanc .
with the magnetic correlation length. Thus the average siz e followed between 67 and 300 K..Lookmg _at Fhe shape of
e spectra for both electron energies, no significant differ-

of the magnetic clusters correlates to the thickness of th . . )
near-surface phase. The collective moments show a char [:ces ?re O.bsir;ﬁd' This metans tr,llat theihurllderlytlrr:g Pyperfme
teristic relaxation along the in-plane easy axis of the system'[.n erac I(Im 'S% Oh N sa(rjne hature. ;;er e e;s, € empe”ra-
The related relaxation time could be measured over four or ¢ S¢&€ O the two data sets s different. Note especially
at the intermediate temperature values differ by roughly 10

. . t
ders of magnitude. Looking at the temperature dependenqg ; " 7
of the order parameter it has to be pointed out that the critical This means that the surface transition exhibits a lower

exponentBs;=0.51(2) lies between the bulk value and theorder parameter value at the intermediate temperatures com-
sufface vaTue .of,8=0 8 for the semi-infinite Heisenberg pared to the bulk transition. However, in contrast to the pure
model34595L The valué of 0.51 coincides with the value FeBQ; crystal, the shape of the spectra in the two sets are

found by Watsoret al**®2for the surface of UQ

The origin of the observed discrepancies with the theoret- T®[™ |~ Eeeskev| TH[ 'E,=73keV
ical predictions are not yet clear. To elucidate the situation, a 30 30

second single crystal of FeBQ@oped with Ga was analyzed
with the DCEMS technique. 24% of the Fe had been re- %%

placed by Galchecked by Rutherford backscattering spec- “"A‘* ""/\“"
troscopy. This would weaken the magnetic interaction be- 240 J/\l\)\/\.\“ 230’*/\'\/\/\\”
tween the Fe moments. Temperature as well as depth 'J\/\/u\j\/\y M

247

dependent measurements were carried out. In Fig. 13 the 4g 180
Mossbauer spectra of the bulk signal are plotted as a function

of temperature. At 67 K the spectrum is composed of a sextet g

with symmetrical resonance lines. As the temperature in- | JALJ\AA_J\J\ TN AAIN
creases an asymmetrical line broadening is observed. This 0884202486841 089420240634
.. . Vel s Vel mmy!
reflects that the magnetic interaction of the Fe atoms here are octy frmel ooty il
more complicated as compared to the pure FgB@stal. FIG. 14. Subset of temperature-dependentsdbmuer spectra

The present state of data analysis does not allow a distinctiofor the (Fg+Ga, ,)BO; crystal at the two electron energies 6.5
between pure structural effedtSa distribution and dynami-  and 7.3 keV.
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similar. This i; exactly what is_ expected if. the_ order- |qcal variation of the correlation |engtfpulk(t’)z). The pri-
parameter profile follows a behavior as plotted in Figel2  mary consequence of this will be that a magnetically distinct

According to the present state of analysis, the substitutioyt "homogenoudin the time averagelayer of constant
of about 1/4 of the Fe by Ga changes the magnetic interaghickness M) cannot be formed any longer on top of the
tion in a way that the near-surface region of the crystal obeygulk system. Under this condition, and on the background of
perfectly the theoretical predictions of an ordinary surfacethe spatially varying strength of the superexchange interac-
phase transition in the presence of a bulk transition of secontion, the dynamical formation of magnetic clusters will be
order. Considering the fact that the Fe-O-Fe superexchangeeakened. They will be subjected to stronger statistical
interaction is blocked by Ga atoms, it becomes obvious whysariations. In other words, the unexpected magnetic features
the critical behavior near the surface of the pure FgB®s-  of the pure FeB@ crystal have their origin in the well de-
tal is not observed in the case of the (F&a,)BO;  fined but temperature-dependent magnetic correlations be-
sample. An essential feature of the near-surface phase in theeen neighboring Fe atoms.
pure crystal is the dynamical formation of magnetic clusters As in a phase transition of first order, the magnetic-phase
that behave similarly to small magnetic particles. The averseparation between the bulk and the near-surface region of
age size of these clusters as well as the thickness of ththe pure FeB@ crystal is preferred energetically to the ex-
near-surface region is determined by the magnetic correlgected gradual decrease of the order parameter with depth, in
tion length £2U%(t). Only in the pure crystak®(t) can accordance with Eq(13). This implies that the magnetic
develop its characteristic temperature dependence that holdgar-surface phase with its dynamic properties entails a re-
homogeneously for the whole crystal. In the Ga doped crysduction of energy of the entire system. This over compen-
tal the local fluctuations in the Ga concentration will breaksates for the cost in energy of maintaining the phase bound-
the homogeneity of the magnetic system. This will lead to aary that separates the surface and bulk regions.
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