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The surface spin-reorientational phase transition in a macroscopic antiferromagnetic Fe3BO6 
crystal with a weak ferromagnetic moment was investigated. The measurements were 
performed by means of simultaneous y-ray, x-ray, and electron Mossbauer spectroscopy 
{A. S. Kamzin, V. P. Rusakov, and L. A. Grigoriev in Proceedings of Physics of Transition 
Metals, 1988, Part 2, p. 271; A. S. Kamzin and L. A. Grigor'ev, Pis'mas Zh. Tekh. 
Fiz. 16, 38 (1990) [Sov. Tech. Fiz. Lett. 16, 417 (1990)]), which makes it possible to study 
both the surface and volume properties of a bulk crystal. It was observed that 1) the 
first-order spin-reorientational transition observed in the volume of the crystal is accompanied 
by continuous reorientation of spins on the surface of the crystal; 2) toward the surface 
of the crystal the phase transition range becomes wider and no displacement of the center of 
the transition region is observed; 3) outside the transition region the direction of the 
magnetic moments on the surface is different from that in the volume of the crystal. The 
experimental data obtained agree qualitatively with the phenomenological theory of surface 
spin-reorientational phase transitions in macrocrystals {M. I. Kaganov, Zh. Eksp. Teor. 
Fiz. 79, 1544 ( 1980) [Sov. Phys. JETP 52, 779 ( 1980)l). 

INTRODUCTION 

There is now a great deal of interest in surface mag- 
netic structure and surface phase transformations, since 
lowering the surface symmetry can induce new magnetic 
structures and interesting magnetic phenomena. Most in- 
vestigations in this field concern transitioris at the Curie 
point (order-disorder because characteristic fea- 
tures of the phases-which make it possible to distinguish 
the phases easily-are observed above and below this tran- 
sition point. 

Significantly fewer experimental and theoretical inves- 
tigations of magnetic structure and spin-reorientational 
phase transitions have been performed on the surfaces of 
macrocrystals. 

Investigations of surface magnetic structure in a-Fe203 
(Refs. 3 and 4)  by means of measurements of the surface 
magneto-optic Kerr effect have led to the conclusion that 
the antiferromagnetism vector on the ( 100) and ( 11 1) 
faces at temperatures above the Morin spin-reorientational 
transition point tilts out of the basal plane. In ErFe03 
(Ref. 5) and TbFeO, (Ref. 6) strong (compared to the 
volume transition) upward displacement of the tempera- 
ture (to 40 K of the onset of G z Z c f G F ;  reorientation was 
observed at the surface. In addition, if Gzz*GF; spin 
orientation occurs in the interior of T b ~ e 0 ~ , ~  then a 
GXZ++Gy Morin transition occurs in the surface layer.6 
Therefore, as conjectured in Ref. 6, a transitional layer 
exists on the surface of a TbFe03 crystal in which the 
antiferromagnetism vector rotates by 90" (Gx- G,,) and the 
ferromagnetism vector decreases in magnitude from F, to 

matite and rare-earth orthoferrites surface magnetism is 
observed near the spin-reorientational phase transition, i.e., 
where the first anisotropy constant kl changes sign and is 
small in magnitude, and therefore surface anisotropy can- 
not compete with bulk anisotropy. On the other hand, sur- 
face magnetism in hematite has been explained successfully 
only by taking into account the change in the Fe-Fe 
magnetic-dipole interaction in the surface layer.3 In the 
case of rare-earth orthoferrites it was found that the inter- 
action of different types of R-Fe bonds must be taken into 
account. 5'6 

Mossbauer spectroscopy is an effective method for in- 
vestigating spin-reorientational phase transitions, since it 
enables the direction of orientation of the spin magnetic 
moments, to be determined directly. Mossbauer investiga- 
tions have shown that the surface and volume spin- 
reorientational transition temperatures in a-Fe203 are 
identical to within the measurement error ( * 5 K )  .I0 In 
Ref. 11 it was observed that the surface spin- 
reorientational transition temperature in a-Fe203 is several 
degrees higher than the volume transition temperature. In 
Refs. 12 and 13 Mossbauer investigations showed that the 
surface and volume spin-reorientational transition temper- 
atures in Fe3Bo6 are in the same range [a first-order reori- 
entational transition is observed in the volume of Fe3BO6 
(Ref. 14)]. 

In theoretical investigations the spin-reorientational 
phase transitions are described in the simplest case by in- 
troducing an effective anisotropy constant kl which 
changes sign as the temperature changes.15'16 The anisot- 
ropy energy can be written in the form 

zero. In Refs. 8 and 9 a macroscopic transitional magnetic 
layer was observed on the surface of FeBO,. @ ( 8 ) =  -kl sin2 8-k2 sin4 ~ + c ( v B ) ~ .  

In the opinion of G. S. Krinchik et a ~ . , ~ , ~  in both he- Here kl =k2(7), where T=  ( T -  TR)/TR and TR is the 
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transition temperature in the interior; C- ( T ~ / ~ M ~ ) ~ ~  is 
the inhomogeneous exchange interaction constant, where a 
is the interatomic distance, Mo is the saturation magnetic 
moment, p is the Bohr magneton, and Tc is the Curie 
temperature; k2 is the second anisotropy constant 
( I k2 ( 4 I kl I far from T = TR); and 8 is the angle between 
the magnetic moment and one axis of the crystal (order 
parameter). The character of the volume transition is de- 
termined by the sign of k2: For k2 > 0 the transition from 
the state 8=0 into the state 8=.rr/2 occurs abruptly, as a 
first-order transition. At T = TRY where TR is determined 
by the condition that the thermodynamic potentials of both 
phases be equal, i.e., by the equation k1(7) -k2=0, the 
temperatures T1 and T2 are determined by the equations 
k1(r2) =0 and k l ( r l )  +2k2=0, i.e., the phase with 8=0 
loses its lability at kl=O or T =  T2, and the phase with 
8= r/2 loses its lability at kl = - 2k2 or T =  TI.  The tem- 
perature dependence of the angle 8 for such a case is shown 
in Fig. la. 

In his theoretical investigations of surface reorienta- 
tional phase transitions in bulk crystals, ~ a ~ a n o v ' ~  intro- 
duced, in addition to the angle 8, determining the orien- 
tation of the magnetic moments in the volume, a new 
parameter q which determines the direction of the easy- 
magnetization axis at the surface of the crystal. Next, he 
conjectured that not only can the magnitude of the anisot- 
ropy constant change at the surface, but the direction of 
the easy and difficult magnetization axes can also change. 
With the help of the new parameter q ,  which gives the 
direction of the easy-magnetization axis on the surface for 
k,>O, when the magnetic moments both on the surface 
and in the interior are parallel to the surface plane of the 
sample, the surface energy was represented in the form 

where ks is the surface anisotropy constant, Os is the value 

FIG. 1.   heo ore tic all^ plots of the angle 0 versus the temperature 
for a first-order spin-reorientational phase transition in the vol- 
ume (a) and at the surface (b) of the crystal: b-q#O, ~ / 2 ;  
c-q=O, r / 2 ,  surface energy measure o< 1; d-p=O, r / 2 ,  
o> 1. 

of the angle 8 on the surface of the sample, and the angle 
q gives the direction of the easy-magnetization axis at the 
surface for ks > 0. 

In Ref. 16 Kaganov used these assumptions to study 
the mechanisms of surface spin-reorientational transition 
for the cases when a first-order phase transition (spin re- 
orientation is abrupt) or a second-order transition (spin 
reorientation is continuous) is observed in the volume of 
the crystal, depending on the orientation of the easy axis at 
the surface of the crystal, i.e., depending on the parameter 
q. Since a first-order phase transition occurs in the volume 
of the Fe3B06 crystal with which we are concerned, we 
shall examine the results obtained in Ref. 16 for this case. 

For qf 0 or ~ / 2 ,  as shown in Ref. 16, first, the angle 
Os at the surface of the sample is always different from zero 
and ?r/2 and, second, the Os hysteresis loop is narrower 
than in the interior of the sample (Fig. lb). 

According to the calculations in Ref. 16, in the case 
q = ~ / 2  (analogously to q = 0) the disadvantageous (from 
the standpoint of surface energy) state with es=O for 
q=n/2 can become unstable before the potentials of the 
Os=O and Os=?r/2 phases become equal (Fig. lc). Reori- 
entation at the surface starts with a second-order phase 
transition at the point kl,= - k 2 d  or T = TI ( L)  (a is a 
measure of the surface energy), where an intermediate sur- 
face state appears. The transition from it into the Os=.rr/2 
phase is always a first-order transition, but it can be ac- 
companied by a jump in es or it can occur continuously 
(see Fig. Id). 

A phenomenological theory of spin-reorientational 
phase transitions in plates was constructed in Ref. 17. It 
was shown that if a first-order phase transition occurs in 
the volume of the crystal, then for a definite critical thick- 
ness of the plate in the case when the easy axis is oriented 
on the surface at an angle to the plane of the surface ( q # O  
or ~ / 2 )  the temperature-hysteresis loop collapses. For 
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p=n/2 reorientation of the magnetic moments in the plate 
can occur via two second-order phase transitions. If, how- 
ever, a second-order phase transition occurs in the volume 
of the crystal, then for any finite thickness of the plate in 
the case when the easy axis on the surface is oriented at an 
angle to the plane of the surface the reorientation in the 
entire sample occurs without a phase transition. 

Magnetic-field-induced surface spin-reorientational 
phase transitions in a ferromagnet were studied in Ref. 18. 
Diagrams of the reorientation of the magnetic moment for 
different cases of orientation of the external field were con- 
structed. It was found that, first, in sufficiently thin plates 
the hysteresis loop within the intermediate phase is ob- 
served for any value of the surface energy and, second, 
with a definite surface energy for plates whose thickness is 
less than the critical thickness the transition occurs as a 
single first-order phase transition, i.e., the situation is op- 
posite to that occurring in an unbounded sample. 

Thus theoretical investigations have shown that 1 ) a 
spin-reorientational phase transition in the volume of the 
crystal must be accompanied by reorientation of the mag- 
netic moments at the surface; 2) the form of the tempera- 
ture hysteresis loop with a surface transition must be dif- 
ferent from the loop with a volume transition (the loop 
must be narrower), and this change does not depend on 
the dimensions of the sample; 3) under certain conditions 
a first-order transition in the volume of the crystal is ac- 
companied by a second-order phase transition at the sur- 

face; 4) no displacement of the transition temperature at 
the crystal surface relative to the region of magnetic mo- 
ment reorientation in the volume is observed; and 5) the 
transition temperature range in the volume is wider than at 
the surface. 

Comparing the existing investigations of spin- 
reorientational transitions, it is evident that the experimen- 
tal results for such transitions on crystal surfaces are in- 
consistent not only with the theoretical investigations but 
also with one another. A number of experimenters have 
observed that a surface transition occurs at a higher tem- 
perature than a bulk phase transition, while other investi- 
gators did not observe such a temperature difference. As 
far as the mechanism of the spin-reorientational transition 
in thin films or at the surface of bulk crystals is concerned, 
no experimental investigations of this kind have been per- 
formed because of difficulties in obtaining a signal from the 
surface and separating the surface signal from the volume 
signal. The methods listed above investigate thick surface 
layers whose properties apparently approximate the bulk 
properties. 

In the present paper we present experimental data on 
the surface spin-reorientational phase transition in a bulk 
Fe3B06 crystal, within which a first-order reorientational 
phase transition occurs. The orientation of magnetic mo- 
ments at the surface of a bulk Fe,B06 crystal was also 
investigated. 

FIG. 2. Block diagram of apparatus for simultaneous 
y-ray, x-ray, and electron Mossbauer spectroscopy. 

I Computer I 
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1. METHOD OF SIMULTANEOUS yRAY, X-RAY, AND 
ELECTRON MOSSBAUER SPECTROSCOPY OF 
THE SURFACE AND VOLUME OF MACROSCOPIC 
CRYSTALS 

The method of simultaneous y-ray, x-ray, and electron 
Mossbauer spectroscopy proposed in Ref. 12 and described 
in Ref. 19 was used for the investigations. This method 
enables investigation of the surface and volume properties 
of macroscopic crystals. 

The method is based on the fact that y rays, charac- 
teristic x-rays, and conversion and Auger electrons (sec- 
ondary electrons), all of which are employed for observing 
the Mossbauer effect, have different ranges in matter. It is 
well knownz0 that when 5 7 ~ e  is used and the y-rays are 
recorded in a geometry such that the rays pass through the 
sample being investigated, i.e., the conventional method of 
Mossbauer spectroscopy, the most convenient crystals for 
investigations of bulk properties have thicknesses from tens 
to hundreds of microns. The use of Mossbauer spectros- 
copy with detection of characteristic x-rays allows the 
properties of a - 10 pm thick layer of a bulk crystal to be 
studied. In the case when Mossbauer spectroscopy is used 
together with detection of secondary electrons, the infor- 
mation is extracted from a 300 nm surface layer on the 
bulk sample. 

The method of simultaneous y-ray, x-ray, and electron 
Mossbauer spectroscopy proposed in Ref. 12 combines 
these three modifications of Mossbauer spectroscopy and 
makes it possible to obtain the spectra immediately by re- 
cording the y rays, characteristic x-rays, and secondary 
electrons with the help of the universal detector described 
in Ref. 19 and 21, thereby simultaneously studying the 
properties of the volume and surface layers of a bulk crys- 
tal. The universal detector proposed in Refs. 19 and 21 
makes it possible to perform such measurements at tem- 
peratures ranging from 100 to 750 K. This method of in- 
vestigation was later called simultaneous triple radiation 
Mossbauer spectroscopy.22 

The spectrometer constructed around the universal de- 
tector is displayed in Fig. 2. The proportional counters r, 
X, and E of the universal detector record y-rays, x-rays, 
and secondary electrons, respectively. The signals from the 
counters are fed through the amplification (A) and dis- 
crimination (D) channels into the corresponding accumu- 
lators (ACC) of the Mossbauer spectra. The sample (S) is 
placed on a heater (H). The temperature is maintained 
constant with an accuracy better than 0.2 K. The form of 
the motion of the y-ray source is prescribed on the vibrator 
(V) by a generator (G). The spectrometer is controlled 
with the help of a computer in the dialogue mode. The 
spectrometer is described in detail in Ref. 23. 

In the present work it was necessary to investigate 
surface layers less than 300 nm thick, and for this reason 
the resolution of the counter E (See Fig. 2) was increased 
significantly." This was achieved by using a thinner anode 
than in Ref. 20 and by decreasing the distance between the 
sample and the anode. As shown in Ref. 24, together with 
the help of a proportional counter, this made possible se- 
lection of secondary electrons by energies. It is well known 

that the energy of an electron which has penetrated into 
the sample decreases as a function of the depth of the layer 
in which this electron was formed. By recording the elec- 
trons in a definite energy group and taking into account the 
probability that an electron reaches the surface of the crys- 
tal, it is possible to investigate the properties of a thin layer 
located at a definite depth from the surface. When a pro- 
portional detector is employed, the location of the layer 
and its thickness are not determined as accurately as with 
the electrostatic or magnetic energy analyzers, with which 
narrow sections can be cut out of the energy spectrum of 
the electrons which are produced, for example, in the con- 
version K transition. However, a proportional detector is 
much more efficient, and this has certain advantages.20 

Thus the spectrometer employed in the present work 
makes it possible by selecting electrons by energy with the 
help of discriminators, to obtain Mossbauer spectra of a 
50* 10 nm thick layer located about 300 nm from the 
surface and spectra from the interior of a sample by re- 
cording y-rays and x-rays. Another important advantage of 
the method of simultaneous Mossbauer spectroscopy12 is 
that the information from the interior and surface of a 
macroscopic crystal is extracted under identical conditions. 

2. MOSSBAUER INVESTIGATIONS OF 
SPIN-REORIENTATIONAL PHASE TRANSITIONS 

The arrangement of the hyperline sublevels is deter- 
mined by the ratio of the magnetic and electric interaction 

FIG. 3. Characteristic arrangements of the energy levels of 5 7 ~ e  nuclei 
(top) and the corresponding Mossbauer absorption spectra (bottom). 
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energies, by the symmetry of the electric-field gradient, and 
in the general case by the orientation of the internal mag- 
netic field with respect to the axes of the electric-field- 
gradient If the magnetic hyperfine interaction 
energy is significantly higher than the electric interaction 
energy, then the sublevels of the excited state of the spin- 
3/2 nucleus are shifted in the manner shown in Fig. 3. The 
arrangement of the sublevels and correspondingly the po- 
sitions of the lines in the Mossbauer spectrum along the 
ordinate depends on the angle 8 between the principal sym- 
metry axis of the axisymmetric electric-field-gradient ten- 
sor and the direction of the effective magnetic field Heff at 
the " ~ e  nucleus. The orientation of He, is determined by 
the direction of the magnetic moment (M) of the iron ion. 
Assume that the principal symmetry axis of the axisym- 
metric field-gradient tensor is parallel to the crystallo- 
graphic a axis and the arrangement of the sublevels applies 
to the case 8=?r/2 in Fig. 3a and the case 8=0  in Fig. 3b, 
i.e., to the sublevels observed below and above, respec- 
tively, the spin-reorientation region. The Mossbauer spec- 
tra observed on polycrystalline samples are displayed in 
Fig. 3. 

When the investigation is performed on a single- 
crystalline plate whose crystallographic a axis is parallel to 
the normal to the plate surface and the direction of prop- 
agation of the y-ray beam the intensity ratio of the com- 
ponent of the Zeeman sextuplet Al A2 A3 A, A, 2i6 de- 
pends on the angle between the direction of propagation of 
the wave vector of the y rays and the magnetic moment of 
the iron ion (in this case, the angle 8) as follows: 

In the Mossbauer spectroscopy of single crystals the 
type of spin reorientational phase transition is determined 
with the help of a formula that relates the intensity of the 
second (A2) or fifth (A,) lines of the sextuplet correspond- 
ing to transitions with Am=O to the intensity of the first 
( A , )  or sixth (A6) lines of the Zeeman sextuplet 

and by studying the temperature dependence of this ratio. 

3. OBJECT OF INVESTIGATIONS 

A Fe3BO6 crystal, which below the NCel temperature 
(508 K )  is an antiferrornagnet with a weak ferromagnetic 
moment, was chosen for the investigations. The magnetic 
structure of Fe3Bo6 is formed by iron ions occupying two 
nonequivalent positions 8d and 4c in octahedral 
positions.27 The number of iron ions in the 4c positions is 
half the number of ions in the 8d positions. As the tem- 
perature increases, a G P X ~ G ~ z  spin-reorientational 
phase transition is observed in Fe3BO6 at T R  z 11 5 K, and 
spin reorientation occurs in a narrow temperature range 
(less than 1 K ) . ~ ~  In the reorientation process the mag- 
netic moments rotate from the c axis to the a axis, the 
orientation of the weak ferromagnetic moment changing in 

the process from the a axis (T2 phase) to the c axis (r3 
phase). Such a phase transition is common in 
orthoferrites. l5 

The magnetic properties of Fe3BO6 have been investi- 
gated in a large number of works. Many authors have tried 
to determine the mechanism of spin reorientation in 
Fe3BO6 (see citations in Ref. 14), but it was shown con- 
vincingly only in Ref. 14 that the rotation of the magnetic 
moments occurs abruptly, as a first-order phase transition, 
and falls within some temperature range in which the low- 
temperature phase (Tz) coexists with the high- 
temperature phase ( r 3 ) ,  i.e., the intermediate state de- 
scribed in Ref. 29. 

In Ref. 30 a new type of reorientational phase transi- 
tion, previously unobserved in magnetic materials, was ob- 
served in Fe3B06. This phase transition is associated with 
the fact that as the temperature increases, in the region 
~ 4 9 0  K the magnetic moments of one antiferromagnetic 
sublattice (4c) rotate while the orientation of the moments 
in the other sublattice (8d) remains unchanged right up to 
T N .  

As shown in Ref. 14, in the case of Fe3BO6 there are a 
number of favorable circumstances which make it possible 
to interpret the experimental spectra correctly and with 
high accuracy. This is connected with the fact that the 
parameters of the hyperfine structure (effective magnetic 
fields, quadrupole splittings, and intensities of the reso- 
nance lines) of iron ions occupying 8d and 4c positions are 
different. In addition, the lines corresponding to the phases 
r2 and r3 can be resolved because the parameters of the 
hyperfine structure in these phases differ significantly. For 
this reason, although the experimentally observed spectra 
near T R  consist of sextuplets correspond to two nonequiv- 
alent magnetic sublattices 8d and 4c found in both the r2 
and r3 phases, the lines referring to different sublattices 
(8d and 4c) and states of the crystal ( r 2  and r 3 )  can be 
separated reliably. l4 

It could be conjectured on the basis of what was said 
above that the method first employed in Ref. 12 and de- 
scribed in Ref. 19 as well as a number of favorable 
properties14 of the Fe3BO6 crystals make it possible to 
study spin reorientation transitions in a thin surface layer 
of a bulk crystal, to make comparisons to the reorientation 
of magnetic moments in the volume, and to answer the 
following questions: 

1)  Does the rotation of the magnetic moments at the 
surface (just as in the interior) occur as a first-order phase 
transition, i.e., do they "flip" from one crystallographic 
direction to another abruptly, or do the spin moments at 
the surface rotate continuously from one crystallographic 
axis to another? 

2) Are the limits of the surface phase transition differ- 
ent from those of the bulk transition? 

3) Does the phase transition temperature change at the 
surface, i.e., does reorientation occur at the same temper- 
ature or at a different temperature compared to the vol- 
ume? 

4) How well do the experimental results agree with 
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FIG. 4. Reorientation of the magnetic moments (left) 
and theoretical Mossbauer spectra (right) observed at a 
second-order spin-reorientational phase transition. 

FIG. 5. Reorientation of the magnetic moments (left) 
and theoretical Mossbauer spectra (right) observed at a 
first-order spin-reorientational phase transition with for- 
mation of a nonuniform state. 
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theoretical investigations of surface spin-reorientational 
phase transitions? 

The surface investigations were performed on single- 
crystalline plates with a thickness of about 120 pm. The 
crystallographic a axis was directed perpendicular to the 
surface of a plate. Single crystals were prepared by two 
methods for surface studies: 1 ) mechanical polishing using 
fine polishing powders and light etchants and 2) chemical 
polishing in a 1: 1 mixture of the acids H3P04 and H2SO4 at 
room temperature for -50 h. Note that the experimental 
results were reproducible only in the second case. 

4. EXPERIMENTAL INVESTIGATIONS OF SURFACE AND 
BULK SPIN-REORIENTATIONAL TRANSITION IN 
THE ANTIFERROMAGNET Fe,BO, 

4.1 Details of the Mossbauer studies of the spin- 
reorientational transitions 

Investigations of phase transitions by the method of 
Mossbauer spectroscopy are described in a number of re- 
views and monographs.31932 The possibilities of this method 
for studying reorientational transitions have nonetheless 
not been adequately explored. Note that if a first-order 
transition occurs in some temperature range [as happens in 
a-Fe203 (Refs. 33 and 34) or Fe3B06 (Ref. 14)], then 
significant details arise which could lead the experimenter 
to an erroneous conclusion about the type of phase transi- 
tion. 

As an example we consider the situation when reori- 
entation of the spin magnetic moments with increasing 
temperature occurs from the crystallographic c axis to the 
a axis and we analyze the Mossbauer spectra for a single- 
crystalline plate in which the a axis is collinear with the 
normal to the surface of the plate. 

In the case of a second-order phase transition the mag- 
netic moments rotate continuously from the c axis to the a 
axis and the angle 6 also varies continuously, as shown in 
Fig. 4 (left-hand column). The magnetic sublevels of the 
excited state will be gradually displaced from the positions 
displayed in Fig. 3a into the positions displayed in Fig. 3b. 
The lines in the Mossbauer spectrum, as shown in Fig. 4, 
also shift continuously from a to b positions and the ex- 
perimental spectrum at any point of the spin reorientation 
region consists of a single sextuplet (see Fig. 4a). The 
existence of a temperature gradient in the sample leads 
only to increase the spectral width. The intensities of the 
second and fifth lines in the sextuplet, corresponding to 
transitions with Am=O, gradually decrease to zero in the 
region of the transition as the angle 6 changes from 90" to 
0". 

In the case of a first-order phase transition, as the tem- 
perature increases, the magnetic moments rotate abruptly 
from the c to the a axis and the angle 6 takes on only two 
values--0 or .rr/2. Therefore, the magnetic sublevels of the 
excited state can occupy only the two positions shown in 
Figs. 3a and 3b and the transition from one position into 
the other occurs abruptly. As shown in Fig. 5, the positions 
of the lines in the Mossbauer spectrum also change 
abruptly from a to b. 

If the spin-reorientational transition occurs simulta- 
neously in the entire crystal, i.e., the magnetic moments 
reorient abruptly as a whole, then just as in the preceding 
case, the experimental Mossbauer spectrum consists of a 
single Zeeman sextuplet, observed before and after the 
transition. The orientations of the magnetic moments and 

FIG. 6. Fe3B06 Mossbauer spectra obtained at T=300 K < T ,  by re- 
cording y-rays (a), x-rays (b), and electrons (c-e) from the interior 
(a,b) and the surface layers of thickness from 0 to 40 nm (c),  50 to 90 nm 
(d), and 150 to 200 nm (e).  The positions and thickness of the layer are 
determined to within 20%. The line positions are indicated by the solid 
lines. 
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the form of the Mossbauer spectra are displayed in Fig. 5 
(bottom and top). 

In the case when the first-order transition occurs in 
some temperature range with formation of an intermediate 
state, domain structure is observed in the crystal. The an- 
tiferromagnetism vector is some domains is oriented along 
the a axis, while in other domains it is oriented along the c 
axis, i.e., the orientation differs by ~ / 2 .  The relative num- 
ber of these domains depends on the temperature, as shown 
in Fig. 5 (left side). The spectrum observed in this case 
consists of a superposition of the spectra from regions of 
the crystal where the magnetic moments have orthogonal 

FIG. 7. Fe3B06 Mossbauer spectra obtained at T=427.3 
K> T ,  by recording y-rays (a), x-rays (b), and electrons 
(c-e) from the interior (a,b) and surface layers from 0 to 40 
nm (c),  50 to 90 nm (d),  and 150 to 200 nm (e). The 
location and thickness of the layers are determined to within 
20%. The line positions are indicated by the dashed lines. 

orientations, i.e., they consist of two sextuplets (Fig. 5). 
However, the intensities of the first and fifth lines of the 
Zeeman sextuplet, which correspond to transitions with 
Am =0, decrease continuously to zero with increasing tem- 
perature in the region of the transition (for 8=0), just as 
in the preceding case of the second-order phase transition. 

Thus in order to establish the type of spin- 
reorientational transition it is necessary not only to analyze 
the ratio of the line intensities of the Zeeman sextuplet 
(which is usually done) but also to investigate how the 
positions of the resonance lines in the region of the transi- 
tion change--continuously or abruptly. Otherwise the for- 
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FIG. 8. Fe3B06 Mossbauer spectra ob- 
tained in the temperature range of the spin- 
reorientational phase transition 
T , ( L )  < T=416 Ki T , ( L )  by recording 
y-rays (a) and electrons (b-d) from the 
volume (a)  and surface layers from 0 to 40 
nm (b), 50 to 90 nm (c), and 150 to 200 
nm (d).  The location and thickness of the 
layers are determined to within 20%. 

mation of an inhomogeneous state at a first-order phase 
transition can be misinterpreted as a second-order phase 
transition. 

4.2 Results of experimental investigations of spln- 
reorientational phase transitions In Fe,BO, 

The experimental Mossbauer spectra, obtained by re- 
cording y-rays, x-rays, and secondary electrons at temper- 
atures below and above the phase transition point as well 
as in the region of the transition, are displayed in Figs. 6-8. 

Analysis of the spectra obtained in the temperature 
range below 450 K showed that depending on the depth 
( L )  of the layer investigated, three characteristic temper- 
ature regions can be distinguished: I-T( TI  ( L);  
11-T>T2(L); 111-T,(L) < T < T2(L). 

In the region I the spectra obtained by recording 
y-rays and x-rays and shown in Figs. 6a and b consist of a 
superposition of two Zeeman sextuplets, corresponding to 
iron ions occupying 8d and 4c positions. The line intensi- 
ties in each sextuplet are in the ratio 3:4: 1: 1:4: 1, which 
indicates that the spin magnetic moments of the iron ions 
are perpendicular to the direction of the y-ray beam. This 
means that the magnetic moments are parallel to the crys- 
tallographic c axis ( r 2  phase). The numerically deter- 
mined positions of the lines are displayed in Fig. 6 (solid 
lines). The lines referring to the iron ions in the 8d posi- 
tions are twice as strong as the lines referring to the iron 
ions in the 4c positions. 

The Mossbauer spectra obtained from surface layers by 
recording the secondary electrons are displayed in Figs. 6c, 
d, and e. Analysis of the electron spectra displayed in Fig. 
6 showed that the line-intensity ratios of the sextuplets are 
not 3:4:1:1:4:3. This indicates that the spin magnetic mo- 
ments deviate from directions orthogonal to the wave vec- 
tor of the y-ray beam. 

In region I1 the experimental spectra obtained by re- 
cording y-rays and x-rays, as seen from Fig. 7a and b, 
consist of two Zeeman sextuplets, whose positions are 
shown in Fig. 7 by the dashed lines. The line intensities in 
the sextuplets are in the ratio 3:0:1:1:0:3. The absence of 
the second and fifth lines of the sextuplet, which corre- 
spond to transitions with Am =0, indicates that in the tem- 
perature range studied the spin magnetic moments of the 
iron ions are parallel to the direction of the y-ray beam, 
and correspondingly, the crystallographic c axis. Thus the 
bulk of the crystal is in the r, phase. 

The Mossbauer spectra obtained by recording second- 
ary electrons in the region I1 are displayed in Figs. 7c, d, 
and e. Analysis of the spectra reveals that the second and 
fifth lines of the sextuplet, which correspond to transitions 
with Am =0, od not vanish at the temperature TZ( L) ,  but 
rather decrease continuously to zero in some temperature 
range above T2 ( L )  . 

In the region 111, in the temperature range 
T1 (L)  < T < T2( L) ,  the experimental spectra obtained by 
recording the y-rays and x-rays are a superposition of the 
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FIG. 9. Fe3B06 Mossbauer spectra near TR obtained 
by recording y-rays at temperatures 415 K (a) and 
416 K (b).  

spectra observed at temperatures below T I  and above TZ, 
i.e., lines belonging to the r2 and r3 phases are present 
simultaneously in the spectra. As an example, Fig. 8a dis- 
plays the experimental spectrum obtained by recording 
y-rays in the temperature range discussed. In order to fa- 
cilitate interpretation, the x-ray Mossbauer spectrum is not 
shown in Fig. 8 (it is similar to the y-ray spectrum). The 
positions of the Zeeman lines corresponding to the r2 and 
r3 phases differ significantly. Thus it is possible to deter- 
mine reliably from the spectra the magnetic phase ( r 2  or 
r3) to which the observed lines belong. This is seen well in 
Fig. 8, where these lines are displayed on an enlarged ve- 
locity scale. The ratio of the line intensities in the sextu- 
plets indicates that the spin magnetic moments of the iron 

ions are oriented along the c axis ( r 2  phase) and the a axis 
( r ,  phase). As the temperature increases from T1 to T2, 
the absorption lines abruptly shift from positions corre- 
sponding to the r2 phase into positions corresponding to 
the r3 phase. At T I  the lines belonging to the r2 phase 
become weaker and at T2 the lines belonging to the r2 
phase vanish. At TI lines belonging to the r3 phase appear 
in the spectra, and becoming stronger as the temperature 
increases from T1 to T2. This is seen well in the sections of 
the spectra corresponding to the first and second (fifth and 
sixth)lines of the Zeeman sextuplet, displayed in Fig. 9. At 
temperatures from T1 to T2 lines of the Zeeman sextuplets 
of both phases are always present. Analysis of the second 
and fifth lines of the Zeeman sextuplets reveals that at 

FIG. 10. Fe3B06 Mossbauer spectra obtained 
by recording electrons in the range 50-90 nm 
near T R  at temperatures of 415 K (a), 416 K 
(b), and 419 K (c ) .  

667 JETP 77 (4), October 1993 A. S. Kamzin and L. A. Grigor'ev 667 



temperatures from T 1  to T2 these lines consist of compo- 
nents belonging to the r2 phase, and the second and fifth 
lines of the sextuplets corresponding to the r3 phase are 
absent. 

The experimental Mossbauer spectra obtained in re- 
gion I11 by recording the secondary electrons from layers 
lying at different depths from the surface of the crystal are 
displayed in Figs. 8b-d. Analysis shows that as the crystal 
surface is approached, the lines of the phase observed at 
T < T I  ( L) become stronger, while the lines belonging to 
the phase observed at temperatures T > T2( L )  become 

FIG. 11. Fe3B06 Mossbauer spectra obtained at T=417.1 K by 
recording y-rays (a), x-rays, (b), and electrons (c-e) from the 
interior (a,b) and surface layers from 0 to 40 nm (c),  50 to 90 
nm (d),  and 150 to 200 nm (e).  The location and thickness of 
the layer is determined to within 20%. 

weaker. This is seen well for the second and sixth lines of 
the Zeeman sextuplets displayed in Figs. 8b-d. 

The experimental spectra obtained from the surface 
layer lying 50 to 90 nm (the location and thickness of the 
layers are determined with an accuracy of 20%) from the 
crystal surface by recording secondary electrons at differ- 
ent temperatures from T I  ( L )  to T2( L )  are displayed in 
Fig. 10. As is evident from Fig. 10, the spectra consist of a 
superposition of Zeeman spectra, observed by recording 
electrons above T2( L )  and below T ,  (L) .  As the temper- 
ature increases from T ,  ( L ) to T2 ( L )  the lines belonging 
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FIG. 12. Temperature dependences of the 
orientation angles 8 of spins in the interior 
( W )  and surface layers of a Fe3B06 crystal. 
Layer thicknesses: 0 to 40 nm (e), 50 to 90 
nm ( A ) ,  and 150 to200nm ( X ) .  

to the phase below TI  ( L )  become weaker and they vanish 
at T2(L). The lines belonging to the phase above T2(L) 
appear at temperatures TI (L) ,  and they become stronger 
as the temperature increases from TI ( L )  to T2( L). 

As the temperature increases further, one can see in 
the experimental spectra obtained by recording the y- and 
x-rays and displayed in Figs. 1 la and b that the second and 
fifth lines of the Zeeman sextuplets are absent. This indi- 
cates that the interior of the crystal has been transformed 
into the r3 phase. It is clearly seen in the secondary- 
electron Mossbauer spectra in Figs. 1 lc-e that spectra of 
both phases, observed on the surface below and above the 
transition region, coexist. This proves convincingly that in 
the region of the reorientational phase transition an inho- 
mogeneous state, in which the volume of the crystal has 
transformed from the r2 into the r3 phase while regions 
with different spin orientation are present at the surface, 
i.e., spin reorientation on the crystal surface is not yet 
completed, is observed in the region of the reorientational 
phase transition. 

5. ANALYSIS OF THE EXPERIMENTAL RESULTS 

The angles 8 determining the direction of the spin 
magnetic moments with respect to the direction of the in- 
cident y-rays, were found from the intensity ratios of the 
first and second (fifth and sixth) lines in the Zeeman sex- 
tuplets using Eq. (4). The temperature dependence of this 
angle for surface layers and the volume of the crystal is 
displayed in Fig. 12. It is evident from Fig. 12 that the 
angle 8, determined from the y- and x-ray Mossbauer spec- 
tra, i.e., in the volume of the crystal, assumes only the two 
values 0 and ~ / 2 .  Thus the spin magnetic moments of the 
iron ions located in the bulk of the crystal are directed 
along the c axis in the r2 phase and along the a axis in the 
r3 phase. 

At temperatures from T1 to T2 the magnetic moments 
of the iron ions in the bulk of the crystal are parallel to the 
crystallographic c axis (for domains in the r2 phase) and 
the a axis (for domains in the r3 phase) and they do not 
have other orientations. These results prove convincingly 
that spin reorientation in the volume of a Fe3B06 crystil 
occurs as a first-order phase transition. At temperatures 
from T1 to T2 an inhomogeneous state, i.e., a domain 
structure consisting of the magnetic phases r2 and r 3 ,  is 

observed. The magnetic moments in the region of the non- 
uniform state are directed in the domains along the a and 
c axes. Similar results were obtained in Ref. 14 in investi- 
gations of the volume properties of crystals by means of 
conventional Mossbauer spectroscopy. 

The picture changes for layers lying at depths less than 
300 nm. The magnetic moments in a surface layer less than 
300 nm thick tilt away from the direction parallel to the 
crystallographic a axis. This is observed at temperatures 
significantly lower than the temperature TI of the onset of 
GZI*GJx reorientation in the bulk of the crystal. At 
temperatures below T1 ( L )  the tilt angle of the magnetic 
moments away from the a axis increases toward the crystal 
surface (see Fig. 12). 

At temperatures from TI  ( L )  to T2 ( L) reorientation 
of the magnetic moments in the surface layer occurs, as is 
evident from Fig. 12, by continuous rotation from one di- 
rection to another. The closer the observed layer is to the 
crystal surface, the more smoothly the reorientation oc- 
curs. After the phase transition is completed, the magnetic 
moments in a surface layer less than 300 nm thick are 
oriented not along the crystallographic c axis, but rather at 
a small angle with respect to this axis. At temperatures 
T > T2(L)  this tilt angle increases as the surface is ap- 
proached. As the temperature increases from T2(L), the 
tilt angle of the spin moments from the c axis decreases, as 
is evident from Fig. 12. 

The temperature dependence of the line intensity ob- 
tained for the high-temperature phase from the experimen- 
tal spectra is displayed in Fig. 13, whence one can see that, 
within the experimental error, the change in the line inten- 
sities is linear. The limits of the temperature range of the 
spin-reorientation process and of the inhomogeneous state 
were determined by extrapolating to zero the temperature 
dependence of the line intensities of the high-temperature 
phase. The obtained phase diagram is displayed in Fig. 14. 
As is evident from Fig. 14, the temperature range of the 
spin-reorientational phase transition becomes wider as the 
surface is approached from layers located in the bulk of the 
crystal. 

It should be noted that for samples obtained from dif- 
ferent laboratories the width of the transition in the volume 
of the crystal varies from fractions of a degree to 10 K. 
This is probably a function of how the crystal is synthe- 
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FIG. 13. Temperature dependence of the line intensity ob- 
tained for the high-temperature phase for the interior of the 
crystal ( W )  and surface layers. Layer thickness: 0 to 40 nm 
(a), 50 to 90 nm ( A ) ,  and 150 to 200 nm ( X I .  

sized. The width of the transition at the surface of the 
experimental crystal varies in a manner similar to the 
width of the phase transition in the bulk sample. 

Comparing the experimental results obtained by study- 
ing the reorientation of magnetic moments at the surface of 
a Fe3BO6 crystal in which a first-order phase transition 
occurs in the interior shows that the results agree with the 
theory in which the direction of the easy axis at the surface 
is different from 0 or ~ / 2 .  However, there is one difference. 
The theoretical investigations show that the temperature 
range of the surface transition is narrower than the transi- 
tion in the volume (see Fig. lb). It is evident from the 
experimental data that the temperature range of the phase 
transition becomes wider as the crystal surface is ap- 

FIG. 14. Phase diagram of the states of Fe3B06 in the region of a spin- 
reorientation phase transition: I-phase limit T I  ( L);  2-T2( L ) .  

proached (Fig. 12). The explanation of this could lie in the 
fact that in the theoretical investigationsI6 the reorientation 
in a ferromagnet was considered, whereas the experiments 
were performed in antiferromagnetic crystals. 

CONCLUSIONS 

In conclusion we list the effects which have been es- 
tablished from the experimental data on spin- 
reorientational phase transitions at the surface and in the 
interior of an antiferromagnetic macrocrystal of Fe3BO6. 

1. Phase transitions at the surface and in the interior of 
antiferromagnetic Fe3BO6 macrocrystals were investigated 
by the method of simultaneous y-ray, x-ray, and electron 
Mossbauer spectroscopy by recording radiations with dif- 
ferent penetrating power. The spin reorientation process on 
the surface was described and a comparison was made to 
the transition mechanism operating in the interior of the 
macroscopic crystal. 

2. In a surface layer less than 300 nm thick, outside the 
transition region, the magnetic moments at the surface are 
not collinear to the direction of the magnetic moments of 
the iron ions located in the interior of the crystal, but 
rather they are tilted by some angle. This tilt angle in- 
creases toward the surface of the crystal and toward the 
region of spin reorientation. 

3. A first-order phase transition, accompanied by for- 
mation of a nonuniform state, occurs near the transition in 
the interior of the crystal. In a surface layer less than 300 
nm thick reorientation occurs by continuous rotation of 
the magnetic moments away from directions along which 
they were oriented above and below the region of the spin- 
reorientational phase transition. 

4. A nonuniform state, namely, domain structure, in 
which the directions of the magnetic moments differ not by 
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~ / 2 ,  as in the volume of the crystal, but rather by a smaller 
amount, is observed in a surface layer in the region of the 
transition. Thus the hysteresis loop on the surface of the 
crystal is narrower than in the interior. Further narrowing 
of the hysteresis loop is observed as the crystal surface is 
approached. It can be conjectured that the first-order phase 
transition observed in the interior of the Fe3B06 crystal 
transforms into a second-order transition in a layer which 
is located directly at the surface and whose thickness is less 
than that of the layer studied in the present work. 

5. The transition temperature range becomes wider as 
the surface of the crystals approached from the interior of 
the crystal. 
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