
Investigation of phase transitions in iron orthoborate in the 
vicinity of the Nee1 point 

A. L. Irshinskiland V. M. Cherepanov 

I. V: Kurchatov Institute ofAtomic Energy. Moscow 
(Submitted 25 March 1980) 
Zh. Eksp. Teor. Fiz. 79, 1412-1420 (October 1980) 

An investigation was made of the Miissbauer spectra of a single crystal of iron orthoborate (Fe3B06) near the 
N k l  temperature in zero external field and in a field directed along the [b]  and [c]  axes of the crystal. The 
critical exponents of the inequivalent c and d sublattices of Fe,B06 were determined in the temperature range 
2X lo-' (T-T,)/T, 8 X /3, = 0.350*0.007; 6, = 4.46*0.10; 8, = 0.352*0.005; 6, = 4.42*0.08. 
A simultaneous comparison of the /3 exponents of iron borate and various materials with different types of 
magnetic anisotropy demonstrated that the experimental values of /3 were in agreement with the results of 
calculations carried out using the renormalization-group theory of phase transitions. 

PACS numbers: 64.6O.Fr. 76.80. + y, 64.70.Kb 

INTRODUCTION These indices differed greatly also from the values of 
/3 and 6 obtained by Voigt and ~ 0 0 s ~  from the magnetic 

The asymptotic behavior of the thermodynamic pro- measurements. Moreover, Kamzin and ~okov' ob- 
perties of magnetically ordered systems in the vicinity served coexistence of the paramagnetic and ordered 
of the critical point where t =(T - T ,)/T,--0 has been phases in a wide range of temperatures below the Ndel 
investigated quite thoroughly by the theoretical renor- point TN on application of a magnetic field along the [ b ]  
malization-group method? The results predict a de- axis of a crystal but they provided no satisfactory ex- 
pendence of the critical exponents on the number of planations of this effect. Therefore, it seemed essen- 
dimensions of d of the lattice and the number of com- tial to carry out a more detailed study of the behavior 
ponents n of the order parameter, which are  governed of the magnetizations of the iron orthoborate sublattices 
by the magnitude and nature of the magnetic anisotropy. near TN in the absence of an external field and also in 
However, the experimental studies of the critical ex- fields directed along different axes of a crystal of this 
ponents a re  always carried out at temperatures cor- substance. 
responding to t* 0. For this case the t h e o d "  pre- 
dicts a crossover transition of the critical behavior 
under the influence of the magnetic anisotropy from 

EXPERIMENTAL PROCEDURE 

isotropic (n = 3) to planar (n = 2) or Ising (n = 1) on ap- A single-crystal rectangular place of Fe,BOB of 5 x 2 
proach to T,. This transition occurs at a crossover x 0.08 mm dimensions was used a s  the Mossbauer ab- 
temperature to,= (H,,/H,)"', where HA and HE are  the sorber. The directions of the crystal axes [b]  and [ c ]  
effective anisotropy and exchange fields, respectively, coincided with the sides of the plate, whereas the [ a ]  
and @(n) is the critical crossover exponent. axis and the direction of the gamma-ray beam were 

perpendicular to the plane of the plate. This plate was 
It be to check these located in a high-temperature oven, whose construe- 

predictions of the theory of phase transitions by con- tion made it possible to rotate the investigated sample 
sidering magnetic materials with different types of about the [a]  axis through a given angle with an error  
anisotrop~. The Problem is that the available experi- not exceeding 1 O. external field was parallel to the 

data have been obtained mainly for critica1 ex- plane of the plate. The Mossbauer measurements were 
ponents of simple magnetic systems exhibiting pure carried out using a NOKIA LP-4840 multichannel ana- 
I shg  or Heisenberg behavior. The critical properties lyzer and a single-c-el spectrometer operating at a 
of complex many-sublattice magnetic materials, par- constant velocity of the source (co5' in a rhodium ma- 
ticularly antiferromagnets with the ~z~a losh insk i i  in- trix). The ~o~~~~~~~ spectra were analyzed on a 
teraction, have not yet been investigated sufficiently B ~ S M - 6  computer by the least-squares method using 

Such 'ystems can be studied conveniently a program described by Nikolaev, Rusakov, and Yaki- 
by the Mossbauer spectroscopy method because the mov? The temperature of the sample was kept con- 
hyperfine fields at the nuclei of atoms located in dif- stant to within 0.03 OK. The temperature drop along 
ferent sublattices are usually proportional to the mag- the sample was of the same order of magnitude. The 
netization of the sublattice in which they are  located. Ndel point deduced by the scanning method was TN 
We shall report a Mossbauer spectroscopic investiga- = 507.30* 0.05 OK. 
tion of the critical behavior of a weak f erromagnet 
(iron orthoborate FeJB06) exhibiting the orthorhombic 
magnetic anisotropy . RESULTS 

The critical behavior of this substance has already Several investigations (see, for example, Ref. 8) 
been investigated by Kamzin, Bokov, and smolenski4 have shown that the unit cell of Fe3B06 contains twelve 
who used the Mossbauer method and found that the criti- Fe3' ions occupying two inequivalent crystallographic 
cal exponents PC, 6, and P,, 6, of the magnetization of the positions 8d and 4c. The moments of the iron ions at 
inequivalent c and d sublattices were very different. positions of the same type form two antiparallel sub- 
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lattices whose magnetizations deviate slightly from the 
common axis because of the ~zyaloshinskii  interaction. 
Thus, the magnetic properties of iron orthoborate can 
be described by a four-sublattice model and for each 
pair of sublattices we can introduce the following fer- 
romagnetic and antiferromagnetic vectors: 

mi= (Mli+M2,)/2MOt,  li= (M,,-M,,)  /2Mbi,  i=d, c.  

Below the spontaneous spin reorientation temperature 
( T , , ~  =415 OK) the orientations a r e  mi (1  [a] and I, 11 [c], 
whereas a t  temperatures Tsd < T  < TN the orientations 
a r e  mi 11 [c] and I, 11 [a]. Moreover, according to Kam- 
zin and ~okov, '  the moments of the 4c ions deviate from 
the [a] to the [b] axis above T,,, =490°K. 

1. Measurements in a field H I1 [b] 

Kamzin and ~okov '  found that a t  T  < TN the application 
of an external field H (I [b] produces, against the back- 
ground of the split Zeeman spectra corresponding to the 
antiferromagnetic state of the sample, additional ab- 
sorption lines in the center of the spectrum and the 
positions of these lines coincide with the positions of 
the quadrupole splitting lines of the paramagnetic phase. 
This anomaly has not yet been observed in antiferro- 
magnets of this type subjected to transverse fields. 

We determined the mechanism of this effect by in- 
vestigating the Mossbauer spectra of iron orthoborate 
in external fields up to 27 kOe in the same temperature 
range. All the spectra had the same form and some of 
them a r e  shown in Fig. 1 (for comparison, the lower 
part of this figure shows the spectrum obtained in the 
absence of an external field). We can see that these 
spectra have no lines corresponding to the paramag- 
netic state. An analysis of the spectra on a computer 
confirmed that they represent a superposition of two 
(c, d) Zeeman sextets with the intensity ratio I& : Ilc 
32 : 1, in agreement with the distribution of the iron 
ions between the sublattices. 

The sensitivity of the effect discovered in Ref. 6 to 
the angle 0 between H and [b] was studied by recording 
the spectra also a t  T  - TN =-5 OK in a field of H =27 
kOe in an angular range 0 -10" where measurements 

- 
-5 -3 -1 0 I 3 5 

u, mmlsec 

FIG. 1. MBssbauer spectra of iron orthoborate in a field 
HI1 [bl: 1 )  H=27 kOe. T-TN=-10 .6"K;  2)  H=27 kOe. T -  TN 
=-5°K; 3)H=O, T-TN=-5°K.  

were carried out in steps of 1 ". None of these spectra 
showed the paramagnetic phase lines. On the other 
hand, a transition to the disordered state occurred in 
an external field a s  abruptly a s  in H =O.  This made it 
possible to use the temperature scanning method to 
investigate the dependence of the shift of the transition 
on the field, which amounted to 0 .6i  0.1 OK in a field 
H=27 kOe. 

2. Measurements in fields H = 0 and H II [cl 

Bayukov, Ikonnikov, and ~ e t r o v "  used the M6ssbauer 
spectroscopy method to determine the asymmetry 
parameters and the orientations of the principal axes 
of the electric-field gradient (EFG) tensors a t  the 5 T ~ e  
nuclei and the 8d and 4c positions (these orientations 
were determined relative to the crystal axis of iron 
orthoborate). The quadrupole splittings deduced from 
the spectra in the T  > TN range were &EQ(8d) =0.58 
mm/sec and AE, (4c) = 1.13 mm/sec, respectively. 

The Z eeman splitting of the excited nuclear sublevels 
AE,,(I=3 /2) in the spectra determined a t  T < T ,  (one 
of them is shown a t  the top of Fig. 2) was found to be 
comparable with the quadrupole splitting aEQ in the 
temperature interval t < 10". Therefore, in calculat- 
ing the hyperfine field H,,, from the experimentally de- 
termined splitting H,,, of the spectra an allowance was 
made for the additional line shifts calculated in Refs. 11 
and 12. Since the corrections for these shifts increased 
in the ratio y =~AE,/AE, and since in the investigated 
temperature range it was found that y(8d) :y(4c) 32 : 1, 
these corrections for the iron nuclei a t  the 4c positions 
were greater than for the 8d positions. A similar situ- 
ation has been encountered already in an analysis of the 
behavior of the magnetizations of the a and b sublat- 
tices of yttrium iron garnet (Y,Fe50l2) near T ,  (Ref. 
13). 

One of the spectra obtained in an external field paral- 
lel  to the easy ferromagnetic axis [c] a t  the Nee1 point 
is shown in the lower part of Fig. 2. We can see that 
the application of a magnetic field induces different ef- 

a -3 -z -1 I 1 2 3 

u, mmlrec 

FIG. 2. Missbauer spectra of Fe3B06 near TN: 1) H= 0, 
T - T N = - 4 . l 0 K ;  2) H=O. T = T N ;  3)  H=27 m e ,  T = T N  (HI1 [el). 
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fective fields a t  the iron nuclei in the d and c sublat- 
tices, a s  found earlier by Kamzin and ~okov." 

As in the H = 0 case, the effective field H,, was deter- 
mined allowing for the corrections to H,, and the hy- 
perfine field was calculated from 

The critical parameters of each sublattice were deter- 
mined from the experimental data using 

Rhf ,(T9 H)=Hhf  i (T ,  H)/Hhri/Og 0) =l<(T,  H) 

(i. e., assuming proportionality of the hyperfine field 
to  the sublattice magnetization) and applying the least- 
squares method by means of the formulas 

1(T, 0) =B(-t)',  t=(T-T,)IT,,  

l (0,  H )  =D (8) l'', f f=gpgSHlkTg.  
(1) 

The range of asymptotic critical behavior was deter- 
mined more accurately by varying initially only Pi and 
B,  and taking TN to have a fixed value found experi- 
mentally. Next, the dependence of 8, on the upper limit 
t ,  of the temperature interval was plotted and this was 
used to determine the range of asymptotic behavior 
where Pi was stabilized near some average value. In 
this region the results were analyzed again varying 
the value of TN . The results of this analysis show that 
the critical exponents of different sublattices of iron 
orthoborate were practically identical: 8, = 0. 352 
1 0.005 and PC = 0.3501 0.007 in the temperature interval 
2 x 10" < t < 8x  lo-'. The calculated value TN = 507.28 
1 0.02 OK was in good agreement with the value TN found 
experimentally by the scanning method. The exponents 
of the critical isotherm also had very close values: 6, 
=4.42*0.08 and =4.461 0.10. 

It was interestingto compare our results withthose of 
Ref. 4, where an attempt was also made to determine 
the critical exponents of FeJB06 by the Mossbauer 
method but " splitting" of their values was observed: 
8, =0.332 and 6, =0.287; 6, =4.6 and 6= =5.1. Figures 
3 and 4 show the dependences 1 ,(t, 0) and 1, (0, fi) on 
logarithmic scales. The dashed lines give the same 
dependences deduced from an analysis of our data with- 
out inclusion of the corrections to H,. It is clear from 

1 I 4 1 1 , 1 1 1 1  I 1 1 , 1 1 1 1  

10-3 s.10-~ fi~o-~ I#-' t 

FIG. 3. Temperature dependences of the reduced sublattice 
magnetizations of Fe,BO,: triangles represent the c sublattice 
and the circles-the d sublattice. The dashed lines are drawn 
without allowance for the corrections to He,. 

H, k d  

FIG. 4. Critical isotherms of the iron orthoborate sublattices: 
triangles represent the c sublattice and the circles-the d sub- 
lattice. The dashed lines are plotted without allowance for the 
corrections to He,, . 
these figures that allowance for these corrections ef- 
fectively suppresses the splitting of the critical exw- 
nents: 0, =Pd = P  = 0.351 * 0.006 and 6, = = 6 =4.44 
* 0.10. These values a r e  close to P =0.347* 0.006 and 
6 = 4.6 1 0.3 found by Voigt and ~ 0 0 s ~  from magnetic 
measurements. 

DISCUSSION 

According to the theoretical ideas,'" the influence of 
the magnetic anisotropy on the critical behavior of mag- 
netic materials is manifested by a reduction in the 
dimensionality of the order parameter from n to m 
< n in the temperature range t < tco. Thus, if the cross- 
over temperature tC,=(~,/~,)"* l ies in the asymptotic 
region, the critical behavior at  temperatures t < tco and 
t > tc, corresponds to different classes rn each of which 
is described by i ts  own set of critical exponents P for a 
number of ferromagnets, ferrimagnets, and antiferro- 
magnets (Table I) and compare them with the results 
of calculations carried out using different approxima- 
tions in the renormalization-group theory of phase 
transitions (Table It). Table I gives data on only those 
compounds for which the behavior of the order param- 
eter has been studied by observing the hyperfine inter- 
action and the experimental results have been analyzed 
by the same method described in subsection 2 in the 
preceding section. This is a very important point be- 
cause the method of determination of the phase transi- 
tion temperature and the range of asymptotic behavior 
have a strong influence on the precision of determina- 
tion of 0 (Refs. 13, 15, and 16)- The results for nickel 
and iron, and those for iron and manganese fluorides 
a r e  taken from the work of Suter and ~ohenemser." 

It is clear from Table I that in the classification of 
the values of P we can identify three ranges: 1) 0.33 

TABLE I. Critical exponent P (experimental values). 
Measurc- 

method*. 

MS 
MS 
MS 

NMR 
NMR 

I Measure- 
substance 8. ment 

method** 

["I 
["I 
our 

results 
["I 
["I 

Reference 

*The values in parentheses are the errors in the last signifi- 
cant figure of the index. 
**Here, MS denobd Mtissbauer spectroscopy, y - y is  the 
method of perturbed angular gamma-gamma correlations. 
and NMR is  the nuclear magnetic resonance method. 

I I I 
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TABLE 11. Critical exponent P (theoretical values). 
I I I 

Q P c 0.34; 2) 0.35c j3S 0.37; 3) 0.384 P s  0.39. The 
exponents of the compounds lying within the same range 
a r e  clustered around the average value 8. For  exam- 
ple, in the case of MnFz and FeF2, we have & =0.332, 

I whereas in the case of FeBQ, a - F e Q ,  YFeQ, and 
FeF, we have Pz =0.362, while for Fe, Ni, and Y3Fe& 
we find that & = 0.384. A comparison of the average 
experimental values with the calculated values P(n) in 
Table II shows that pis  much closer to the result of 
calculations carried out using the &-expansion method 
(in the second order in respect of E )  than to the results 
obtained by solving the renormalization-group equations 
in real ( d =  3)_space. The exceptions to this rule a r e  
the values of P1 which a r e  equally close to all  the cal- 
culated P(n = l )  results. However, in our case it is 
more important that the differences @ = 0.02-0.03 a r e  
in good agreement with the calculated differences M(n) 
=0.02, because the latter a r e  the same in both theo- 
retical methods. Hence, we can conclude that com- 
pounds whose indices lie in the same range belong to 
one class. 

Estimates of the crossover temperature for magnetic 
materials in the third class give values too for the 
crossover from n = 3 to m =2 [toO(3 --2)] which a r e  
two or three orders of magnitude smaller than the low- 
e r  limit of the temperature region where P is investi- 
gated. For example, in the case of cubic ytrrium iron 
garnet we have to0=10* so that the temperature interval 
10" < t < lo* of variation of P of this substance is en- 
tirely within the region of isotropic critical behavior." 
Similarly, a uniaxial antiferromagnet FeFz belonging 
to the first  class exhibits the Ising critical behavior in 
the range 5x lo"< t < 7x which is below tcO=2x lo-' 
for the crossover from n = 3 to m = 1 [tcO(3 -I)]. 

CExpansion (including terms up to -c') (Ref. 22) 

Solution of renormalization-group equations in real 
(d= 3) space (Ref. 23) 

Numerical solution of renormalization-group equations 
(Ref. 24) 

In contrast to the materials in the third class, we 
find that estimates of the crossover temperature for 
the second and first  (for example, MnF2) classes ob- 
tained for tc0(3-2) and tc0(3 -1) lie within the range 
where P is determined. However, these estimates a r e  
only approximate and different situations may occur. 
For example, Ikedal' reports that the (3-2) crossover 
in the critical behavior of the specific heat of an easy- 
plane antiferromagnet CsMnF, is found experimentally 
at  tCO= 2 X lo*, whereas estimates give tco=3 x 10". 
Moreover, the crossover itself in real  crystals is a 
gradual process and it may extend over a considerable 
temperature interval. This applies to the critical be- 
havior of the specific heat of a uniaxial antiferromagnet 
MnFz for which the estimate gives tcoz5x 10" and the 
(3 -1) transition occupies the interval lod < t < 10" 
(Ref. 19). 

0.34 

0.325 

0.337 

436 

0.346 

- 

The critical exponent P found by us  for the orthor- 
hombic crystal of FeJBO, lies, within the investigated 
temperature range, in the region of planar behavior. 
According to  Refs. 4 and 20, iron orthoborate can be 
regarded a s  an Ising antiferromagnet in this range. In 
fact, this compound exhibits close to TN two reorien- 
tation points Ts,l [which applies to the (ac) plane] and 
t,$ [which applies to the c positions in the (ab) plane] 
so  that it is not possible to identify reliably any crystal 
axis which is significantly more difficult for the 1 
vector than the other axes. In particular, the effective 
anisotropy field in the (ac) plane near TN (which can be 
estimated from the spin reorientation field measured 
by v o i d 1 )  amounts to H A = l  kOe and the corresponding 
estimate too = 3 x  10" for the (2 -1) transition lies close 
to the lower limit of the region where 0 was determined. 

0.38 

a365 

- 

In our opinion, iron orthoborate is more likely to ex- 
hibit planar than Ising behavior in the interval 2 x 10" 
< t < 8 x  lo', although i ts  index 6 is somewhat less than 
for the other members of this class of materials be- 
cause of the proximity of t,$ -1) to the limit of the 
range where the measurements were carried out. 
Therefore, a theoretical model with scalar order pa- 
rameters proposed by ~okolo$' to explain the splitting 
of the critical exponents of the Fe3B06 sublattices can 
hardly be applied to this material in the range t > lo-'. 
Therefore, it would be interesting to search for many- 
sublattice compounds characterized by a strong axial 
anisotropy [tco(3-1) =lo-'] which may exhibit splitting 
of the critical exponents in the temperature range lo6 
< t < 10" in accordance with the predictions of ~ o k o l o v . ~ ~  

The authors a r e  deeply grateful to I. K. Kikoin for 
his interest. They a r e  also very grateful to V. I. Oz- 
hogin and S. S. Yakimov for very valuable discussions, 
and to V. A.  Figin for supplying an iron orthoborate 
single crystal. 
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Investigation of the tricritical point of SbSl by the nuclear 
quadrupole resonance method 
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The rf nuclear quadmpole resonance (NQR) spectroscopy was used for the first time to investigate the critical 
exponentfi and the behavior of the thermodynamic potential near the critical point. Apparatus was assembled 
and a method was developed for precision NQR measurements when pressure and temperature were altered 
independently. The behavior of the ferroelectric SbSI near a singularity in the p-T diagram was in full 
agreement with the behavior of the tricritical point predicted by the Landau theory. 

PACS numbers: 76.60.Gv, 77.80. - e, 64.60.Fr, 64.60.K~ 

There have been many theoretical investigations of 
the behavior of solids near a multicritical point. 
These investigations have been mainly calculations 
carried out by the renormalization-group method (see, 
for example, Refs. 1 and 2). In the case of compounds 
with a strong exchange interaction this method has 
made it possible to study states with highly developed 
fluctuations and to find corrections to the power-law 
dependences of the various thermodynamic quantities 
near multicritical points? However, in the case of 
ferroelectric crystals the range of temperatures where 
fluctuations of the order parameter are  important is 
much narrower and we can expect the Landau theory4 
to be valid at a critical point. 

A s  a rule, the critical exponents have been deter- 
mined from the temperature dependences of the rele- 
vant macroscopic quantities. More recently, studies 
of the influence of temperature on the order parameter 
have become concentrated on "microscopic" methods 
which can give very precise values of the atomic dis- 
placements or of the microparameters associated di- 
rectly with them. Neutron diffraction has been used 

but it is very difficult to combine this 
method with the application of high pressures. Radio- 
frequency (rf) spectroscopic methods have been used 
with success for some time in studies of the tempera- 
ture dependences of the order parameters.12"' We can 
therefore assume that it should be possible to use rf 
spectroscopic methods in investigations of multicritical 

There have been relatively few experimental investi- 
points. This is a promising approach because it is 

gations because of the complexity of the problem and 
simpler and easier to apply high pressures in these 

the need for a high precision of the In 
than in the diffraction techniques. In &.dies 

practice, there have been only a few studies carried 
out at a suitable level. For example, in the case of 

of this kind one needs a system which can detect quad- 
rupole resonance signals in a high-pressure chamber crystals investigations have been carried out on W C l  

(Ref. 5) and measurements of the specific heat at high and provides means for varying independently and main- 

pressures have been used to study the behavior of the taining with the required precision two parameters: 

critical exponent a! near a tricritical point. A deter- the pressure q and the temperature T .  

mination of the coefficients of the thermodynamic po- 
tential of potassium dihydrogen phosphate near its 
tricritical point was reported in Ref. 6. The permit- 
tivity of barium titanate was measured in the vicinity 
of a singular point? Similar investigations have been 
made of metamagnetic materials? A study of the cri- 
tical exponent a! of SbSI near a singular point in the 
p- T diagram was publisheds when the present paper 
was being prepared for press. 

Our aim was to assemble suitable apparatus, develop 
a measurement method, analyze statistically the re- 
sults of a precision determination of the critical expo- 
nent p, and make specific studies near the critical point 
in the p- T diagram of the ferroelectric SbSI. We 
found the critical exponent 0 of the order parameter 
and studied the behavior of the coefficients of the ther- 
modynamic potential in different parts of the p-T dia- 
gram. 
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