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Magnetic phase transitions in irradiated haematite 

0 F Bakkaloglu, 0 Nikolovt and M F Thomas 
Department of Physics, Univmily of Liverpool, Liverpool U 9  3BQ UK 

W i v e d  27 April 1992, in final form 2 July 1992 

AbstmcL In haematite the magnetic phase change from a weak ferromagnetic state to an 
antiferromagnetic slate that oecurs as the temperature is decreased through the critical 
value is known as the Morin transition. The different magnetic states give rise to distinct 
M k b a u e r  spectra and this technique was used to study the phase changes in samples of 
haematite that had been exposed to different levels of neutron irradiation. At relatively 
low lwels of irradiation the normal Morin transition was observed at a temperature lower 
than that for non-irradiated haematite. In samples with higher levels of irradiation, as the 
temperature was decreased, the normal weak ferromagnet to antiferromagnet transition 
occurred. but on further decrease of temperature a reveme phase Lransillon was obsewed 
back to the weak ferromagnetic slate. The magnetic phase transitions occurring in all the 
irradiated samples were studied and the critical temperatures measured. The mechanism 
and conditions q u i r e d  for the normal and reverse Morin phase transitions are discussed 
in terms of a model of competing single-ion and magnetic dipole misolropy energy. It 
is found that the model can account for the sequences of transitions and the critical 
temperatures The nature of the transitions is seen to be a mixture of first and second 
order. 

1. Introduction 

A magnetic phase transition in haematite, detected by magnetic susceptibility mea- 
surements by Morin [I], was shown by the neutron diffraction study of Shull er a1 
[2] to consist of a transition between the high-temperature weak ferromagnetic phase 
and the low-temperature antiferromagnetic phase illustrated in figure 1. It was seen 
that in the antiferromagnetic phase the Fe3+ spins lie along the [ l l l ]  trigonal axis 
while in the weak ferromagnetic phase the spins lie in a plane normal to this axis and 
they are canted to produce a weak ferromagnetic moment. In a number of studies, 
typified by [3], it has been shown that the transition temperature TM is sensitive to 
small amounts of impurities but a typical value of TM obtained using a high-purity 
manufactured crystal of haematite, grown in a flux of Na,B,O, is TM = 252 K with 
a transition width of 12 K [4]. The N6el temperature of haematite has been measured 
as TN = 948 K [3]. 

In two recent studies on neutron-irradiated samples of haematite [S, 61 it has 
been reported that decreasing temperature shows the normal Morin transition to be 
followed at lower temperature by a revene transition which largely restores the weak 
ferromagnetic phase. This investigation was undertaken to re-examine such samples 
using Mossbauer spectroscopy which, in addition to detecting the magnetic phase 
transitions, is sensitive to the nature or order of the phase changes. 

t Permanent add-: Institute of Nuclear Research. Sofia, Bulgaria. 
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Figure 1. Cryslallographic and magnetic S ~ N C I U ~  of haematite. m e  high4emperature 
weak ferromagnetic phase i s  shown on the left with the F$+ spins lying on the basal 
(111) plane, canled slightly from antiparallel alignment lo give a weak ferromagnetic 
state. The low-temperature antifemmagnetic phase is on the right with the F$+ spins 
ordered along this trigonal axis. 

2. Experimental technique 

Five samples were used in the study, the control, non-irradiated sample was of the 
previously described high-purity haematite [4]. The other four samples were of the 
same haematite material but were subjected to different degrees of irradiation from 
the neutron flux of a reactor. The degree of irradiation of each sample is characterized 
by the fraction of atoms displaced (FODA) defined by the expression [7] 

where +(E) and us( E) are the neutron flux and the elastic scattering cross section at 
the neutron energy E, A and Ed are the relative atomic mass and the displacement 
energy of the atoms in the sample and t is the time of irradiation. The FODA values 
of the irradiated samples are listed in tablc 1. 

Table 1. Comparison of the experimental and theoretical magnetic phase transition 
temperatures. m e  aperimental values were taken as the temperalum for which the 
quadrupole shift A = 0; the theoretical values were taken from the crovings 01 the 
C U N S  01 figure 5. 

Sample FODA Experimental Theory 

TMI(K) TMZ(K) TMI(K) TM~(K) % i ( o ) / B m d ( o )  

Control 0.0 255 i 2 
1 0.0009 227*2 
2 0.0012 2 2 7 i 2  

224 * 5 
228f-5 

1.M 
1.m 

3 0.0020 195f2 8Of2 194f5 93*5 0.99 
4 0,0022 1 6 5 * 2  12052 163f5 133f5 0.99 
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Mossbauer spectra were taken by using a 57Co in Rh source of initial strength 
100 mCi with conventional transmission geometly using a double-ramp waveform to 
give a flat background for the absorption spectra. The spectrometer was calibrated 
at room temperature with an a-Fe foil of thickness 25 x mm. Isomer shifts are 
measured relative to this standard. The temperature for each spectrum is selected and 
maintained by a liquid helium flow cryostat. The sample temperature is monitored by 
a semiconductor resistance thermometer mounted on the sample block which showed 
that the temperature remained stable at the chosen value to within 0.1 K over the 
counting time of a few hours. 

3. Results and analysis 

Mtssbauer spectra were taken over the temperature range of 4.2 K to 290 K in 
N 20 K steps for all samples. It was found that reasonable fits to all the data could 
be obtained with two magnetic sextet componentr. Examples of the spectra and fits 
are shown in figure 2 where the spectra span the phase transition temperature range 
for sample 3. These spectra show directly that at the ends of the temperature range, 
4.2 K and 290 K, the splitting A,, between the low velocity lines 1 and 2 exceeds 
the splitting Ass between the high-velocity lines 5 and 6 giving rise to a negative 
quadrupole shift. However, in the 130 K spectrum A,, is less than A56 showing a 
positive quadrupole shift. In this way the normal and reverse Morin transitions can 
be seen directly in this sequence of spectra. 

Mean values of quadrupole shift A defined as 

A = '(A 2 12-A56) 

were calculated from those of the fitted components, weighted by relative absorption 
intensity. The justification for this definition of quadrupole shift A is given in [SI 
where A is equivalent to the quantity -26. The variation of quadrupole shift with 
temperature for the irradiated samples is compared with that for the control sample 
in figure 3. The phase transitions are clearly seen in these graphs. For the control 
sample, as the temperature is decreased, the weak ferromagnetic phase, characterized 
by a quadrupole shift value of -0.21 mm 5-l changes at T,, = 255it2 K to the anti- 
ferromagnetic phase whose observed quadrupole shift of +0.42 mm s-' matches the 
theoretical expectation. In the two most lightly irradiated samples 1 and 2 the normal 
Morin transition is observed. However, for these samples the transition temperature, 
taken at A = 0, is reduced to 227 f 2 K. There are also indications that some weak 
ferromagnetic phase may persist below the Morin transition as the quadrupole shift 
below the transition temperature never attains the value of +0.42 mm s-' and shows 
a decrease to N 0.34 mm s-' below 60 IC 

The most dramatic behaviour is seen in the more heavily irradiated samples. In 
sample 3 the normal Morin transition is observed at a temperature of 195 f 2 K 
but, on further reduction of temperature a reverse transition is seen at 60 2~ 2 K. At 
temperatures below 280 K it appears that there may be coexistence of phases as the 
largest value of quadrupole shift, observed at 130 K, is +0.25 mm s-l and at 4.2 K the 
value has decreased only to -0.16 mm s-,. However, it is clear that in the majority 
of this sample there has been a normal Morin transition at T,, = 195 & 2 K and a 
reverse Morin transition at T,, = 60&2 K. A more extreme version of this process is 



7842 

0.00  

5. on 

0.00 

'_ w 

0.00 

'. w 

0. 00 

'.OD 

D. M1 

2 
g L.00 
y1 

9 
F 0.00 

h 

I 

'.DO 

0. 00 

'. w 

0. PO 

L. w 

0.00 

A. Do 

0.00 

1.00 

0 F BaWcalogIu et ai 

I I90  r 

v 
- 

I I I 
-10.0 a 0  -6.0 4.0 -2 .0  0.0 1 . 0  4.0 b o  6.0 ,a0 

W C l R  IWYD 

Figure 2. A sequence of Mdssbaucr spectra taken over the temperature range 4 2  K 
to 290 K on the irradiated sample 3. The spectra are seen to be magnetic sextets; we 
asociale numbers 1 to 6 wilh these linm in order of increasing velocily. The data show 
a change from negative quadrupole shift a1 4.2 K to positive quadrupole shift at 130 K 
and back IO negalive quadrupole shift at 290 K. The spectra are fitled with two magnetic 
Sextet wmponents. 

seen with sample 4 where the Morin and reverse Morin transitions, as defined above, 
are seen to occur at TMl = 166 4 2 K and T,, = 120 i 2 K respectively. In this 
case while the weak ferromagnetic phase appears to be nearly pure at temperatures 
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Figure 3. Graphs showing the variation 
of quadrupole shift A with temperature 
for lhe control and irradiated samples. 
The sequence is the coniml sample at 
the lop then in order downwards samples 
1, 2, 3 and 4. It is seen that the coniml 
sample and samples 1 and 2 show only 
the normal Morin tramition while sam- 
ples 3 and 4 show normal and reverse 
Morin transitions. The waluaiion of A is 
described in the text and the experimen- 
tal values of the transitions are obtained 
from these graphs where A = 0.  
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T > 280 K and T < 50 K the state of the sample for 120 K < T < 166 K where 
A is positive but has a maximum value of only 0.08 mm s-l indicates considerable 
phase coexistence. 

In the sequences of spectra shown the temperature was increased from 4.2 K to 
room temperature. Separate sets of measurements were taken with increasing and 
decreasing temperature around the transition points to investigate possible hysteresis. 
In no case was significant hysteresis observed. 

Values of the magnetic hyperfine field Bhf were obtained from weighted averages 
of the fitted sextets and the variation of Bhf with temperature for all samples is shown 
in figure 4. The shapes of these graphs give visual confirmation of the phase changes 
as the higher hyperfine field associated with the antiferromagnetic phase is evident 
in temperature ranges that match the changes of quadrupole shift. The identifiable 
increase in Bhf due to the antiferromagnetic phase in the graph for sample 3 allows 
an evaluation to be made of the dipolar component Bdip of the hyperfine field. While 
the dominant contribution to the total hyperfine field from the Fermi contact term is 
isotropic, the dipolar component has an angular variation that can be expressed as 

~ ~ ~ , ( 3 ~ ~ ~ ~ e  - 1)/2 

where 0 is the angle between the Fe3+ spins and the principal axis of the electric 
field gradient tensor which is the [lll] axis. Thus the hyperfine field in the antiferro- 
magnetic phase contains a component +Bdip while in the weak ferromagnetic phase, 
where the spins are at an angle 0 = 90° to the (111) axis, the dipolar contribution 
is -$Edip. From the graph for sample 3 in figure 4 the increase in the hyperfine 
field due to the antiferromagnetic phase component is 6.5 f 0.7 kG. This enables 
the dipolar component of the hyperfine field to be evaluated as 

Bdjp = $6.5 1/0.73 = 6.0f0.6 kG 

where the factor scales the relative change from antiferromagnetic to weak ferro- 
magnetic phase and the factor 1/0.73 is a correction for the purity of the antiferro- 
magnetic phase which is estimated from the value of the quadrupole shift. 

4. Discussion 

The topics considered in this section are the cause of the reverse Morin transition 
observed in the more heavily irradiated samples of haematite and the nature or order 
of the observed magnetic phase transitions. 

4.1. Mecharrirm for the magnetic phase transitions 
The normal Morin transition, observed at TM N 260 K in pure bulk haematite 
has been explained [9] on the basis of competition between two separate terms of 
anisotropy energy. At low temperature the single-ion anisotropy of the Fe3+ ions 
is dominant, stabilizing the antiferromagnetic phase but at high temperature the 
magnetic dipolar anisotropy energy dominates which favours the weak ferromag- 
netic phase. The Morin transition occurs at the temperature TM, where the mag- 
nitudes of single-ion and magnetic dipolar anisotropy energy become equal. For 
the normal Morin transition to oceur the zero-temperature single-ion anisotropy 



7845 

500 ? l o t  
Figure 4. Graphs of the variation of 
hyperfine field with temperature for the 
control and irradiated samples. The se- 
quence from top to bottom of control 
then samples 1, 1. 3 and 4 is lhe same as 
in figure 3. The magnetic phase changes 
are risible in these graphs through the 
increased magnetic hyperfine field of the 
antiferromagnetic phase. "he cause of 
this increase, the dependence of the mag- 
netic dipole component on the direction 
of the spins lo the trigonal axis, is eval- 
uated in the text from the observed in- 
crease in the graph of sample 3. 
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field B, (0), related to the zero-temperature single-ion anisotropy energy Ksi(0) 
by B,,(O) = KBi(O) /gpB where g = 2 for the Fe3+ ion and pB is the Bohr mag- 
neton, must be greater than the zero-temperature magnetic dipolar anisotropy field 
Bmd(0) = - K m d ( 0 ) / g p B .  At temperatures T > 150 K, BSi decreases faster than 
B,, resulting in the crossing of the graphs of Bsi versus T and B,, versus T which 
drives the normal Morin transition. 

Expressions for the variation with temperature of BSi and B,, have been calcu- 
lated on the basis of the molecular field approximation by Yoshida [lo], Thchiki and 
Nagamiya [ll] and Artman et af 191. Using the notation of the latter authors the 
anisotropy fields at temperature T can be written as 

d F BnWCniogiu et ai 

B,, ( T )  = B,i( 0 )  [2( S -t 1 ) - 3 Ba( Z )  cot h(  ~ / 2  S)] /( 2s - 1 ) 

Bmd(T) = Bmd(0)B?(z) 

where B,,(O) and Bmd(0) are the magnitudes of the single-ion and magnetic dipolar 
anisotropy fields at 0 K, S = is the spin of the Fe3+ ions, B,(r) is the Brillouin 
function whose argument z = g p B S X M / k T .  In this latter expression M is the 
sublattice magnetization, X the molecular field constant, and k is the Boltzmann 
constant. 

The temperature dependencies of the anisotropy fields are contained in the factor 
z-both explicitly in k T  and implicitly in the sublattice magnetization M. Values of 
the magnetization at temperature T, M ( T )  and hence of z were obtained from the 
saturation magnetization M ( 0 )  via the relationship 

M ( T )  = M(O)BChr(T)/Bh(O) 

where BEr represents the component of the hyperfine field due to the Fermi contact 
term Experimental data were used for the values of BEp This evaluation of M ( T )  
is justified by the relationship that the dominant contact term of the hyperfine field is 
accurately proportional to the sublattice magnetization. Experimental values of B,, 
were corrected for the small known contribution of the dipolar term Bdip to obtain 
the required values of BEr. 

With the temperature variation of BSi( T) and B,,(T) defined by the expressions 
above the single adjustable parameter that affects the crossing of the.curves is the 
value of Bsi(O)/Bmd(O). In order to account for the Morin transition temperature 
in pure bulk haematite a ratio B,,(O)/B,,(O) = 1.006 is required [9]. In figure 5 
are shown graphs of BSi versus T and B,, versus T for all the irradiated samples in 
which Bsi(0)/B,,(O) has been adjusted to give best agreement with the observed 
temperatures of the magnetic phase transitions. The values of temperatures predicted 
for the phase transitions by the procedure described above are compared with the 
experimental values in table 1 which also lists the values of Bsi(0)/B,,(O) adopted 
for each sample. 

It is seen that for values of Bsi(0)/B,,(O) 2 1 a single crossing of the curves 00 
curs corresponding to the normal Morin transition. For values of Bsi(0)/B,,(O) < 
1, however, double crossing of the curves can occur corresponding to the sequence 
of normal and reverse Morin transitions occurring at the tempcratures T,, and T,, 
that are listed in table 1. A further decrease in B,,(O)/B,,(O) < 1 can be seen 
to result in no crossing of the curves corresponding to a prediction of no magnetic 
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Figure 5. Calculated variation of B,i (as U) and Bmd (as t) with temperature for all 
irradiated samples The sequence is top, left to right samples 1 and 2 and bottom left to 
right samples 3 and 4. nte expressions and method of evaluation are described in the 
tort. Magnetic phase transitions are predicted when these c u m  cross. It is seen that 
for samples 1 and 2 a single crossing occurs predicting the normal Morin transition. For 
samples 3 and 4 two cmssings of the c u m  are indicated predicting normal and revme 
Morin transitions. 

phase transitions and the persistence of the weak ferromagnetic phase throughout the 
temperature range. 

In order to account for our experimental results it appears that increased ra- 
diation damage has the effect OP decreasing the ratio Bsi(0)/B,,(O). The Morin 
transition is such a sensitive balance between competing anisotropy terms that it is not 
surprising that small disruptions in the lattice of magnetic ions such as that provided 
by impurity ions or by neutron irradiation can cause large modifications in Morin 
transition temperature or even the reverse Morin transition observed in this study. 

4.2 Nature of the magnetic phase changes 
In this section we review the experimental evidence to investigate whether the mag- 
netic phase transitions proceed by an abrupt change between antiferromagnetic and 
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weak ferromagnetic phases or by a continuous transition. In the former case, first- 
order phase change, as the temperature is varied through the critical region the 
transition would occur by changing proportions of the antiferromagnetic and weak 
ferromagnetic phases. Coexistence of phases and possibly hysteresis can occur close 
to the transition temperature. In the latter case, second-order phase change, as the 
temperature is varied the transition would proceed by the spins rotating continuously. 
In this case there should be no phase coexistence or hysteresis. Analyses of the 
Mossbauer spectra in the critical temperature ranges give information on the nature 
of the phase changes. 

Pure haematite appears to have the first-order phase transition [9, 121. There 
is some evidence that impurities cause a third component in haematite supporting 
a possible mixing of semnd-order nature in the Morin transition 1131. Neutron 
irradiation was expected to introduce irregularities into the lattice that could affect 
the nature of this phase transition. 

As presented above reasonable fits to the spectra at all temperatures have been 
obtained using two magnetic sextet components. If these components could have been 
unambiguously identified with antiferromagnetic and weak ferromagnetic phases by 
fixing their quadrupole shifts at +0.42 mm se' and -0.21 mm s-' respectively and 
the fits achieved simply by change of relative intensity as the temperature is varied 
through the critical range, then the mechanism would have been clearly shown to 
be of first order. However, in order to obtain good fits with two sextet components 
near the transition temperatures, the values of quadrupole shifts in both components 
had to be left to vary. The fits then required that for each magnetic component 
the magnitude of the quadrupole shift decreased as the temperature approached the 
critical value. Thus the transitions do not proceed by pure first-order mechanism. 

Alternatively it was not possible to fit the experimental spectra well in the critical 
temperature range with a single sextet whose value of quadrupole shift varied con- 
tinuously from the antiferromagnetic phase value to that of the weak ferromagnetic 
phase as would be required for a pure second-order transition. 

A final series of fits were made with three sextet components. ?\No of the compo- 
nents had their values of quadrupole shift fixed at f0.42 mm s-l and -0.21 mm s-', 
characteristic of antiferromagnetic and weak ferromagnetic phases respectively. The 
quadrupole shift of the third component was allowed to vary. This approach gave 
fits that were slightly but significantly better than the fits with the two sextets having 
free values of quadrupole shift. An example of this improvement is shown in fig- 
ure 6 where the extended scale is necessary to demonstrate the better fit. The values 
assumed by the quadrupole shift, and hyperfine field, of the thud component were 
always between those of the antiferromagnetic and weak ferromagnetic phases and 
varied smoothly through the critical temperature ranges consistent with the rotation of 
spins between the [Ill] axis and the plane normal to this axis. Thus the thud compo- 
nent may be envisaged as due to a fraction of the spins that rotate continuously from 
the [ I l l ]  axis to the (111) plane as the temperature is varied through the transition 
region. The variation of the relative intensity of this thud or intermediate component 
with temperature is shown for samples 1 and 3 in figure 7. It is seen that the intensity 
is peaked at the phase transition temperatures though, in sample 3, there is apprecia- 
ble intensity of this component throughout the temperature interval 70 K-200 K and 
in sample 1 the component appears at the lowest temperatures. Interpreting these 
graphs it appears that a large proportion of the phase changes proceeds continuously 
through the intermediate component but since the relative intensity of this compo- 
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nent falls well short of 100% even at the transition temperatures, an appreciable 
proportion of the phase transitions has first-order character. It thus appears that in 
these samples first- and secondader phase changes occur simultaneously. 
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Figum 6. An illusrralion of the better fit obtained 
using three rather than two magnetic Sextet com- 
ponents. An extended scale is necessary lo demon- 
strale the improved 61 which is on sample 1 a t  
215 K. 

Figure 7. Graphs showing the variation of rela- 
tive intensity with temperature of the intermediate 
magnetic component in the three component fits 
described in the text. The graphs are for (top) 
sample 1 and (ballom) sample 3. 11 is seen that 
the relative intensity of [his component is maximum 
at the magnetic phase transitions and that for sam- 
ple.3 it has appreciable intensity throughout the 
temperature range 70 K to  ux) K. 

Parametrizing the total anisotropy energy K as 

K = IC, sin’e -t IC2 sin4 e 
it has been shown that, for a phase transition occurring when IC, = 0, the nature of 
the phase change depends upon the sign of IC2. For IC2 < 0 the phase change is 
of first order while for Kz > 0 the change is of second order. The observed results 
indicate that the radiation damage caused by neutmn bombardment creates inhomo- 
geneity in the samples with some regions having Kz positive and others .negative. 
This occurs even at the relatively low dose applied to sample 1. Increased radia- 
tion damage not only changes the relative magnitudes of the single-ion and magnetic 
dipole contributions to K, as discussed in the previous section, but in sample 3 
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causes coexistence of the intermediate phase and weak ferromagnetic phase over 
large temperature ranges. 

5. Conclusions 

The Morin transition is known to be a sensitive balance between competing terms 
of magnetic anisotropy. This work shows that radiation damage caused by neutron 
irradiation can change the relative magnitudes of the competing single-ion and mag- 
netic dipolar terms and hence cause different sequences of magnetic phase changes 
occurring at different critical tempemtures. More subtly the nature of the phase 
changes can be affected and, due to inhomogeneities in the damage, the transitions 
can proceed by different mechanisms simultaneously within the same sample. 
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