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Optical spectroscopy was used to study in detail the orientational magnetic phase transitions in an 
MnF, crystal in a magnetic field inclined at an angle to the tetragonal axis in (010) and ( 170) 
planes. An investigation was made of the dynamics of reorientation of the antiferromagnetic 
vector as a function of the field intensity, tilt angle $, and geometry of the tilt of H. In the HIIC4 
configuration the antiferromagnetic vector was oriented in the basal plane along [ 1001 in fields 
H>Hc . The sign and magnitude of the fourth-order anisotropy constant were determined in that 
plane. It was found that the H-$ phase diagram had a tricritical point when the vector H was tilted 
in the ( 170) plane. 

1. INTRODUCTION 

Manganese fluoride is the most thoroughly investigated 
two-sublattice antiferromagnet exhibiting the easy-axis an- 
isotropy. Its NCel temperature is 68 K, the crystal structure 
is tetragonal, and the symmetry group is D::.  Figure 1 
shows a magnetic unit cell of MnF,. 

In an external magnetic field parallel to the spontane- 
ous ordering axis C4 this compound exhibits a first-order 
magnetic orientational phase transition in which the antifer- 
romagnetic vector 1 abruptly switches to the basal plane and 
this is known as the spin-flopping transition. The transition 
is manifested by a jump in the longitudinal magnetization in 
a magnetic field Hc ~ 9 . 5  T (Refs. 1 and 2).  When the field 
H is inclined to the tetragonal axis, the magnitude of the 
jump of the antiferromagnetic vector decreases and disap- 
pears when the angle reaches $,, = 30' (Ref. 2).  This criti- 
cal angle $,, is governed by the ratio of the axial anisotropy 
field HA -0.8 T to the exchange interaction field HE = 54 
T, and the critical field of the transition is given by Hc 
z (2HEHA )'I2. These results are in good agreement with 
theoretical  calculation^^^^ carried out ignoring the anisotro- 
py in the basal plane. 

However, the magnetic susceptibility measurements2 
have failed to yield the orientation of the vector 1 in the spin- 
flop phase. The magnetization in the basal plane was found 
to be practically isotropic in tilted magnetic fields. 

FIG. 1 .  Unit magnetic cell of the antiferromagnet MnF,. The large cir- 
cles represent the Mn2+ ions and the small circles are the F -  ions. 

The orientation of the antiferromagnetic vector in the 
basal plane of the spin-flop phase is governed, when the field 
orientation is along the C4 axis, by the magnetic anisotropy 
energy in this plane. This may be either the fourth-order 
anisotropy j?: 1; or the second-order anisotropy d(1, my 
+ lym,  1, corresponding to the Dzyaloshinskii interac- 

tion." Here, x and y are selected along the [ 1001 and [010] 
axes (Fig. 1 ) . Calculations5 show that when the parameter f 
is negative, the vector 1 is oriented along the two-fold diag- 
onal axis [ 1 101. For a positivef, the direction of the antifer- 
romagnetic vector depends on the relationship between the 
parameters f and d: ifd <do  a ( Af) 'I2, the vector 1 is parallel 
to the [ 1001 direction, whereas ford > do, it is oriented along 
[ 1101. Here, A is the exchange interaction parameter. 

The characteristic features of the spin-flop transition in 
a magnetic field have been investigated earlier also by spec- 
troscopic methods.697 A usual splitting of the exciton absorp- 
tion line of frequency 31 938 cm-' of the 6A,g (6S)- 
4T,, (4P) transition in magnetic fields H >  H, was reported 
in Ref. 6,  but could not be explained. A later investigation7 
was concerned with the anisotropy of the splitting of this 
exciton line in the case of a larger tilt angle +b = 19" in a field 
H = 13.2 T. However, it was assumed in Ref. 7 that the mag- 
netic anisotropy in the basal plane was so strong that the 
component of the antiferromagnetic vector 1, in the basal 
plane of the spin-flop phase is always oriented along the 
[I101 axis irrespective of the direction of the transverse 
component of the field H, in this plane. This hypothesis7 is 
in conflict with the experimental results obtained in our 
study.' We demonstrated that a tilt of the magnetic field by 
3" or more from the C4 axis makes the vector 1, always paral- 
lel to H,. Therefore, the conclusion reached in Ref. 7 that 
the component 1, is always directed along the [ 1101 axis is 
incorrect. 

The absorption of ultrasound in MnF, was investigated 
by Melcher9 near the phase transition to the spin-flop phase 
at frequencies close to that of the soft mode of the antiferro- 
magnetic resonance. In the absence of anisotropy in the basal 
plane this mode is activation-free, but a finite energy gap 
appears because of the anisotropy energy in the basal plane, 
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particularly because of the fourth-order anisotropy. A mag- 
netoacoustic resonance appears because of the magnetoelas- 
tic coupling which mixes acoustic vibrations with spin oscil- 
lations. Melcher9 investigated abrupt changes in the elastic 
constants in the spin-flop transition field and used a com- 
parison with theoretical formulas given in another of his pa- 
pers'' to reach the conclusion that the anisotropy constant f 
was negative. Hence, Melcher postulated that the antiferro- 
magnetic vector of the spin-flop phase was oriented along 
the [ 1 101 axis. However, the formulas for the magnetoelas- 
tic interaction used in Ref. 9 were incorrect, like the conclu- 
sion about the orientation of 1, along [ 1101. 

We carried out a detailed experimental study of the 
characteristic features of the orientational phase transitions 
in MnF, subjected to tilted magnetic fields and this was done 
for various geometries of the tilt of the vector H away from 
the tetragonal axis. We used optical spectroscopy based on 
the explicit dependence of the splitting of the above-men- 
tioned exciton line on the field intensity, angle of tilt of the 
field relative to the C4 axis, and orientation of the vector 1, 
which in turn also depends on the first two factors. This 
method has the undoubted advantage that the frequencies of 
the spectral lines affected by the phase transition are not 
influenced by the macroscopic magnetic structure of the 
samples, particularly by the presence of domains if these do- 
mains are not of the 90" type. 

In Sec. 2 we shall describe briefly the features of the 
experimental method. In Sec. 3 we shall report and discuss 
the results of the experimental determination of the orienta- 
tion of l, in the basal plane. The magnitude of the anisotropy 
constant will be deduced in Sec. 4 from the experimental 
data. In Sec. 5 we shall analyze the dynamics of reorientation 
of the antiferromagnetic vector in the spin-flop phase as a 
function of the intensity of the magnetic field and the geome- 
try ofits tilt away from the C4 axis. Finally, in Sec. 6, we shall 
discuss the phase diagram in terms of the field intensity and 
the tilt angle as the coordinates, and demonstrate the exis- 
tence of a tricritical point and formulate conclusions. 

2. EXPERIMENTAL METHOD 

The optical absorption spectrum of an antiferromagnet- 
ic MnF, crystal was investigated using pulsed magnetic 
fields of up to 16 T intensity. The fields were generated in a 
compact solenoid (internal channel diameter 10 mm) 
cooled with liquid nitrogen. The field rose to its maximum 
value in 2 msec. A special system was developed for locating 
and moving a sample inside the solenoid and this made it 
possible to determine very accurately the orientation of the 
tetragonal axis ofthe crystal and to measure its tilt relative to 
the magnetic field. The apparatus was designed to determine 
the dependence of the frequency of an exciton-magnon band 
at 28 027 cm-' ofthe 6A Ig (6S)-4T2g (4D) transition on the 
magnetic field in the case of spin flopping." 

Figure 2 shows the behavior of the frequency of this 
band and of the 6A lg (6S)-4TIg (4P) exciton line of frequen- 
cy 31 938 cm-' on the intensity of the external magnetic 
field in the vicinity of the spin-flop transition when the field 
was oriented exactly along the C, axis. It is clear from this 

FIG. 2. Dependences of the frequencies of the Zeeman doublet of the v,, 
exciton line due to the 6A lg (6S)-4Tlg (4P) transition (left-hand scale, 
O), and of the exciton-magnon band v due to the 6A 1g (6S)-4T2g (4D) 
transition (right-hand scale, A ) ,  on the intensity of an external magnet- 
ic field H in the vicinity of the transition to the spin-flop phase in the case 
when the vector H is exactly parallel to the C4 axis ((I = 0) .  

figure that in the spin-flop field H, the frequencies of both 
bands exhibited a jump. Figure 3 shows the dependences of 
the frequencies of the band and line on the field intensity in 
the case when the field was tilted by an angle of IC, = 50' in the 
(010) plane away from the tetragonal axis. In this case the 
spin-flop transition was extended on the field scale: it oc- 
curred in an interval of fields which was the same for both 
the exciton-magnon band and the exciton line, and the de- 
pendence of the frequency of the exciton-magnon band re- 
produced, to a certain scale, the dependence of the longitudi- 
nal magnetization on H (continuous curve joining the points 
represented by A ) .  

When the external magnetic field was oriented exactly 
along the tetragonal axis of the crystal, the absorption was 
measured at a frequency intermediate between its limiting 
values before and after the spin-flop transition. When the tilt 
angle $ did not exceed 30', there was no absorption of light at 
this intermediate frequency. At higher values of the angle IC, 
when the dependence of the frequency of the exciton-mag- 
non band on the field intensity was smooth, the absorption 
signal at the intermediate frequency spread into a curve with 
a maximum when the field was increased during a pulse. 

FIG. 3. Dependences of the frequencies of the Zeeman doublet of the 
exciton line v,, (left-hand scale, 0) and of the exciton-magnon band v 
(right-hand scale, A ) ,  and of the longitudinal magnetization (contin- 
uous curve passing through the points A ,  arbitrary scale) on the mag- 
netic field H tilted at an angle of $ = 50' in the (010) plane. 
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FIG. 4. Optical transmission oscillograms at the frequency 28 052 cm- ' 
at T =  14K:a)  $=  1.5";b) $=0. 

Figure 4b shows oscillograms obtained at the frequency of 
28 052 cm-' for $ = 0 (Fig. 4b) and $ = 1.5" (Fig. 4a). 

We used a DFS-8 spectrograph with a linear dispersion 
of 3 A/mm. Beyond the exit slit of the spectrograph we 
placed a photomultiplier which produced a signal applied to 
an oscilloscope. Micrometric screws were used to rotate the 
sample relative to the solenoid axis. These screws made it 
possible to alter the angle $ within the range 0-3" and the 
error in the determination of this angle did not exceed 5'. The 
position of the sample was monitored by a laser beam. The 
reflections of this beam from two mirrors attached rigidly to 
the sample and to the solenoid were displayed on a screen 
and this made it possible to determine the tilt angle of the 
field away from the tetragonal axis, as well as the direction of 
the component of the magnetic field in the basal plane of the 
crystal (angle +). When the measurements were made at 
high values of the angle $ (from 3 to 12") and in strong 
magnetic fields up to 25 T, the sample was located in the 
solenoid channel by means of calibrated quartz wedges and 
such a setting was accurate to within 20'. Therefore, in each 
series we carried out a control measurement at T = 14 K. 
However, in each series there was a control point at 4.2 K. 
We found no difference between the experimental results 
obtained at 14 and 4.2 K. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 5 shows the dependence of the splitting of the 
31 938 cm-' exciton line on the tilt angle of the field away 
from the tetragonal axis in the (1 10) plane, obtained for 
different values of the field intensity (10.5, 12, 15.5 T). The 

FIG. 5. Dependences ofthe splittingof theexcitgn line vex on the angle t,h 
for different values of the field H tilted in the ( 110) plane: 0 )  10.5 T; 0 )  
12 T; 0) 15.5 T. 

FIG. 6 .  Dependences of the angle f,&on the magnetic field Hin the ( 170) 
plane; the continuous curve is calculated. 

magnitude of the splitting Av,, increased on increase in the 
angle $ only up to a certain limit. Beginning from the angle 
$,, which depended on the field intensity, the splitting re- 
mained constant, at least in the interval $, < $ < 12". The 
magnitude of the characteristic angle 4, first increased on 
increase in the field and then fell. Figure 6 illustrates the 
dependence of $, on H. It should be pointed out that when 
the field was tilted in the (010) plane there was no splitting 
of the exciton line in fields H > H, and for all values of $, at 
least in the range from 0 to 12". 

The absence of the splitting in the $ = 0 case and when 
the field tilt was in the (010) plane, on the one hand, and the 
splitting in the case of the tilt in the (1 10) plane, on the 
other, led us to the firm conclusion that the antiferromagnet- 
ic vector was in the basal plane after transition to the spin- 
flop phase when the field was oriented exactly along the C4 
axis. The vector 1 was directed along the two-fold axis [ 1001 
or [010] axis. Moreover, we concluded that this orientation 
of the vector 1 was due to the fourth-order anisotropy with an 
energyfl I :  and a positive constant$ When the magnetic 
field was tilted away from the tetragonal axis in the ( 110) 
plane, the energy of the interaction between the magnetic 
moments of the sublattices with the magnetic field began to 
compete with the fourth-order magnetic anisotropy energy. 
As a result of this competition the antiferromagnetic vector 
began to rotate on increase in the angle $: the rotation was in 
the basal plane from the [ 1001 to the [ 1 101 axis and this 
corresponded to the rising parts of the curves in Fig. 5. When 
the tilt angle reached $>$,(H), the transverse component 
of the antiferromagnetic vector 1, became parallel to the 
transverse component of the field H, (horizontal parts of 
the curves in Fig. 5). 

4. ESTIMATES OF THE FOURTH-ORDER ANISOTROPY 
CONSTANT 

The experimental dependences of the splitting of the 
exciton line on the angle $ (H, (1 [ 1101 ) enabled us to esti- 
mate the order of magnitude of the anisotropy constant $ 
This could be done by deriving a theoretical expression for 
the magnitude and H-dependence of the characteristic angle 
$,(H). We shall use the Hamiltonian of a uniaxial two-sub- 
lattice antiferr~magnet~.~ and include the term correspond- 
ing to the fourth-order anisotropy: 

Here, 

748 Sov. Phys. JETP 62 (4), October 1985 Eremenko etal. 748 



where A = 4M0 HE is the exchange interaction parameter; 
b = - 2M& ; a and b are the axial magnetic anisotropy 
constants; M, is the modulus of the magnetization density of 
the sublattices; h = 2M0H; m = (MI + M2)/2M0 is the fer- 
romagnetic vector; 1 = (MI  - M2)/2M0 is the antiferro- 
magnetic vector; Mi are the sublattice magnetizations. 

Since the value of $ is small, we shall assume that the 
parameter f is small compared with the exchange interaction 
A and axial anisotropy b constants. The Hamiltonian ( 1 ) 
must be minimized with respect to the angles 8 and @, where 
8 is the angle between the direction of 1 and the C4 axis, and @ 
is the angle between 1, and [ 1001. In magnetic fields much 
higher than the critical value and for small values off the 
angle 6 corresponding to the absolute minimum of the Ha- 
miltonian ( l ) can be replaced quite accurately with 6 corre- 
sponding to the minimum of this Hamiltonian when the 
termfl 1; is omitted. In this case it is convenient to use the 
results of Ref. 12, where manganese fluoride is regarded as a 
uniaxial antiferromagnet with an isotropic basal plane. The 
equilibrium values of the angles between the C4 axis and the 
magnetizations of the sublattices of MnF, in tilted magnetic 
field are calculated in Ref. 12 for the case when the tilt angle 
exceeds the critical value +hc,,, and the phase transition does 
not occur. An allowance for just the axial anisotropy with 
b < 0 and neglect of the basal plane anisotropy has the effect 
that the antiferromagnetic and ferromagnetic vectors are 
oriented in the same plane as the field and the C4 axis. There- 
fore, using the results of Ref. 12 we shall automatically ex- 
clude from consideration the 1, lm, IIH, phase, which may 
appear in the interval between the noncoplanar and coplanar 
1, Ilm, llHl phases. Such a phase is unusual for antiferromag- 
nets with the axial anisotropy of the easy axis type and it may 
appear precisely because of the basal plane anisotropy. The 
substitution of the equilibrium value of 8 gives an expression 
for the Hamiltonian ( 1 ) which depends only on the angle @. 
Dropping the terms that do not contain a dependence on @ 
yields 

2"H41p2 (sin @ i- cOS @ ) 
X[ sin2 2 ~ -  H H ( H Z - H , ~ - H ~ ~ )  ( 1 - H 2 / 4 H ~ ' )  

E A4 1 
(2)  

Here, a characteristic fourth anisotropy field HA, = f /2 M, 
is included. Minimization of Eq. (2) with respect to the an- 
gle @ shows that the solution corresponding to 1, IIH, 1 1  [ 1101 
has the lowest energy if 

Q>qo ( H )  ~2 ( l / H 2 - 1 / 4 H ~ 2 )  [ H E H A &  ( H z - H c z - H A 2 ) ]  ' I .  (3)  

An analysis of this solution shows that the function @ 
= amin (I), H )  , corresponding to the minimum of Eq. (2),  
exhibits a kink of the line $,(H) in its dependence on I), i.e., 
its first derivative @kin ($1 with respect to the angle +h exhib- 
its a finite jump. It follows that the $,(H) line represents a 
second-order phase transition. 

It is clear from Eq. (3)  that in the interval between Hc 

and HE the function &(H) is nonmonotonic. Using the ex- 
perimental value of $, = 2.5" corresponding to H = 12 T 
(Fig. 5),  we find that HA4 -32 X lop4 T. A similar estimate 
for the fields 10.5 and 15.5 T gives a similar value of HA,. 

In the range of fields from 1 1 to 20 T the change in $, is 
slight and it amounts to =: 10% (Fig. 5) .  There is a good 
agreement between the experimental values of $, and those 
calculated from Eq. (3)  (Fig. 6 ) .  The maximum of the 
$,(H) curve occurs at ~ = : 2 " ~  Hc and the value of $ at the 
maximum is estimated to be (HA, /2 HA ) ' I 2 .  

As pointed out in the Introduction, the orientation of 
the vector 1 along the [ 1001 axis in the spin-flop phase corre- 
sponds not only to a positive value of the constant5 but also 
to the condition d < do a (Af ) ' I 2 .  Consequently, the follow- 
ing estimate for the upper limit can be obtained for the effec- 
tive Dzyaloshinskii interaction field in MnF,: 

5. ANALYSIS OF THE DYNAMICS OF THE 
ANTIFERROMAGNETIC VECTOR ON APPLICATION OF A 
MAGNETIC FIELD TILTED FROM THE TETRAGONAL AXIS 

In this section we shall discuss and compare with calcu- 
lations the experimental data on the splitting of the exciton 
line, which can be used to determine the orientation of the 
antiferromagnetic vector in the basal plane, and the change 
in this orientation as a function of the magnetic field intensi- 
ty for different geometries of the tilt of this field away from 
the fourfold axis. 

1. Tilt of the magnetlc fleld in the (010) plane 

This geometry corresponds to curve 1 in Fig. 7 and the 
experimental points are denoted by black dots. The calculat- 
ed curve and the experimental results correspond to the tilt 
angle $ = 50'. It is shown in Sec. 2 that after the transition to 

BOB 0 0 

FIG. 7. Comparison of the calculated and experimental values of the 
splitting of the exciton line, plotted as a function of the magnetic field for 
different tilt angles 4: I ) ,  2) calcujated for $ = 50': 1) vector H in the 
(010) plane; 2) vector H in the ( 110) plane; -4 = 50'; H, 1 1  [ 1001. All 
the other experimental points were obtained for H, J j  [ 1101: 0) = 26', 
+) 4=401 ;  8 )  4=501 ;  a) + = Y ;  0 )  4=2';  A) $=i.s. ;  0 )  
4 = 1.15". The inset shows the difference between the calculated (curve 
2) and experimental (q(50') data, plotted as a function of the magnetic 
field. 
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the spin-flop phase when the field is exactly parallel to the 
tetragonal axis, the antiferromagnetic vector is oriented 
along [ 1 101. The tilt of the field in this plane does not disturb 
the coplanar nature of all three vectors H, 1, and m, i.e., the 
component 1, is parallel to the [ 1001 binary axis. It is clear 
from Fig. 7 that the experimental points lie quite close to the 
calculated curve 1. The calculations were carried out using 
formulas given in our earlier paper8 on the assumption that 
1, IIHI. The good agreement between the experimental re- 
sults and the calculations provides further support for the 
conclusion that the vectors 1, m, and H are coplanar and lie 
in the (010) plane. 

2. Tilt of the magnetic Reid in the (1 50) plane at .J, = 3" 

In this geometry the field dependence of the splitting of 
the exciton line is quite different from that in the preceding 
case (points denoted by 0 in Fig. 7). The splitting remains 
finite, at least up to fields of 25 T. As shown in Sec. 3 (Fig. 
5), in the geometry under discussion and for the selected tilt 
angle $ the component of the antiferromagnetic vector in the 
basal plane 1, is now parallel to H,. An additional proof of 
the correctness of this conclusion is provided by the good 
agreement between the experimental results and the calcula- 
tions of the splitting of the exciton line.' The magnitude of 
the splitting is governed by the Dzyaloshinskii-Moriya inter- 
action in an excited state: 

$<501) values of the splitting Av,, . The curve in the inset 
joins the experimental points. 

The initial parts of the field dependences of the splitting 
agree (within the limits of the experimental error) with the 
theoretical curve 2 for all tilt angles. Significant deviations of 
the experimental data from the calculations begin directly 
beyond a critical field H,, when the transition to the spin- 
flop phase has already occurred, but as the field intensity is 
increased, the sublattice moments gradually become aligned 
with the field. 

For $ > lo the splitting does not disappear on increase in 
the magnetic field intensity, but it is considerably less than 
the calculated value. As the tilt angle $ approaches 2.5", the 
differences between the experimental and calculated split- 
ting decreases rapidly. Only some of the experimental points 
obtained in the range $ > lo are plotted in Fig. 7 in order not 
to overload the figure. 

At the end of Sec. 3 the nature of the angular depen- 
dences of the splitting of the exciton line (Fig. 5) in the 
selected geometry of the tilt of the magnetic field (H > H, ) 
is used to draw the conclusion that the component of the 
antiferromagnetic vector in the basal plane becomes reor- 
iented from the [ 1001 to the [ 1101 axis on increase in the 
angle $. This means that for the tilt angles of the magnetic 
field in the ( 1 10) plane smaller than 2.5" the three vectors H, 
1, and m are no longer coplanar. In other words, the process 

Avex ( H )  =DISIZ  (sin2 6!+sinz &), (4)  
of reorientation of the magnetic sublattices is affected 
strongly by the fourth-order anisotropy. Additional support 

where Df is the constant of the second-order uniaxial anisot- for the conclusion that the vectors H, 1, and are not co- 
ropy in the basal plane for the excited 4 T l g  (4P) state; Sf is planar is provided in this case by our dependences of the 
the spin of an excited ion; and are the between splitting on the field intensity and orientation, and by the 
the spins of the excited ions belonging to different sublattices differences between the observed values of the splitting and 
and the tetragOnal axis. These are different and those calculated on the assumption that 1, JIH, 1 [ 1101. 
slowly decrease on increase in the field intensity. It should be In the whole of the preceding analysis we have essential- 
stressed that Eq. (4) is obtained in Ref. 8 on the assumption ly allowed only for the fourth-order anisotropyp ; 1 ;  in the 
that 'L llHl 1 [ l lo ] .  The fit the basal plane. However, in addition to this anisotropy, there 
culated curve. It follows that once again, as in the case of the are also effects due to the second~anisotropy corresponding 
field tilt in the (010) plane, all the three vectors H, 1, and m to the Dzyaloshinskii interaction d ( l x  my + 1, mx ). As al- 
are coplanar, but they are now in the (170) plane. ready pointed out, this interaction tends to lock the antifer- 

3. Small tllt of the vector H in the (170) plane 

When the angle of tilt of the magnetic field in the ( 170) 
plane is small, the situation is more complex and dynamic. 
This is due to the fact that the vector 1, corresponding to 
$ = 0 in the spin-flop phase is always directed along the 
[loo] axis, whereas for large angles $ it is directed along 
[ 1101 (in this geometry). Therefore, clearly at low angles $ 
the vectors 1, H, and m are not coplanar. 

Curve 2 in Fig. 7 represents the results of a calculation 
of the splitting of the exciton line carried out using the for- 
mulas given in Ref. 8 for the case when $ = 50' and the mag- 
netic field is oriented in the ( 110) plane. Calculations are 
based on the assumption, as in the $>2.S0 case, that 
1, llH, 1 1  [ 1 lo].  It is clear from Fig. 7 that the bulk of the 
experimental points corresponding to several values of the 
tilt angle (26', 40', 50') obtained in fields H >  10 T  lie far 
from the calculated curve. The inset in Fig. 7 illustrates the 
field dependence of he, representing the difference between 
the calculated (curve 2) and experimental (for the angles 

- - 
romagnetic vector in the basal plane along the [ 1101 axis. 
An allowance for the second-order anisotropy makes it pos- 
sible to understand some features of the behavior of the split- 
ting of the exciton line in the spin-flop phase when the mag- 
netic field is tilted through a small angle ($ < 50') in the 
( 170) plane. 

In fact, the fourth-order anisotropy is proportional to 
1 :  and it has the strongest influence on the dynamics of a 
reorientation of the antiferromagnetic vector component in 
the basal plane in the range of fields where I ,  is maximal. 
This occurs when the magnetization vectors of each of the 
sublattices form angles 0, close to 7r/2 (a = 1 and 2 are the 
sublattice numbers). Figure 7 gives the values of the field 
intensities H I  and H,, for the tilt angles $ = 25 and 50', re- 
spectively, which correspond to 8, = v/2. As the field is 
increased compared with such values of H, the role of the 
fourth-order anisotropy decreases rapidly, whereas the in- 
fluence of the component H, on the establishment of the 
orientation 1, llH, 1 1  [ 1101 should increase. Therefore, in this 
situation we can expect the vector 1, to become aligned along 
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the [ 1101 axis and the line splitting to increase. However, 
the experiments demonstrate precisely the opposite behav- 
ior: the splitting does not increase on increase in H but de- 
creases, i.e, the vector 1, continues to tilt away from the di- 
rection of H,. In all probability this is due to the 
Dzyaloshinskii interaction. In the range of fields H > Hc 
where the experimental values of the splitting agree with the 
calculations carried out for 1, ( 1  [ 1101, we can probably ex- 
pect two orthogonal magnetic configurations which depend 
on the ratio of the second- and fourth-order anisotropy pa- 
rameters d andJ One of them corresponds to the orientation 
1,(1 [I101 IJH, and the other to the antiferromagnetic vector 
I,, which is parallel to the other [ li01 axis and is perpendic- 
ular to H, . However, spectroscopic methods based on the 
dependence of the splitting of the exciton line on the orienta- 
tion of l, cannot be used readily to distinguish these two 
orthogonal configurations from one another (because in 
both cases 1, is oriented along the diagonal axis and the split- 
ting Av,, is approximately the same). Which of these config- 
urations (or those close to them) is realized in MnF, crystals 
and for which angles and magnetic field intensities can be 
determined by appropriate theoretical calculations and a 
comparison with the experimental results. 

The proposed description of the dynamics of reorienta- 
tion of the antiferromagnetic vector in the spin-flop phase 
under the action of a magnetic field tilted relative to the 
tetragonal axis makes it possible to explain in a natural man- 
ner the experiments2 in which the magnetic susceptibility 
was measured. It was established in Ref. 2 that the magnetic 
susceptibility of MnF, crystals shows no anisotropy in the 
basal plane when the field is tilted at angles of $ = 10 and 
20'. This observation has not been explained satisfactorily 
even allowing for the existence of a domain structure in the 
spin-flop phase. The appearance of two orthogonal configu- 
rations with 1,II [ 1101 I(H, and 1,IJ [ I  lO]lH, in the basal 
plane under the action of a tilted magnetic field in the ( 170) 
plane should make the transverse magnetization practically 
isotropic even after allowance for the magnetic anisotropy 
effects in the basal plane. 

6. PHASE DIAGRAM OF THE FIELD INTENSITY AGAINST THE 
TILT ANGLE. TRlCRlTlCAL POINT. CONCLUSIONS 

In this section we shall discuss the nature of the phase 
transition in the antiferromagnet MnF, when the spin-flop- 
ping of the magnetic sublattices in a magnetic field occurs for 
different directions of the tilt of this field relative to the tetra- 
gonal axis. According to earlier theoretical  calculation^^.^ 
and the experimental data,' the transition to the spin-flop 
phase is of the first order not only for $ = 0 but also for small 
tilt angles $<$c, = 30'. Figure 8a shows the angular depen- 
dence of the field of the transition to the spin-flop phase 
when the magnetic field is tilted in the (010) plane and it 
illustrates this conclusion. The first-order phase transition 
line terminates at a critical point where the antiferromagnet- 
ic and spin-flop phases become indistinguishable. 

Figure 8b shows the H-$ phase diagram obtained for 
MnF, when the field is tilted in the ( 110) plane. The curve in 
Fig. 8b separates the H-$ plane into two regions. In one of 

FIG. 8. Phase diagram plotted using the H-$ coordinates: a )  H in the 
(100) plane; b) H in the (1 10) plane. 

them, to the right of the curve, the MnF, crystal behaves as a 
uniaxial antiferromagnet with an isotropic basal plane when 
subjected to a tilted magnetic field and the vectors 1, m, and 
H are coplanar. To the left of the curve the basal plane an- 
isotropy plays an important role and makes the vectors H, 1, 
and m noncoplanar. The interval 1-2 in the phase diagram 
represents the first-order phase transition like the 
curve in Fig. 8a. After passing through the interval 1-2 the 
antiferromagnetic vector becomes oriented in the basal 
plane and its direction is close to [ 1001. The part of the phase 
diagram 2-3-4 represents a curve described by Eq. (3)  (com- 
pare with Fig. 6 )  and is a second-order phase transition line. 
The conclusion that the 2-3-4 line is not a first-order phase 
transition line follows, in addition to the analysis made in 
Sec. 4, from all the available experimental data for the appro- 
priate values of the angles $ and H. In other words, the func- 
tion 1, ( H,$) should be continuous on the phase transition 
line and singularities may be exhibited only by the deriva- 
tives of this function. In any case, the jumps in the orienta- 
tion of the antiferromagnetic vector and the splitting of the 
exciton line were not observed within the limits of the experi- 
mental error. 

Clearly, the first-order phase transition line 1-2 should 
merge with the second-order phase transition line at some 
value of the angle $,,, corresponding to the field Hcl 
= (H f + H i  ) ' I 2 .  It therefore follows that the point 2 
should be regarded as tricritical where the first- and second- 
order phase transition lines meet after arrival from the oppo- 
site sides of the same point. We shall refer to the point of 
intersection of the lability boundary line with the second- 
order phase transition line as the tricritical point (which is in 
agreement with the current terminology). The value of the 
angle $,, may generally be different from $,, = 30' at which 
the first-order phase transition line terminates in the H, 
( 1  [ 1001 geometry (Fig. 8a). In fact, it is clear from the ex- 
perimental data in Fig. 7 that the dependences of the split- 
ting of the exciton line on the magnetic field intensity in the 
H(I ( 110) geometry practically coincide with one another for 
all the angles $ = 25-50', i.e., they are practically indepen- 
dent of $. On the other hand, if $ > lo, then the nature of the 
dependence of the splitting on the magnetic field begins to 
vary rapidly on increase in $ approaching the dependence 
calculated for the case when 1,() [ 1101. This clearly shows 
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that the value of the angle $,, differs from 30' and reaches 
50 + 10' in the HI/( 170) geometry. 

It should be pointed out that an allowance for the sec- 
ond-order anisotropy corresponding to the Dzyaloshinskii 
interaction not only does not alter the proposed pattern of 
the orientational magnetic phase transitions in MnF,, but 
just the opposite: it gives grounds regarding these conclu- 
sions as more reliable and permanent. This applies particu- 
larly to the stability of the state with 1,11 [I101 in the 
H(l ( 170) geometry, because the second-order anisotropy 
tends to align the antiferromagnetic vector along the [ 1101 
axis. Naturally, when an allowance is made for this anisotro- 
py the phase curve becomes deformed and this effect in- 
creases on increase in the magnetic field intensity. 

Our investigations thus yielded the following main re- 
sults. 

1. An anisotropy of the splitting of the exciton line was 
established and it was used to identify the positive sign of the 
constant f of the fourth-order anisotropy in the basal plane of 
the antiferromagnet MnF, and to determine its value 
H A ,  z 32 x T. 

2. It was shown experimentally that when the external 
magnetic field was precisely parallel to the tetragonal axis of 
the crystal, the antiferromagnetic vector became oriented as 
a result of the spin-flop transition in the basal plane along the 
[I001 axis. 

3. The experiments in tilted magnetic fields were used to 
construct the phase diagram of the antiferromagnet MnF, in 

terms of the magnetic field intensity and the tilt angle. It was 
found that in the HI1 ( 100) geometry the curve representing 
the first-order phase transitions terminates at a critical point 
and in the Hll( 170) geometry the phase transition lines have 
a tricritical point separating the regions of the curves repre- 
senting the first- and second-order phase transitions. 

"We have omitted some of the fourth-order terms permitted by the sym- 
metry, but unimportant from the point of view of their role in the investi- 
gated effect and resulting in most cases only in renormalization of the 
constants. 
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