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The phase diagram of BaMnF4 in a magnetic field parallel to the antiferromagnetism axis is 
investigated by the AFMR technique at 27.3, 33.7, 38.3, and 40.9 GHz. The boundary curve of 
sublattice flipping is determined on basis of orientation resonance. AFMR and EPR are found to 
coexist in the region adjacent to the transition from a state with flipped sublattices to a 
paramagnetic state. Both AFMR and EPR disappear at 2 oK on going from the antiferromagnetic 
state with non-flipped sublattices to the paramagnetic state. This can be attributed to "overlapping" 
of the spectral branches. The effect of critical fluctuations of short-range order on the AFMR and 
EPR linewidths is considered. 

It was shown earlier[l) that BaMnF4 is an antiferro­
magnet with a clearly pronounced two-dimensional mag­
netic order, wherein the strong exchange interaction 
occurs only between Mn2+ ions lying in a single layer. 
As indicated in [2), the crystal structure of BaNi F 4, and 
consequently of the isomorphic BaMnF 4, is such that 
an interaction between the nearest layers should not be­
come manifest, at least in the static properties, in the 
case of antiferromagnetic order in the layer. There­
fore weak interaction between layers occurs only every 
other layer. Lines has shown [3) that in such substances 
the transition to the ordered state has a number of 
peculiarities and is possible only in the presence of 
weak anisotropy and (or) weak interaction between 
layers. The results of[4) also give grounds for assum­
ing the presence of a very weak interaction between 
layers, which is apparently responsible for the low­
frequency magnetoelectric resonances. 

Investigations of magnetic properties of BaMnF 4, 
including one by the AFMR method, are of great inter­
est for the study of the features of two-dimensional 
magnetic ordering in phase states of matter. The mag­
netization curves of BaMnF 4 along the easy axis b were 
investigated by Holmes, Eibshutz, and Guggenheim[5). 
They determined from the jumps of the magnetic mo­
ment the value of the sub lattice flipping field at several 
temperatures. They have shown that the flipping field 
H~ increases with temperature. The largest value, 
14.5 kOe, was attained at T = 20o K. In addition, they 
noted that the AFMR line vanishes at T = 21°K. The 
antiferromagnetic resonance spectrum of BaMnF4 was 
investigated by Petro v, Popov, and Prozorova[6) at 
45-100 GHz. In the helium temperature region, no 
spectrum Singularity is connected with two-dimensional 
ordering or observed. However, the temperature depend­
ence of the gap of the hf branch at H II c has revealed 
in the temperature region above TN tails connected 
with the existence of long-lived short-range-order re­
gions. No detailed investigations were made of the tem­
perature dependence of AFMR at H II a and H II b. 

Our purpose was to investigate AFMR near the limit­
ing H( T) curves at H II ·b on the phase diagram, which 
was simultaneously determined, and to investigate the 
singularities connected with the two-dimensional mag­
netic ordering of BaMnF 4. Preliminary information, in 
the form of the phase diagram, was obtained by plotting 
the temperature dependence of the flipping field from 
the data of[S,6). These results enable us to assume that 
H"" 14.5 kOe at T "" 200 K corresponds to the triple 
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point of the diagram, and to choose the optimal experi­
mental conditions. 

The working frequency range was chosen such that 
the resonant fields of the AFMR and of the EPR over­
lapped as fully as possible with the region of the 
"orientation" resonance and the region in the vicinity 
of the triple point. To this end we chose the mode[7J 

(v/1)'=H'-2HAiHE (1) 

at H II band H > H~, with 

H,·=(2HA ,HE /rx),". (2) 

where a = 1 - XIII Xl and Y is the gyro magnetic ratio. 

EXPERIMENTAL PROCEDURE 

The measurements were performed in the frequency 
range 27.3-40.9 GHz with a direct-amplification 
bridge-circuit microwave spectroscope. The power 
compensation in the absence of a Signal was effected 
with an attenuator and a phase shifter, by adjusting the 
degree of damping and the phase in one of the arms of 
the bridge. The use of the bridge circuit has also made 
it possible to tune to the absorption signal or to the dis­
persion signal, and ensured sufficient sensitivity in the 
intermediate regions of the field and temperature, 
where the AFMR and EPR signals are weak. The re­
flex-type resonator construction has made possible 
tuning over a wide frequency range, and also adjustment 
of the coupling with the waveguide channel. The micro­
wave power sources were standard klystron generators. 
The frequency measurement error was ± 2 x 10-3 • The 
magnetic field was produced by a superconducting sole­
noid having an additional coil for field modulation. The 
modulation frequency was 900 Hz. The reference 
marker for the magnetic field of the solenoid was the 
narrow line of the EPR signal from a DPPH standard. 
The possibility of performing measurements at helium 
temperatures and higher was ensured by a vacuum­
cryostat setup. The sample temperature was measured 
with a thermocouple of gold-iron alloy coupled with 
copper, calibrated against standard platinum and ger­
manium thermometers. The accuracy with which the 
temperature was measured and regulated was not worse 
than O.l°K. 

The BaMnF4 single crystals were grown and kindly 
furnished by S. V. Petrov. To ensure accurate mounting, 
the sample was made in the form of a disc of 3 mm 
diameter and 1 mm thickness, from a single crystal 
with a large cleavage plane perpendicular to the b axis, 
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and was then glued to the polished bottom of the cylin­
drical resonator. The condition H II b was satisfied in 
this case with accuracy not worse than 1" . 

RESULTS AND DISCUSSION 

The AFMR following application on a magnetic field 
along the easy axis b was investigated at four frequen­
cies, VI = 27.3 GHz, V2 = 33.7 GHz, V3 = 38.3 GHz, and 
V4 = 40.9 GHz. The temperature dependences of the 
resonant fields are plotted in Fig. 1 in coordinates H2 
and T. 

1. Sublattice Flipping Line H~ 

The H6 near the triple point was determined from 
the orientational resonance (OR) at the frequencies VI 
and V2, wherein the resonant field coincides with the 
sublattice-flipping field. Below T = 15°K, the H~ line 
was obtained by calculation. Following the proposed 
calculation of Nagamiya, Yosida, and Kubo[7), we ob­
tained also the temperature dependences of the frequency 
regions in which the OR should be observed. The lines 
A, B, and C in Fig. 2 are the temperature dependences 
of the values of the characteristic frequencies in the 
AFMR spectrum at H II b, and the frequency intervals 
from zero to C and between A and B constitute the 
OR region. It should be noted that at the frequencies 
V3 and V4 the OR should be observed in the regions 
between the lines A and B also at T > 22.5°K. How­
ever, we did not observe any OR at these frequencies 
in the indicated temperature region. Figure 1 shows 
the H6 line and part of the line C = 2HA1HE(a-I - 1), 
and the temperatures at which the AFMR mode should 
go over into the OR mode are marked for the frequen­
cies V I and V2. The experimental results show good 
agreement with the calculated data. 
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FIG. I. Temperature de­
pend~nce of the resonant 
AFMR and EPR fields: O-VI = 
27.3 GHz, 6-V2 = 32.7 GHz; 
e-v3= 38.3 GHz; X-v,= 40.9 
GHz. For the frequencies Vb 

v2 , and V3 the figure shows the 
theoretical temperature de­
pendences of the resonant 
fields, calculated using the 
Brillouin function [6]. 
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FIG. 2. Calculated tempera­
ture dependence of the character­
istic frequencies of the AFMR 
spectrum at H lib, which deter­
mine the region of the orienta­
tional resonance. The inserts in 
the figure show the form of the 
AFMR spectrum at T "" 0, T b 

and T2. 
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The temperature dependence of Ht was calculated 
by formula (2) in two ways. In the first case (upper 
curve of Fig. 1) we used the ,susceptibility data from[5) 
and the value of 2HA1HE at 4.2°K from[6]. In place of 
the temperature dependence of 2HA1 HE we used the 
temperature dependence of the gap 2HA2HE[6], assum­
ing in accordance with the results of[7] that the ratio of 
the anisotropy constants in a rhombic crystal is inde­
pendent of the temperature. In the second case (lower 
curve of Ht in Fig. 1) we used in the calculation the 
values obtained by us for 2HA1HE, and also the un­
published data on the susceptibility, obtained earlier 
with a sample from one and the same BaMnF4 single 
crystal as in the AFMR investigation. 

The two curves diverge appreciably at T« TN, but 
the divergence vanishes gradually as T - TN. Besides 
the different degree of perfection of the crystals, one of 
the possible causes of the divergence of the data on the 
values of H~ and 2HA1HE for T < 14°K may be the 
fact that the type of the phase transition on the H~ line 
depends on the angle between the direction of the mag­
netic field and the easy axis, a dependence considered 
theoretically by Chepurnykh[8]. For BaMnF4 at 
T = 4 .2°K, the transition should be of first order, since 
the condition H~ < H~2 - H~ [9] is satisfied if the AFMR 
data from[6] are used: HA2 = 30.1 kOe, HA = 28.4 kOe, 
and Hc = 9.8 kOe. Substitution of the value Hc = 10.4 
kOe from[5] reverses the sign of the inequality, and the 
transition should be of second order. 

The value Hc = 9.3 kOe obtained by us corresponds 
to a first-order transition if the angle between Hand 
the b axis is equal to zero. When the direction of the 
magnetic field does not coincide with the easy axis, 
there should exist a critical angle at which the phase 
transition becomes of second order and the turning of 
the sub lattices proceeds gradually. The critical angle, 
as found in [8) is equal to the ratio of the anisotropy and 
exchange-interaction constants. For two-dimensional 
BaMnF 4 this value is of the order of 10-4 at 
T = 4.2°K[5]. It is difficult in practice to mount the 
sample with such an accuracy, and it appears that this 
explains the discrepancy between the experimental data. 
Gradual rotation of the sublattices in the case of inac­
curate setting of the crystal axis relative to the direc­
tion of the magnetic field was observed also in the two­
dimensionally-ordered crystals K2 MnF. and 
Rb 2 MnF PO] and in (CH3NH3 )2MnCI.[1l]. With increas­
ing temperature, as will be shown be low, the ratio of 
the anisotropy to exchange increases in BaMnF., the 
requirements imposed on the accuracy of the setting of 
the crystal when determining H~ become less stringent, 
and the agreement between the experimental data is 
improved. 

2. Line of Transition of an Antiferromagnet with 
Flipped Sublattices into the Paramagnetic State 
(FS-PM) 

The FS-PM line was determined from the abrupt de­
crease of the resonant field to the EPR field and from 
the maximum of the line width ~H at the frequencies 
V3 and v •. When this maximum was approached with 
increasing temperature the intensity of the Signal de­
creased smoothly and the signal at the maximum did 
not differ from the noise. The intensity increased 
sharply with further increase of the temperature. 
Averaging curves were drawn through the values of the 
resonant fields at the temperatures close to the maxima 
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of t.H for the frequencies V3 and V4, and the tempera­
tures of the line-width maximum were marked on these 
curves. The values of the transition temperatures were 
made more accurate by using the intersection of the 
straight lines t.H = f( E) for T < TN and T > TN, which 
were plots of expression (3) below in logarithmic co­
ordinates. The FS-PM line shown in Fig. 1 was drawn 
through the obtained TN( H) points. 

Figure 3 shows the temperature dependence of the 
resonance line width at 48.9 GHz. At the frequency 
38.3 GHz, the dependence of the line width is qualita­
tively similar, but at lower temperatures the depend­
ence is weaker, and the maximum is somewhat nar­
rower. Mori and Kawasaki [13], and also Kondo and 
Mori [14] considered the influence of the critical fluctua­
tions of the short-range order on the width of the EPR 
and AFMR lines, and have shown that the critical slow­
ing down of the decay of the correlations of the mo­
ments leads to a singularity on the temperature depend­
ence of the line width at the transition point, the width 
for weakly-anisotropic antiferromagnets being 

L1H-lel-', (3) 

where E = (T - TN)/ TN, and the value of TN depends 
on the magnetic field. 

The value 0.24 calculated by us for the exponent a 
at 40.9 GHz in the interval of E from -0.015 to 0.05 is 
close to the value 0.25 determined for a weakly-aniso­
tropic uniaxial antiferromagnet at T < TN[ 12]. At the 
same time, the obtained value a = 0.36 for E = 0.015 
to 0.04 differs strongly from the theoretical value (0.75 
for "pure" EPR[13]) and from the value 1.25 for the 
AFMR mode that can be observed at temperatures be­
low TN[14]. The discrepancy between the values of a at 
T > TN(H) points to a more complicated influence of 
the short-range-order correlation in BaMnF 4 with two­
dimensional exchange interaction and with low sym­
metry. 

In the vicinity of the FS-PM line we observed two 
essential singularities of the AFMR. The first is that 
at the frequency 40.9 GHz there is an anomalous growth 
of the resonant field at T "" 18°K, possibly connected 
with the splitting of the AFMR modes due to the inac­
curate orientation of the magnetic field relative to the 
easy axis b. The splitting of the AFMR modes in 
BaMnF4 was investigated in[6]. We used a formula 
from[151, which is suitable at T 2: 0: 

H.' 
2HA ,HE+(V/1)' 

Hv' 
2aHE (HA ,-HA1 ) -(v/1)' 

1, 

where Hz and Hy are the projections of the resonant 
field on the axes band c, res pecti ve ly, and calculated 
the dependence of the resonant field on the frequency at 
T = 1 ~K. The best agreement with the experimental 
values is obtained at an angle 1° between the field and 
the b axis. 

The other singularity pertains to the line shape of 
the resonant signal at the frequency 40.9 GHz and at 
T = 18°K, registered in the case of slow passage over 
the field and at a stable temperature. The accompany­
ing distortion of the line shape is typical of simultane­
ous observation of two overlapping resonances. The 
resolution of the total signal was improved by tuning the 
bridge to the dispersion signal. One of the plots of such 
a signal is shown in Fig. 4, where the left-hand large 
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FIG. 3. Dependence of the AFMR 
and EPR line width on the tempera­
ture. 1'-.-27.3 GHz, 0-40.9 GHz. 
Solid lines-averaging curves cor­
rected in accordance with expres­
sion (3). The minimum of I'-.H at the 
frequency 27.3 GHz is due to the 
transition of the AFMR into orienta­
tional resonance (12). 
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FIG. 4. Experimental plot of the dispersion curve of the mixed 
EPR and AFMR signals at v = 40.9 GHz and T = l8°K; the arrows 
mark the solenoid current. 

peak corresponds to the EPR field. However, the 
registered low-intensity total signal was not always 
reproducible, and in some cases the total signal was 
observed only when the magnetic field was decreased 
or increased. When the temperature was increased or 
when the FS-PM line was approached, the resonant 
field decreased (Fig. 1) and the separation of the signal 
became difficult. A similar phenomenon was observed 
at 38.3 GHz and was manifest in a slight deformation 
of the absorption line and dispersion, observed in the 
temperature interval T = 19.3-200K. Figure 1 shows 
alongside the FS-PM line a dashed line joining the 
points in which the indicated singularity of the line 
shape is noticeable. 

Whereas the growth of the resonant field at 40.9 GHz 
is possibly connected with the splitting of the modes, 
the results listed below suggest that the existence of a 
mixed Signal is due to other factors. Within the limits 
of the measurement error, we did not observe in the 
investigated temperature and frequency region the de­
crease of the resonant field below the EPR field for the 
corresponding frequency, which should have occurred 
in the case of AFMR mode splitting, as observed in[61. 
The distance between the observed additional low­
intensity peaks (Fig. 4) corresponds to the splitting of 
the fine -structure level in crystalline compounds of 
manganese, including antiferromagnetic ones [16, 17 1. We 
therefore believe that it is more correct to attribute 
the mixed signal to the coexistence of ferromagnetic 
and antiferromagnetic states in the FS-PM transition 
region, owing to the influence of the short-range order. 
On the other hand, the splitting of the modes helps make 
the difference between the resonance EPR and AFMR 
fields at 40.9 GHz and T"" 18°K maximal, and contri­
buted to a more pronounced separation of the total sig­
nal. The coexistence of paramagnetic and antiferromag­
netic states, resulting from the influence of the short-
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range order, was observed by Spence and EI Saffar l18J 
in the ordinary three-dimensional antiferromagnet 
LiCuCI 3 ·2H"o, and the interval of the coexistence tem­
peratures was found to be 0.02°K. In two-dimensional 
antiferromagnets, as shown in [3], the influence of the 
short-range correlations should be much stronger. 
Therefore the interval between the dashed and solid 
FS-PM lines can be arbitrary regarded as the mixed­
state region. 

3. Line of Transition of an Antiferromagnet with 
Nonflipped Sublattices to the Paramagnetic 
State (AF-PM) 

The determination of the AF-PM line did not differ 
in principle from the determination of the FS-PM line. 
The obtained AF-PM line in the temperature 20.5-24°K 
at the frequencies v 1 and Va is close to a straight line 
when plotted in terms of the coordinates Ha and T 
(Fig. 1), as for an ordinary uniaxial antiferromagnet[19]. 
The intercept of this line with the T axis yields a value 
TN = 27.2°K, which agrees with T = 27°K determined 
in(1]. The temperature dependence of the resonant 
fields and the line width of the frequencies v 1 and Va 

have near the AF-PM line a singularity connected with 
the fact that there is a considerable temperature inter­
val between the vanishing of the AFMR signal and the 
appearance of the EPR signal. For the frequency V 1 

= 27.3 GHz, the interval amounts to approximately 2°K. 

The observed vanishing of the resonance can be ex­
plained if account is taken of the dependence of the 
AFMR frequency, marked B in Fig. 2, on the ratio of 
the magnetic field to the exchange field in accordance 
with spin-wave theory[9]. Using the formula 

(v/y) '=H.(l-H'/HE')' 

it is possible to refine the temperature dependence of 
the line B, the form of which changes significantly in 
the temperature region in which the resonant and ex­
change fields have close values. The dashed curve in 
Fig. 2 shows the correct line B with allowance for the 
phase-diagram lines obtained by us. The calculation was 
carried out for the fields corresponding to the resonant 
fields at the frequency v 1 = 27.3 GHz. It is seen from 
Fig. 2 that at the frequencies between the lines Band 
C, past their intersection point, no resonance should be 
observed, since a "spillover" of the modes takes place 
at this point. As a result, when AFMR is observed with 
a spectrometer at a fixed frequency, the value of which 
is lower than the intersection point of Band C, there 
exists a temperature interval T1 and Ta (Fig. 2) where 
there is no resomtnce. At the frequency v 1, the reso­
nance signal should vanish at T1 = 22°K, which agrees 
with experiment. The possible existence of the "spill­
over" of the modes in CuClz ·2HaO was demonstrated 
in[15]. 

It is seen from Fig. 2 that the lines C and A do not 
intersect at TN as in the case of CuCla · 2Ha0[7], and 
thus, there is a formal possibility of the existence of 
orientational resonance (OR), meaning also of a sub­
lattice-flipping field at T > TN. This possibility agrees 
also with the results of(l], where it is noted that aniso­
tropy exists at T > TN, as does a field Hc in which the 
magnetization along the b axis changes jumpwise. We 
observed no OR above TN, but established that the 
resonant fields differ from the EPR field. Thus, at 
27.3 GHz this difference is noticeable up to 80o K, and 
the value 6 = 0.92, determined from the dependence of 
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the line width on the temperature at T > TN, lies be­
tween Il = 0.75 for EPR[13] and Il = 1.25 for the AFMR 
mode that can be observed above TN[141. Like the 
authors of[6], we arrive at the conclusion that the re­
sults should be connected with the existence of long­
lived regions of short-range order at temperatures 
much higher than TN in two-dimensional antiferromag­
nets. 

The parameters of the triple points, Tt = 20.6 
'f 0.3°K and Ht = 14.4 'f 0.2 kOe, were determined from 
the intersection of the obtained phase-diagram lines 
H~, FS-PM, and AF-PM. The continuation of the FS­
PM line to the intercept on the T axis on the phase dia­
gram (Fig. 1) yields another parameter, T 3'" 21°K. 
According to theoretical considerations [7 ,ao], the differ­
ence between TN and T 3 is determined only by the 
anisotropy. The anisotropy-field value calculated from 
TN - T3 turns out to be much larger than the 1000e 
obtained at T = 1.4°K in[5]. 

To explain this fact, we calculated the temperature 
dependence of the anisotropy field HAl from the data 
on the dependence of the resonant AFMR fields on the 
temperature and the phase-transitions lines. The 
HAl (T) curve has a maximum T = 20o K, where HAl is 
equal to 1.6 kOe. This unusual dependence of the aniso­
tropy field on the temperature may be due to the influ­
ence of the crystal field of the liquid on the magnetic 
ions, which leads to single-ion anisotropy. This as­
sumption is corroborated by the splitting of the EPR 
into fine-structure components, observed in the tem­
perature region close to Tt (Fig. 4). Since the magnetic 
ion BaMnF 4 is in the S state, the ratio of the distances 
to the Mna+ -ion nearest neighbors in the deformed 
layers is equal to 1.05 ra1] and it can be assumed that the 
anisotropy of the obtained interaction is small, while 
the main contribution to the anisotropy is made by 
dipole interactions, as in the case of KaMnF4 and 
Rba MnF 4[10], and the influence of the crystal field of the 
ligands. If the dipole and the single-ion anisotropy are 
of approximately the same order, say at T = OaK, and 
the anisotropy-constant tensors have different princi­
pal axes (which is perfectly feasible for BaMnF 4, since 
the lattice-magnetization vector is parallel to the b 
axis and the polarization vector P is directed along the 
twofold axis a[aa]), the total anisotropy will be small in 
this case. With increasing temperature, the dipole and 
the single-ion anisotropy vary in different fashions [7 ,ao], 
and the value of the resultant uncompensated anisotropy 
field can increase. It appears that this is the situation 
in BaMnF4. 
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