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The orthoferrites of yttrium and dysprosium are used for a study of the energy gap in the spectrum 
of the quasiferromagnetic mode of the antiferromagnetic resonance near the completion of the 
spin flop induced by a magnetic field, over a broad temperature range (78-400 K)  . It follows from 
calculations carried out free of the limitations imposed by the Landau-Lifshitz equation that none 
of the normal oscillations corresponding to modes of the antiferromagnetic resonance is an 
oscillation of the order parameter in the transition field. As a result, one observes a significant 
energy gap of exchange origin. The theory derived here can be used along with the results of a 
dynamic experiment to reconstruct the temperature dependence ofxII /xL for an orthorhombic 
antiferromagnet with a weak ferromagnetic moment. 

At the completion of the spin-flop transition induced by 
a magnetic field applied along the antiferrornagnetism axis 
(the a axis of the crystal) in yttrium and dysprosium ortho- 
ferrites (YGeO, and DyFeO,), the frequency of the quasi- 
ferromagnetic mode of the antiferromagnetic resonance 
(which had previously been assumed to be soft in the course 
of this transition) does not vanish,Is2 despite the fact that 
this transition is a second-order phase transition3 The ener- 
gy gap which has been observed is far larger than could be 
explained by a magnetostriction mechani~m.~ At room tem- 
perature for YGeO, and DyFeO,, for example, the gaps are 
107 and 136 GHz, respectively, while the magnetoelastic gap 
is less than 15-20 GHz according to the data of Refs. 5 and 6 
(a  similar estimate was given in Ref. 7 ) .  It has been suggest- 
ed that the energy gap is associated with nonconservation of 
the magnitude of the magnetic moment of the sublattices of 
the antiferromagnet (i.e., with a parallel susceptibility XI, ). 
That mechanism explained the apparent discrepancy 
between the observed effect and a general dynamic theorem, 
according to which the frequency of one of the modes in the 
spin-wave spectrum must vanish upon a second-order phase 
transition. 

It follows from calculations carried out on the equilibri- 
um state of magnetic moments which undergo changes in 
magnitude that one of the antiferromagnetic-resonance 
(AFMR) modes becomes soft during a spin-flop transition 
induced by a magnetic field. The change which occurs in the 
magnetic structure, however, is of such a nature that this 
mode is relaxational in the dynamics.' The intensity estimat- 
ed for the absorption lines of the relaxation mode from the 
width of AFMR lines is two orders of magnitude lower than 
the intensity of the ordinary AFMR modes over the entire 
range of external fields up to the flop field and thus was not 
seen in the experiments ofRefs. 1 and 2. There are two points 
to be noted here, however. First, the experiments of Refs. 1 
and 2 were performed only at room temperature, so it was 
necessary to carry out measurements over a wide tempera- 
ture range in order to test the suggestion of Refs. 1 and 7 that 
a parallel susceptibility plays a role in the formation of a gap 
in the spin-wave spectrum during a second-order orienta- 
tional phase transition. Second, it was necessary to establish 
the mechanism for the formation of the energy gap, i.e., to 

examine the relationship between the order parameter of the 
transition of interest and the normal coordinates of the oscil- 
lations of the magnetic subsystem of the antiferromagnet, 
not only in order to generate a prediction regarding the exis- 
tence of the observed effect in substances with other symme- 
tries but also to prove that this is an unambiguous conse- 
quence of the nonconservation of the magnitude of thc 
magnetic moment of the sublattices during the motion. 

In this paper we report an effort to solve these two prob- 
lems: to experimentally study the AFMR spectra near the 
completion of the spin flop induced by a magnetic field ap- 
plied along the a axis of an orthorhombic crystal, over a wide 
temperature range, and to identify the mechanism for the 
formation of the energy gap during the second-order phase 
transition. 

THEORY 

In the calculations we use the thermodynamic potential 
of orthorhombic crystalsR+'.': 

Q (M, L) =Qo(L2) f 1/2BMZ+1/2D(ML) "+d(M,L,-fil,L,) 
+1/,a,L,2+1/za,L,Z+'/za,L,2+'/IalIL~ 
+1/La22Lyl+1/ha33L~+'/zalZLs2Ly2 
f'/2a1,L,2L,++'/za,3L~L~-MH. (1) 

Expression ( 1 ) ignores the interaction of the rare earth and 
iron magnetic subsystems (the R-Fe interaction), since ac- 
cording to Refs. 1 and 7 the energy gap in the spin-wave 
spectrum at the point of the second-order phase transition 
results from exchange (determined by the parallel suscepti- 
bility of the magnetic moments of the iron sublattices), so it 
should be observed in a situation of this sort in any com- 
pound with similar symmetry, regardless of any additional 
assumptions regarding the interaction of the iron sublattices 
with the other subsystems. 

Incorporating the parallel susceptibility x,, , which is 
described by the parameter D in the thermodynamic poten- 
tial, has the consequence that during a spin flop in the ac 
plane induced by a magnetic field H J J a  the vectors M and L 
are not perpendicular to each other: ML#O. Consequently, 
a systematic symmetry description lacks one of the conser- 
vation laws (ML = 0)  which is a direct consequence of the 
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use of the Landau-Lifshitz equations of motion for each sub- 
lattice of a two-sublattice antiferromagnet. A discrepancy of 
this sort indicates the need to analyze the symmetry in the 
equations of motion beyond the customary symmetry analy- 
sis. Otherwise, the theory may lead to some nonphysical re- 
sults. 

A complete incorporation of the symmetry leads to the 
following equations, in the exchange approximation9*10: 

where m = AM = M - M,, 1 = AL = L - Lo, M, and Lo 
are the equilibrium ferromagnetism and antiferromagnetism 
vectors, M = M,  + MZ, L = M I  - MZ, M I  and Mz are the 
sublattice magnetizations, 

8 

X' = {M, L) is a six-dimensional vector, aIj = a2@/ 
aX ;ax; is a stability matrix, and T, and 7, are phenomeno- 
logical relaxation parameters. Equations (2)  become the 
Landau-Lifshitz equations when we set y, = y2 = y, and 
r ; ' = O .  

For our purposes, the weak-field approximation (fields 
much weaker than the spin-flip fields) is sufficient in deriv- 
ing the theory. In this case we can adopt the model assump- 
tion L2 = const. This condition alters the form of the equa- 
tions of motion, since the relation L2 = L necessarily 
implies y, = 0 (Ref. 7 ) .  

In the case of interest here, Hlla, it is convenient to 
switch to the variables M, 8, and p in the static and dynamic 
equations of the magnetic subsystem; here the angle p speci- 
fies the position of the vector L in the ac plane, and the angle 
8 determines the excursion of the vector L from this plane. 
When we use the condition LZ = L i, we then find that we 
are left with only five unknown variables X, in this problem: 
M,, My ,  M,, 8, and p.  The static changes in the structure 
during a flop in the ac plane involve the three variables M, , 
M, , and p.  

Let us examine the increment in thermodynamic poten- 
tial ( 1 )  which stems from treating small deviations of the 
vector M and L from their equilibrium values at H>Hf (Hf 
is the field at which the flop is completed) : 

where 

To find an explicit expression for the order parameter as 

a function of the variables characterizing the magnetic sub- 
system, we diagonalize a^. We know1' that a symmetric ma- 
trix can be put in diagonal form through an orthogonal 
transformation of the basis. In the new basis, of the eigenvec- 
tors Y, , the correction to the thermodynamic potential, A@, 
becomes 

5 

where ili are the eigenvalues of the matrix 3, and Yi are the 
corresponding eigenvectors. 

To find the ili we solve the characteristic equations 

where S=a,,a,, - a,,2. It is not difficult to see that S van- 
ishes in the field H = Hf, and a single vanishing solution of 
Eq. ( 5 )  for il arises here. Knowing the set of eigenvalues ili , 
we can determine the corresponding eigenvectors (in the 
space of the variables M, 8, p) : 

The physical meaning of the zero eigenvalue which ap- 
pears at the point of the second-order phase transition is 
obvious: Small deviations in the direction of the eigenvector 
Y,, which corresponds to 2, = 0, yield no change in A@, so 
the system has no "stiffness" against small static displace- 
ments in this direction, and the vector Y, itself turns out to 
be the order parameter associated with the transition. 

We now seek the normal coordinates of small oscilla- 
tions of the magnetic subsystem (normal modes). For this 
purpose we solve equatio?~ of motion (2) ,  using y, = 0. Us- 
ing the dynamic matrix9 y, we can rewrite Eqs. (2)  as 

The normal coordinates are eigenvectors of the matrix 
.i. = pâ' which correspond to the eigenvalues, the AFMR 
frequencies. When the matrix .i. is diagonalized, two pairs of 
complex-conjugate eigenvalues arise: iw ,' * ' and iw,' * ' . 
These eigenvalues correspond to quasiferromagnetic and 
quasiantiferromagnetic modes of the AFMR. In addition, 
there is one real eigenvalue, w,  , which is a relaxation mode. 
It has been shown7 that the frequency of the relaxation mode 
vanishes in the field Hf (a  soft "relaxer"), while the frequen- 
cies of the ordinary magnetic modes are nonzero. The eigen- 
vectors (normal coordinates) Z, corresponding to various 
eigenvalues of the matrix .i. take the following form in the 
transition field (in the basis of the vectors Yi ): 

It can be seen from ( 8 )  that at H = Hf the normal coor- 
dinate of the relaxation mode, Z, , is the same as the order 
parameter of the transition, Y,. It is for this reason that the 
relaxation mode is soft. With regard to the two other modes 
(quasiferromagnetic and quasiantiferromagnetic) on the 
other hand, we note that their normal coordinates do not 
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even contain the order parameter, so the frequencies w, and 
w, do not vanish at the point of the second-order phase tran- 
sition. The values of the frequency w,, of the quasiferromag- 
netic AFMR mode (which had previously been assumed to 
be soft in the course of this transition), is given at the transi- 
tion point by the expression7 

Consequently, a more thorough analysis of the symme- 
try of the problem in the thermodynamic potential and the 
equations of motion implies that the ordinary AFMR modes 
are not qualitatively different from each other: The normal 
oscillations are not the same as an oscillation of the order 
parameter in either case. It should be noted here that if we 
ignore the parallel susceptibility in the calculations and use 
the Landau-Lifshitz equations, we find that the frequency of 
the quasiferromagnetic AFMR mode must vanish at the 
point of the phase transition, in contradiction of existing 
experimental data. 

We believe that a final confirmation of the theory can be 
found if we are able to detect an energy gap in the w,(H) 
spectrum after the completion of the spin flop induced by a 
magnetic field over a wide temperature range and if we can 
use expression (9 )  to reconstruct the function dependence 
XII (TI .  

This calculation approach makes it possible in principle 
to explain the mechanism for the foriiiation of any energy 
gap in a spin-wave spectrum due to a second-order phase 
transition and to specify which branch of the spectrum is 
soft. For this purpose, we should write the normal coordi- 
nates found by diagonalizing the matrix i. in the basis of 
eigenvectors of the stability matrix 3. That mode whose nor- 
mal coordinate is the order parameter (i.e., which is the 
same as the eigenvector of the matrix 3 which corresponds to 
the zero eigenvalue) is the soft mode. Here is is necessary to 
pay strict attention to ensure that the symmetry of the equa- 
tions of motion corresponds to the symmetry of the problem. 
Incorporating a parallel susceptibility without a decay, for 
example, would lead to the result that the relaxation mode 
simply drops out of the calculations, and the soft mode dis- 
appears from the AFMR spectrum, despite the fact that the 
flop is a second-order phase transition. This is the nonphysi- 
cal result which we mentioned above. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The experiments were carried out on a direct-amplifica- 
tion spectrometer over the frequency range 75-400 GHz 
( A  = 4-0.75 mm), over the magnetic-field range 3-1 30 kOe, 
at temperatures from 78 to 400 K. As samples we selected 
float-zoned single crystals of yttrium and dysprosium ortho- 
ferrites,I2 which have been studied quite thoroughly at room 
temperature.'-3 Yttrium orthoferrite is a convenient model 
compound for studying orthoferrites since it contains the 
nonmagnetic ion Y3+, and all the magnetic properties are 
determined by the interaction of the iron sublattices. 

As was mentioned in the preceding section, however, 
the energy gap in which we are interested here, which ap- 
pears in the spin-wave spectrum at the point of a second- 

this reason that we decided on dysprosium orthoferrite, 
DyFeO,, in which (in contrast with the situation in YFeO,) 
a decrease in the temperature is accompanied by significant 
structural changes in the AFMR spectra due to the onset of 
an interaction of the rare earth and iron subsystems.13 

In the experiments we determined the positions of the 
lines in which the incident electromagnetic radiation is ab- 
sorbed by the sample as a function of the applied magnetic 
field, in the orientation Hlla, at various temperatures. A re- 
gulation system kept the sample temperature constant to 
within f 0.5 K throughout the experiment. The experimen- 
tal procedure and the procedure for precisely aligning the 
sample in the magnetic field are described in detail in Ref. 7. 
Here we will simply mention that the symmetry of the ex- 
perimental problem imposes some fairly severe require- 
ments on the precision of the orientation of the sample in the 
magnetic field which can be achieved at the maximum sepa- 
ration of the AFMR absorption lines near the field Hf at 
H <  Hf and H >  Hf at the given frequency. With an essen- 
tially continuous frequency spectrum (the radiation sources 
were backward-wave tubes), this method yields some very 
good results. The best precision achieved in the alignment of 
the sample in the magnetic field was f 3'. The actual orien- 
tation preciqion in the present experiments was 5 15'. 

Our measurements of the AFMR spectra showed that 
the positions of the experimental points on the w: (H) curve 
for the quasiferromagnetic mode in fields 10% or more 
above Hf is essentially independent of the deviation of the a 
axis of the sample from the magnetic field direction within * 2". For this reason, a very slight degradation of the orien- 
tation (by a few arc minutes) does not lead to an error in the 
determination of the gap (expressed in kiloersteds) 
Ao, = ( ~ , , / y , ) , ~  since A,, is found by extrapolating the H 
dependence of (w,/y0l2 from the region H > 1. lHf to the 
field Hf. The transition field was determined to within 1" 
from the tails of the absorption lines (honresonant absorp- 
tion14). Hf was found to be independent of the disorienta- 
tion of a sample within the same limits ( f 2"). Figure 1 

I " - - -  

order phase transition, primarily from exchange, so it FIG, 1, Frequency of the quasiferromagnetic AFMR mode versus the 
f+hould be observed regardless of magnetic field near the completion of the spin flop at various tempera- 
with other subsystems (elastic, rare-earth, etc.). It was for tures. a-DyFeO,; b-YFeO,. 
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shows some illustrative results on w: /d as a function of H 
near the completion of the spin flop at various temperatures. 
We clearly see that a significant energy gap in the AFMR 
spectrum forms at H = Hf over the entire temperature range 
studied. At the temperature T = 78 K (at which A,, is at a 
minimum), the value of A,, in DyFeO, is nearly an order of 
magnitude greater than A,, , due to the magnetoelastic in- 
teraction: A,, ~ 4 0  kOe2, A,, =: 300 kOe2. In YFeO,, the ra- 
tio A,,/A,, reaches lo2 (see Ref. 7 regarding the calcula- 
tions of A,,). Clearly, the magnetostriction mechanism 
contributes only very slightly to the formation of the ob- 
served energy gap. 

Figure 2 shows the temperature dependence of the ener- 
gy gap for the compounds studied. It is an easy matter to 
explain why A,, falls off more rapidly with the temperature 
for DyFeO, than for ,YFeO, on the basis of the theory pro- 
posed here. Specifically, it follows from the basic assumption 
that the value of A,, is determined primarily by the product 
of xil and H;,  so the dependence A,,(T) is steeper in 
DyFeO,, in which Hf falls off sharply with decreasing tem- 
perature (Fig. la) ,  than it is in YFeO,, in which Hf remains 
essentially constant over the temperature range studied. 

It was shown in Ref. 7 that in the yttrium orthoferrite 
the kinetic coefficients y, and y, differ from each other and 
from the gyromagnetic ratio y, = ge/2mc by no more than 
1-2% at room temperature. Using this result and relation 
(9 ) , we find the following expression forxil /xI ,  which holds 
to within (Ay/y,)*, where Ay = y, - y,: 

At room temperature, where A;f2 is a few tens of ki- 
loersteds, the corrections for the small difference in kinetic 
coefficients are only a few percent, and we can ignore the 
second term in ( 10). With decreasing temperature, how- 
ever, the contribution of the first term in ( 10) falls off, and 
the second term becomes important. In DyFeO,, this effect 
should be seen more vividly because of the decrease in Hf 
and the simultaneous increase in H,  at low temperatures 
(more on this below). 

A comment is in order here since the Dy3+ ion is mag- 
netic, while expression (9)  was derived without considera- 
tion of the R-Fe interaction. As a rule, temperatures above 
50 K are regarded as quite high for a rare earth subsystem 
(the magnetic ordering temperature of the Dy3+ ions is 
TN2 =:5 K ) .  Nevertheless, it follows from our study of the 

FIG. 3. Temperature dependence found for the ratiox,, /x, from an anal- 
ysis of the experimental data with help of expression ( 10). 0-YFeO,, 
C D y F e O , .  (See the text proper for an explanation.) 

AFMR spectra in DyFeO, that the effect of the R-Fe inter- 
action is significant up to temperatures above 100 K. By 
virtue of the exchange enhancement, a leading role is played 
here by the parameter 7, which is a phenomenological coeffi- 
cient in the thermodynamic potential in the H,L,  term, 
which describes the anisotropic part of the R-Fe interac- 
tion.'-" This effect is manifested as an increase in the effec- 
tive Dzyaloshinskii field, which increases to a level at liquid- 
nitrogen temperature which is three times its value at room 
temperature. It has also been observed that for T>78 K it is 
not legitimate to ignore the intensification factor v,, which 
characterizes the effect of the exchange field of the rare earth 
ions on the weak ferromagnetic moment of the iron sublat- 
tice. An expression was accordingly derived for the energy 
gap A,, in the R-Fe interaction case. The corrections for this 
interaction, which can be estimated by analyzing the AFMR 
spectra obtained at various temperatures, are found to be 
significantly smaller than the effect on the energy gap of the 
difference in the kinetic coefficients at low temperatures. 

Taking all these comments into account, we derived the 
temperature dependence of the ratio of the parallel and per- 
pendicular susceptibilities for the two compounds (Fig. 3 ) .  
The behavior xII ( T)/x, ( T) agrees well with the general 
physical picture of the behavior found for the parallel and 
perpendicular susceptibilities in molecular-field theory.'" 
For example, an extrapolation of the dependence xlI (T ) /  
xL (T) to the Nee1 temperature yields a value of approxi- 
mately unity (the dashed line in Fig. 3 ), and at low tempera- 
ture this ratio is small. 

The comparatively large experimental error at low tem- 
peratures is a consequence of the corrections (which we have 
already mentioned) for the difference in the kinetic coeffi- 
cients yi (the magnitude of this error corresponds to Ay/ 
yo =: 1 % ) . Although our experiments do not furnish a direct 
method for determining XI, , we nevertheless find a quantity 
which is directly proportional to it from the AFMR spectra, 
with a known proportionality factor (except at low tempera- 
tures, where for magnetic R ions it is necessary to make a 
correction, which can easily .be estimated from the same 

FIG. 2. The energy gap A,,, = ( O J , , , / ~ , , ) ~  in the spectrum of the quasiferro- 
magnetic AFMR mode in the field at which the spin flop is completed, as spectra* and where A~ significant because the 
function of the temperature. 0-YFeO,, @-DyFeO,. decrease in the energy gap). 
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CONCLUSION 

Let us summarize the results of this paper. 
1. An experimental study has been carried out on the 

AFMR spectra of yttrium and dysprosium orthoferrites 
near the completion of the spin flop induced by a magnetic 
field applied along the a axis of the ortborhombic crystal. 
Over the entire temperature range studied (78-400 K) ,  the 
results reveal a significant energy gap in the spectrum of the 
quasiferromagnetic AFMR mode at the point of the second- 
order phase transition. This gap increases with increasing 
temperature. 

2. Explicit expressions have been derived for the order 
parameter of this transition and also for the normal coordi- 
nates of the oscillations corresponding to the AFMR modes 
at the point of the transition. These calculations were based 
on the thermodynamic potential which incorporates the 
symmetry of the problem most fully and on the basis of some 
thermodynamic equations of motion free of the limitations 
imposed by the Landau-Lifshitz equation. 

3. It has been established that in this transition the 
AFMR mode which was previously regarded as soft is not an 
oscillation of the order parameter. It has also been estab- 
lished that the order parameter itself for the phase transition 
studied here is a more complex entity, consisting of a combi- 
nation of several components characterizing the magnetical- 
ly ordered state of the system. 

4. The present experiments completely confirm the fact 
that the energy gap observed in the spectrum of the quasifer- 
romagnetic AFMR mode in the course of the second-order 
phase transition is due primarily to the parallel susceptibility 
and is therefore of exchange origin. The ratiox,, /x, has been 
found as a function of the temperature for an orthorhombic 
antiferromagnet with a weak ferromagnetic moment. 

We are deeply indebted to A. M. Prokhorov for con- 
stant interest in this study and for a discussion of the results. 
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