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We present in closed form a model-independent phenomenological description of the static and dynamic
properties of easy-plane tetragonal antiferromagnets with unquenched orbital angular momentum. The
results are used to describe the magnetic properties of nickel fluoride. The presence of several g factors (y
factors) of exchange origin predicted by the theory for antiferromagnets was experimentally observed. For
NiF, at T = 4.2, the difference between them reaches 50%. It is shown that a one-to-one correspondence
exists between the dynamic parameters of the two types of phenomenological equations of motion,
Lagrangian and nonequilibrium-thermodynamic. The complete set of phenomenological parameters
necessary for the construction of the potential and of the equations of motion is determined; these
contain a finite number of terms and describe adequately the static and the dynamic properties of nickel
fluoride at T =4.2 K. The derived equations of motion and potential are used to calculate the
magnetization components and AFMR frequencies for an arbitrary orientation of the magnetic field in
the (001) plane. In the entire magnetic-field interval (H < 65 kOe) for which reliable measurement results
of the magnetization are known at present, the experimental and calculated plots of the magnetization
and of the AFMR frequencies agree within the limits of the measurement and calculation accuracy.

PACS numbers: 75.30.Cr, 76.50. + g, 75.50.Ee, 75.10. — b

Nickel fluoride is one of the most thoroughly experi- Dyt~ P4,/mnm,T,="13.2 K. At T=4.2 Kand H=0,
mentally studied antiferromagnets. The interest in the magnetic moments of the sublattices M, and M,
NiF, is due mainly to two cases. On the one hand, to lie in the (001) plane, so that ML L (M=M, +M,,
solve the fundamental problems of the physics of anti- L=M,; - M,) and M||[100] (or M||[010]).

ferromagnetism it is necessary to construct a theory
that describes the properties of substances for which
the contribution of the orbital magnetism to the sub-
lattice magnetism cannot be neglected. A study of the
properties of NiF, casts light on various monitor sta-
tions of the contribution made to the total magnetic mo-
ment by the orbital component. On the other hand, NiF,
differs from analogous antiferromagnets in having a
relatively small anisotropy compared with the exchange
interaction. Therefore, together with the simplicity of
the structure, the relative smallness of the effective
anisotropy fields makes it possible to use NiF, as an
example for the development of the rigorous phenom-
enological theory that describes the experiment ade-
quately. The published attempts to contruct a theory
suffer either from unjustifiably excessive simplification
of the model of the magnetic subsystem, or from the
lack of rigor, from the point of view of general princi-
ples, in the assumptions made concerning the connec-
tion between the kinetic coefficients and the static ef-
fective fields. A detailed analysis of the difficulties in
the presently existing approaches to the description of
the properties of antiferromagnets is contained in Ref.
1.

The macroscopic phenomenological description of
tetragonal antiferromagnets admits, at definite orienta-
tions of the magnetic field H (for example H||[110]) of
inequality of the magnetic moments of the sublattices.
In other words, the magnetic moments of the sublattices
in such crystals depend not only on the temperature and
on the magnetic field, but also on.the orientations of
the moments relative to the crystallographic axes.’ In
the dynamics, the dependence of the magnetic moments
of the sublattices on the orientation, upon deviation
from the equilibrium position, can be taken into account
within the framework of the thermodynamics of non-
equilibrium processes? and within the framework of
Lagrangian spin-wave mechanics,!%!! which is rig-
orously valid at T =0 K. Since a one-to-one connec-
tion exists at T'=0 K between the dynamic phenomeno-
logical parameters of the two approaches,!’? it is pos-
sible to describe AFMR at low temperatures by the
equations of either type. However, if we start with the
Landau- Lifshitz equations, whose direct generalization
are the nonequilibrium-thermodynamics equations, then

The purpose of the present investigation is to develop
a model- independent phenomenological approach?=8 for
a description, in closed form, of the static and the
dynamic properties of antiferromagnets with un-
quenched orbital angular momentum. For the reasons
indicated above, NiF, was chosen as an example.

FIG. 1. Magnetic struc-
ture of NiF,.

In the paramagnetic state, NiF, has a tetragonal crys- > )
tal structure of the rutile type (Fig. 1)-space group @"‘ OF
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it turns out that the relative magnitude of the dynamic
parameters of the spin-wave Lagrangian mechanics
depend substantially on the ground state of the antifer-
romagnet. We shall therefore use as the basic equa-
tions of the dynamics of the magnetic subsystem of NiF,
the thermodynamic equations?

m ~(F

(7)=1(x): <1>
where m=M- M,,1=L- L, are the deviations of the
vectors M and L from their equilibrium values M, and
L), F=0a®/omN=034%/31,A% is the increment to the
Landau thermodynamic potential & when the magnetic
subsystem deviates from the equilibrium position, and
y is an antisymmetrical matrix?:

0 V2 Y13 Ve Y15 Vis
0 Va5 Y2u Vas Vee

O 7ys vss O
0 Ves YVae @)
0 vse
0
where
’{‘2“—7‘(1+71)qu1 111=‘Y1(Mvo+TzL;a+T,Mw),
Y‘A=YZT‘M101 'Yu=""h(1+‘l'5) LG, Y16="Y2 (Lyo+TeM.o+T7Lyo) H

’fza=""{1(M=o+TzLyn+‘l'J”zo)v Y2e=Y2(1+7s) Lo,
’{zb=—‘YzT;Mm ‘Yzc=—‘Yz(L=o+TeMw+T1L:o);

‘Yu=—'Y;( Lvo+ TsMso+ToLyo) y  Ys=N2 (Lzo+T|Mua+TaLu) H
Yas=—Ys (1+710)Mxo, 'Yu=’{l(Mya+TuL;a+TnMyo) H
Yse=—1s (Mzo+‘[uLua+TuM:u) .

The phenomenological parameters y,, y,,y; and

Ty Tyy .+« » Tyy are respectively of exchange and aniso-
tropy origin, It should be noted that the region of ap-
plicability of Eqs. (1) is limited by the spin-density
velocity, which should be low enough to be able to satis-
fy for the AFMR frequencies the relation w? <« (yHg)?,
where y is the gyromagnetic ratio for the magnetic ion
and Hy is the interatomic exchange field. When this
condition is violated it is necessary to take into account
in the equations of motion the second derivative with
respect to time, or else the part of the Lagrange func-
tion which is bilinear in the velocities in the approach
of Dzyaloshinski’i and Kukharenko,!® It is shown in Ref.
1 that to describe the AFMR in NiF, on the basis of the
Lagrangian equations of motion it is necessary to take
into account in the phenomenological Lagrangian only
the terms that lead to the first derivative with respect
to time in the equations of motion. Allowance for the
second derivatives leads not only to a renormalization
of the dynamic parameters but also the appearance in
NiF, of AFMR frequencies not observable in experi-
ment.

To calculate the AFMR frequencies from the equa-
tions of motion (1) it is necessary to determine the
equilibrium values of the components of the vectors
M, and L,. The values of M, and L, are the solutions of
six nonlinear equations?®:

(0®/0M,)o=H,, (30/3Ly)e=0, 1i,j=z,y, 3. @3)

The complete rational basis of invariants (CRBI) for
tetragonal two-sublattice antiferromagnets contains
thirteen invariantsir45
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=L, L=M? I,=(LM)? I=L} I=M? I~(LM)LM,
L=LM,+LM, I=(LM)LL, I,=LL/LM, I,=LZ7L}
Li=(LM)M.M,, L.=LM.MM, I,=M’M}. @

Assuming the thermodynamic potential & to be a func-
tion of the invariants (4), we can write the system (3)
in the form

13
2 ©,(01/0M.)o=H,,

Rt

13
Yoowor)=o, ij=zys  6)
Rt

where

0;-(60/61.)0, O,=0,(I,, I,. .. , I”).

For example, for the case H||[010], which has been
well-investigated experimentally for NiF,, the system
(5) becomes

20, Mo+ Loo®:=H,, 20, Loy+M,e®,=0. (6)

To solve the system (6) we use the fact that M/L «1 in
NiF, at H<H, and T =4.2 K. We therefore seek the
solution of (6) in series form

My=M"+M,"+..., Lo=L"+L"+LP+...,

where M /MM ~L(mD /1M ~p/] «< 1. Tosolve Eq.
(6) we expand ¢ in a series in the components M and L,
assuming ¢, to be functions of the basis invariants (4).
Then, leaving out the intermediate steps, which can

be found in Ref. 1, we obtain
MO L= (H, L") 128" L,, L =0,

where the tilde over the phenomenological parameters
2,

M (38 L+ BinaLe) (M:" )

L, 200L, L,
LY @P48.02L+ U L) (28 L) (% v )
L, 3 (2L,)* L, /I’

means that these parameters are sums of infinite
series containing only integer powers of L, at M=H
=0, while the superscripts in the parentheses denote
the higher powers of M/L, to which the ratios of these
parameters to L,®{”’=H, are proportional.

In the calculations of the AFMR frequencies at
H||[ 010] it is convenient to change over the variables
x={m1,,m,m,l,L}. Then, recognizing that at
H||[010] we have My={0, My, 0}, Ly={ L, 0,0}, the
nonzero elements of the antisymmetrical matrix y are
Yis=Y1[Myo (1+7s) +12Lo], Yas=—T2l Leo (117) +TeMo],
Yeo=—Y2[ Leo (147:) +TeMyo ], Yss="Ys[ Myo (1+712) + 101 Lo].

In the calculation of the elements of the matrix of the
second derivatives (of the stability matrix) a,= (82<I>/
9X,0X,), we regard the thermodynamic potential ¢ as a
function of thirteen basis invariants (4)

-0 (alu) (61,) +0 ( 9%,
=T \ox, / \3x,/,  "\6X,0X,

)

) (@, B=1,2,...,13).

In the considered case H||[ 010], the only nonzero ele-
ments of the symmetrical stability matrix a are
a“=2<02+®:l«n2). a11=®1+Lmzma+203LﬂMy¢,
oy =20 M+ 20+ 2L My ®A20 0 Lse?, @ss=2(D,1Ds),
=20+ 011 L™+ 0, 2L e Mot s 24 M, 0%, (8)
=07 +20 1 Loo*+ (D1, H4D, 5) LeoMyot 20, 1M 0%,
lﬂ=20‘+Q,.,4L,01+0.,..,Mw‘, (lu=2<01+®i)-
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Solving the equation det ]iwi - ya@| =0 with % from (7)
and a from (8), we obtain the following expressions for
the high- and low-frequency branches w; and w, of the
AFMR in an easy-plane tetragonal antiferromagnet at
H||[010] :

O =03 (au’{uz"zan'Yn'Yes'{"stzau) ) (9)

@2 =0lgs ((X-u‘Yuz—Zaas'Y(chc+‘Ysczass) . (1 0)

Since the quantities y;, and o, are rather complicated
functions of M, and L;, which in turn are the solutions
of the system of equations (6), it may turn out that the
orders of magnitude of the various terms in relations
(8)—(10) differ. At this stage of the solution it is prac-
tically always necessary to take correct account of the
orders of smalless in accordance with the actual prop-
erties of the real crystal. We point out that a similar
situation will always arise in a rigorous and consistent
phenomenological description of substances of any sym-
metry. Of course, it must be borne in mind that if we
introduce model-dependent descriptions (thermodynamic
potential with a small number of terms, the condition
M3 =const corresponding to the Landau- Lifshitz equa-
tion,!? and the condition sf =const corresponding to the
Turov equations!?), then the relations for the frequen-
cies, even in the case of an arbitrary orientation of the
magnetization can simplify substantially. However,
these simplifications must be well founded and lead to
limitations on both the temperature intervals and on
the magnitudes and directions of the magnetic fields at
which they can be used. Since no such limitations are
imposed in the present paper, we must determine the
accuracy with which the phenomenological parameters
Ysrs @5; Should be employed in Egs. (9) and (10). To this
end we compare, at T=4 K, the AFMR frequencies
measured in NiF, with the exchange frequency w; (wg
=yHg), and the measured magnetic moment with the
sublattice magnetization Ly=2M,=14.400 cgs emu/
mole assumed at H=0.!4 At T=4 K and H=0 we have
vi=4 cm~,'% and =31 cm~.,!¢ putting y=0.1 cm~1/kOe
and Hg =1200 kOe,'4 we get v, =120 cm™!, w,/w,=3%,
and w,/wg;=25%. The magnetic moment at H=60 kOe
is M/L=4% if measured along the [010] axis (H]||[010])
and M/L=3% along the [110] axis (HI[110]). From
the presented estimates it follows that the expansion of
(w,/wg)? should begin with terms proportional to
(M/L)i, while the expansion of (w,/wy)? should begin
with terms proportional to M/L. The maximum degree
of the expansion is limited by the accuracy of the mea-
surements of w(H).

We now describe the method used to obtain from the
general equations (9) and (10) for the AFMR frequencies
in NiF, at H|[[ 010] the concrete functions w}(#) and
w2(H). We shall show how to take into account in the
derivation of the equations for w?(#) and w2(H) both
the measured AFMR frequencies and magnetization it-
self', and the errors in their measurements. In ac-
cordance with the statements made above, we obtain
the AFMR frequencies by expanding in the single small
parameter M/L.

We consider first the equation for the low-frequency
branch of the AFMR (w;). As indicated above, from the
experimental AFMR data!® we have (w,/w;)?~ (M/L)?,
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i.e., the expansion of each of the three terms of Eq.

(9) in powers of the small parameter /L must contain
terms of second, third, fourth, etc. order of smallness.
We first take into account only the second-order terms.
Then, inasmuch as (M/L)?= [ (Hp, +H)/Hg]?, the right-
hand side of Eq. (9) for w} will contain terms that are
quadratic, linear, and of zero order in the field:

o*=B,+B,H+B,H?, (1)

and all of these appear when account is taken of terms
of second order of smallness and are themselves of the
same order of magnitude:

B/ ({Hs)*~B\H/ (1Hzg)*~B,H*/ (YHz)*~ (M/L)?.

If we now take into account the terms of third order of
smallness in (9), then the coefficients Bj, B,,B, will
contain corrections that depend on the magnetic field
and are of the order of M/L:

©,*=B,(1+bo,) + B, (1+by) H+ B, (1+b.,) H?,
where by, (H)~b,(H)~b,,(H)~M/L.

Allowance for the fourth-order terms leads to cor-
rections of order (M/L)? in By, By, B,:

By (1+bos+be2), By (1+by+b1), By (1+bay+b2.),
where
bos(H) ~byo (H) ~bye (H) ~(M/L)?,

Naturally, if we separate in all the indicated correc-
tions to By, B, B, the parts that do and do not depend on
the magnetic field, then Eq. (9) for NiF, will contain
terms B3H 3~ (M/L)® and B,H*~ (M/L)*, while the cor-
rections to B,, B;, and B, will no longer depend on the
magnetic field.

The AFMR frequencies of NiF, were measured at
T=4 K and in fields up to 140 kOe.!* At H||[010] the
positions of the absorption lines corresponding to the
low-frequency branch of the AFMR were observed in
67 points. At first, all the experimental points were
reduced with a computer by least squares using Eq.
(11), and the following values of the coefficients were
obtained:

B,=12700+200GHz?, B,=935+10 GHz?/kOe , (12)
B,=10.32+0.08 GHz/kOe)? .

We see that the relative error in the determination of
B, B,, and B, is less than M/L. Consequently, when
the right-side of (9) for NiF, is expanded in powers of
the small parameter it is essential to take into account
the terms of third order of smallness. There is no
need to take into account the fourth-order terms in (9),
since they lead to corrections of the order of (M/L)z,
meaning an exaggeration of the accuracy with which the
coefficients B, B, and B, are determined in (12).1°

To determine the contribution made by the third-order
terms to Eq. (9), we reduced the experimental points
by least squares both using the equation

©*=Dy+D,H+D,H*+D,H?, 13)

and using Eq. (11), and gradually discarded the points
in stronger fields. As a result of the successive dis-
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carding of half the points located in strong fields, cor-
responding to a decrease of the maximum field from
140 to 40 kQe, it was found that the coefficient B,
changes in the range +0.3%, and the variation of the
coefficients B, and B, is within +1%. Such a “stability”
of the values of B, B, B, indicates that in NiF, at T

=4 K the contributions of the third-order terms in Eq.
(9) for the low-frequency AFMR branch are equal to
zero, and the next nonzero contributions can be those
of fourth order. In fact, if the third-order terms were
different from zero, this would introduce into B, B,, B,
corrections whose values would depend on the maximum
field, and if Hy,, were to increase from 40 (M/L = 3%)
to 140 (M/L = 8%) kOe these corrections to B, B;, B,
would amount to = 5%.

We have also reduced the indicated experimental
points by least squares, using Eq. (13). If all the 67
experimental points are taken into account we have D,
=13480+ 260 GHz?, D,;=910x22 GHz%/kOe, D,=10.7
+0.4 GHz*/kOe?, and D,=- 0.0016+ 0.0022 GHz*/kOe?.
It is seen that within the limits of errors the values of
D, and B, ({=1,2,0) are in agreement, and the vari-
ance of Dy is practically equal to Dy itself. Let us
estimate the “theoretically expected” values of D;.
Since D,H3~ (M/L)% D,~ D;H~D,H*~ (M/L)?, it follows
that D,H%/D,H?~ (M/L). Consequently, D,~ (D,/H)(M/
L)~ 1072, It is seen that the experimentally determined
value of D, is smaller by approximately one order of
magnitude than the obtained estimates. This favors the
conclusion drawn above, that the third-order terms in
(9) vanish, Attention must be called, however, to the
fact that this conclusion pertains only to those third-
order terms which contain (M/L)*(n=1,2,3) as factors,
i.e., depend on the magnetic field. Equation (9) con-
tains in addition third-order terms that do not have
(M/L)" m=1,2,3) as factors, i.e., do not depend on H.
Third-order terms of this type are contained only in B,.
For this reason the contribution made to B, by the in-
dicated third-order terms cannot be determined by the
procedures cited above for the reduction of the experi-
mental points, which are based on the determination of
the contribution of different powers of H to the w(H)
dependence,

Thus, on the basis of the analysis of the experimental
data we should retain in the right-hand side of Eq. (9)
only terms of second order of smallness in M/L for the
low-frequency branch of the AFMR in NiF,, in ac-
cordance with the existing experimental results, while
the third-order terms, which are contained as the co-
efficients of (M/L)" (»=1,2,3), should be set equal to
zero. Analysis! of all three terms in the right-hand
side shows that the equation for the low-frequency
AFMR branch in NiF, at HII[010], accurate to terms
of second order of smallness, is ’

of=al? [& T —2f o il +8" ol ), (14)

where

a=28"  al=2@" LY, 1i’=nld,” 1+5°)],

19 =0L(1+%"), e =28 M, -8 M, /L,

+2L 3 M 421238 .
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We proceed next to-an examination of Eq. (10) for the
high-frequency branch of the AFMR in NiF, at HiI[ 010].
As indicated above, it follows from the measurements
of Ref. 16 that (wz/wE)z" (M/L). Therefore the equation
for w? should contain terms of first and of higher
orders of smallness. The maximum order of small-
ness of the terms in the expansion of w2 is limited by
the accuracy of the measurements. It follows from the
results obtained by Richards!® that v,=c,+c,H, i.e.,
V;=cCo+2coc H +ciH?, where ¢;=31.14+0,01 cm™,
and ¢; =0.0045+0.0015 cm~!/kOe. In fields ~50 kOe,
the strongest used for the measurements in Ref. 16,

va*=co?[ (1£0.006) +0.014 (1+0.3) +5-10-*(1+0.6) ].

It is seen that in accord with the presently attainable
accuracy!® it is useful to retain in (10), besides the
first-order terms, only the terms of second order of
smallness, which are nonlinear in the field (in M). The
second-order terms quadratic in the magnetic field (in
M) should be set equal to zero, Terms of third and
higher order of smallness need not be taken into ac-
count, since they are smaller than the measurement
errors. Leaving out the analysis of Eq. (10), which is
given in Ref. 1, we obtain for w? an equation in which,
in accord with the experimental results,!¢ account is
taken only of terms of first and second order of small-
ness:

2 (1) _(0) (02 (1) (0) (0)z (2) (0) (0)2
@2"=0ss Ais Yo +aes Qss Yz +ates Ais Yse

(1 _ (o) 1) (1) () 1 @) (o) (o) (1) _(0)
+ates Qs (‘Yuz)“) + Qas X (‘{u )2_2(106 Qs Yie Yse Fotgs Oss ('Yuz)(”.

15)

where

(1) (1) [¢3) (1) » g (1) (0) () (1) )
Clgg =28, , Olgs =—@1 M., /Ln, oy =28, y QG =d51,1 Lo:'

(0) ()

a =828 VL +4B LMY | ol =4L B,

AP L (1+7), 4 =E VL, (1) @ = 2L, (147" ) 2 MY

(1s6?) @ =12 2M, (1+%:2 )¥0 Lo

It is seen from (15) that the formula for the high-fre-
quency AFMR branch for NiF, at HiI[ 010], written out
accurate to terms of second order of smallness, con-
tains six dyanmic phenomenological parameters, of
which four (75, 7, 7P, 7{Q) are of anisotropy origin
and two (¥,,y;) are of exchange origin.

In the determination of the orders of a,, and y,; in
(9) and (10) it was assumed that the anisotropic dynamic
phenomenological parameters 7y, T, 77, Tgs 711> T12~ 1, i.€.,
they are of zero order of smallness. If, for example,
we consider separately one equation of (14) for the low-
frequency AFMR branch, then allowance for -'rg‘” and
7§ does not lead to an increase of the number of dy-
namic parameters, inasmuch as after a simple re-
normalization

P 1+E") =37, w/+8Y) w7, ) - g

Eq. (14) will contain only three dynamic parameters

#, 74, 74(?) and will take the same form as when 7, =7,
=0. However, when the low-frequency (w,) and high-
frequency (w,) AFMR branches are described in closed
form, Eq. (14) for w, contains y,(1 + 7{*"), while Eq. (15)
for w, contains y,(1 + 7{"). Therefore a single renor-
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malization for the two branches is impossible, and
consequently the ratio of the y factors determined from
Egs. (14) and (15) for the two AFMR branches should
equal y,(1 +7)/5,(1 + #?’). The magnitude (order of
smallness) of 7, or 7, can be determined within the
framework of the phenomenological approach only ex-
perimentally. If it turns out that the y factors deter-
mined from the measurements of both branches differ
by less than M/L = 3-4%, then we can say that 7, and
7, are at least of first order of smallness (7{’, 7).

In this case 7! will enter in the third-order terms of
Eq. (14) for the low-frequency AFMR branch, while
7" will enter in the second-order terms of Eq. (15) for
the high-frequency branch. If we assume that 73, 7, 7y,
Ty, Tyy are not of zeroth but of first order of smallness,
then

() o ) (1) (0 ) 2 (2)
o =0 [y ('Yu )’—Z'Yn Y2s Ca2 +'Yn Claz ],

(16)
amn

(1) _(0) (0)2 (2) _(0) (o0)2 (1) (o) (1) (1) (0)2
@ =08 s Yo +[aes o Yis Tes s (Yae®) M + otgs Gl Yo ],

where

'Yl(:‘)’—"Yt[M:n +?:l) Lo], 'Y;:) ='Y:L01 ‘Y(c:) —_-.'Ysz
(Tu') = 0,

and all the a;; in (16) and (17) coincide with the ay;
from (14) and (15).

(Tu’)m = 'Yz’ ZLO’T'I(”, ‘Y::)=0,

It follows therefore that if we assume, despite the
absence of direct experimental proof at present, that
the phenomenological parameters of anisotropic origin
(21,8 T3, Tg» Tp» Ty Tyy) are of first rather than zeroth
order of smallness, and that &, , is of second rather
than first order, then the equations for the low-fre-
quency and high-frequency AFMR branches in NiF, at
‘HI[010] can be finally written in the form:

: 1 A
(L"_) -k { 2H o Hy+aH o, —halln? + —[ Hp o
v XL @ 1

A 2
+ 2aHp—2H, (1 + —:—)] +H [ (5Hp, —haH o)

+2 (H,,LAY—Y + 2aH p—~2H, (1 +AT7)) ( 1 +_A1LGL)]
+HZ[(1-a)+a(1+%7—:1)z], 18)
(@2/Y)*=2H a:Hg+Hp *+4H joH o+ HH >, (19)

where

=Y., AY=Y,—¥>, H.='/,7,Hy, Ho=T:Hr, a=y/%.,
(2)

qu-“mlany HDII=_(¢1“)+1/2 .“)Lo’)Lo, H =23y, La’y HM-Z‘E‘) L,.

Since we are developing a self-consistent theoretical
description based, on the one hand, on actually mea-
sured quantities and, on the other, on the accuracies
with which they are determined, we must emphasize
that these two aspects play different roles. In fact, the
lowest-order terms in the expressions for the frequen-
cies, magnetizations, etc., are determined by the
values of the frequencies, magnetizations, etc. them-
selves, while the highest power of the expansion is de-
termined by the present-day experimental accuracy.
Once experiments performed with higher accuracy are
reported, it will be necessary to add terms of higher
powers of M/L in the expressions for the frequencies
and magnetizations, to fit the improved experimental
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accuracy. The numerical values of the phenomenologi-
cal parameters, obtained from more accurate experi-
ments by new equations that differ from the old ones
only in containing terms of higher degree in M/L, will
not be more precise than the less accurate experiment;
the accuracy of the parameters will increase with the
experimental accuracy (see Ref. 1),

If we write down the motion matrix y in the exchange
approximation, i.e., if we set all the 7; in (2) equal to
zero, then we obtain from (18) and (19) at H, =H_,=0
the equations previously used to determine the numeri-
cal values of the phenomenological parameters of Ref.
7, where it was reported that a value (7, - ¥;)/%
=-15% was experimentally observed in NiF, at T=4
K. We note however (see also below) that the real
deviation of Ay/y is even larger: Ay/y=-45+5%. The
difference between the values of A-y/ v is due to the fact
that when only exchange equations of motion are used
the anisotropy enters only via the equilibrium thermo-
dynamic potential. The considerable difference between
Ay determined without and with allowance for the dy-
namic anisotropy proves experimentally the need for
taking into account the dynamic anisotropy in the ma-
trix 3 when it comes to describing the linear dynamics
in substances with unquenched orbital angular momen-
tum.

To describe the behavior of the magnetization and of
the AFMR frequencies in the case of arbitrary orienta-
tion of H in the (001) plane, it is convenient to change
over the Euler system of coordinates?:

M.=S cos E[—sin ¥ (cos y cos 0 cos p—sin ¢ sin ) +cos % sin 0 cos @],
M,=S cos &[—sin y (cos y cos 0 sin p—sin y cos @) +cos y sin 0 sin @],
M.=S cos E[sin y sin 6 cos y+cos ¥ cos 0], (20)
L.=Ssin § sin 0 cos @,
L,=Ssin § cos 0,

L,=S sin § sin 0 sin ¢,
H={Hcosq,, Hsing,, 0},

where 6 and ¢ are the polar angles of the vector

L, x =arc cos2(L* M)/S?sin2¢, and y is the angle that
the projection of M on a plane perpendicular to L makes
with the line where this plane intersects the plane that
passes through L and z. The equilibrium values of

£0s Xo» ¥p are determined from the condition that & be a
minimum. At ;<1 and x,<<1 the values of £, x,, and
¢, are determined from the equations

Eo(H) =n/2+[—Hp, cos 2@, +H sin(@o—¢;) 1/ H,
xo(H) = nt/2+ (/) [ Hoy sin 20+ H cos (@o—1) 1/
/[—Hp, cos 2g,+H sin(@o—q1) 1,
[—H>, cos 2¢,+H sin (@o—¢,) ] [—2H 0, sin 2¢,—H cos (@o—¢:)]
+[—2Hp, cos 2o+ H sin (@o—@y) ] [ Hpy sin 2q,+H cos (@o—@1) 1%u/%e
+!/2H o Hzg sin 4¢9,=0.

21)

In particular, at H||[110] it is easy to obtain from (20)
and (21) (see Ref. 1) an expression for the magnetiza-
tion component M, parallel to H:

(My/00,)= g + (L) %[ (1+a)+ ( Hp,—20Hs )’]

H,, H,
+( H )‘ 3 [HDL_ZGHDH1 )
Hp /! 272 H,
[ (1_a)_zi(HDL_2GHD")11(52HD_L._44'HD") ], (22)

H,*=2H o He—boH p+4Hp 2.

The experimental plot of M, (H) at H||[110] in fields
up to 65 kOe, shown in Fig. 9 and taken from the paper
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of Borovik-Romanov et al.!4 was reduced by us by least
squares using the equation

(My/ob,) =Av+A,(H/Hp,)+A4,(H/Hy,)?, (23)

where

6, = cgs emu/mol, 14 Hp, =212 kOe,'*
A,=0.709£0.003, 4,=0.606=0.005, 4,=0.078+0.002.

Comparing (11) and (12) with (18), (22) and (23), we
obtain five nonlinear equations for six unknown phe-
nomenological parameters (x, , Hp, , Hyys V25 Y1y T2). In
place of the sixth equation we use the measured!s de-
pendence of the frequency of the low-frequency AFMR
branch at H||[110] on the magnetic field. To obtain
analytic expressions for the AFMR frequencies at
H||[110], we change in the equations of motion (1) to the
coordinate system (20). Then, for an arbitrary direc-
tion of H in the (001) plane, leaving out the intermediate
steps given in Ref. 1, we get

(3) ~smp il e (3]

b .
T - T }' (24)

cos &, cos &

+

[—2D+chT’+

w2107% GHz
r

0

1 Il L 1 1 J

1
g 20 4 60
#, ke

FIG. 3. Dependence of the square of the frequency of the low-

. frequency branch of AFMR in NiF, at T=4.2 K for the cases
H| [010] curve 1 and H|| [110] (2). The experimental points
were taken from Ref. 15 and the curves are plots of Eqs. (18),
(21), and (24).
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FIG. 4. Dependence of the AFMR resonant field on the angle
¥, between H and the [010] axis (HL [001]) in NiF, at T=4.2 K
and at fixed values of the square of the frequency (cm-2): 1)
-22.2, 2) =32, 3) -43.3, 4) -56.7, 5) =72.2, 6) —=89.5, 7)
—99.1. The experimental points were taken from 15, and the
curves are plots of (21) and (24).

where

A=S,cos &[—4H», cos 2q,+H sin (@o—¢,) ]+2H 4 cos 4q,,
B=S,cos & (x1/%.")He, C=S,co08* & (x./x,) Hr,
D=—8,cos &[—2H 5, cos 2@+ H sin (po—,) ].
The procedure for determining the numerical values of
the phenomenological parameters of the theory from the
experimental data, which is described in detail in Ref.
1, consists of finding, at fixed values of -1 <4 ,/y <1,
values of Hp,, X, ,Hay ¥15 ¥25 7o, that satisfy expressions
(11), (12), (18), (22), and (23), and at the same time
minimize the functional

8= [Z (me—m.z)'/zv]'/'.

which characterizes the deviation of the theoretical
function (24) (H||[110]) from the experimental one.!®
Figure 2 shows plots of &,x,/X, , Hp , 2, H, against
Ay/y. 1t is seen that at Ay/y=—-0.45 the mean squared
deviation § has a clearly pronounced minimum, x,/x,
=0.199, H,, =58.2 kOe, 2H,,H,=1010 kOe?, H, =14.1
kOe, and 7 =2.98 GHz/kOe. The numerical values of
the phenomenological parameters make it possible to
plot, for any orientation of the magnetic field in the
(001) plane, the AFMR frequencies (Figs. 3 and 4), the
magnetizations (Figs. 5 and 6), £, and x, (Fig. 7), and
¢, (Fig. 8). The experimental and calculated curves
agree within the limits of the accuracy of the measure-
ments and of the calculations,

Comparing the theoretical (19) and the experimental!®
dependences of the high-frequency AFMR branches for
HN[010], we obtain H, =28+9 kQe and H,, =402

Hy

r/o,‘ 7

L L L

L
4 20 "

7]

/,kOe

FIG. 5. Plots of the magnetizations parallel (curve 1) and
perpendicular (2) to the magnetic fieldH|| [110] against H in
NiF, at T=4.2 K. The experimental points were taken from
Ref. 14 and the curves are plots of Eqs. (20) and (21).
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FIG. 6. Plots of the magnetization parallel (M,) to the magne-
tic field H1 [001]against the angle ¥, between H and [010] in
NiF, at T=4.2 K and at fixed values of the magnetic field (in
kOe): 1) -0, 2) -10, 3) -20, 4) —-30, 5) -40, 6) ~50, 7)

- 60. The experimental points were taken from Ref. 14, at
the curves are plots of (20) and (21).

kOe.

Thus, using an actual antiferromagnet as an example,
we have shown that the maximum number of phenom-
enological parameters in 2 model-independent theory is
determined by the symmetry and is limited in principle
by the experimental accuracy. By comparing the theo-
retical equations obtained in the present paper with the
four experimental functions M= M(H|[110]), w,
=wy(H||[100]), w;=w,H|[110]), w,=w,(H|[100]) we
determined the numerical values of seven phenomeno-
logical parameters: 7y, %y, Tp, &g &3, 19, ®,. Together
with the previously known parameters &,, &;, &, the pa-
rameters &,, ®,,%,, &, &,, &;, 3y, 71, 72, T, constitute a
complete set of phenomenological parameters that make
it possible to construct the potential and the equations
of motion. The constructed potential and equations of
motion contain finite numbers of terms and describe
adequately the static and the dynamic properties of
NiF,at T'=4.2 K. With the aid of the constructed equa-
tions of motion and the potential, we calculated the
values of the magnetization components and the AFMR
frequencies for an arbitrary orientation of the magnetic
field in the (001) plane. In the entire interval of mag-
netic fields (H <65 kOe) for which reliable magnetiza-
tion measurements are available at present, the ex-
perimental and calculated plots of the magnetization and
of the AFMR frequencies agree within the limits of the
accuracy of the measurement and the calculations.

zﬂv xﬂ

g4°
[ >

IZ"_

!
l 2
5-&" 1 1 1

g 20 4 60
H,xOe

FIG. 7. Plots of the angles £, (curve 1) and X, (curve 2), cal-
culated from Eqs. (21), against the magnetic field H| [110] in
NiF, at T=4.2 K,
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FIG, 8. Plots, calculated from (21), of the angle £, against
the angle X, between H and the [010] axis in NiF, at T=4.2 K
and at fixed values of the magnetic field (kOe): 1) -10, 2)
-20, 3) -30, 4) —-40, 5) -50, 6) —60, 7) —65.

It is of interest to compare the descriptions of the
low-frequency AFMR branch in NiF, at T=4.2 K ob-
tained by the non-equilibrium-thermodynamics and
Lagrangian approaches. To this end, we rewrite Eq.
(18) in the form w?=03+Q32, where

Q2 =,*(xo/%.") [HoL (AY/Y) +2aHp—2H.( 1+Ay/Y)
+aH(1+AY/ (o)) 12 (1/a), (25)
Q2 =y (x./x") [2H acHz+4H p *—baH o>+ (5Hp, —4aH o) HHH* (1—a) ].

The expression for £, coincides with the dependence of
the frequency on the magnetic field, obtained in Ref. 11
by the Lagrangian approach under the assumption p, ~p,
(see Ref. 1) at 9,=1/p,L3. In the Lagrangian approach
at an arbitrary value of the magnetic field we have £,
=0, which leads to the existence of a connection be-
tween the static (x, ,Hg, Hp, , Hp, ) and dynamic

(H,, ¥1, ¥,) phenomenological parameters at 7=0 K.

In fact, equating separately to zero the coefficients of
H in the zeroth and first powers in Eq. (25) for Q,, we
obtain

A
Ho (AY/9) + 2 (y/30) Hoy—2H (1+AY/1) =0, 1+ TY-X_L =0,

X
from which it follows that

_ 2Hp—Ho.

A m — “foT oL K
2(1—%/%0) %o

Y XL

Using the presently obtained numerical values of the
phenomenological parameters, we can directly calcu-
late ©, and @, at T=4.2 K. Figure 9 shows the depen-
dence of the ratio €2/ on the magnetic field (H

<65 kOe).

The authors thank Academician A. M. Prokhorov for
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FIG. 9. Ratio of the squared frequencies 9} and 9%, calcu-
lated from (25), against the magnetic field H]| [010] at T=4.2 K.

Gufanetal. 1162



constant attention, support, and a discussion of the
paper.

1yu. M. Gufan, A.S. Prokhorov, and E. G. Rudashevskii, Pre-
print Fiz. Inst. Akad. Nauk SSSR No. 61, 1979.

2Yu. M. Gufan, Preprint No. 42, All Union Res. Inst. for
Physicotech. and Radio Measurements, 1970; Zh. Eksp.
Teor. Fiz. 60, 1537 (1971) [Sov. Phys. JETP 83, 831 (1971)].

%Yu. M. Gufan, Fiz. Tverd. Tela (Leningrad) 13, 225 (1971)
[Sov. Phys. Solid State 13, 175 (1971)].

4Yu. M, Gufan, K. N. Kocharyan, A, S. Prokhorov, and E. G.
Rudashevskif, Proc. Internat. Conf. on Magnetism, MKM-73,
Nauka, 1974, p. 109.

SYu. M. Gufan, K. N. Kocharyan, A. S. Prokhorov, and E. G.
Rudashevskii, Zh. Eksp. Teor. Fiz. 66, 1155 (1974) [Sov.
Phys. JETP 39, 565 (1974)].

L. V. Velikov, Yu. M. Gufan, A. S. Prokhorov, and E. G.
Rudashevskil, Dokl. Akad. Nauk SSSR 219, 1341 (1974) [Sov.
Phys. Dokl. SSSR 19, 842 (1975)].

"Yu, M. Gufan, A.S. Prokhorov, and E. G. Rudashevskii Ab-
stracts on All-Union Conference on Magnetism, Baku, ELM,
1975, p. 104.

8Yu. M. Gufan, A. S. Prokhorov, and E. G. Rudashevskii',

1163 Sov. Phys. JETP 50(6), Dec. 1979

Dokl. Akad. Nauk SSSR 238, 57 (1978) [Sov. Phys. Dokl. 23,
39 (1978)].

%I. E. Dzyaloshinskii, Candidate’s dissertation, Inst. Phys.
Problems, USSR Acad. Sci., 1957; Zh. Eksp. Teor. Fiz. 33,
1454 (1957) [Sov. Phys. JETP 6, 1120 (1958)].

101 E. Dzyaloshinskii and B. G. Kukharenko, Zh. Eksp. Teor.
Fiz. 70, 2360 (1976) [Sov. Phys. JETP 43, 1232 (1976)].

g, G. Kukharenko, Fiz. Tverd. Tela (Leningrad) 19, 2721
(1977) [Sov. Phys. Solid State 19, 1592 (1977)].

12, 8. Borovik-Romanov, in: Itogi nauki, Fiz.-mat. nauki
(Adv. in Science, Phys.-Mat. Sci.) 4, Antiferromagnetizm
(Antiferromagnetism), Izd. AN SSSR, 1962, Chap. 7.

BE, A, Turov, Fizicheskie svoistva magnitouporyadochennykh
kristallov (Physical Properties of Magnetically Ordered
Crystals), Izd. Akad. Nauk SSSR, 1963, Chap. 5 (Sec. 4),
Chap. 9 (Sec. 1).

4, S, Borovik-Romanov, A, N. Bazhan, and N. M. Krei‘nes,
Zh. Eksp. Teor. Fiz. 64, 1367 (1973) [Sov. Phys, JETP 37,
695 (1973)].

L. V. Velikov, L. A. Prozorova, A.S. Prokhorov, A. I
Smirnov, and E. G. Rudashevskii, Zh. Eksp. Teor. Fiz. 68,
1145 (1975) [Sov. Phys. JETP 41, 567 (1975)].

18p_ L. Richards, J. Appl. Phys. 35, 850 (1964).

Translated by J. G. Adashko

Gufan et al. 1163



