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A brief account of antiferromagnetic-resonance (AFMR) measurements in single crystals of monoclinic
Cu(HCOO)-4H,0 has been reported, and it was shown that a model of weak ferromagnetism of the easy-
plane type is not consistent with the data. This paper presents in detail the AFMR data and includes calcula-
tions of the AFMR modes and the magnetization based on assuming that Cu(HCOO)4H,0 is very nearly
an antiferromagnet in zero magnetic field. AFMR measurements have been made between 1.4 and 15°K.
Resonance transitions have been observed at 9 GHz, from 32 to 36 GHz, from 50 to 80 GHz, and from 107
to 124 GHz in magnetic fields up to 26 kOe. From the angular dependence of the field positions of the res-
onance transitions, a set of “principal axes” a”’bc”’ of the magnetic crystal have been determined. a”, the
antiferromagnetic axis, is shown to be 8.5° away from the a axis toward the ¢ axis. The AFMR modes and
the magnetization have been calculated on a two-sublattice model, based on a bilinear exchange interaction,
assuming ¢’’ as the antiferromagnetic axis, b as the intermediate axis, and ¢’ as the hard axis. This calcula-
tion is an extension of one by Cinader by including the hard-plane anisotropy and an anisotropic anti-
symmetric g-tensor. It is found that a magnetic field (perpendicular to ¢’) larger than a critical field induces
a weak ferromagnetic state. The calculation also shows that both antisymmetric exchange and the anti-
symmetric Zeeman interaction contribute to the effective canting fields. For the ¢’’-axis case, the calculations
are in good agreement (except for a constant gap in the low-frequency mode above 5.3 kOe) with the data
and an effective canting field Hpy’ =84 kOe is obtained. For the b axis, the experiment indicates an instability
in the antiferromagnetic axis at 5.3 kOe. The calculations also suggest an instability in the antiferromagnetic
axis if a second effective canting field Zpu’ is negative; however, a quantitative fit to the AFMR modes has
not been possible. A simplified calculation for the ¢’ axis is in fair agreement with some of the a’-axis data.
The temperature dependence of the low-frequency zero-field mode is found to deviate substantially from the
prediction of the molecular field approximation. A temperature-dependent contribution to the AFMR line-
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width of T3-3%02 js found.

I. INTRODUCTION

THE magnetic properties of Cu(HCOO)-4H,0
have attracted considerable attention since
Martin and Waterman first suggested! that this crystal
may behave as a two-dimensional magnetic system as
a result of the layer structure? and the strong super-
exchange coupling via the (HCOO)~ ion between the
Cu®t ions in the layers. Their magnetic susceptibility
measurements on a powder sample above 80°K yielded
O (Curie-Weiss constant)~175°K. Subsequent mag-
netic susceptibility measurements on single crystals,
first by Flippen and Friedberg? and independently by
Kobayashi and Haseda* (hereafter referred to as KH),
showed a sharp transition at 17°K to the antiferro-
magnetic state. An additional broad peak in the
magnetic susceptibility has been observed near 65°K.45
Using the high-temperature series expansion for the

* Work supported by the U. S. Atomic Energy Commission.

T Present address: Physics Department, West Virginia Uni-
versity, Morgantown, W. Va. 26506.

! R. L. Martin and H. Waterman, J. Chem. Soc. 1359 (1959).
(1; ;1) Kiriyama, H. Ibamoto, and K. Matsuo, Acta Cryst. 7, 482

#R. B. Flippen and S. A. Friedberg, J. Chem. Phys. 38, 2652
(1963); S. A. Friedberg and R. B. Flippen, in Proceedings of the
Seventh International Conference on Low-Temperature Physics,
Toronto, 1960, edited by G. M. Graham and A. C. Hollis Hallett
(University of Toronto Press, Toronto, Canada, 1961), p. 122,

*H. Kobayashi and T. Haseda, J. Phys. Soc. Japan 18, 541
(1963) ; T. Haseda, A. R. Miedema, H. Kobayashi, and E. Kanda,
ibid. 17B, 518 (1962).

5 M. S. Seehra, Rev. Sci. Instr. 39, 1044 (1968).

magnetic susceptibility it has been shown® that this
anomalously large value of ®/7y and the broad peak
near 65°K can be explained on the basis of two-
dimensional Heisenberg antiferromagnetism. A de-
tailed account of the ESR linewidth, including a linear
temperature dependence, has been reported.” From the
temperature-independent exchange-narrowed linewidth
the value of the Dzylashinsky-Moriya antisymmetric
exchange interaction ®-(S1XS;) (hereafter referred to
as the DM interaction) has been obtained.®

The magnetization measurements of KH at 4.2°K
along L1, L, and Ls, the principal axes of the g tensor,
showed* that a weak moment appears along L, and L,
with a saturation field of about 5 kOe. This, combined
with the sharp peaks at Ty in the magnetic suscepti-
bility along L; and L., led to the suggestion®* that
Cu(HCOO);-4H:0 may be a weak ferromagnet. No
neutron diffraction study of the ordered state is avail-
able, although KH?:* suggested that the spins may be
antiparallel along the L; axis. From the proton reso-
nance study at 4.2°K, Van Der Leeden ef al.® found that
the crystal and magnetic unit cells in Cu(HCOO),-4H,0
are the same.

In order to get information on the nature of the weak
ferromagnetism and the spin structure, and to evaluate
the exchange parameters which characterize this system,

6 M. S. Sechra, Phys. Letters 284, 754 (1969).

“M. S. Seehra and T. G. Castner, Jr., Physik Kondensierten
Materie 7, 185 (1968).

8 M. S. Seehra and T. G. Castner, Jr. (unpublished).

9 P. Van Der Leeden, P. A. Van Dalen, and W. J. M. De Jonge,
Physica 23, 202 (1967).
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an antiferromagnetic-resonance (AFMR) study was
undertaken. The results of this study are reported in
this paper. Based on the experimental results, a model
for the spin structure is proposed. The AFMR modes
and magnetization curves for the principal directions
are calculated and compared with the experiment. A
brief description of the experimental data has been
reported earlier.!

Our preliminary analysis,’® based on weak ferro-
magnetism of the easy-plane type, showed that the
AFMR data cannot be explained on this model. The
question of weak ferromagnetism was unresolved since
KH did not measure any hysteresis in the magnetization
and the saturation field of 5 kOe is unusually large for
a weak ferromagnet. Furthermore, the AFMR measure-
ments showed negligible hysteresis. Recent magnetiza-
tion measurements by Gyorgy!! on our crystals showed
negligible hysteresis consistent with the AFMR
observations. In this paper we show that most of the
AFMR and magnetization data can be explained by
assuming that Cu(HCOO).-4H,O is an antiferro-
magnet (AF) in zero magnetic field. However, by
applying a magnetic field H perpendicular to the easy
axis, the spin system can be brought into a weak
ferromagnetic (WF) state.

Such an AF-WF transition was first observed by
Borovik-Romanov and Kreines!? and Kreines®® in
anhydrous CoSO,. A similar transition has since been
observed in hematite (a-FeyO3) below the Morin tem-
perature and is the center of considerable attention at
present.!* The AF-WF transition is frequently accom-
panied by an abrupt increase in the magnetization at a
critical magnetic field. In Cu(HCOO)-4H,0, such a
discontinuity has been observed along the b axis both
in the AFMR! modes and in the magnetization'! at
about 5.3 kOe. In CoSO,*® and hematite!* the abrupt
increase in the magnetization was attributed to the
presence of a fourth-order anisotropy parameter. For a
spin S= % system such as Cu(HCOO).-4H,0, this term
contributes only a constant to the free energy. There-
fore, the physical mechanism for the discontinuity in
Cu(HCOO),-4H,0 is different. We discuss the possi-
bility that the instability could be caused by the
antisymmetric Zeeman interaction.

The calculation of the AFMR modes for a
Dzylashinsky AF (with ® along the easy axis) was

10 M. S. Seehra and T. G. Castner, Jr., J. Appl. Phys. 40, 1240
(1969).

1L E. M. Gyorgy (private communication).

2 A. S. Borovik-Romanov and N. M. Kreines, Zh. Eksperim. i
Teor. Fiz. 35, 1053 (1958) [English transl.: Soviet Phys.—JETP
8, 734 (1959)].

#N. M. Kreines, Zh. Eksperim. i Teor. Fiz. 40, 726 (1961)
[English transl.: Soviet Phys.—JETP 13, 534 (1961)].

* For a recent work on this transition see P. J. Flanders, J.
Appl. Phys. 40, 1247 (1969). A review of some earlier work on
CoSO; and a-Fe;0; has been given by Jan Kaczer, in Proceedings
of the Tenth International Conference on Low Temperature Physics,
Moscow, U.S.S.R., 31 August—6 September 1966 (Viniti Publish-
ing House, Moscow, U.S.S.R., 1967), Vol. IV, p. 6.
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made by Cinader.’ Ozhogin and Shapiro®® extended
these calculations for H along a general direction. Here,
we have extended Cinader’s calculations to include the
hard-plane anisotropy and also the anisotropic g tensor.
The role of antisymmetric g tensors has been considered
by other groups. Silvera, Thornley, and Tinkham?!?
showed that the antisymmetric g tensor could produce
large canting of the sublattices. Turov,® while con-
sidering the general symmetry requirements for the
existence of WT, proved that the antisymmetric g
tensor can contribute to WF. Gurevich et al.9 found
that the antisymmetric component of the g tensor
multiplied by the isotropic exchange in orthorhombic
NaNiF; contributes to the AFMR modes in the same
way as the DM interaction. The present case, though
similar in some ways, is more complicated because of the
lower monoclinic symmetry of Cu(HCOO),-4H,0.

The experimental details are presented in Sec. II,
followed by the calculation of the AFMR modes and
the magnetization in Sec. III. The experimental results
are given in Sec. IV, and comparison with the calcula-
tions is made in Sec. V.

II. EXPERIMENTAL

The single crystals of Cu(HCOO),-4H,0 were grown
from saturated aqueous solution. The details of the
crystal preparation, alignment procedure, etc., have
been described elsewhere.” Many different crystals were
used for the AFMR measurements. Typical dimensions
of the crystals used were about 1.5X3X0.5 mm.

The AFMR data were taken at 9 GHz, from 33 to 36
GHz, from 50 to 80 GHz, and from 107 to 124 GHz
employing four different microwave spectrometers and
six klystrons. Owing to insufficient frequency sources,
the intervening regions could not be investigated. A
Varian 12-in. magnet with auxiliary iron-cobalt pole
caps produced a maximum magnetic field of 17.2 and
28.7 kOe in a gap of 1.75 and 0.75 in., respectively. A
homemade Dewar with a changeable tail stock was used
to fit the various gaps. The spectrometers operating
at 3 cm and 8 mm were of conventional design using
balanced bolometer detection. The 5- and 2.5-mm
spectrometers were comparatively simpler in design,?
employing straight bolometer detection. Most of the
AFMR measurements were made in reflection without
a resonance cavity. Instead, a waveguide piece shorted
at one end was used. Thus, no frequency stabilization
was necessary and the frequency could be varied over

15 G. Cinader, Phys. Rev. 155, 453 (1967).

18V, I. Ozhogin and V. G. Shapiro, Zh. Eksperim. i Teor. Fiz.
5‘11§6§)6] (1968) [English transl.: Soviet Phys—JETP 27, 54
( U R, Silvera, J. H. M. Thornley, and M. Tinkham, Phys. Rev.
136A, 695 (1964).

18 E. A. Turov, in Physical Properties of Magnetically Ordered
Crystals (Academic Press Inc., New York, 1965), Chap. V.

¥ A. G. Gurevich, V. A. Sanina, E. I. Golovenchits, and S. S.
Starobinets, J. Appl. Phys. 40, 1512 (1969).

% M. S. Seehra, Ph.D. thesis, The University of Rochester, 1969
(unpublished).



1 MAGNETIC STATE OF COPPER FORMATE TETRAHYDRATE

the entire range of a klystron in a single experiment.
The signal-to-noise ratio for the AFMR transitions was
sufficient without a cavity. The phase of signal could be
adjusted so that either dispersion or absorption could
be observed. In all experiments the applied dc field was
approximately perpendicular to the oscillating magnetic
field. Most of the data were taken at 4.2°K since the
temperature dependence below this temperature was
found to be negligible. The temperature dependences of
some of the transitions were measured between 1.4
and 15°K. A calibrated carbon resistor was used to
measure the temperature.

III. THEORETICAL CONSIDERATIONS
A. Spin Configuration

From a study of the magnetic state of Cu(HCOO),
-4H,0 using proton and deuteron magnetic resonance,
Van Der Leeden ef al.? concluded that the crystal and
magnetic unit cells in this system are the same. Since
there are only two inequivalent Cu?* ions per unit cell,
the system must be described by a two-sublattice
model. Using this fact and the symmetry requirements
for a monoclinic crystal as discussed by Turov,® we
conclude that the antisymmetric exchange vector ®
must be perpendicular to the twofold rotation axis, i.e.,
it lies in the ac plane. In the magnetization measure-
ments of KH* there is no evidence of a WF moment at
H=0. Recent magnetization measurements of Gyorgy!!
have further shown that the hysteresis in the magnetiza-
tion is negligible. From this and the analysis of the
AFMR data we conclude that the system is a good
approximation to an AF?! at H=0. From the positions
of the extremum resonance fields in the angular depen-
dence of the AFMR (see Figs. 2 and 3) we have deter-
mined a set of “principal axes” of the ordered spin
system to be the &, b, and ¢’ axes.?? These axes are
shown in Fig. 1. (¢” is 8.5° from the crystal ¢ axis
towards the ¢ axis.) We will show that much of the
AFMR and the magnetization data can be explained
if the AF axis is assumed along ¢ at H=0.

The “principal axes” a”, b, and ¢”’ do not coincide
with the principal axes of the g tensor” except for b, the
twofold rotation axis. Therefore, the g-tensor anisotropy
is considered explicitly. The g tensors for the two-ions
are written as

gu g2 Eguis
+ga a0 ga3| (1)
+g31 832 g33

where the + and — signs are, respectively, for the
ion No. 1 at (0,0,0) and ion No. 2 at (,,0). In general,

21 Because of one of the antisymmetric components of the
g tensors, there can be a net magnetization of the two sublattices
even when they are exactly antiparallel (AF). A small cant of the
two sublattices is possible and can be very hard to determine.

22 These are “principal axes” as inferred from the angular
dependence of the AFMR modes. As is shown by the mode cal-
culations, it is not readily transparent that these axes are the
principal axes of the exchange interaction.
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for a monoclinic crystal, g;;#g;;. However, this asym-
metry cannot be determined from a simple ESR experi-
ment.? An estimate of various gi’s in the a”bc"”
coordinate system has been made from the g-value
measurements assuming the g tensor to be symmetric.2?

B. Free Energy for a Two-Sublattice Model

The phenomenological free energy F based on a
two-sublattice model is written as

F=7S:-S;
+D(S21S2:—3S1-Ss) + E(Sx1Sx2 —Sr1Sy2)
4+ A(Sz1Sva+SyiSz2) — Dz(Sx1Sra—SyriSxs)
- @Y(SZ1SX2—SX1SZZ) '—yBH' (g1'31+g2 . Sz) y (2)

where X is taken along & (the twofold symmetry axis),
Y along ¢/, and Z along a&”’. J represents the isotropic
exchange, D and E are diagonal components of the
symmetric anisotropic exchange, 4 is the off-diagonal
component of symmetric anisotropic exchange allowed
by symmetry,?* Dz and Dy are the components of the
DM interaction allowed by symmetry; the last term is
just the Zeeman interaction. D, E, and Dy are defined
positive so that for the case considered here (S=1%) if
we neglect the effects of the 4 term, Z will be the easy
axis, X is the intermediate axis, and ¥ is the hard axis
for D>E. Equation (2) contains the most general
bilinear intersublattice exchange interaction allowed
by monoclinic symmetry for the S=3 case. It is noted
that for S=1% systems, the single-ion anisotropy terms
D15z etc., and the higher-order biquadratic exchange
interaction terms of the form Sz:2Sz.?% etc., are con-
stants and need not be included in Eq. (2). Intra-
sublattice anisotropic exchange can also contribute to
the frequency of AFMR modes.!”-* However, in the
present case intrasublattice exchange is thought to be
negligible.® The calculations below follow the general
procedures of those by Herrmann.2?® Insofar as possidle
we have followed the notation of Cinader.'®

C. H||Y Axis (¢” Axis)
1. Equilibrium Conditions

For the case H||Y we employ the angles 6, ¢, and
as shown in TFig. 1(a). 0 measures the cant of the AF
axis from the Z axis in the ZX plane, while ¢ measures
the cant of the two sublattices toward the magnetic

2 F, K. Kneubuhl, Phys. Letters 2, 163 (1962); F. S. Ham,
J. Phys. Chem. Solids 24, 1165 (1963); F. K. Kneubuhl, Physik
Kondensierten Materie 1, 410 (1963).

2 The calculations which follow were first done with 4 and
Dy equal to zero. As will be shown, the effect of these terms on
the H|| V-axis case is very minor, while the effect on the H || X-axis
case is to alter some of the parameters but not to alter the form
of the equilibrium conditions, the magnetization, or the AFMR
modes. Without accurate knowledge of the off-diagonal g-tensor
components and some of the exchange parameters it is very
difficult to assess whether 4 and Dy make a significant contribu-
tion to the magnetic behavior.

2% M. Date, J. Phys. Soc. Japan 16, 1337 (1961).

26 G. F. Herrmann, J. Phys. Chem. Solids 24, 597 (1963).
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Z(CI”) “ AF\\ where
g 5e=F(S)/2us, Ho=(J—3D)(S)/2uz,
/\. I Zi Hg=D(S)/2up, Hrx'=E(S)/2us, Ha=A(S)/2uz,
< Hov=Dz(S)/2us, hom= Dy(S)/2uz,

L _ST O+a and
¢ ( Hy+=Hg+Hg . 4
\\\\ The equilibrium conditions are obtained for a fixed
X! \ Y(ch) magnetic field by setting 93¢/96=0 and 93¢/d¢=0.
( a ) > After solving these two conditions for sinf and sing,

\\ \ respectively, one finds
f

\\\ “‘\ 6-a sind=~HyHpm/H1.2, H<H, (5a)

. ’ .
N\ - | ;X2 sinp~H y[ Hx-+ (g21"/geo)Hom |/ H 112, H<H, (5b)

X(b) |

and
sinf=1, H>H, (6a)
sing~[Hpy+Hy]/2H o, H>H, (6b)

where
Hopn'>~Hpm+ 2Hex(g21'/g22) s

H:Iczﬁi(zHex—i‘HK‘)HK‘—HDM?, (7)

F16. 1. Equilibrium coordinates: the primed coordinates used
for calculating the AFMR modes. At zero field Z is the AF axis
(S1—S5). (a) is for the magnetic field along the ¥ axis; (b) is for
the magnetic field along the X axis. X/, ¥/, Z/ (i=1,2) are
components of a unit vector. X;’ is tangent to the base boundary
of the cone so that when §=0 X/||(—1)""X if =0 for case (a),
while X/|[(—1)*"1Y for case (b). ¥/’ is defined so as to make X/,
Y, Z{ a right-handed system.  is the angle between the AT axis
and the Z axis. ¢ is the canting angle of the spins (of the cone)
out of the ZX plane in (a), while ¢’=¢ -+« is the canting angle
out of the ZY plane for (b). a is a possible initial cant in zero field
of the two sublattices away from Z in the ZX plane.

field (Y axis). a represents a constant initial cant of the
two sublattices in the ZX plane caused by the ©, com-
ponent of the DM interaction. Using Eq. (1) and these
angles, we can write Eq. (2) as

3C= H . (sin®a—cos’« cos2¢) — H x cos2p(cos20—sinx)
4 H g+ [ cos?p(sin2a —sin26) —sin%p |
—H 4 sina sin2¢ sinf— Hpy cosa sin2¢ sinf
— oy sin2a cos’p—H (gar"cosa cosg sind
+ g2» sing — gagtsina cose sind),  (3)

ga1’ = g21 COSa— g3 Sina,
Hy= anz/(%gmHDM') .

In these expressions Hy= (3g22)H is a “modified”
magnetic field along the ¥V axis; Hpm: represents the
effective canting field for this geometry due to both the
DM interaction and the antisymmetric Zeeman inter-
action; while H,,. corresponds to the spin-flop field of a
simple antiferromagnet (no canting of the AF axis).
H,, will be the same as in Cinader’s case!® if one sets
Hg:=0 and a=0 (i.e., sipm=0). The critical field H,
corresponds to a 90° rotation of the AF axis S;—S, from
along the Z axis to along the X axis.

2. M agnetization

Using Eq. (1) and the geometry of Fig. 1(a), we can
write the component of the magnetization along ¥, My,
as

M y=Nus(S)(gs1' cosep sinf+ gs2 sing) . (8)

Employing Egs. (5a), (5b), (6a), and (6b) one obtains

My= (Ngooun(S)H y/2H ox)

X[1+Hpw'/Hu)?], H<H, (9a)

and
MY= (Z\‘Tg22u3<S>/2Hex)[HDM’+ IJY] y H>H0 . (gb)

According to Eq. (9b) the system is in the WF state for
H>H,, and the first term in Eq. (9b) gives the magni-
tude of the WF moment. From Egs. (9a) and (9b), the
ratio of the magnetic susceptibility X, yAT in the AF
state (for H<H,) to X,,yVF, the susceptibility in the
WF state, is given by

XL,YAF/XL.YWF: 1+(HDM//H110>2- (10)
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Equation (10) shows that X; y2F>X; yW¥. Comparison
of Eq. (10) with the experimental data is made in
Sec. V.

3. AFMR Modes

To obtain the AFMR frequencies, we employ the
usual small-signal approximation used by Herrmann?®
and Cinader.!s This is done by expressing the motion
of the spin vectors in terms of their spin deviations
from equilibrium. The Hamiltonian is transformed into
new equilibrium coordinate systems X/, Y/, Z/
(1=1,2) as shown in Fig. 1(a). Let the component of the
unit vector R;=S;/(S) be denoted by X/, V/, Z/.
Here Z/ is the equilibrium position of the spin S;. The
transformation equations are similar to those of
Cinader,® but differ because a70. They are (i=1,2)

Xiz (— 1)£+1 COS(O—I—O@)X{
+(—1)%sing sin(0+a;) Y
+(—1)#1 cosg sin(60+a;)Z/
Y i=cos¢ Yi'-{—sinqs Z ,
Z¢= (— 1)’ sin(O—i—ai)X/
+(—1)%sing cos(8+a;) ¥/
+(—1)#1 cose cos(0+ay)Zi ,

where a1=-+a and a;= —a. Substituting (11) into (2),

one obtains the following Hamiltonian:

JC= AX1/X2’+B Yll Y2’+C21,Z2’+I((Y1,22/+ Zl/ Yzl)
+F(X, Y+ VX )+G(Z/ X+ XA Z)
+0(X1'+X2/)+b(yll+ Yz/)+C(Z1/+Zz’) ; (12)

where the constants in Eq. (12) are functions of 6, ¢,

and a and will be given below for specific field directions.

Employing the relations (i/v)(dR;/dt)=[R;,3C], where

v is the gyromagnetic ratio (and enters here through

our definition of 3C), taking the time dependence of X,

and ¥, in the form €%* and solving the resulting set of

linearized equations we obtain the following expression
for the AFMR modes:

(wi/7)*= (C+cx=A)(C+ctB)—F2. (13)

For the specific case H||V the necessary constants
are
Ay= —Hex cos2a—H k- sin®0+ H g+ sin’a
—HK» —l’lDM Sil’lza 5
By=H[1— (14 cos2«) sin%p ]
—H - sin% cos?0+ H x+ sin%p sin’a
— H g —hpu sin2a sing
~+ (Howm cosa+H 4 sine) sin2¢ sinf,
Cy= H [ —cos2a+ (14 cos2a) sin% |
— H g~ cos’p cos?0+ H g+ cos?op sin’a
—H g —hpwu sin2a cos?p
— (Hpm cosa+H 4 sina) sin2¢ sinf,
Fy= —H k- sing sinf cosf
— (Hpwm cosa+H 4 sine) sin2¢ sinf ,
cy= —3H[ gs cos¢ sinf+ g, sing |.

(11)

(14)
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Equations (13) and (14) have been presented in a
slightly different form from that of Cinader’s expres-
sions; nevertheless, the expressions are identical to his
when one sets H g =0, kpy=0, and makes the g tensors
isotropic and diagonal. Employing Egs. (5), (6), (13),
and (14), we can find the AFMR modes for the following
special cases:

case I: H<H,,
(wi/v)?=H 2 +Hy?, (15a)
(w—/")/)2=Hllc2_HY2(HDM//Hug)2, (].Sb)
where
Hip’= (ZHex+IIK+)HK++hDM2“‘HDMQ;
case II: H>H,,
(w/7)?=H s>+ H y*+35g0:(H—Ho)How' (16a)
(w/v):~HyHprm' —H*=%geo(H—Ho)Hpy'. (16b)

These expressions are identical to those found by
Cinader if one requires H;3=H1,.. We note that the
zero-field splitting of the two modes is due to both the
hard-plane anisotropy constant, Hx+, and the ¥ com-
ponent of the DM interaction, kpm [ Dy in Eq. (2)].

D. H| X Axis (b Axis)

For this case the cone shown in Fig. 1(a) is rotated
90° so that its axis is along X as shown in Fig. 1(b).
Owing to the ¥ component of the DM interaction there
is a constant cant in zero magnetic field of a of each
sublattice from the Z axis (in the ZX plane). The angle
¢'=¢+a is the total cant angle of the cone, ¢ being the
cant induced by the magnetic field. The tilt of the AF
axis from the Z direction is designated by 6 and corre-
sponds to a rotation of the AF axis in the ZV plane
[note that 6 in Fig. 1(b) has the opposite sense of that
in Fig. 1(a)]. The free-energy Hamiltonian for this
case is readily shown to be

0= —H o c082¢’ —H g+ cos2p’+ H g —H 4 cos?¢’ sin26
+ (Hpwm sinf—hpy cosd) sin2¢’

—H (g1 sing’+g1» cos¢’ sinf+-g13 cosg’ cosd). (17)

1. Equilibrium Conditions

Minimizing 3¢ with respect to 6, one obtains from
Eq. (17)

H g+ cos¢’ sinf~+ (3g13H+hpwu sing’) tand

=1g1,H —Hpwm sing’+ H 4 cos¢’(cos26/cosh). (18)

As H approaches zero, ¢ and 6§ must also go to zero.
Equation (18) indicates that for this to be true # 4 must

be given by
(19)

Note that if Eq. (19) is not satisfied in zero field then 6
cannot be zero and Z(¢”) will not be the AF axis.
Differentiating Eq. (17) with respect to ¢ yields a more
complex equilibrium condition which is accurately

H 4= Hpwy tana.
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approximated by
sing’ =~ [ g1+ hom cosd—Hpy sinf /2H e,  (20)

where sing’<<1 and cos¢’~1. Again the requirement
that ¢ and 6 approach zero as H goes to zero yields a
condition on /pwm, namely,

o= (ZHQX+HK+) tan2a. (21)

Substitution of (20) into (18) yields the equilibrium
condition for 8 analogous to (5a) (for the V-axis case).
It is

sin@+H xhpw tand/H 2~ H xHpm/His?,  (22)

where
Hpye = —HDM+2Hex(g12/g11) )

hDM’ = hDM+ ZI{ex (g13/g11) )

and Hx= (g11/2)H is the “modified” magnetic field for
the X axis. Equation (22) differs in a very fundamental
way from (5a) because of the extra term with the tané
dependence. If Zpy/ >0 this term will keep 6 from
reaching %7 (for the ¢’-axis case 6=3m for H>H,)
regardless of the size of the magnetic field. If Zpm' <0
this term will cause sinf to increase more rapidly than
linearly with the field and can actually produce an
instability of the AF axis at a critical angle. This is
readily demonstrated by calculating 923¢/3%0 from (17)
[423¢/362> 0 for stability of the AF axis’]. 4%3¢/96? can
be found as a function of only 8 using Eq. (18), condi-
tions (19) and (21), and Eq. (20). The result is

0%3C 1

—_—= ~‘<2H9XH %+ cosZp’ cos?l

060  Hex

(23)

Hxhpm cose’
~+ /w2 cos2¢’+ ~————~—~> . (24
cosf

Equation (23) indicates that for zpm negative 4%3¢/96?
will approach zero for < 3. If this happens at a critical
magnetic field H, where 9%3¢/362~0, one can calculate
from Eq. (24) the critical angle 6, if the parameters are
known. For H>H ., the AF-axis angle § has presumably
jumped to a new stable position satisfying the equi-
librium condition [Eq. (22)]. However, the lack of
significant hysteresis in the magnetization curve for
H||X (b axis) suggests that the new equilibrium posi-
tion must also have 923¢/362~0 for H just above H.,.
This requirement rules out $7<6<5m and suggests that
6 jumps to the fourth quadrant, perhaps to approxi-
mately —8,. [It cannot jump exactly to —8,, since this
is inconsistent with the equilibrium condition in
Eq. (22).] Using Eq. (22) one finds the critical angles
04(H—H,) and 0.(H—H,) to be given, noting
that zpm’ must be negative, by

[1 —k/COS@cl:I Sin051= )\HDMH/ l howm | ;
I:l '—'7\/C059¢2:| Sin962= )\HDMH/ i I’LDMI l 5

(25a)
(25b)

where \= (3guH )| hom | /Hip? 1s a positive constant
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less than 1. Since 6.2 has the opposite sign of the 6.1,
the square bracket in (25a) must be positive (A\/cosf..
<1) while in (25b) it must be negative (\/cosf.2>1).
This requires that |sinf,|>|sinf.1|. The stability
condition [Eq. (24)] implies that the ratio cosf,2/cosf.:
should be close to 1 to maintain reversibility (minimum
hysteresis) for increasing and decreasing fields. It is
difficult to determine these critical angles from (25a)
and (25b) since Hpm» and kpm are not known. How-
ever, the AFMR modes for H|| X (b axis) indicate that
there is an instability and imply Zpm <0. It will be
shown later how 6, and 6., may be determined, in
principle, from the AFMR modes.

2. Magnetization

The magnetization component M x for M||b is readily
shown to be

M x=Nus(S)
X (g11 sing’+g12 cosg’ sinf+g13 cose’ cosh).

Employing (20) and setting cos¢’~1, M x becomes

Npp(S)gu '

x=

(26)

(Hx+Hpar sind+hpy cosd).  (27)

ex

This expression predicts a nonzero magnetization at
zero field (#=0) which is in contradiction with the
results of KH.* The change in the magnetization,
M x(H)—M x(0), can be calculated for H < H  using (22)
and 1—cosf=2 sin2(%60) =~ sin%0. The result is
Nup(S)gu’H
Mx(H)—Mx(0)= L<_>_g__<

ex

Hpwm\ 2 1
X[l-l—(———)
Huw / [1—(0N/cos)(H/H,)]
Z1iomr Hpwm2H?
B 4 Hnb2[1—(}\_/COSQQ)(H/HC)]Z]. ( )

The low-field (H<H, AF magnetic susceptibility
X1, xAF is given by

A’Ym;(S)gnz Hpm\ 2
Xy, xAF = 1+ ) )
4H . Hy,

HKLH,.

It is difficult to obtain an analytical expression for
the magnetization for H~H, and H>H, because of
the more complex equilibrium condition. These ex-
pressions will be compared with the experimental
results in Sec. V.

(29)

3. AFMR M odes

The same general procedure used for the H||Y axis
(¢"" axis) case is used for this case; however, the geom-
etry is that of Fig. 1(b). For this case the trans-
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formation equations have the form
X,=—cos¢’ V./+sing’ Z/,
Vi=(—1)"*1cosf X/ 4+ (—1)"*1sinf sing’ ¥
+ (—1)"*1sinf cos¢’ Z;,
Z;=(—1)*sinf X,/ (—1)"! cosf sing’ ¥/
+(—1)"*1 cosf cos¢’ Z/ .
Substituting (30) into (2) one finds the necessary coeffi-
cients of the transformed Hamiltonian [see Eq. (12)]
to be
Ax=—H—Hg+sin?0+ H g+ 2H 4 sinf cosf,
Bx=H . cos2¢’ —H g+ cos2 sin%p’
+Hy —2H 4 sinf cosf sinZ¢p’
+ (hpm cos@— Hpy sind) sin2¢’
Cx= —H c0s2¢’ — H g+ cos20 cos?¢p’
+H g —2H 4 sinf cosf cos2p’
— (hpym cos@—Hpy sinb) sin2¢’,
Fx=Hg+sinf cosf sing’ —2H 4 cos26 sing’
— (Hpm cosb+hpa sinb) cose’
cx= —%H (g115in¢’+sinf cos¢’ g2+ cosd cose’ g13) .
Using (13) and eliminating sing’ with Eq. (20) the

AFMR modes for H||X, neglecting higher-order
contributions, are

(30)

(31)

(wi/7)*=H2—H 2 sin?0+ H xHp+ Hx?, (32a)
(w_/y)2=H 1;2(1—2 sin®)+ H x Fpar*, (32b)

where
Hpy = Hpyer sinf+pw cosf. 33)

Hpu+ is an effective canting field, which unlike the
V-axis (¢”-axis) case, contains two components with

different field dependences. Although (32a) and (32b)
still contain 6 as a field-dependent parameter, the field
dependence of the modes can be found if the equilibrium
condition Eq. (22) can be solved. It will be shown in
Sec. V that these equations give a satisfactory qualita-
tive explanation of the unusual AFMR mode behavior
found for H|| X axis.

E. H||Z (a” Axis)

This case is much more difficult to analyze than the
preceding cases. In general, the magnetic field H is no
longer symmetrical with respect to S; and S, in equi-
librium. It is no longer possible to describe the equi-
librium condition with just two angles 8 and ¢. Further-
more, the magnetic field now couples the normal-mode
eigenvectors of the two previous cases? (namely,
X1,+X2/, Y1I+ Yzl and Xll—}(gl, Y1’— Y2l>, SO that the
determinant no longer reduces to two 2X2 deter-
minants. However, an approximate solution is readily
obtainable if the effect of the canting field (i.e., Hpm,
Hpwmr, and hpw) are neglected in determining the
equilibrium position—namely, the equilibrium positions
of the two sublattices are assumed to remain anti-
parallel (AF) along the Z axis for the magnetic field
below the critical field determined by the spin-flop
condition. The calculation becomes similar to the
uniaxial case discussed by Foner and Williamson? for
a-FeyO3 below its Morin temperature. However, it
differs because of the additional hard-plane anisotropy
field Hx. which removes the degeneracy of the two
modes at zero field. As shown in the Appendix the
frequencies of the two modes for H || @'’ are given by

(wi/7)2= %(Hllb2+H”c2)+HZ2
[ H i —H 2 2(H 2+ H ) H 2]V, (34)

where Hz=(3gs5)H is the “modified” magnetic field
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through the data points.

along the Z axis. Hy, and Hy,. are just the zero-field
frequencies of the two modes. It should also be noted
that the temperature-dependent correction due to a
finite X;;/X; has been neglected (X,, assumed zero).

Setting Hy1»=H,., one observes that (34) reduces to
(wy/v)=Hu.£Hz; which is exactly the same as the
Foner-Williamson expression.? However, for H,,;>>H .,
the lower mode w_ is approximated by (w_/v)?
=H2—H x2. Both these expressions lead to a critical
field for spin-flop of H, spin-t1op=(2/g33)H11.. For H s,
somewhat larger than H,,, the mode curve will lie
between the linear expression of Foner and Williamson
and the curve (w_/v)= (H2—Hx»)2

IV. EXPERIMENTAL RESULTS

In Fig. 2 we have shown the angular dependence of
the resonance field for the low-field branch of the low-
frequency mode w_ at four different frequencies.” The

NGY (
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O
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Fi1c. 4. AFMR frequency at 4.2°K plotted as a function of
magnetic field along the ¢’ axis. The solid lines are smooth curves
through the points.

27 S. Foner and S. J. Williamson, J. Appl. Phys. 36, 1154 (1965).
28 The accuracy of the klystrons frequencies, as measured by the
frequency meters, was better than 30.2%,. The accuracy of the
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positions of the minimum and the maximum resonance
fields are, respectively, ¢’ and ¢’ axis. The resonance
line is broader along @’ than along ¢”. The angular
dependence of the high-field branch of the w_ mode is
quite similar to the data at 36.3 GHz in Fig. 2, viz., the
resonance along a”’ could not be observed with the
available magnetic field and the minimum is also
along ¢”. »

The angular dependence of w_ in the b¢’ ?* plane is
shown in Fig. 3. The frequency dependence of the
angular dependence will become clear when we discuss
the AFMR modes along the b axis. The relevant fact
in the present context is that the resonance field is an
extremum along the b and ¢’ directions. The additional
extrema at positions in between the b and ¢’ axes are
not 90° apart and their position is magnetic-field-
dependent. This suggests that these positions do not
correspond to the principal axes. From the above
angular dependence we conclude, as noted earlier in
Sec. I11, that @/, b, and ¢’ are the “principal axes” for
the ordered spin system. Therefore, most of the data
were taken along these directions.

A. AFMR Modes for H||c"

The AFMR frequency-versus-magnetic-field dia-
gram for H||¢” is shown in Fig. 4. The zero-field fre-
quency for w_ is 67.3 GHz at 4.2°K. The resonance
frequency decreases as the magnetic field is increased
extrapolating to zero at Hy=35.25 kOe. Above Hy, a
high-frequency mode w,; and a low-frequency mode w_
are observed. The low-field branch of w; was not ob-
served up to 80 GHz and also between 107 and 124 GHz.
This implies that there is a finite zero-field gap between
wy and w_ and that the zero-field frequency of the w,
mode probably lies between 80 and 107 GHz. An
estimate of this is made in Sec. V. There is also a finite
jump at H, for the high-field branch of the w_ mode.

B. AFMR Modes for H||b

Figure 5 shows the frequency-field diagram for H|[b
axis. Starting with the zero-field frequency, the reso-
nance frequency increases with the magnetic field. At
72 GHz and about 5.3 kOe a discontinuity occurs. At
this discontinuity a weak “resonance” of unusual shape
was observed at various frequencies between 9 and 72
GHz. Above 5.3 kOe two resonances are again observed
whose resonance frequencies increase as the magnetic
field is increased. With the help of Figs. 4 and 5, the
angular dependence in the b¢’ plane shown in Fig. 3
(where the weak “resonance’ at the critical field is not

magnetic field, measured by NMR probe, was found to be better
than 1 part in 103 below 21 kOe. Above 21 kOe, the accuracy may
be slightly worse. In most cases the sizes of the data points exag-
gerate the error in magnetic field and frequency.

2 Because of the experimental difficulty of orienting the
crystals in the b¢” plane, the angular dependence in this plane
could not be studied (angle between ¢’ and ¢’’ being 8.5°). How-
ever, it is believed that the inferences drawn from the angular
dependence in the b¢’ plane do not change.
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shown) can now be understood. For example, no reso-
nance is observed along the b axis below about 60 GHz.
As H is rotated from along ¢’ towards the & axis, the
resonance line broadens. The effect is quite dramatic
at 50 GHz where the resonance was observed in only
about half the b¢’ plane as shown in Fig. 3. The angular
dependence of the w; mode in the b¢’ plane at two
different frequencies is shown in Fig. 6. The resonance
field is an extremum along the b and ¢’ axes. The line-
width at 106.8 GHz varied from about 110 Oe in the
b direction to about 170 Oe in the ¢’ direction.

The usual shape of the weak “resonance” observed
at the discontinuity is shown in Fig. 7. It is noted that
X" will be a step function with a width of about 50 Oe.
The resonance field for this resonance varied between
5.25 and 5.3 kOe at different frequencies with no
definite pattern. The hysteresis of this resonance is no
more than 10 Oe. Gyorgy!! has also observed a dis-
continuous increase in the magnetization along b at
about 5.3 kOe with negligible hysteresis. This is con-
sistent with the AFMR observations.

C. AFMR Modes for H||a"”

The frequency-field diagram for Hi[¢” is shown in
Fig. 8. The resonance frequency decreases with the
magnetic field but at a much slower rate compared to
the ¢'’-axis case. This difference between the o'’ and
¢" axes is clearer from the angular dependence in the ac
plane shown earlier in Fig. 2. At 36 GHz and lower
frequencies, the resonance field for &’ is higher than
was available at these frequencies. Moreover, the
AFMR line is broader along @’ than along ¢’/ and the
linewidth along a’’ increases as the frequency decreases;
the peak-to-peak linewidth at 64.9 GHz is 140 Oe,
whereas at 50 GHz the linewidth is 375 Oe. By simple
extrapolation, the spin-flop field (where w=0) for ¢" is
estimated to be in the neighborhood of 20 kOe.

At 33 and 36 GHz, another resonance (also shown
in Fig. 8) with the minimum resonance field near the
a axis was also observed. This resonance broadens out
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Fre. 5. AFMR frequency at 4.2°K plotted against magnetic
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the points.
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in an angular rotation of about 3=10° about the ¢ axis.
The w, mode along ¢’ was not observed with the
available magnetic field. The reason for this behavior
becomes clear from Fig. 9, where the angular dependence
of the resonance field of this mode in the ac plane is
shown. The angular dependence varies almost as 1/cos#,
where 6 is measured from the position of the minimum
resonance field which in this case is not along ¢”.

The angular dependence of the AFMR modes in the
ab plane was studied only at 59.8 and 36.4 GHz since
the observations were completely consistent with the
data in the ac and b¢’ planes.

D. Temperature Dependence

The temperature dependence of the AFMR was
studied only for the w._ mode along ¢”’. This temperature
dependence of the resorance field between 1.4 and 15°K
and 59.8 and 36.3 GHz is shown in Fig. 10. Note the
‘“premature vanishing” of the low-field branch at
59.8 GHz. In Sec. V, these data are used to evaluate the
temperature dependence of H ..

E. AFMR Linewidths
The temperature dependence of the AFMR linewidth

along ¢’ at 59.8 GHz is shown in Fig. 11. As noted
2
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F1c. 7. A recorder trace of the “resonance” (dx''/dH versus H)
at the critical field along b at 4.2°K and 9.37 GHz.
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1. 8. @: AFMR frequency at
4.2°K versus magnetic field along the
a”’ axis. A:Additional resonance
(see text) with the minimum reso-
nance {field along the e axis. The
data fcorrespond to the minimum
resonance ;field. The three curves are
based on calculations (see Sec. V C).
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earlier, the temperature dependence below 4.2°K is
negligible and the residual temperature-independent
linewidth is about 30 Oe.

The angular dependence of the AFMR linewidth for
the high-field branch of w_ mode in the ac plane is
shown in Fig. 12. The data shown were taken at 59.8
GHz and at 4.2 and 1.4°K. For weak ferromagnets
having isotropic g tensors, like MnCos; and a-Fe;Os,
Turov has shown?® that the angular dependence of the
linewidth can be described by AH=AH, /cosf, where
AH,, is the linewidth for H parallel to the position of
minimum resonance field. For Cu(HCOO),-4H,0, in
the WF state (H > H,), one does observe sharp broaden-
ing of the line as a” is approached. However, the
minimum in the linewidth does not occur along ¢, the
position of minimum resonance field. This may result
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F16. 9. Angular dependence of the resonance field for the high-
field branch of the w;, mode at 4.2°K. 0: 123.8 GHz. The solid
line is a smooth curve through the points.
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¥ E. A. Turov, in Physical Properties of Magnetically Ordered
Crystals (Academic Press Inc., New York, 1965), Chap. IX, p. 161.

from g-tensor anisotropy since the principal axes of the
g tensor do not coincide with ¢’ and ¢”.

V. COMPARISON OF EXPERIMENTAL RESULTS
WITH THEORY AND DISCUSSION

A. H|¢" Axis

Comparison of the experimental data shown in Fig. 4
is now made with the calculated resonance modes of
Egs. (15) and (16). For the low-field branch of the w_.
mode, a straight line is obtained by plotting (w_/v)?
versus H?y as Eq. (15b) demands. This fit yields
Hpn=8.6X10* Oe, H,;,2=5.2X 108 Oe?, and H(=5.28
kOe. For the high-field branch of w_, (w_/v)? plotted
versus H y yields a straight line as required by Eq. (16b).
This gives Hpw =8.5X10* Oe. For the w; mode,
(wy/v)2—Hy? plotted versus Hy [according to Eq.
(16a)] yields a straight line with the slope Hpwm-
=8.2X10* Oe and the zero-field intercept H,s>*—H,.*
=6.8X 103 Oe2. This consistent value of Hpw/, obtained
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I'16. 10. Resonance field for the low- and high-field branches of
the w_ mode along ¢’ is plotted against reduced temperatures
T/Tx, where Txy=17°K. 0: 59.8 GHz; A: 36.3 GHz.
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from the slopes of the three different branches of the
AFMR modes, is one of the most convincing tests for
the model used in the calculations of Sec. ITI.

Using Hom = (8420.2)X10¢ Oe, H,2=5.2X108
Oe?, H,12—H,1,2=6.8%X 108 Oe?, and Egs. (15) and (16),
we have plotted the AFMR frequency as a function of
magnetic field in Fig. 13. The experimental points are
also shown for comparison. There is good agreement
between theory and experiment throughout except for
the high-field branch of w_ where a constant gap exists
between the two. Empirically one may add an extra
gap Ha? to Eq. (16b) giving

(w~/7)2:IIY11DM'—an2+[]A2, H>H,. (35)

The experimental data then give H%?=2.75X10% Oe?
This corresponds to a gap of 49 GHz at H=H,. By
taking into account the higher-order terms in the calcu-
lation, one in general obtains a gap at Ho. However, the
magnitudes of these terms in the present case are very
small and the predicted jump is only 0.2 GHz—too
small to explain the observations. Therefore, there must
be some other source for Hx2% In MnCos, a weak ferro-
magnet of the easy-plane type, Borovik-Romanov et al.?
observed an extra gap which decreased linearly with
increasing temperatures. The temperature dependence
of Hx? can be evaluated by using Eq. (32) and the
temperature dependence of the resonance field (for
H>H,) shown in Fig. 10. Contrary to the case of
MnCos it is found that Ha? increases monotonically
with temperature. Therefore, at present the physical
origin of H,?%is not known. The low-field branch of the
w; mode has not been observed, but using the above
numbers the predicted zero-field value for this mode
is 102.5 GHz.

From the fit of the paramagnetic susceptibility to the
high-temperature series expansion, J; (the Heisenberg
exchange between a pair of nearest-neighbor ions) was
found to be 71.5°K.% From Eq. (4) Hex=J(S)/2uz,
where J=3J;;. z is the number of nearest neighbors
coupled by strong exchange and is considered to be 4 in
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F16. 11. Temperature dependence of the AFMR linewidth at
59.8 GHz for the w_ mode along ¢”’.

100

o

3L A. S. Borovik-Romanov, N. M. Kreines, and L. A. Prozorova,
Zh. Eksperim. i Teor. Fiz. 45, 64 (1963) [English transl.: Soviet
Phys—JETP 18, 46 (1964)].

2299
___600}
[0 1
C so0t- Lo
T [
5 400}~ (z ! \
; 300~ / E X
—J 200} /0 }' X\
oL /f( dals
100 / ; z\\l o
MI 1 1 A/Af : l l TA\A» 1

0 3 & 90 20 150 180
ANGLE (DEGREES)

F1c. 12. Angular dependence of the AFMR linewidth at 59.75
GHz for the high-field branch of the w._ mode. 0:4.2°K; A:1.4°K.
The solid lines are smooth curves through the points.

this case. Using (S)=1% 32 one finds Hq=1.06X 10 Oe.
Although gs»=2.34 has been determined from g-value
measurements in the paramagnetic region,” it is not
possible to determine the off-diagonal components
without knowledge of the asymmetric contribution to
the g tensor. Therefore, one cannot determine the other
exchange constants Hpm, Hk, hom, Ha, and Hg. We
shall return to this question later.

Using the values of He, Hpmr, Hie, and gse and
Egs. (9) and (10) one can calculate the magnetization
and the susceptibility ratio along the ¢’ axis. The
calculated value for the field-induced weak moment is
found to be 2.02 (cgs emu)/cm?. From Eq. (10) one
obtains X, yAT/X,yW¥=1+4(Hpw/H.)?=15.2. Mag-
netization data along ¢’/ are not available; however, the
measurements of KH* along Ly (L1 is 17° away from ¢”
in the ac”” plane) may be used to make a crude check on
the above values. The KH data give M,W¥(along L,)
~1.25 (cgs emu)/cm?® and X, A¥/X;, WF~10.

B. H|/b Axis

It has not been possible to obtain a good quantitative
fit of the AFMR modes for this case to Egs. (32a)
and (32b). However, one can explain some of the
qualitative features of the mode spectrum. It is useful
to take the difference of (32b) and (32a) because the
term containing the effective canting field Hpwm* cancels
out. The result is

(w—/7)?—(wi/v)?=H*(1—sin®) —Hyp*—Hx*.  (36)
This expression yields information on the critical

3 Qur assumption of (S)=% neglects the effect of the zero-
point spin deviations. For a two-dimensional spin-} Heisenberg
AT, the spin-wave theory gives (§)=0.31 [see P. W. Anderson,
Phys. Rev. 86, 694 (1952)7]. If such large deviations are present,
the stability of the Néel state is questionable [see F. Keffer, in
Encyclopedia of Physics (Springer-Verlag, Berlin, 1966), Vol. 18,
p. 139]. However, the effect of the anisotropy, which is quite
significant in the present case, is to decrease the spin deviations
and to stabilize the Néel state. Since no other independent check
on the values of the exchange parameters is available, we cannot
get an estimate on the spin deviations from the present experi-
ments. A deviation from (S)=1% will effect the values of the derived
constants such as Hpy, Hx, and Hx:. However, the ratio Hx/Hx:
remains unchanged.
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F16. 13. Comparison between theory and experiment for H|c”” axis. The solid lines are thoeretical curves using Hpy,=8.4X 104 O,
Hind=35.2X108 Oe?, and Hip?—Hu2=6.8X108 Oe2. The solid circles are experimental points.

angles 6.1 and ... Figure 5 indicates that the two modes
are nearly degenerate just above the instability field
H, leading to cos?0,3~0.46 using the values for H,,,,
Hb, H,, and gnn=2.11. Equation (36) also indicates
that the frequency difference between the two modes
must decrease as H increases from zero. Furthermore,
(32a) indicates that for w, to increase (not considering
for the present the HxHpm* term) sin? must remain
very small (H»? sin?0<H x?). At H .- we set

(0—/7)*—(wy/v)*=Hnp*—Hy > —H*
and obtain
sin?0=[Ha?— (3g11)H 2/ H 2.

H > (3gu)H, is required, but it cannot be very large
since sinf must change slowly with field. Hence
sin?0,;<<1, probably less than 0.01. As the field is
increased above H,, (w_—w,) slowly increases as seen
in Fig. 5. (The angular dependence of the modes in the
bc’ plane in the high-field region indicates that w_ re-
mains the higher-frequency mode for H>H,.) This
implies that sin24 decreases from sin?§., for H increasing
above H .. The value of sinf for 4> H ; can be calculated,
in principle, from Eq. (22).

Employing Egs. (25a) and (25b) and the values of 6,
and 6. obtained from (36) and Fig. 5, one obtains
A=0.70 and Hpm /| hom | =0.02 for sinf.;=0.05. X is
quite insensitive to the value of sinf.: chosen (it does
depend on cosf.2), however, the ratio Hpm/|hom:]|
increases almost proportionately to sinf.. From the
definition of A one then obtains |Apw|=8.6X10% Oe
and Hpm~10% to 3X10® Oe depending on the value
of sinf.; chosen. Both these values will be altered by

changes in 6. This analysis suggests that |Apw| is of
the same order of magnitude as Hpw but that Hpy- is
very much smaller than either of these quantities.

The problem with the above analysis is that it pre-
dicts a rather large Hpy* which is always negative for
the allowed range of 6. It introduces a very large nega-
tive contribution to w; and w_ at large fields and also
contributes a zero-field component to the magnetization
[see Eq. (27)]. Even if one uses an How ofr*= Hpam*(6)
—Hpyn#(0), that requires the Hpu* employed in (32a)
and (32b) to be zero at I and =0 the agreement at
large fields is poor. The calculated modes show a
tendency to flatten out at high fields, whereas Fig. 5
indicates both w, and w_ appear to be increasing linearly
with field at high fields. It would seem that a positive
Hpwm* which increases with field is required to explain
the b-axis results; however, this is inconsistent with the
negative zpu- required to explain the instability.

The magnetization data for H<H, are also not in
satisfactory agreement with the above results. If one
takes the ratio X, xF to X, y*T employing Egs. (29)
and (9a), one obtains

X1, xAF B <gu>2 [14-(Hpur/H 1))
[1+(How/Hi1)?]

Since Hpw» appears to be much less than H,,, the
result is about (2.11/2.34)2/15.2~0.053. The results of
KH* for H||b and HJ||Z; (17° from ¢") indicate a ratio
closer to 3. For H> H, the magnetization data of KH
for L; and the b axis (L,) are very similar. This would
only be the case [see Eq. (27)] if Hpw* were approxi-
mately Hpw for large fields. This is strongly incon-

H<KH,. (37)

Xy, vAF goo
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sistent with the above discussion. Thus neither the
magnetization data nor the AFMR modes for H||5
can be satisfactorily explained. Nevertheless, the
calculations of the AFMR modes do indicate the
possibility of explaining the observed instability with a
Hamiltonian just including bilinear exchange terms.

C. Hja"

The data for this case are shown in Fig. 8. The data
are rather incomplete; however, the lower mode w_ is
shown out to about 12 kOe, the frequency having
dropped from 67.3 GHz to about 50 GHz. The two data
points (A) at 36 and 33 GHz between 7 and 9 kOe are
not understood at present.

Theoretical expressions are also shown in Fig. 8 based
on Eq. (34) (the procedure was outlined in the
Appendix). For wyo=w_o (Hus=H.), Eq. (34) reduces
to the expression given by Foner and Williamson, and
this falls well below the experimental data. The extreme
limit wyo>w_o (Hiuo>H\y,.) is also shown and lies above
the experimental values. The intermediate curve is for
the estimated experimental value H3/H .= 1.52. Tt is
only in fair agreement with the experimental results. A
larger ratio H,1»/H ;. would make the agreement better;
however, this cannot be considered significant since all
effects of canting have been neglected in finding the
equilibrium position. Note that the calculated spin-flop
field Hy=(2/gs3)H11.=21.8 kOe. This was not deter-
mined experimentally. Substantially more data are
required before a complete analysis of the a'’-axis
results is feasible.

D. Estimate of Other Exchange Parameters

The problem of obtaining the parameters Hg, Hx-,
Hpy, and kpy is a complex problem and requires de-
tailed knowledge of the components of the asymmetric
g tensor. Since these components are not determined
from conventional EPR experiments we can at best
make estimates neglecting the antisymmetric contribu-
tions. The symmetric g-tensor assumption gives
g12= g21=0.08 2% and yields Hpm~12 kOe, which would
also require HDMH = —HDM+ 2Hexg12/g11= 68 kOe,
which is a much larger value than indicated in Sec. V B.

TaBLE I. Values of exchange constants and
AFMR mode parameters at 4.2°K.

Hex (1.06:0.05) X 10° Oe=

Hie 2.28X10% Oe

Hip 3.46X10* Oe

Hpa (8.4£0.2) X10¢ Oe

g21=0.08 g21=0.06

Hpx 12X103 Oeb 30103 Oeb
Hg- 3.1X10? OeP 6.7 X102 Oeb
Hg: 1.6X102 Oeb-e 1.6X10% Oeb-e
Hx 4.7X102 Oeb-c 8.3X10? Oeb>¢

a Based on the Jjx value of Ref. 6.
b Based on symmetric g tensor.
¢ It has been assumed that zpmM <KHpM.
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Fi. 14. Reduced AFMR linewidth (AH)z«T* is plotted
against temperature on a log-log plot. The solid line is the best fit
through the data points giving #=23.34-0.2.

Employing H,.%, Hpwm, and H, one finds H z-= 313 Oe.
Hg:, and hence Hpg, cannot be obtained from
(H1p*—H,1.%) unless kpy is known. The copper formate
geometry?® and Moriya’s rules for the direction of the
D, ¥ suggest either zpm<KHpu or that hpy/Hpy~4-5.
This latter choice would require a rather large negative
H g, which is inconsistent with Z(a”’) as the easy axis.
If ipm<KHpwy then one finds Hx = 160 Oe and H =473
Oe. As an illustration of the effect of small changes in
the g tensor on these exchange parameters, a calculation
of these same quantities is shown in Table I, along with
the above values, for go1=g12=0.06 and kpy<<Hpy.
The value of Hpm~12 kOe obtained above is in good
agreement with the value of | ®| inferred from the
exchange-narrowed EPR linewidth® measured at high
temperatures (70<7'<273°K). It is rather risky, how-
ever, to compare the Hpy measured by AFMR at
4.2°K with that inferred from EPR linewidth measured
at much higher temperatures. Moriya33 has estimated
the magnitude of Hpym to be about (Ag/g)He which
would imply (for Ag/g~0.13) an Hpym an order of

% T. Moriya, Phys. Rev. Letters 4, 228 (1960) ; Phys. Rev. 120,
91 (1960).
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magnitude larger than 12 kOe. As Table I indicates for
221=0.06, a somewhat larger value of Hpy is certainly
possible; however, a value an order of magnitude larger
seems unreasonable and would require a negative value
for go1.

The data for HJ[b suggest a large negative /Zpw-.
However, if | hpm|<<Hpu this can only be achieved by
a large negative value of gi3(g1s~—0.16). It is not
known whether this value is realistic. No definite con-
clusions can be reached concerning the magnitude of
hom. We note, however, that for both the H|[¢”” and
H||» cases the effective canting fields Hpm:, Howm/,
and Zpws have large contributions due to the anti-
symmetric Zeeman interaction. For Hpy-, which is
much better known than Hpy and Apwmr, the analysis
indicates that the contribution of the antisymmetric
Zeeman term is the dominant canting term.

E. Temperature Dependence of H).

From the temperature dependence of the resonance
field for the w_ mode (Fig. 10) and Eq. (15b), we have
determined the temperature dependence of H,;.. (Note
that H, Hx-, Hpw, etc., are proportional to (S), which
is temperature dependent. The ratio (Hpm-2/H %) is
temperature independent.) This analysis yields the
temperature dependence shown in Fig. 14. The value
of H,;,, extrapolated to zero temperature is 23.5 kOe
compared with 22.5 kOe at 4.2°K. Since both H,;, and
the magnetization are proportional to (S), the tempera-
ture dependence of the magnetization should be the
same as that of H;.. On the molecular field approxima-
tion, the magnetization should vary as the normalized
Brillouin function for S=3%. The deviation from this
behavior, as shown in Fig. 14, may not be surprising
since the molecular field approximation was found to be
a poor approximation even in the paramagnetic region.
This deviation has been attributed to a two-dimensional
Heisenberg-like behavior.® Recently, Birgeneau ef al.3

found that in RbeMnF,, a two-dimensional near-
Heisenberg AF, the magnetization also deviates from
the molecular field approximation. Instead, their results
indicate that the magnetization follows a (T'y—1T)°18
law from Tx=38.4°K to T'y=4.3°K. A similar analysis
has been done for the present case. The data fit reason-
ably well the relation (T'x—7)% from 1.4 to 15°K.

F. Temperature Dependence of AFMR Linewidth

The experimental linewidth shown in Fig. 11 has a
temperature-dependent and a temperature-independent
contribution. The temperature-independent residual
linewidth of about 30 Oe presumably arises from the
crystal defects. Such residual AFMR linewidths have
been observed in all materials; e.g., the residual line-
width is 300 Oe in MnF, % and 20 Oe in CuF;-2H,0.3¢

The temperature dependence of the AFMR linewidth
for a uniaxial antiferromagnet with Hpu =0 has been
considered by various authors but the results are in
disagreement with one another. In the limit of 27> %w,
[wo/y= (2HH)'?] the temperature dependence of
the AFMR linewidth is shown proportional to T by
Urushadze,® T2 by Kawasaki,® and Tani,*® and 7% by
Harris.®® For the present case with Hpw/s#0, it is
doubtful whether any of these theories is applicable.

The theoretical expression for the linewidth is
usually given at constant magnetic field, whereas the
experimental linewidths measured here were determined
at constant frequency. Therefore, a conversion factor
(1/v)(8w/0H), whose values can be determined from

#R. J. Birgeneau, H. J. Guggenheim, and G. Shirane, Bull. Am.
Phys. Soc. 14, 738 (1969).

8 F). M. Johnson and A. H. Nethercot, Phys. Rev. 114, 705
(1959).

36 K. Nagata and M. Date, J. Phys. Soc. Japan 21, 2420 (1966).

37 G. I. Urushadze, Zh. Eksperim. i Teor. Fiz. 39, 680 (1960)
[English transl.: Soviet Phys—JETP 12, 476 (1961)].

38T, Kawasaki, Progr. Theoret. Phys. (Kyoto) 34, 357 (1965).

3 K. Tani, Progr. Theoret. Phys. (Kyoto) 31, 335 (1964).

4 A, B. Harris, J. Appl. Phys. 37, 1128 (1966).
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the resonance conditions (15) and (16), is used. The
reduced temperature-dependent contribution to the
linewidth (AH)r is plotted versus temperature on a
log-log plot in Fig. 15. The best fit with the data, shown
by the solid line, yields the law (AH)p« 7'3:3%0-2. The
deviation from this law below about 4.2°K may simply
be related to H,,., which is approximately 3.2°K.
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APPENDIX: CALCULATION OF AFMR
MODES FOR Hja”

This calculation is similar to that for a uniaxial AF*!
but includes two anisotropy fields Hx and Hg: the
latter representing the hard-plane anisotropy. For
simplification we set the unknown cant angle a (see
Fig. 1) equal to zero (H 4= /hpy=0) so that we assume
the two sublattices exactly antiparallel along Z (a”).
In determining the equilibrium position we neglect all
canting terms such as the DM interaction or the anti-
symmetric Zeeman interaction. The equilibrium posi-
tions will then be antiparallel along Z for the magnetic
field below the spin-flop critical field. The transforma-
tion equations from X, ¥, Z to the sublattice equilibrium
positions are (1=1,2)

Xi=(=1)™*X/,
V,=Y/,
Z,': (—- I)H'IZ,L'I .

(A1)

4 Tor a review of the AFMR modes for uniaxial AF, see the
review article by S. Foner, in Magnetism, edited by G. Rado and
H. Suhl (Academic Press Inc., New York, 1963), Vol. I, pp.
390-407.
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The Hamiltonian analogous to Eq. (12) will be
3= Hex( —X1/X2l+ Yll Yz’ _ZI,ZQI>
—HgZ( 7y —Hr (X X+ VYY)
—Hopy (X1' Y2’+ YIIXZI) —*%gslﬂ(Xll'F X2/)
—5gaH (Vi + V) —3gasH (Z)' —Z5). (A2)
Particular note of the diagonal Zeeman term should be
taken. It is antisymmetrical in Z," and Z,' rather than
symmetrical as in Eq. (12). Equation (A2) then leads
to the following set of linearized equations of motion:
—-iw/'yX{ = B2Y2l —C2Y1/+ Fzle —Czyll 3
—iw/v Xy =Bz¥Y —CzVy+TF ;X1 4czV?,
—iw/y V1= —A X+ C, X —FY)+cz XY,
—-iw/'ng': —-A ZX1’+CzX2’——FzY1I—CzX2I 5

where

(A3)

Ay=—Ho—Hg,

Bz=Hx—Hg,
Cz=—Hx—Hg,
Fz=—Hopwm,

and

Cz= (%gu)}lzlfz.
Note that the canting term Hpu is included when
determining the mode frequencies.

Taking the natural mode linear combinations,
namely, X/+X,, V74V, and X /—X,, V-V,
the solution for the AFMR modes is a determinant of
the form

iw/v+F;  (Bz—Cz) 0 —Cy
—(Az—C2) iw/y—Fz cz 0 -0
0 —Cz tw/y—Fz —(Bz+Cz)|
Ccz 0 (AA—}‘CA) iw/’y—l—Fz
(A4)
Multiplication of (A4) yields the equation
(w/’y)4—~(w/'y) 2[H11b2+f111c2+2622]
+(Hy vi—cz)(H2—cz*) =0, (AS)

where yH 1, and yH,,, are, respectively, the zero-field
resonance mode frequencies w(0) and «_(0) where
Hiy and Hy,. are given by
Hyp=(A7+Cz)(Bz+Cz)—F7?,
H,=(A;—Cz)(Bz—Cz)—Fz.
Solution of Eq. (A5) leads directly to the modes w,
and w_ given in Eq. (34).

(A6)



