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where 8 =2kpR and o =2kpy. es arose from large momentum transfers while

At large R, F_ and F do not differ greatly Kondo’s singularity involves small energy and
for small y. However, for small R, Fy achieves momentum transfers near the Fermi surface.
a finite value while F has a singularity at R The author would like to thank Professor C.
=0. The consequences of the differences be- Kittel for suggesting this problem and for sev-
tween F_, and F', and other effects of phonons eral helpful discussions.

on the model, will be discussed elsewhere.®’
Figure 1 shows a comparison of F_ and F
for small R and the values 2kgy =1 and 2kgy =0. rWork assisted by the National Science Foundation.
As a final point, the relationship between G. Vertogen and W. J. Caspers, Z. Physik 198, 37
the VC divergences and the Kondo singularity® (1966), hereafter referred to as VC.

in th istivity should be clarified. Cal 2The second-order calculation of the indirect inter-
in the resistivity shou € clariiled. cu action is called the Ruderman-Kittel-Kasuya-Yosida

lation of the Kondo terms in resistivity with (RKKY) interaction: M. A. Ruderman and C. Kittel,
the effective Hamiltonian in Eq. (3) alters Kon- Phys. Rev. 96, 99 (1954); K. Yosida, Phys. Rev. 106,
do’s results only by a multiplicative factor 893 (1957). T
3This function is written as Eq. (4) of this Letter, or
see Ruderman and Kittel and Yosida, Ref. 2.
Z{I—GXP[—%(ZkFV)Z]}/(ZkFY)Z “See particularly Eq. (25¢) and Eq. (28) of Ref. 1.
5S. P. Bowen, to be published.
which approaches 1 as y - 0. The VC divergenc- 8J. Kondo, Progr. Theoret. Phys. 32, 37 (1954).
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The purpose of this Letter is to present a mann,® but has been extended to include the
theory of the resonance modes of a canted, effects of fourfold anisotropy terms which are
orthorhombic antiferromagnet in the temper- important in the region considered. A prelim-
ature region where the a-c plane anisotropy inary analysis® suggests that the relatively
changes sign. The results are applied to the low resonance frequencies implied by Herrmann’s
rare-earth orthoferrites in which the direction results are eliminated when fourfold terms
of the weak moment changes from the a axis are included. However, it is shown here that
to the ¢ axis with increasing temperature.!™ if the fourfold anisotropy is consistently tak-

It is found that low-frequency antiferromagnet- en into account in the expressions for the equi-
ic resonance modes occur in the reorientation librium configurations and the resonance fre-
region. quencies, then low-frequency modes are pre-

The theoretical results provide an interpre- dicted by this model.
tation for recent microwave absorption mea- The energy expression for the model contains
surements® which have not been adequately the following terms:
explained. The results show that resonant ab-
sorptions should be observed at zero applied E=MH_(th -t )+MH_.(th, xm_)
field for a wide range of frequencies. Addition- ET1 2 D 1 2
al results of the theory, also verified exper- -MH -(fa, +T, ) +E .. (1)
imentally, include the fields for resonance 0 1 2 A
along the a and ¢ axes, the directions of max-
imum rf susceptibility, and the angular depen- Here, 1, and M, are unit vectors in the direc-
dence of the resonance aplitude. tions of the sublattice moments, M is the mag-

A two-sublattice model has been used to cal- nitude of the moments, Hy is the isotropic
culate the equilibrium position of the magne- exchange field, and H, is the applied field.
tization vectors and the resonance frequencies. The antisymmetric exchange field ﬁD is direct-
The model is similar to the one used by Herr- ed along the b axis. The anisotropy energy
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E 4 is assumed to have the form

=1 2 2y_1 2 2 3
E, /M=~3H ny *+my B)=3Hglm, *+m, *)+3H

g D m

‘eH (m, m

o C"1x 1z ), @)

-m, m
i=1,2 2
A=X,Y,2

where H, and H, refer to effective fields along the a and ¢ axes, respectively. The effective field
H, is the coefficient of the fourfold terms, H( is the single-ion canting field, and the subscripts

[x,v,z] refer to the a, b, c axes.

There are four angular variables in the problem; by minimizing E with respect to three of these,
we obtain from Eq. (1) an energy expression for applied-field orientations in the a-c plane:

F H ? cos (6 00) 2H _ cos(6 90)[HD+H

0 C

where 0, is the angle between the weak moment
and the ¢ axis, and 0 specifies the applied-field
orientation. In obtaining Eq. (3), we have ne-

glected terms of order ~Hp(H1-H3)5? and HEpH 4052,

where 0 is the canting angle. Also, it has been
assumed that /7, and H, are positive and Hp,
>Hn; otherwise, additional solutions must

be considered. With H,=0, the stationary val-
ues of F are given by

(cos26,-7) sin26,=0, (4)

where 7 is the ratio of the coefficients of the
twofold to fourfold terms,

_ZHE(H1'H3) +4H pH

— 2
3HEH4 4Hc

The solutions of Eq. (4) given by cosf,=0
and sin6,=0 correspond to Herrmann’s config-
urations II and IV, respectively.® For systems
in which H,-H, changes sign as a function of
temperature, we define the temperatures 7;
and Ty, such that 7(77)= ~1 and 7(Tj)=+1; then
additional solutions exist for T;<T <Ty,, giv-
en by cos26,=7. The configurations which cor-
respond to sinf,=0, cos6,=0, and cos26,=T
are shown in Fig. 1.

If 3HpH4—4H? >0, the solutions of cos26,
=7 are stable and the spin reorientation takes

(5)

-1 -
cosZGO] 2[ZHE(H1 H

3)+4HDHC]008290

1 _ 2 -
+8[3HEH4 4HC ](cos490 1), (3)

place continuously as a function of temperature.
This is consistent with recent torque and mag-
netization measurements.* The stationary val-
ues of F(H,=0) are shown in the upper half of
Fig. 1 as functions of the parameter 7. The
solid and dashed lines correspond to stable

and unstable regions, respectively. At a tem-
perature T, such that 7(7,) =0, then sinf,=+1/
V2. This is the temperature at which 2Hp(H1
—H3) +4HpHC =0, and it can be noted from Eq.
(3) that, for H =0, the energy contains only
fourfold terms. This is also consistent with
recent measurements of torque versus applied-

field orientation which show fourfold symme-
try when the weak moment is 45° from the ¢
axis.*

If 3HpH4~4H? <0, the solutions, cos26,=T,
are free-energy maxima. For this case, con-
figuration II would be unstable above T}, and
configuration IV would be unstable below T7;
in between, both states would be locally sta-
ble. The spin reorientation would be a first-
order phase transition with the possibility of
hysteresis effects occurring. This has not
been observed experimentally, so the follow-
ing description of the resonanances will be
confined to the case in which 3HpH4~4H?>0.

For applied fields in the a-c plane, the ex-
act solutions for the resonance frequencies
are given by

(w/y)*=20w/y) (| *Hy* +H ~Hy=+H %) +[(H ¥V~ =)=H PN, -, =) -H *g*] =0, (6)

where

= - H ., xm
HEg HEcos26+HD (m1 mz),

o 18 (fa. +1 +
Hl,Z HEg+2H0 (m1+m2)+h H

1,2 1,2

729



VoLUME 20, NUMBER 14

PHYSICAL REVIEW LETTERS

1 AprIiL 1968

and

oF oF
£ +__A - A
ZMhi =1,2 Za [R3a om iR3a om

la 2a

The indices «, 8 run over x,y,2; the matric-
es Rt and R~ transform the [x,y, z] coordinate
system to coordinates fixed on the equilibrium
positions of m, and im,:

0 1 0
R*=| £sin(6,%6) 0 +cos(6,%5) .
+cos(6,¥6) 0 Fsin(6,F9)

Computer programs were used to solve the
equilibrium equations and evaluate the reso-
nance frequencies’ for typical values® of the
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FIG. 1. The energies of the spin configurations are
shown in the upper portion of this figure; the stable
configuration for the different temperature regions is
shown in the center; the frequency of the lower reso-
nance mode as a function of the parameter 7 for H;=0
is shown in the lower portion.
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internal fields for the orthoferrites. The ze-
ro-field frequency of the lower mode is shown
in the lower half of Fig. 1 as a function of 7.
The following values in Gauss were used: Hp
=107, Hp=2x10°, H,=2x10% Hp=10% and
H,=40. The value of H, was estimated® from
the torque measurements of Ref. 4 for SmFeO,.
Hc was assumed to be the same order of mag-
nitude as H, and H;. The parameter T was var-
ied by letting H, have values from 2.19 kG for
T=-2.5to H;=1.92 kG for 7=2.0.
In Fig. 1 it is shown that the lower frequen-

cy mode moves rapidly to zero near T; and

Th' This can be understood by considering

the shape of the anisotropy surface near 7=1.
At T=1-A, the energy surface has a maximum
at sind, =0 and minima on each side at siné,
=x(3A)Y2. As 7 approaches 1, the stationary
values converge in such a manner that the en-
ergy surface is locally flat at §,=0, and no
restoring torques exist for small displacements
of the sublattice moments in the a-c plane.
Since the twofold terms are zero at 7=0, the
maximum frequency v,,, which occurs at the
center of the spin reorientation region, is de-
termined by the magnitude of the fourfold terms.

Experimentally, }»* the width of the reorien-

tation region, T, -7}, is 10 to 20°K. If the
linewidths are such that absorptions are observed
over a 1°K temperature interval, the splitting

of the lines at low frequencies would not be
resolved. Resonances should be observed near
Ty and Ty, independent of the operating frequen-
cy, for frequencies small compared with v,,.
The experiments in TmFeO, have shown absorp-
tion peaks ranging from 0.37 to 2°K wide, which
occurred at 77 and Ty, at frequencies ranging
from 5 MHz to 54 GHz.® This is qualitatively
consistent with the model presented here. Quan-
titatively, the fact that measurements were
performed as high as 54 GHz and a splitting

of the lines was not reported!® probably indi-
cates that for TmFeOQ,, H, is larger than the
value assumed in the calculation summarized

by Fig. 1. An estimate of H, as well as other
internal fields in TmFeO;, based on the data

of Ref. 5, will be made after the effects of ap-
plied fields on the resonance have been described.
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With an applied field along the ¢ axis, the
equilibrium configurations are obtained from
Eq. (3) with 6=0. The solutions are given by

"sinf,=0, and a cubic equation for cosé,. For
T >Ty, the stable solution is sinf,=0 (config-
uration IV) for all values of the applied field.
For T;<T<Ty, the stable solution for low ap-
plied fields is that root of the cubic equation
which reduces to cosf, =[3(1 +7)]"/2 at H,=0.
For T <Tj, the stable configuration is given
by the only real root of the cubic equation;
it reduces to 6,=37 (configuration II) at H,=0.
These last two solutions (T < Th) no longer ex-
ist for applied fields greater than H;,C, the
critical field just required to pull the weak mo-
ment to the ¢ axis:

H, S ==3 +40 ) + {130+ 5HC)]2

+(3HEH -4HC2)(1—‘T)}—§. (7)

4
The resonance frequency of the lower mode
for 6,=0 is approximately given by

(w/y)? =H02 +HO(HD +5HC)
+ (SHEH4-4HCZ)(T—1) (8)

which goes to zero at Hy=H ¢ for 7<1.

It should be remarked here that the approx-
imations used in writing the above equations
are a matter of convenience. The exact result
corresponding to Eq. (8) has the form

2_( + ; +
(w/y)?= (b, " +H sin0) T, +H ") ©)
and the exact equilibrium equations require
that

+ s _ c
h2 +Hosm€5~0forH0-Hcr , T<1

and H,=0, 7=1. (10)

The resonance frequency of the lower mode
is shown in Fig. 2 as a function of applied field
for several values of 7. The internal field val-
ues are the same as those used in the calcula-
tions for Fig. 1. The results show that the
resonance can be tuned from zero to over 100
GHz with only moderate applied fields. For
similar linewidth considerations as discussed
above, resonances should be observed below
T), at Hy~ H,.°, independent of the operating
frequency for frequencies small compared with

Vi The a axis is the direction of maximum

rf susceptibility for this resonance.

The situation just described is only slightly
changed by small angular displacements, ¢,
of the applied field away from the ¢ axis in the
b-c plane. Although the weak moment is no
longer pulled exactly parallel to the ¢ axis,
it is found that stationary values of the ener-
gy form a double root which gives zero frequen-
cies for T< Ty at Hy=H.y', the field just re-
quired to pull the vector ™m,-m, parallel to the
a axis. To a good approximation, we find H.’
=H ch (cose)~1 which only changes in second
order with € for small displacements.

For small components of H, parallel to the
a axis, the situation is quite different. The
resonance no longer goes to zero, and the min-
imum near Hy=H_.° moves rapidly to higher
frequencies with increasing applied field com-
ponents parallel to the a axis. This effect should
appear experimentally as a sharp decrease
in the resonance amplitude as the minimum
resonance frequency moves above the operat-
ing frequency.

Similar resonances occur with the applied
field along the q axis. For T'>Tj, the frequen-
cy of the lower mode moves rapidly to zero
at Hy=H;,?, the field required to stabilize
configuration II. For operating frequencies
small compared with v,,, resonances should
be observed at

a

1 1 2
H,. ==3W}=5H) +{[z01 -5 )]

1
2

+(3HEH4—4HC2)(1+T)}. (11)
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FIG. 2. Frequency of the lower resonance mode as
a function of applied field for several values of the pa-
rameter T.
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FIG. 3. Fields for resonance parallel to the ¢ and ¢
axes for frequencies small compared with v,,.

The direction of maximum rf susceptibility
for this resonance is the ¢ axis.

The absorption peaks® in TmFeO, displayed
all of the characteristics of the resonances
described above. The data are schematically
reproduced in Fig. 3 by showing Eqgs. (7) and
(11) as functions of the parameter 7.

The relative magnitudes of the two types of
canting fields can be determined from the curves
in Fig. 3:

He=0-1)/0r+ Dl ), (12)

where —» is the ratio of the slopes of the two
curves, and it has been assumed that Hg<Hp
t5H. From the data of Ref. 5 we obtain He
~0.09H, for TmFeO;. This should be compared
with the result of Ref. 4, H- =0.3H), obtained
by measuring the change in canting angle from
Ty to Tj,. Reasons for this disagreement will
be discussed elsewhere.!! However, if Ho were
as large as 0.3Hp), Eq. (11) shows that applied
fields greater than 0.5Hp would be required
to pull the weak moment parallel to the a axis
for T>T;. This.is inconsistent with the exper-
imental results of Ref. 5.

Finally, from Egs. (7) and (12) and the val-
ue of H.,¢ at T=Tj, the magnitude of the four-

fold anisotropy field can be determined if Hg
and Hp are known. Using Hc ~0.09Hp, HE =107
G, and Hp=~2x10° G, we obtain from the data®
H,=80 G for TmFeO;,.

*The research reported in this paper was supported
in part by the U. S. Air Force Cambridge Research
Laboratories, Office of Aerospace Research, under
Contract No. AF 19628-67-C-0346, but does not neces-
sarily reflect endorsement by the sponsor.
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INFLUENCE OF THE KONDO SCATTERING ON THE AMPLITUDE
OF THE de HAAS-van ALPHEN OSCILLATIONS*
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(Received 26 February 1968)

The anomalous amplitude of the de Haas-van
Alphen oscillations observed in an alloy exhib-
iting the Kondo effect! has been explained on
the basis of a simple square-well energy-de-
pendent conduction-electron relaxation time.
Recently the s-d scattering theory of Kondo?
has given an explicit expression for the ener-
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gy dependence of the relaxation time which is
consistent with the observed resistance min-
imum. In the present Letter we wish to exam-
ine the influence of Kondo scattering on the
de Haas-van Alphen effect and to reinterpret
the earlier data on the Zn-Mn system.

The relaxation time 7 for an electron in a



