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Previous measurements of the low-frequency branch of the "easy-plane" antiferromagnet have
been extended to the high-frequency branch. The resonance fields as a function of angle at con-
stant frequencies greater and less than the zero-field resonance frequency, ., have been meas-
ured and analyzed based on resonance equations including the dipolar and a phenomenological
uniaxial anisotropy energy. Good agreement is obtained for branches associated with the dif-
ferent T domains. Deviations, attributed to domain-wall effects, are observed. The zero-field
resonance frequency, ., has been determined from measurements of w vs H with H in an easy
plane. The decrease in w (T) with increasing temperature is proportional to T3/2 and is the
same as found for the critical (exchange) field by Oliveira et al. The frequency w, at T =0
corrected for demagnetizing effects corresponds to a dipolar interaction, K;=0.817 x 108
erg/cm?, which is ~10% larger than the classically calculated value for EuTe. The exchange
field, Hg, determined from the variation w vs H with Hin an easy plane was obtained. The
value at T =0 and corrected for demagnetizing effects is Hz(0) =73.0 kOe compared with the
value Hg =72.2 kOe determined directly by Oliveira et al. This excellent agreement is con-
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sidered fortuitous.

I. INTRODUCTION

The magnetic semiconductor EuTe is fcc (NaCl) in
the paramagnetic phase and orders in the type-II an-
tiferromagnetic configuration at 7y =9.8 K. The
magnetic order is represented by ferromagnetic spin
alignment within (111) planes and the moments of
adjacent plans being antiparallel. From an investiga-
tion of the angular dependence of the antiferromag-
netic resonance (AFMR!) it has been shown that
EuTe is an "easy-plane" (EP) antiferromagnet (AFM)
with the moments lying in the (111) planes. The
(111) directions with which magnetic order is associ-
ated are the body diagonals of the paramagnetic
phase. The fourfold degeneracy in the paramagnetic
phase results in the formation of 7 domains in a real
sample when cooled below 7x. The multiple-
resonance branches observed! are associated with dif-
ferent macroscopic 7-domain regions in a finite sam-
ple.

Turov? has analyzed the uniaxial AFM in terms of
the mean-field ground-state Hamiltonian

1 — 1 1 - T
———V—=—2—A m’+sam?+ b}~ h , 1)
where z is the principle symmetry axis direction. The
magnetic fi and antiferromagnetic 1 vectors® are de-
fined in terms of the sublattice moments M; and M,
by

)

where M? =M} = (%Mo)z. The first and fourth

terms represent the exchange and Zeeman energies
respectively while the second and third are associated
with magnetocrystalline anisotropy. The condition

b > 0 gives rise to EP behavior witthying in the
plane perpendicular to z. The resonance equations
consist of two branches; H I|Z:

+
“’7 =(HZ +H)H'? | (3a)
i‘;;=o , (3b)

and L7
ot 2 12
T=HEA (1 -H /HE) s . (43)
QL _HA+al) (4b)

Y

where Hg and H, g are the exchange and exchange-
anisotropy fields, respectively.* Introducing the di-
mensionless quantities

® H Hg,
- a=H oy ,
X H: Hy' 7 Hg

the dependence of the resonance frequencies on field
are shown in Figs. 1(a) and 1(b) for Egs. (3) and (4),
respectively. The low-frequency branch w™, Eq. (4b),
for H in or near an EP was observed in Ref. 1.
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FIG. 1. (a) Resonance frequencies X+ and X~
(X =w/yHg) vs field h = H/Hg for 1 along the "hard" axis
of an easy-plane AFM. The 45 ° dashed line represents the
asymptotic limiting behavior in the paramagnetic phase
h > hg. The lower branch X~ =0 results when anisotropy in
the EP is neglected. (b) Same as 1(a), but with T in the
easy plane. The linear dependence of X~ on 4 is a conse-
quence of neglecting anisotropy in the easy plane. When
easy-plane anisotropy is included, X~ #0 at # =0, Ref. §.
The dashed lines in the vicinity of the mode crossing at
(he. X)) represent schematically the effect of mode cou-

pling when higher-order anisotropy contributions are included.

Battles and Everett® determined the angular depen-
dence of the low-frequency branch at 9, 18, and 24
GHz and 1.17 K. Expressions for the low-
frequency—low-field angular dependence were deter-
mined based on the dipolar and phenomenological "in
plane" anisotropy energies. Analysis of the data gave

the values
H,=8 +4 Oe and H; =4.0 £0.4 kOe

for the in-plane and dipolar anisotropy fields, respec-
tively. The calculated zero-field critical frequencies
were

w; =2 GHz, wl=68 GHz .

The dipolar anisotropy field determined is ~20%
lower than Kaplan’s® value calculated classically.
Nakai et al.” have measured the AFMR in EuTe at
9.2 and 33.99 GHz. Their results are in good qualita-
tive agreement with those of Ref. 5. The value of
the dipolar anisotropy term determined from data at
1.7K is ~% of Kaplan’s value for T =0. Masset

and Callaway® have used the values w; and o as en-
ergy gaps in a spin-wave calculation of the zero-field
specific heat obtaining good agreement with
Passenheim’s results.’

The present authors have investigated the high-
frequency branch of the AFMR in the frequency in-
terval 60—90 GHz. A report of initial results is given
in Ref. 10. The angular dependence of the resonance
field for » > w, was determined and is in good quali-
tative agreement with theory. Measurements of
resonant frequency versus H for H along the hard
axis and in the easy plane were used to determine the
zero-field frequency . and exchange field Hy at dif-
ferent temperatures. The frequency . was found to
decrease as 7%/ for T/Ty < % and more rapidly as

Ty is approached. In the present paper we present
more detailed measurements of the angular and tem-
perature dependence of the AFMR at frequencies
above and below w.. Anticipating our experimental
results, the frequency w. extrapolated to 7T =0
corresponds to a dipolar interaction —10% greater
than the classically calculated value.® In Sec. II the
resonance equations and their angular dependence
are described followed by a description of experimen-
tal details in Sec. IIl. The experimental results are
described in Sec. IV and discussed in Sec. V.

II. RESONANCE EQUATIONS

The free energy, F, is represented by
F=F +F,+F, , 5)

where the terms correspond to the exchange, Zee-
man, and anisotropy energies, respectively. The an-
isotropy energy, F,4, is represented by

Fy=Fgu+F,+Fy ©)

corresponding to dipolar, uniaxial, and in-plane
(basal-plane) contributions. The sublattice magneti-
zation vectors M, and M, are transformed into the
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dimensionless set i and T and the applied field H by
M, -M, H

M, M, T

where M, represents!! the sublattice moment at
T =0. The vectors m and | are coupled by the rela-
tions

M24+12=1, m-1=0 . @)

Battles and Everett® have shown that F bp iS small
causing (llf) easy directions in a (111) plane. The
estimated spin-flop field in EuTe is Hr ~ 700 Oe.
Restricting the calculation to fields H >> Hp, Fy, can
be neglected, and the dimensionless free energy, F',
can be expressed

F'=()\2+K4)fﬁz+Kam,2+(3xd+l<,)lz2—2r_ﬁ'ﬁ , (8

where the various terms are: \,, antiferromagnetic
exchange (J, in EuTe); «,, dipolar; and «,, uniaxial
energies. The z axis corresponds to a (111) direction
in EuTe. The static properties of the system are ob-
tained by minimizing F' with respect to m and T sub-
ject to the constraints, Eq. (7). Representing the
static field by

H(] = (h()xy OyhOZ) ’
the solutions are

hOx hOz

- , Moy =0, mo;=——"— (9)
Mo kg T Moz = N kg + K
and
on=0v
2 m
In, = 1_ h()x hOz &
0 K2+Kd )\2+K4+Ka ’
b =0 (10)

subject to the condition # < hg where hg is the ex-
change field.!? For h > hg, m?=1 and T=0.
Representing the angles of m and h with respect to

J

(Xi)z = % Xczlgy + hOx(hOx + KamOZ). + (hOz - K«;mOz)z

the z axis as « and B, respectively, one obtains -
sin(8— @) =;_;: sin2a, h > hg(B) . 1)

The asymptotic approach to colinearity of i and h at
high fields is the same for a uniaxial ferromagnet
above technical saturation. Having neglected the in-
plane anisotropy energy, Fy,, gives the result
T-h=0

at all fields and corresponds to the "spin-flopped"
state.

The equations of motion for m and | are

1 dm __ _ oF ,—_ OoF
—_— - ={ X — ] X —= 12
ey dt m om (12a)

and

1 _dT _ . _ 8F ,~_ dF

==X = X —— (12b)
2Myy dt LY 9m

For small oscillating magnetic fields, Hl, the time
dependence

H=H0+Elelmt ,
m =fﬁo +fﬁ1€im, T=-l-;) +—1‘1 e"‘" y
is substituted into Eqs. (12a) and (12b) and the

equations solved in the small-signal harmonic approx-
imation. The results can be expressed in the form

my=x(m)h;, T=x(Dh; . 13)

The resonance frequencies are determined by setting
the determinant of the coefficients, A, equal to zero.
Defining the dimensionless frequency X = w/2M,y
gives

=-X*(X*-xH(Xx*-x , (14)

where the resonance frequencies X+ and X~ are given
by

+ {[Xczlgy + hOx(hOx + KamOX) + (h()z - Kam0:)2]2 "'4h0x(h0x + Kam()x)Xczl(%y}llz . (15)

The frequency
X2=(\+ ko) Brg+kg) (16)

corresponds to the zero-field resonance frequency,
Figs. 1(a) and 1(b).

The relations between i, and 1; and the oscillating
magnetic field h,; have been presented, Eq. (13), in
the form of susceptibility tensors. The elements of

—

these terms are given in the Appendix. We note that
the fields conjugate to m and Tare h and st, where
Hsl is the staggered magnetic field and is experimen-
tally inaccessible. (hy =0 in the spin-flopped state.)

The generalized susceptibility tensor would be written

m|_ (X(mm), X(mh))|h 17
[Tl X(Im), XU ]lhst]’ an



172 P. K. STREIT AND GLEN E. EVERETT 21

where

X(m) =X(mm), X(1)=X(Im)
The general symmetry relation

X (—0) =X (@)

is satisfied by X (m) but not by the off-diagonal sub-
matrix X (/) as defined by Eq. (13). In the general
case power dissipation is determined by the relation

-“('7?=%iwz(><,2 = Xi) hyhic 18
Lk

rather than just the imaginary part of the susceptibili-
ty tensor, e.g., X(m) or X (). =

The resonance frequency dependence on field for h
parallel and perpendicular to the EP is given in the
Appendix, Egs. (A3a), (A3b), (Ada), and (A4b).
The functional dependence on the field is the same
as obtained by Turov? but expressed in terms of the
dipolar, k4, and uniaxial, k,, anisotropy energy con-
tributions. The variation with field for these direc-
tions is shown in Figs. 1(a) and 1(b). The behavior
of X~ at low fields is not exact owing to our neglect
of the in-plane anisotropy energy’ in this calculation.
The low-frequency branch, X, for 4 in the easy
plane is characterized by susceptibility components
X;(m) proportional to the induced magnetization mg,
(i,j =y.2). Their smallness as h —0 would explain,
in part, the difficulty associated with the observation
of this branch in the related materials, MnO and
NiO. The branches X* and X~ cross at the field, A,
given by

hi = X; 19

A +4kg+2k,

A+ kg ] 2

for h in the easy plane, Fig. 1(b). Mode coupling
between X* and X~ branches due to the in-plane an-
isotropy energy and other higher-order terms is ex-
pected to modify the behavior near A as represented
by the dashed lines in Fig. 1(b).

A. Demagnetizing factor

The demagnetizing energy for an ellipsoidal sample
is

F,=7M-N-M , (20)
which reduces to
Ry = _ 4w
F,,=—2-NM2, N=—3—— ,

for a sphere. The demagnetizing energy, added to
Eq. (8) as the dimensionless quantity F,, has the
same functional dependence on i as the isotropic ex-

change, A\,. The resonance frequencies and suscepti-
bility tensor components are corrected for sample
demagnetization in the case of a sphere by the re-
placement

)\2-*)\2+%1V ,

when h < hg. The zero-field resonance frequency,
X, Eq. (1b), is replaced by

X2= (g +ka+53N)Grgt+x,) Q1)

The ratio of demagnetization to exchange energies is
small but finite in EuTe. This correction is important
in the determination of the dipolar anisotropy from
experimental results. The importance of spherical
samples is that the demagnetizing factor is deter-
mined and the effective demagnetizing field is spa-
tially homogeneous within the sample. Nonspherical
(ellipsoidal) samples having an inhomogeneous
demagnetizing field will also have an inhomogeneous
critical frequency X,. The result would be an inho-
mogeneous line broadening in X* particularly in the
low-field region.

B. Multidomain resonance behavior

Real macroscopic samples will be characterized by
T domains corresponding to each of the (111) direc-
tions. The resonance behavior for an arbitrary field
direction would be a superposition of two resonances
from each of the four possible domains. The compli-
cated composite dependence on field and angle has
been observed. The general expression for the reso-
nance frequencies, Eq. (15), has been studied nu-
merically with the resonance frequencies for each of
the four possible domains being determined at each
angle of the applied field. Figures 2—4 show the
resonance fields for individual and/or degenerate T
domains as a function of field direction in the (100),
(110), and (111) planes, respectively. The curves
shown were computed with «, =0 and illustrate the
symmetry of resonances in the different planes. Each
curve, labeled n, n', or n" corresponds to the angular
dependence of the resonance field, Hy, at a fixed fre-
quency for a different domain. For X =X, (ws=w,
in the figures), solutions with H =0 exist, curves
"5". The solution' H =0 is also allowed. A second
critical frequency,

We
1+ Grg +ka) /g + kg + k)17

()]

exists which can be observed at a single angle for a
given T domain and labeled as "2" (a single point) in
the figures. It corresponds to the mode crossing fre-
quency, X, for h in the easy plane, Fig. 1(b), of a
particular domain.
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FIG. 2. Multidomain structure and anisotropy of the resonant field of an fcc type-II antiferromagnet with dipolar anisotropy,
for the magnetic field lying in a (100) plane.
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FIG. 3. Multidomain structure and anisotropy of the resonant field of an fcc type-II antiferromagnet with dipolar anisotropy,

for the magnetic field lying in a (011) plane. [The curves labeled n' represent the angular dependence of the resonant field for
the domain(s) characterized by a prime at the frequency w,.]
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FIG. 4. Multidomain structure and anisotropy of the resonant field of an fcc type-II antiferromagnet with dipolar anisotropy,

for the magnetic field lying in a (111) plane.

The special case, hL Z, can be satisfied by rotating
hina general crystallographic plane. Sample orienta-
tion is not critical as there always exists an angle for
which h is an EP. This angle is determined experi-
mentally by the position at which ot is extremal.
The measurement of w vs H at this angle provides a
precise determination of «s/(\, +«4). The special
case h IIZ (a hard axis) is best studied experimentally
with b in a (011) plane. Field rotations in this plane
will bring h into alignment with the hard axes of the
[111] and [1T1] domains at which angles X* will be
extremal. Small sample misalignment will have a
second-order effect on X* making this plane ideal for
the determination of X, in the resonance equation
and thus kg.

C. Extension to finite temperatures

In zero field, a finite temperature, 7 < Ty, pro-
duces a decrease in the sublattice magnetization. Us-
ing the mean-field approximation (MFA) and
neglecting anisotropy one obtains!?

gusSHT

M\ =(gupS) 7 NBs | ==

where H is the mean field acting on sublattice 1 and
is given by

F=—MM, .

Symmetric relations hold for sublattice 2. An exter-

nal field adds to the individual mean fields. For an
easy plane, AFM in the spin-flopped state, and
h < hg, a geometrical calculation'* shows that a
changing applied field causes sublattice rotation
(canting) with no length change, i.e., | M| indepen-
dent of H. The special form of the dipolar interac-
tion leaves this result unchanged. Uniaxial or the
full cubic magnetocrystalline anisotropy energy terms
produce a field dependence of both direction and
magnitude. For 4 > hg the sublattice magnetization
will exhibit a "Brillouin functionlike" approach to sa-
turation. The smallness of the in-plane anisotropy
energy>’ and the cubic anisotropy constants K, and
K, in related ferromagnetic europium chalcogenides!’
justifies their being neglected in what follows.

We represent the sublattice magnetization in the
spin-flopped state (h < hg) by

M(T)=a(T)M, , (22)

where a (0) = 1. Replacing Mo by a (T) M, in the de-
finitions of m, I, and h gives the relations

M24+T12=aX(T), M- 1=0 , (23)
replacing Eq. (7), and the static equilibrium solutions
- 211/2
ho - ho "
M= ; 1=1a®(T) - .24
M N Fra [a( || & @

replacing Egs. (9) and (10). (k, has been neglected
in these and the following expressions for consistency
with the approximation used.) The temperature-
dependent exchange field and zero-field resonant fre-
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quency are

he(T) = (A, +ka)a (T) (252)
and

Xc2(T)=3Kd(A2+Kd)az(T) . (25b)

The general temperature-dependent resonant fre-
quencies Xt and X~ are obtained by substituting
loy(T) and X.(T) for Iy, and X, in Eq. (15).

In the above, admittedly oversimplified, introduc-
tion of finite temperatures all quantities scale as the
sublattice magnetization. This results in X, and Hg
having the same temperature dependence. Spin-wave
and Green’s-function analyses for the "easy-axis"
Heisenberg AFM have been performed but are not
directly applicable to EuTe, an easy-plane system.
These results are discussed in Sec. V. Anticipating
our experimental results we note that the critical fre-
quency exhibits the same T3/ decrease with increas-
ing temperature obtained for Hg in EuTe.

III. EXPERIMENTAL DETAILS

The compound EuTe was prepared by direct reac-
tion of the elements and purified by fractional distil-
lation in a high-temperature vacuum furnace. Single
crystals are grown by evaporation and condensation
of the material in the temperature gradient of a’
sealed tungsten crucible. Crystals were ground into
spheres of 0.2- to 0.3-mm diameters, polished, and
annealed at temperatures up to 950 °C. They were
x-ray oriented and mounted such that the static mag-
netic field would lie in a (011) plane.

The basic microwave spectrometer operating from
60—90 GHz was assembled from standard microwave
components. The klystrons used were cooled by a
temperature controlled recirculating water bath for
improved stability. Two different resonant-
cavity—sample-holder assembly designs were em-
ployed for the cryogenic part of the spectrometer.
Both employed double vacuum can construction and
standard electronics for thermal isolation and control
of the sample temperature.

The first assembly employed a continuously tun-
able Fabry-Perot cavity used as a reflection spectrom-
eter and was used in the initial phase of this work.
The cavity consists of a flat and a hemispherical
focusing end-plate pair with an overall diameter large
compared to the wavelengths used. Vacuum eva-
poration of gold onto these reflecting surfaces pro-
duced high Q response. The coupling iris and sample
are placed at the centers of the flat and hemispherical
end plates, respectively. The cavity is continuously
tunable in situ at the operating temperature. Limita-
tions of this cavity design originate in departures
from ideal cylindrical symmetry and are manifest as a
mode splitting associated with the two orthogonal po-

larizations. Tuning of the cavity is accompanied by
rotation of the the hemispherical mirror and leads to
an indeterminancy in the polarization as the frequen-
cy is changed. Used with a conventional electromag-
net the static and microwave magnetic fields both lie
in the (011) plane. Sensitivity to polarization re-
quired frequency selection for optimum signal
strength. [Eqs. (A4a) and (A6a) illustrate the polari-
zation dependence of the induced moments ;.]
"Long line" or standing-wave effects associated with
multiple reflections in a reflection spectrometer
operating at cryogenic temperatures were a nuisance.
The above limitations have been eliminated by the
following design: A transmission cavity was chosen
having a rectangular cross section. The rectangular
design provides control of the microwave polariza-
tion. The transmission feature, together with a good
ferrite isolator minimizes the deleterious effect of
standing waves in a long transmission line. (In
transmission, standing waves can interfere with
the signal, the frequency of maximum transmission,
but have a minimal effect.) While this design is not
continuously tunable, making the cavity very long
produces a system with multiple resonance frequen-
cies which are spaced sufficiently close for this work.
The decreased filling factor was not a problem in the
strongly absorbing magnetic material under study.
The transmission cavity has a symmetrical "U"
shape in the H plane of the TE;y mode and is shown
in Fig. 5. The cavity is fabricated from two copper
blocks (inner and outer) and press fit together. The
dot-dash line in Fig. 5 represents the boundary
between the two sections. The cross section shown is
the wave-guide broadwall with the boundary at the
center line. The absence of transverse wall currents
at the boundary between the two cavity halves contri-
butes to the high Q’s realized. The sample, inserted
through a sidewall hole at the midpoint between the
coupling irises, is situated at the lowest point of the
"U". Sample rotation is in the plane of the elec-
tromagnet used. Rotation is effected by the shaft
shown extending to the top of the sample holder.
This diréct rotation provision eliminates the need for
gears at cryogenic temperatures and makes precise
and continuous sample rotations relatively simple.
The cavity, though not tunable, has a length ap-
proximately equal to 80 half wavelengths at 85 GHz.
Resonance frequencies occur at approximately 1.5
GHz intervals for both the odd and even half
wavelength modes over the entire frequency range.
Control of the microwave polarization is effected by
selection of an odd or even frequency together with
sample location in the cavity. The insets, Fig. 5,
show the magnetic field lines in the cavity for the two
modes. Using the odd mode with the sample near
the cavity wall allows selection of parallel or perpen-
dicular polarization in the plane of rotation by rotat-
ing the electromagnet. The third orthogonal polariza-
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FIG. 5. Schematic drawing of transmission cavity em-
ployed. Coupling irises are shown by solid heavy lines just
below the input and output arrows. The wave-guide cross
section shown represents the rectangular wave-guide
broadwall. The cavity is machined from two solid copper
pieces press fit together along the dot-dash center line of the
broadwall. The absence of transverse surface currents along
this center line contributes to the high cavity Q. The insets
represent the magnetic field lines and sample positioning for
polarization control and are discussed in the text.

tion is realized by using an even mode and locating
the sample at the cavity midpoint as shown. The
basic cavity design is compatible with in /n situ appli-
cation of uniaxial stress along the axis of rotation but
has not been so employed. )

The ability to continuously rotate the sample with
precision has led to an entirely new measuring

method which has proven to be very useful for EuTe.

This feature is most useful at the relatively high
field, near the mode crossing. We write the reso-
nance equation for the / th domain and a given plane
of rotation in the form:

Sfilw,H, ¢)=0 ,

where o is the frequency, H is the magnetic field,
and ¢ is the angle of rotation in the plane. The reso-
nance behavior can in principle be studied by holding
any two of the three parameters constant and varying
the third. The larger the quantity, (3.f;/9x) 7,~0 the

easier becomes the observation of the resonance in
sweeping x. It also leads to a smaller apparent

linewidth. We note that near the gap frequency, o,
both 9f;/9H and 9f;/d¢ go asymptotically to zero as
o — w.. Since continuous frequency variation at con-
stant field and angle has not been available for this
work, the gap frequency is determined by extrapola-
tion from measurement at finite fields.

The multidomain resonance behavior has been in-
vestigated showing that at fixed frequencies w # w,,
the resonance equations are extremely sensitive to
the rotation angle in a large range of fields. This is
particularly true for < w.. In these regions of large
angular sensitivity it is preferable to vary the angle
and hold the field constant. It is emphasized that the
two techniques—varying the angle at constant field
and varying the field at constant angle—are comple-
mentary. The curves (3',3",3") and (4',4",4"") for
w < o, in Fig. 3 represent examples for which both
methods must be used to optimally determine the
complete resonance response. Examples are given in
Sec. IV.

IV. EXPERIMENTAL RESULTS

The experimentally determined angular dependence
of the resonance field at several different frequencies
for H in a (011) plane is shown in Figs. 6—8. The
solid curves represent the theoretical angular depen-
dence calculated using Eq. (15) and values of w, and
3kq4/(\; + kq) chosen to best fit the data. The results
in Figs. 6 and 7 correspond to the branch X*(w > w,)
and are to be compared with curves (6',6",6"") in
Fig. 3. Figure 8 shows data obtained with o < w,.
The results shown in Fig. 6 were obtained with the

. Fabry-Perot cavity sweeping field at fixed angles.

Two of the three resonances branches are observed.
This indicates that the (111) domain and possibly the
(111) domain were not present in this sample. Heat-

Hin (Ol1)-Plane
f = 81.70 GHz
T= 126K

) +(Tn)
Domains

[100) @i i foii: i 2 (100]

oLt | \{l |‘l T % T T Y I
o} 20 40 60 80 100 120 140 160 180

ANGLE OF ROTATION —

FIG. 6. Magnetic field for AFMR Hpy of EuTe as a func-
tion of crystallographic orientation at the frequency 81.70
GHZ, with the magnetic field lying in a (011) plane. The
solid curves are calculated by using the values w, and
3ky(A; +kg) obtained from the fit in Fig. 9.
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FIG. 7. Angular dependence of the resonant field at a

frequency greater than .. These results, obtained by angu- .

lar rotation at fixed field, show contributions from each of
the expected domain types.

ing to above Néel temperature, cooling to 1.26 K,
and repeating the measurement reproduced these
results. Experiments on other samples with the
Fabry-Perot cavity sometimes exhibit resonance from
a single domain.

The data shown in Fig. 7 were obtained with the
transmission cavity. The magnetic field was held
fixed and the angle varied to determine the reso-
nance condition. In contrast to Fig. 6, all three
branches corresponding to the four different T
‘domains are observed and have comparable intensi-
ties. The fit of the measured singular dependence to
the theoretical curves is very good. A deviation for

(IT1)-Domain

ot L 171 o+ | 4 |

(Hn+ )
Domains

the (1T1) domain in the interval 0—20° and to a lesser
extent for the (111) domain in the interval 160—180 °
is noted. The observation of the four 7 domains in
the transmission cavity and only one or two with the
Fabry-Perot is not completely understood. We con-
sider it probable that sample mounting with the
Fabry-Perot cavity was less strain free with strain
present while cooling through Ty causing one domain
type to be dominant. The sensitivity of the absorp-
tion to microwave polarization is shown in the Ap-
pendix, Eqs. (A4a) and (A6a). The lack of polariza-
tion control with the Fabry-Perot cavity makes it pos-
sible that the domains were present but not observed
due to an unfavorable polarization. We consider pre-
ferential domain formation in the presence of strain
to be more probable.

The data shown in Figs. 6 and 7 were sensitive to
microwave power level. Increasing power causes a
line broadening and shift in the apparent resonant
field. This effect became more pronounced at lower
fields. For the applied field in the "easy plane" in-
creasing power shifts the resonance to lower fields
but when along a hard axis, the shift is to higher
fields. A small temperature increase leading to a de-
crease in X, would account for these shifts. Non-
linear response may also be important but has not
been investigated. All results shown were obtained
at power levels low enough to minimize these effects.
Independent experiments with the sample immersed
in superfluid helium reproduced satisfactorily those
results at low powers in the helium exchange gas of
our sample holders.

H in (Oll)-Plane
T=1.21 K
-2_66.385 GHz
.L..76.675 GHz
2 _78.055 GHz
L .79.41 GHz
(11T) - Domain
[ [a2im [foo]

0 20 40 60 80

120 140 160 180
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FIG. 8. Angular dependence of the resonant field at different fixed frequencies at and below the zero-field gap frequency
o, =80 GHz. Resonance contributions from the different domains are observed. The solid curves are the theoretical depen-

dence.
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Measurements at several frequencies for o < w,
are shown in Fig. 8 obtained with the transmission
cavity. Both the sweeping-angle and sweeping-field
method, were used to obtain these results. The ab-
sence of data above 24 kOe represents the field limit
of the electromagnet used. As in Fig. 7 with o > w,,
the four different 7 domains are observed. The cal-
culated angular dependence is in good agreement
with the data but with signficant deviations for the
nondegenerate (111) and (111) domains. Accom-
panying the resonance of the degenerate (111) and
(T11) domains is a weak but well resolved satellite
not shown in the figure. Its angular dependence is
similar to that of the primary resonance but behaves
as though representing a slightly lower gap frequency,
o.. We tentatively assign the satellite to resonance in
the domain-wall region between degenerate (111)
and (111) domains.

The resonance data at 66.385 GHz (solid circles in
Fig. 8) correspond to the lower-frequency resonance
branch. The [011] direction corresponds to H in the
easy plane of the degenerate (111) and (111)
domains. The polarization dependence of the absorp-
tion intensity has been determined. For the lower
branch, X~, maximum absorption occurs when the
static and microwave fields are orthogonal. The
upper branch, X*, exhibits maximum absorption
when the static and microwave fields are colinear.
These results are in agreement with the calculated
susceptibility tensor X(m), Eq. (Ada).

The dependence of resonance frequency on field at
two different temperatures with H along a hard axis
and in the "easy plane" is shown in Fig. 9. These
data, obtained with the Fabry-Perot cavity, were re-
ported in Ref. 10. The resonant frequency-field rela-

[GHz]

FIG. 9. Resonance frequency vs field for the directions
H 117 [Hard axis: Eq. (A5a)] and H IIX [Easy plane: Eq.
(A3a)] at two temperatures. The solid curves represent the
results of fitting to these equations.

tion, Eq. (A3a), for H in the easy plane is
X2 = X213,
or

w+

2y M,

2
] =()\2+Kd)(3Kd +K,,)

X [l ()\2+Kd)2 IZMO ] ]

Plotting (@*)? vs H? and extrapolating to H =0 pro-
vides a determination of the zero-field frequency, X..
The slope gives the exchange field, .12

The temperature dependence of X, determined
with the transmission cavity is shown in Fig. 10. The
variation is in good agreement with earlier results!®
obtained using a different sample and the Fabry-
Perot cavity. Plotting the results versus 7%/2 gives a
good fit for T =<3 K and extrapolates to
v9=80.87+0.2 GHz at T =0. Alternatively, the data
for T<6 K is better fit by a 7% dependence extrapo-
lating to v2=280.65 +0.2 GHZ at T =0.

The exchange field, Hg, has been determined from
the slope of (0*)? vs H¢ in applied fields H < 24
kOe. The uncertainty in the values determined in-
creases rapidly with increasing temperature. The lim-
ited precision available precludes a meaningful deter-
mination of the dependence of Hr on 7. We have
assumed that Hg scales with 7 in the same way as o,
obtaining Hg =76.7 kOe at T =0.

IS IS N IR I DO S
I 2 3 4 5 6 7 8 9 10 I 12 13 14 15
T¥2 {QKB/ZJ

| | 1 L 1 |

FIG. 10. Temperature dependence of the zero-field reso-
nance frequency, v.(7). Individual points have been ob-
tained by fitting the frequency vs field dependence with H in
an easy plane as shown in Fig. 9. The solid curve drawn
through the points with 7 < 3 K is the hmltmg 732 depen-
dence. The limiting value at 7 =0 is v?=80.87 £0.2 GHz.
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V. DISCUSSION AND CONCLUSIONS

Previous AFMR results in EuTe!">7 have shown
that it is an easy plane AFM and have been interpret-
ed in terms of the dipolar and a phenomenological
in-plane anisotropy energy. The zero-field resonance
frequencies’

w; =2 GHz and oS =68 GHz

were determined by fitting the angular dependences
of the low-frequency branch. The frequency o/ (X,
in the notation of this paper) determined corresponds
to a dipolar anisotropy energy ~20% lower than the
classically calculated value.

We have measured the high-frequency AFMR In
EuTe at different frequencies and directions of H in a
(011) plane. The angular dependence of the reso-
nance field at fixed frequencies both greater and less
than o, have been analyzed in terms of the dipolar
and a phenomenological uniaxial anisotropy energy.
Resonance branches associated with the different T
domains are observed. Fitting the measured angular
dependences using k; and \; with k, =0 gives very
good agreement with the theoretical expressions.

The resonance frequency versus field has been
determined for H parallel and perpendicular to an
easy plane at different temperatures. The values of
v. and Hy were determined as a function of tempera-
ture. Extrapolation to T =0 gives

v.(0) =80.87 GHz, H(0) =76.7 kOe .

In Sec. II it was noted that the demagnetizing energy
is not negligible compared to the exchange and dipo-
lar anisotropy energies in EuTe. Applying the
demagnetization correction for a spherical sample
gives the values

7.(0)=78.91+0.2 GHz, Hz(0) =73.0 kOe.

Oliveira et al.'® have determined Hg(T) directly
from measurements of M vs H at the high-field
boundary between the canted and paramagnetic
phases. Their result at 7 =0, H,(0) =72.2 +0.1 kOe,
also expressed as an internal field, is in very good
agreement with our value. It must be remarked that
the good agreement with Oliveira et al.'¢ is partially
fortuitous. As the canted-paramagnetic phase boun-
dary is approached (H =< Hp) the variation in M is
greater than linear in H. Jacobs and Silverstein!’
have interpreted this nonlinear variation in terms of
zero-point spin-wave contributions to the free energy.
The critical field will be lower than the mean-field
result. Our results, obtained in fields less than 24
kOe, are based on measurements far from the critical

field. It is surprising that this parameter determined
at and far from the region in which critical fluctua-
tions and/or zero-point spin-wave contributions are
important should agree so well.

The dipolar interaction constant at T =0,
K;=k4M$, has been determined from the experi-
mental values of v.(0) and Hz(0). The result

K;=1(0.817 £0.015) x 10° ergs/cm?

is to be compared with the value calculated classical-
ly® for EuTe, Kt =0.732 x 10® ergs/cm®. The experi-
mental value is —10% greater than the theoretical
result. This difference would be explained by a
uniaxial anisotropy term, k,, induced by the lattice
distortion which normally accompanies AFM order-
ing. Estimates based on the anisotropy constants in
EuO and EuS" indicate that single-ion magnetocrys-
talline anisotropy constants are too small to account
for this discrepancy.’® A second explanation could be
the neglect of quantum-mechanical corrections to the
dipolar energy.

Oliveira et al.'® have measured the temperature
dependence of the critical field, H.(T). They find
that H.(T) decreases at T*2 in the interval 1 < T <4
K. Anderson and Callen'® have applied a Green’s-
function analysis to the canted-paramagnetic phase
boundary finding a leading 7°/? dependence for
H_.(T) arising from the renormalization of the spin-
wave energies. Feder and Pytte!® have obtained a
similar result for a uniaxial Heisenberg AFM using
spin-wave theory including spin-wave interactions to
leading order in 1/2S. The T*? decrease in the zero-
field resonance frequency, Fig. 10, suggests spin-
wave renormalization of the resonance frequency.
We note that in both Refs. 18 and 19 the model con-
sidered is an easy-axis AFM in contrast to the easy-
plane behavior of EuTe and is not directly applicable
to this material.

The presence of multiple 7 domains in EuTe and
the strain associated with domain-wall boundaries has
been observed as a small satellite absorption. The
presence of strain is also, most likely, the origin of
the deviations observed in Fig. 8 and can be expected
to contribute a broadening to the resonance lines.
We have attempted to influence the domain structure
by cooling through Ty in magnetic fields up to 24
kOe without notable results. Alternatively, cooling
through 7y with uniaxial stress along a [111] direc-
tion followed by its removal at T < Ty could likely
produce single-domain samples. Careful measure-
ment of the field-frequency dependence in single-
domain sample with H in the corresponding (111),
easy plane as a function of temperature could provide
a measurement of v.(7T) and Hz(T). A determina-
tion of Hg(T) in the field region far from H_(T)
would provide an experimental method of determin-
ing the explicit effect of critical fluctuations.
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APPENDIX

The susceptibility tensors, X(m) and ’)-f(l), have been calculated for general field directions in the x-z plane.
The absorptive part of the susceptibility is introduced using the Plemelj formula

X—-X

lim[ 1 =P[ 1_]—iﬂ5(X—X'). (A1)
™| X—-X+in

The determinant A, Eq. (14), is expanded as

1 1 1 1 1 1 1 1 (A2)
A 2xX2 (xP-x?|xt|{(x-Xxh) (X+xH X|lx-x) &x+x)|| -

Introducing the function

R*(x) =

e [— (x2—1xﬂ) 5B — X (X +xt)1]

the susceptibility components X;(m) are given below. The frequencies, X* and X~, are given by Eq. (15).

Xae (M) = Ay + kg + ka) X21E,m IR~ (X) = R¥(X)] +[Brq + k) 1§y + (A2 + k) mGIIX2R*(X) —X?R™(X)] ,

X,y (m) = (A3 + kg + k) X213, md IR~ (X) = R*(X)]
+ 1O+ kg + ko) mée + (N2 + k) mGIX 2R (X) = X?R™(X)]
Xz (m) =\ + k) mg L (X213, — X DR~ (X) — (X2, — XHRY(X)] ,
Xay (M) = =Xy (m) = (ix) mo, [X**R*(X) = X2R~(X)] ,
Xg (M) ==X (m) = (\y + kg) moemo, [ X2R~(X) = X?R*(X)] ,
Xyz (M) ==Xz (m) = (ix) mo, [(X21§, — X HR™(X) — (X2}, — X R*(X)] .

The susceptibility components X;(/) are

Xoe (D) = (A ¥ k) (A3 + k4 + kg) (ix) loymoxmo, [RT(X) —R™(X)] ,
Xy (1) = X2(ix) moxmo, [R™(X) = R*(X)] ,
Xz (1) = (A + K4)(ix) loymoemo, [R™(X) —R*(X)] ,
X (1) = (N + kg + ka) loymox [ (X2, — XD R*(X) — (X2, — X DR~(X)] ,
Xpx (1) = Ay + kg + ko) X213, mE AR (X) — R™(X)] + Bkg + ko) loymox [X?R™(X) — XPR*(X)] ,
Xog (D) = (i) Iy (X213, + (A3 + k) *m ) [RT(X) — R=(X)] + (ix) loy [X 2R~ (X) =X PR*(X)] ,
Xoe (1) = (g + kg) (A3 + kg + 1) (ix) loymé [R™(X) = R*(X)]
+ () Iy [X?2R*(X) —X2R~(X)] ,
Xyz (1) = (\y + k) X2loymdymo, IR (X) =R~ (X)] ,
Xo (D) = (2 + kg) loymo [X2R™(X) = XYR*(X)] .

The form of these tensors is illustrated below for h parallel and perpendicular to the easy plane.
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A. hIIX: Easy plane

For h in the EP, h, =0, the frequencies are

X?2=x2 , (A3a)
X 2=tk A+ kg +ra)mé, ' (A3b)
with
‘—(3Kd +Ka) Igy 0 0
X2 — X+2
- (A + kg +xz)mé (ix)m ‘
X(m) = 0 2 X’;‘_ ;_“2 T (Ada)
0 (ix)mo,, ()\2 +Kd)m§x
Xt—-x? Xt—-Xx?
and
()\2+K4+Ka)10ym0x (ix)loy
0 X -x— Xt-x?
X() = —(3—"'-‘}";"—)){%—'"‘3 0 o |. (A4b)
—(ix)lo
X2 — X+J; 0 0

B. hllz: Hard axis

" For h perpendicular to the EP, the frequencies are

X=X+ (k) mé, (A5A)
X?2=0 , (A5b)
with
1 X+ _xmo
(A, +xa) xX2-x*? X—-x*
- (ix) Mmoz ()\2 + Kd) m&,
X(m) = W ‘W 0 (A6a)
0 0 0
and
I}
0 0 —2
Jx )
X() = 0 0 0o |. (A6b)
—(ix)loy (A2 +ka)loymo,
XZ - X+2 X2 — X+2
“Present address: Brown, Boveri, and Cie., AG, CH-5401 4Constants are
Baden, Switzerland.
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