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The submillimeter magnetic spectra of hematite and of hematite with a Ga** impurity (x ~5-
6%) are investigated in the frequency range 2-16 cm ™' at T = 4.2-600 K. The temperature
dependence of the resonant frequency v, (T), of the contribution of the mode to the static
magnetic permeability Au(T), and of the linewidth I'(T') are obtained for the high-frequency
antiferromagnetic resonance mode. Discontinuities in the plots of Au (7T) and I'(T') are
observed at the Morin point. An anomalous increase of I'(7) at liquid-helium temperatures is
observed for the hematite containing no gallium. It is shown that the experimentally observed

Ap(T) and v,(T) can be satisfactorily explained by using a simple model based on the
Landau-Lifshitz equations with a thermodynamic potential that includes the first two

anisotropy constants.

I. INTRODUCTION

Hematite (a — Fe,0;) is an antiferromagnet having a
Néel temperature 7y, ~950 K and a rhombohedral symme-
try described by the space group D$,. At T,, =263 K it
undergoes an orientational first-order phase transition from
a weakly ferromagnetic easy-plane state (7> T,,) to an an-
tiferromagnetic easy-axis state (7'< T),) (see, e.g., Ref. 1).
The temperature of the phase transition in hematite can be
varied in a wide range by replacing a small fraction of the
Fe* ions by diamagnetic impurity ions suchas A’ +, Ga®™*,
and others.? All this, in conjunction with the relative simpli-
city of the crystal and magnetic structure, makes hematite a
convenient model for the study of the behavior (anomalies)
of various physical quantities in the course of a first-order
phase transition.

The static magnetic properties of hematite, which have
been investigated in detail (see, e.g., Refs. 2-7), are ade-
quately described by a thermodynamic theory® that takes the
first and second anisotropy constants into account (see also
Refs. 1 and 9). This same model, as shown in Ref. 10, also
describes the behavior of the antiferromagnetic-resonance
(AFMR) frequencies. For T'> T, hematite has two AFMR
modes—quasiferromagnetic (low-frequency) and quasian-
tiferromagnetic (high-frequency). The variation of the fre-
quencies of these modes as functions of magnetic field and
temperature has been investigated in detail in Refs. 10-19.

The purpose of the present paper is a study of the tem-
perature dependence of the parameters of the high-frequen-
cy AFMR branch by a new experimental method that yields,
besides the frequency, two other magnon-mode parameters,
viz., the damping and the contribution to the static magnetic
permeability. The measurements were performed in the tem-
perature interval 4.2-660 K and at frequencies v = 2-16
cm™'. We investigated samples of pure hematite and of he-
matite doped with Ga3+.

2. EXPERIMENT

The measurements were made with an “Epsilon” sub-
millimeter BWO spectrometer® by the quasi-optical proce-
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dure described in Refs. 21 and 22. The working radiation
was monochromatic to within ~0.001 cm ™', the degree of
polarization was ~99.99%, and the excess of power above
the receiver noise level was ~ 10°.

In the course of the measurements the spectrometer re-
cords the transmittances and reflectances of plane-parallel
samples. The end results are the spectra of the dielectric con-
stant and of the magnetic permeability of the substance be-
ing investigated.

Single crystals of hematite and of hematited doped with
5—6% gallium were grown from a solution in molten Bi,O;—
Na,O. The Morin temperature of the resulting hematite sin-
gle crystals was 258 + 0.5 K. The slight decrease of T, in
the hematite is apparently due to uncontrollable cobalt- and
silicon-ion impurities. The samples were disks ~ 1 cm in di-
ameter and ~1 mm thick, with planes coinciding with the
basal plane of the crystal. To produce a single-domain state
the sample was placed in a magnetic field of ~200-400 Oe in
the basal plane of the crystal. To excite the high-frequency
(antiferromagnetic) AFMR mode the magnetic field of the
wave was oriented along the constant field H,. Measure-
ments have shown that the resonant frequency of the mode
remains constant to within 0.04 GHz when the orientation
of H, is varied. All the results that follow are therefore re-
ferred to a single field orientation.

Figure 1 shows typical transmission spectra 7(v) of

2,68 3,0 v,cm 1

FIG. 1. Transmission spectra of hematite near the Morin transition:
1—-T=259 K, 2—258.1, 3—2579, 4—256.
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FIG. 2. Temperature dependence of the transmission coefficient of a he-
matite sample 1.232 mm thick near 7, at fixed frequencies: @ — v = 3.23
em™',0O—24cm~ ', A —253cm™', B=2.37 cm™; solid lines—ex-
periment, points—calculation.

hematite at several temperatures near the Morin transition.
The observed absorption line is in fact the high-frequency
AFMR mode. It can be seen that when the temperature de-
creases the mode shifts towards the lower frequencies, and
after the transition its resonant frequency rises again. An
interesting feature is the jumplike change of the sample
transmittance at 7' = T,,, observed both within and outside
the absorption line (curves 2 and 3 of Fig. 1). Similar
“bursts” of absorption cf submillimeter radiation in hema-
tite in the Morin point were also observed earlier,'® but their
nature remained unclear. For a more detailed study of this
effect we measured the temperature dependences of the rela-
tive change of the transmittance at several fixed frequencies.
As seen from the experimental data shown in Fig. 2, the
character of the curves depends strongly on the frequency of
the working radiation. Thus, at v =3.23cm ™' (@) two res-
onance-absorption lines and a jump in the transmittance are
observed at Morin point, while at lower frequencies
(O,/\,M) there are no resonance lines but the jump at
T = T,, remains. We point out that the jumps on the O and
B curves are opposite in sign to the jumps on @ and /\
curves. A more detailed analysis of these results will be pre-
sented below.

To determine the parameters of the AFMR mode, the
transmission spectra of the samples were reduced by a proce-
dure* in which the frequency dispersion of the complex
magnetic permeability is specified by the harmonic-oscilla-
tor equation

p=1+Apve*/ (ve*—v*+ivT),

where v, is the resonance frequency, I' the line width, and
Ap the mode contribution to the static magnetic permeabil-
ity. The temperature dependences of the mode parameters
vo(T), Au(T),and I' (T) obtained in this manner are shown
in Fig. 3.

The resulting v,(7) dependence agrees well with the
data of Ref. 19. It can be seen from Fiq. 3a that v,(7) has a
minimum (v§™ =2.8 cm™') and a kink at the transition
point. Near the transition point (|T=T, | <7 K) the
vo(T) plot is linear and has the same slope
|dvo/dT | = 0.086 cm™'/deg above and below T),,. At low
temperatures (7S 100 K) the frequency v, ( T') is practically
independent of T and is equal to 6.93 4+ 0.01 cm ™.

The contribution Au of the mode to the static magnetic
permeability has an abrupt discontinuity at the Morin point
(Fig. 3b). The linewidth has an unusual behavior at low
temperatures and increases, starting with 7=100 K, from
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FIG. 3. a) Temperature dependence of the resonant frequencies of
® — a — Fe,0,, Oa — Fe, _,Ga,O,; points—experiment, solid lines—
calculation. b) Temperature dependence of the mode contributions to the
static magnetic permeability:® — a — Fe,0;, O —a — Fe,_,Ga,0;;
points—experiment, solid lines—calculation. ¢) Temperature depen-
dences of linewidths: ® — a — Fe,0;; O —a — Fe,_,Ga,O,.

0.02 to 0.07 cm™' at T=4.2 K (Fig. 3c). The real and
imaginary parts of the dielectric constant in the
investigated temperature range were & =24 —25 and
e"=(2—-4)-10"2

We consider now the behavior of the parameters of the
quasiantiferromagnetic AFMR mode in hematite doped
with Ga** (T,,%* = 140 K). It can be seen from Fig. 3 that
addition of 5-6% of the diamagnetic galium impurity
changes the resonant frequency at T',, by an approximate
factor of 5. The width of the resonance line in the doped
hematite at 7> T $* was found to be 1.5 times larger than in
pure hematite and amounted to 0.02 cm™".

3. THEORY AND DISCUSSION OF RESULTS

To describe the observed anomalies in the high-fre-
quency magnetic properties of hematite we make the usual
assumptions'®'° and use the Landau-Lifshitz equations
with a thermodynamic potential in the form
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® (m, 1)="/,Am*+'/,K 1>+ K,L,*~d(ml,—m,].)—M,mH,

(2)
where m = (M, + M,)/2M,, 1= (M, —M,)/2M,, and
M, and M, are the the sublattice magnetizations
(M>=M,>=M,?).

A spontaneous first-order phase transition between the
weakly ferromagnetic state (/, = 0) and the antiferromag-
netic state (I, = + 1) occurs at K<"(T) + (1/2)K, =0,
where K 1 (T) = K,(T) +d?/4, K,<O0.

Solving the linearized Landau-Lifshitz equations for
small homogeneous oscillations about the equilibrium posi-
tions, we can find all the components of the high-frequency
magnetic permeability tensors (see, e.g., Refs. 23 and 24).
For T'> T,, the oscillations are excited in the quasiantiferro-
magnetic mode of interest to us by a high-frequency magnet-
ic field h|jm,||H,, where m, is the spontaneous weak ferro-
magnetic moment whose direction is set in our experiments
by the external magnetic field (H,~200-400 Oe) in the bas-
al plane. The oscillations Am of the total magnetization are
in this mode along m, or h:Am = y (@)h. The corresponding
component of the high-frequency magnetic-permeability
tensor (neglecting H,, is determined by expression (1) in
which Ay = 4y (0), while

o (0) =y =M A=M 211,

is the static susceptibility in the basal plane for the weakly
ferromagnetic phase,

vo=(y/2m) 2 H (1) %, H = (Kkd/4) /M, (3)

and y is the gyromagnetic ratio. The damping in this mode is
taken into account in (1) by the phenomenological coeffi-
cient I'.

When we pass to the antiferromagnetic state (T < T),)
the frequency of the low-lying quasiferromagnetic mode in-
creases discontinuously to the value of the frequency of the
quasiantiferromagnetic mode, so that at H,, the oscillations
are degenerate, with a frequency

vo=(1/2a0) QHg| HS, (1) +H .,|)", 4)

where H,, = K,|M,. The dynamic-magnetic-permeability
components u,, = u,, are likewise determined in this case
by Eq. (1), in which v, should be taken from (4), and the
static susceptibility y (0) is

%(0) =yt Xrot, (5)

where the rotational susceptibility is
eyt

Xeot= T L7 ]

—d)] 6
KR Hy=d/ M, (6)

my=y, H,

Equations (1) and (3)-(5) describe quantitatively the ex-
perimental results. We shall pay particular attention to the
behavior of the dynamic susceptibility and, in particular, to
the static contribution y (0), which has a discontinuity at the
transition point. The physical cause of this discontinuity is
that the transition to the antiferromagnetic phase adds to the
transverse susceptibility y, due to the shear of the magnetic
moments also a rotational susceptibility y rot. The latter is
due to the Dzyaloshinskii interaction in the crystal and tilts
the antiferromagnetic moment relative to the threefold axis
C, (thezaxis) inafield hl C;. Using the experimental values
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Ap =0.00125 at T>T,, Au(T,,~)=0.002 —0.0022,
and v,(T,,) = 2.8 cm ™', we obtain with the aid of (3)-(5)
for the transverse susceptibility and the Dzyaloshinskii field
the estimates y, = 1.9-107° ¢m?®/g and H,, = 22-25 kOe.
They agree well enough with the results static
measurements, viz., v, = 1.8-107° cm’/g
(Refs. 1and 7),y, = 1.95:107° cm?/g (Refs. 5and 9), and
H, =222-22.6 kOe (Refs. 1, 5,9).

The decrease of Au (7) when the temperature decreases
below the discontinuity (7' < T,,) (see Fig. 3b) is due to the
decrease of y,, because of the increase of the anisotropy
energy. It is interesting that the Au (T') temperature depen-
dence is determined uniquely by the temperature depen-
dence of the resonance frequency v,(7) and takes the form
(T<Ty)

Ap(T) =4ay, [1+HyH % (2ave (1)), (7

where y, and H,, are independent of T in this temperature
interval.

Using the experimental v,(7T') (Fig. 3a) and the values
H, =23 kOe, y, = 1.90-10° cm®/g, and hematite den-
sityp = 5.29 g/cm?, we calculated Au (7)) at T < T, shown
by the solid line in Fig. 3b. It can be seen that on the whole it
describes well the experimental Au (T'), thus attesting to the
self-consistency of the experimental results. Note also that
the observed Au(T) agrees with the results of static mea-
surements of the corresponding susceptibility of hematite
for T<T,, (Ref. 7). Good agreement between the experi-
mental and calculated Au(7T) obtains also for hematite
doped with gallium at y, =19-10""cm®/g, and
H,, =20.5 kOe, and for the experimental v,(7) (Fig. 3a).

We analyze now in greater detail the resulting tempera-
ture dependence of the AFMR frequency, v,(7T), and ascer-
tain in particular the extent to which current notions con-
cerning the temperature dependence of the anisotropy
constants in hematite describe v, (7). It is known 2>2 that
the K, (T) dependence in hematite is the result of two large
but opposite contributions, viz., single-ion and dipole.
Owing to their different temperature dependences, the quan-
tity K$T(T) + (1/2)K,(T) reverses sign, and it is this
which leads to the Morin phase transition. Taking this into
account, we represent the temperature dependence of the
anisotropy constants, following the theory of Ref. 26, in the
form

K" (T)=(K{" + K ) (T)+ K (T,
KZ(T)=K§l <Y1,0>T, (8)
where K {?, K¢, K3, arerespectively the dipole, exchange
(K$ =y, Hp*><K $™®) and single-ion contributions to the

anisotropy constants at 7'= 0; 1,(7) is the reduced magne-
tization of the sublattices;

(T =(Y 0,/ (Y,

< Y%(S,) > ; are spherical harmonics averaged with a den-
sity matrix p = exp(S,x);

x=(1/8)Bs~"(I,(T));
B ;' is the inverse of the Brillouin function, and S = 5/2 is

the spin of the Fe** ion. We calculate /,(T) in the molecu-
lar-field approximation from the equation
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I,=Bs(3STxL,/(S+1)T).

Using these values of y, and H, and the experi-
mental AFMR frequencies at the Morin point and at
T=0, we can determine from (3) and (4) the
values K,(0) =K§ = —427-10* erg/g and
K<(0) = — 6.2:10* erg/g. Note that they agree well with
the corresponding hematite parameters obtained from static
magnetic measurements. '

Assuming now, according to the calculations of Ref. 15,
that the dipole contribution is K ¢ = 3.512.-10° erg/g
(HY® = K$*/M,=10.04 kOe), we determine the depen-
dence of v, on temperature from Egs. (3), (4), and (8). The
corresponding v,(7T) plot is shown in Fig. 3a (curve
®, 7, =900K ). Similar calculations for gallium-
doped hematite at K$= —39-10" erg/g,
K<™(0) = 1.13-10* erg/g, K{® =3.336-10° erg/g, and
T, =900 K yield the v,(T) dependence represented by the
open circles in Fig. 3a. It can be seen from the figure that the
agreement between the theoretical and experimental curves
can on the whole be regarded as satisfactory especially at low
temperatures. This attests to the validity of existing ideas
concerning the mechanisms that determine the anisotropy
energy and its temperature dependence in hematite. The
more noticeable disparity of theory and experiment at high
temperatures is apparently due to the larger error in the cal-
culation of /,( T) in the molecular-field approximation.” We
note in this connection the high sensitivity of v,(7T) and
K, (T) to the values of /,(T), since K,(T) is determined by
the competiticn between two contributions that are larger by
approximately two orders than K, (7') and practically cancel
each other.

We discuss now the nature of the anomalies observed in
the temperature dependence of the transmission coefficient
at T'=T,, (Fig. 2). Using our experimental values of € and
i, we have calculated the temperature dependence of the
transmissivity of our hematite sample of thicknessd = 1.232
mm, using the known equations for the transmission of a
plane-parallel layer. The experimental curves, which are the
results of relative variation of the transmission coefficient
with temperature, were tied to the corresponding theoretical
curves at one point (7= T,,). As seen from Fig. 2, the ex-
perimental and calculated data are in good agreement. It is
easy to verify that the magnitudes and signs of the discontin-
uities of the transmission-coefficient temperature depen-
dence are due to a small relative frequency shift of the inter-
ference maxima in the transmission spectra above and below
the transition, owing to the change produced in the refrac-
tive index n = (eu)'/? by the discontinuity Au at T = T,,.

Calculations of the T(v) spectrum directly above and
below the transition point show that the sign of the transmis-
sivity discontinuity at the Morin point depends on the loca-
tion of the measurement frequency relative to the interfer-
ence maxima on the 7'(v) plot.

We can thus conclude that the anomalies of the trans-
mission-coefficient temperature dependence at 7= T, are
due to the discontinuity of the static magnetic permeability
of the hematite at the Morin phase-transition point.

We conclude by discussing the behavior of the
linewidth I'. The hematite crystal we investigated had
(300 K)~0.01 cm™'. Observation of AFMR in scanning
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over the magnetic field (at constant v) yields linewidths
AH~0.1%° for the low-frequency mode?*”*® and
AH~1 KkOe for the high-frequency one.?” Using the known
equations for the dependences of the AFMR frequencies on
the magnetic field,”>* it is easy to verify that these values of
AH agree with the linewidth we observed. This indicates that
the investigated crystals were all of like quality.

With respect to the temperature dependence of the
linewidth I'(T) in a — Fe,O; and a — Fe, _,Ga,0;, we
note that for 7' < 400 K it is apparently determined by extrin-
sic relaxation processes due to the presence of defects and
impurities. At higher temperatures (7> 400 K) the growth
is due to the contribution of intrinsic (four-magnon, six-
magnon, etc.) relaxation processes, a contribution that in-
creases strongly with rise of temperature.?®

The largest maximum observed on the I (7) plotin the
region of the Morin temperature in both pure and Ga’** -
doped hematite, is apparently due to the some smearing
(~1-2K) of the transition by the inhomogeneities of the
sample.

The increase of I'(7") in @ — Fe,O, with decrease of
temperature was unexpected. This behavior of I'(7T") can be
due to the presence of a small admixture of Fe?* and Co?*
ions. Indeed, an investigation®® of hematite with Co?* impu-
rity revealed an increase of the low-frequency mode
linewidth at low temperatures. One cause of this increase, in
the opinion of the authors of Ref. 28, is the freezing of the
electronic Fe?* — Fe** and Co?>*™ — Fe®™* transitions (see
also Ref. 30). According to Clogston’s theory>! (see also
Ref. 32) this can lead at low temperatures to an increase of
the linewidth and to the appearance of a maximum on the
line.

4. CONCLUSION

We have thus obtained the temperature dependence of
the parameters of the dynamic magnetic permeability of he-
matite and of hematite with Ga* impurity. Discontinuities
were observed in Au(T) and I'(T) at the Morin point.
Anomalous growth of I'(T) near liquid-helium tempera-
tures was observed in hematite free of gallium.

The observed behavior of Au (7)) was shown to be well
described by a simple model that uses the Landau-Lifshitz
equations with a thermodynamic potential that includes the
first two anisotropy constants. Comparison of the behavior
of the hematite and of hematite with Ga** impurity shows
that introduction of the impurity is manifested mainly by a
change of the v, (T') dependence, and hence also by the tem-
perature dependence of the anisotropy energy; it further-
more changes insignificantly such quantities as I'(7") and
the discontinuities of Au (7T") at the Morin point. The com-
parison of the experimental and theoretical v,(T) depen-
dences agrees on the whole with the contemporary notions
concerning the mechanisms that determine the anisotropy
energy, its temperature dependences in hematite, and the
influence exerted on it by the Ga®>* impurities.

We have established that the anomalies in the tempera-
ture dependence of the transmission coefficient of hematite
samples at the Morin point are caused by an abrupt change
of the refractive index, due to a discontinuity of the magnetic
permeability.
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"Our calculations have shown that the observed v, ( T') dependence can be
well described in the entire temperature range even in this approxima-
tion, but for larger (by 40-60%) contributions of K } and K { 4+ K ¢ If
K ' remains unchanged this leads, however, to an unjustifiably strong
increase of the exchange contribution K §* compared with y, H 3.
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