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PARAMAGNETIC BESONANCE TRANSMISSION IN GADOLINIUM*

Richard B. Lewis, t' George C. Alexandrakis, and Thomas R. Carver
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received 19 September 1966)

Using the spin transmission or selective trans-
mission resonance method previously applied
to conduction-electron paramagnetic resonance, '
we have observed rather unexpected but unique
and characteristic resonance lines transmitted
through 99.9% purity gadolinium foil at temper-
atures above the Curie temperature of 289'K.
In this type of resonance technique, the sam-
ple forms the common wall between two micro-
wave cavities tuned to the same frequency and
so arranged that the external magnetic field
may be oriented either perpendicular or paral-
lel to the foil with the microwave magnetic field
perpendicular to the static field. One cavity
is used for excitation of the resonance, and
the other cavity, into which leakage must be
kept to a minimum, is connected to a sensitive
superhetorodyne receiver which is coherent
with the excitation generator and therefore pro-
vides phase-sensitive detection.

The sample foil is 75 p, thick, and the skin
depth at the frequency used in this experiment
(9200 MHz) is about l p. . Transmitted paramag-
netic resonance under these conditions is sur-
prising. If it is assumed that a signal is car-
ried by independent motion of conduction elec-
trons, a conventional estimate of spin relax-
ation due to spin-orbit' or spin-ion core inter-
action leads to too short a relaxation time to
make such a resonance observable. If one as-
sumes that the paramagnetism above the Cu-
rie temperature is due only to statistically ori-
ented paramagnetic ion cores with atomic-range
order, it is clearly impossible to transmit a
coherent phase resonance through a sample
thicker than a skin depth. The alternative,
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FIG. 1. Resonance traces in 3-mil gadolinium foil
at 298 K with static field parallel to sample. (a) and
(b) Transmission resonances at two phase settings.
(c) Derivative of reflection signal. (d) Direct

reflect-

ionn signal.

which the shape of the resonance seem to cor-
roborate, is to invoke superexchange or itin-
erant magnetic order with longer range than
might be expected.

Figure 1 shows the experimental phenomena
when the static magnetic field is parallel to
the surfa, ce of the gadolinium sample. The bot-
tom two traces show a paramagnetic-resonance
absorption signal observed by reflection from
the excitation cavity only. Trace (d) shows
this strong signal by direct power measurement
on a crystal detector, and trace (c) shows the
same resonance using field modulation and a
lock-in amplifier which gives the derivative.
[The signal-to-noise of (c) is poorer than (d)
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because of a field-modulation amplitude which
is very small compared to the wide lines. ]
Traces (a) and (b) show the transmission sig-
nal at two different phase settings. One notices
the apparent shift of the resonance to low fields
and the phase wiggles at the high-field tail which
become more closely spaced as they become
smaller. The transmitted resonances are not
derivatives since the magnetic field was not
modulated, but instead the modulation for lock-
in detection was supplied by the insertion of
a chopper modulator between the receiver cav-
ity and the receiver.

The 1ine shape is highly suggestive of a sim-
ple phenomenological model. Coherent long-
range spin-wave excitations are propagated
through the sample and have phase shifts of
many times 2Tt from the excitation to the trans-
mission side. This phase shift increases as
the magnetic field increases. Figure 2 illus-
trates this conjecture more clearly. The re-
flection signal, which involves only the inco-
herent absorption of energy at one surface,
is shown by the heavy dashed lines. The coher-
ent transmitted signal starts out in phase at
low field with a small k vector or small phase
shift, but the phase shift increases as the field
increases. In an idealized perfect section through

the sample, the signal might appear as shown
in the fine solid line. However, in an actual
sample with thickness variations and other
sources of nonuniformity, the observed line
appears as a phase-averaged collection of many
such excitations which destructively interfere
at higher fields, and this is shown by the heavy
solid line. The transmitted line appears at
lower fields as a consequence. The magnitude
of such a large transmitted signal in the low-
field tail of the absorption line is compatible
with the experimental conditions if the reader
takes note of the fact that the sensitivity of the
apparatus to transmitted signals is about 10
W, a figure which is perhaps 100 dB smaller
than the sensitivity of the crude but adequate
detector which we have used to observe reflect-
ed signals from the excitation cavity.

On the assumption that such a form of exci-
tation would undergo less anisotropic demag-
netization and dephasing when the magnetic
field is applied normal to the sample, the res-
onance was observed in this mode with the re-
sults shown in Fig. 3. The absorption resonance
in reflection is moved to higher applied field
because of internal-field demagnetization, but
indeed the transmitted signal shows consider-
ably greater strength and/or homogeneity of
phase. In order to illustrate the approximate
effect of temperature, Fig. 4 shows a parallel-
field resonance at a temperature of 24' above
the Curie point. It indicates that the signal is
not degraded by much more than a factor of
2, and also shows that the reflection resonance
occurs at a slightly higher applied field, closer
to g=2, than the line in Fig. 1. We have not

yet been able to make a careful study of the
resonance in the immediate vicinity of the Cu-
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FIG. 2. Phenomenological origin of the resonance
line shape. The heavy dashed line is the envelope of
response corresponding to absorption. The light line
is an idealized transmission response from a homog-
enous section of sample. The heavy continuous line is
the effectively transmitted line after averaging over
phase disorder from many idealized excitations prop-
agated through a nonuniform sample.
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FIG. 3. (a) Transmission and (b) reflection signals
from the sample of Fig. 1 when the static field is ori-
ented perpendicular to the sample foil.
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FIG. 4. (a) Transmission and (b) reflection signals
at a temperature of 24' above the Curie point.

rie point, but the indications are that the de-
scribed behavior extends comfortably above
this point, and is not a critical-point phenom-
enon.

At temperatures below the Curie temperature
there is no observable indication of this type
of resonance. Figure 5 shows two character-
istic traces, (b) and (c), for parallel-field fer-
romagnetic-resonance absorption, but trace (a)
indicates the absence of such a signal in trans-
mission to our limits of sensitivity. No trans-
mission signal is seen when Hp is perpendicu-
lar either. It should be remarked that we have
not been able to observe a ferromagnetic-res-
onance signal transmitted through foils of com-
parable thickness of iron which, like gadolin-
ium, is also a fairly hard ferromagnet. On
the other hand, foils of easily permeable ma-
terials like Supermalloy (Conetic AA in our
case) show transmission ferromagnetic-res-
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FIG. 5. (a) Transmission and (b) and (c) reflection
traces at temperatures below the Curie point with stat-
ic field parallel to the sample.

onance signals which are unappreciably differ-
ent, except for attenuation, from the direct
absorption resonance in reflection.

From our very preliminary data we have been
unable to determine whether the dispersion in
the propagation wave vector is proportional
to the magnetic field Hp or to N +Hp or wheth-
er the phase shift may not arise from the more
rudimentary process of increased damping as
the absorption increases near resonance. One
may make the estimate, however, from the
fact that the sample is 75 p, thick and is prob-
ably pitted and irregular in thickness to 5 or
10% of this thickness, that the wavelength char-
acterizing the phase of the transmitted excita-
tion is at least 5 or 10 p. at low field. Since
the peak of resonance transmission occurs at
a considerably lower field than the peak of ab-
sorption, it is not easy from our preliminary
data to estimate an attenuation length, especial-
ly since attenuation at the center of the line
is presumed to be due to phase averaging. How-
ever, an estimate based on the extrapolation
of the absorption-line tail to low fields, assum-
ing that it is a Lorentzian shape, and on the
known resonance signal strengths of each type
of line, shows that the attenuation length is
about the same magnitude, 5 p. . Although such
an attenuation length is characteristic of con-
duction-electron resonance transmission in
sodium or lithium at room temperature, it is
inconceivably large for gadolinium on the ba-
sis of a model of independent electron motion
through such a high-Z paramagnetic material.

This characteristic resonance shape suggests
many possibilities and questions, in particu-
lar the two following. ' Is this a characteristic
of all ferromagnetic systems above the Curie
point? Is there a similar situation at or above
the antiferromagnetic transition point in oth-
er materials? It is clear, in any case, that
the experimental transmission technique is a
most sensitive probe of this type of long-range
order, and that the existence of such a long
range of phase order is not what one normal-
ly expects of a paramagnet. We naturally hope
that it may shed further light on the nature of
the fundamental ferromagnetic interaction.
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agement of Dr. P. A. Fedders.
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ELECTROABSORPTION IN RUTILE (Ti02)$

Floyd Arntz and Yizhak Yacoby
Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received 24 August 1966)

The bands accounting for electrical conduc-
tivity in rutile have been of continuing interest
to many investigators. The low carrier mo-
bility has rendered as useless cyclotron reso-
nance, de Haas-van Alphen measurements,
and associated experimental techniques which

have proven so valuable in the analysis of oth-
er materials. Conductivity and Hall-effect mea-
surements' ' and, recently, piezoresistance
measurements4 have suggested multivalley con-
duction and high electron effective mass in this
material, but because of the rather involved re-
lationship such data have to possible band struc-
tures and various scattering mechanisms, the
evidence supporting these conclusions cannot
be regarded as having a unique interpretation.
Optical measurements show the absorption edge
of rutile is dichroic and has a strong temper-
ature dependence. " It is, in general, difficult
to resolve the different processes accounting
for absorption from the measurement of the

absorption spectrum in the vicinity of the edge.
This is especially true of rutile because of the

strong temperature dependence of its absorp-
tion tail.

Electroabsorption measurements have pro-
vided a more detailed understanding of the pro-
cesses involved in the absorption of light at
the edge in a number of materials, e.g. , ger-
manium~ and silicon. ' The results of such
measurements on rutile, their interpretation,
and their implications concerning the band struc-
ture and dichroic nature of this material at
the absorption edge are reported herein.

Electroabsorption measurements were per-
formed on rutile plates of approximately 100
p. thickness, each having the c axis and one
of the a axes within the plane of the sample.
Thin conducting platinum films vacuum-depos-
ited on both sides of the Formvar-coated sam-
ple served as contacts for application of the

perturbing electric field but did not interfere

substantially with the transmission of the light.
A description of the measuring technique ap-
pears in a previous publication.

Two crystals were studied in considerable
detail. The first, which shall be referred to
as crystal A, was fired in oxygen at 20 atm
at 700'C for six hours; the second, crystal B,
was obtained from another source and was fired
in atmospheric air at 800'C for 12 h. Two

samples were obtained from crystal A and one
from crystal B.

The electroabsorption spectrum of rutile was
measured with light polarized with E parallel
to c(E ii) and E perpendicular to c(Ei), with

perturbing electric fields ranging from 1.5x10~
V/cm to 6x104 V/cm at temperatures ranging
from 77 to 200'K. Difficulties encountered in

calibration procedures limited the accuracy
of the magnitude scaling of the various electro-
absorption spectra to +30%, but relative accu-
racy within a given spectrum was limited only

by noise. All results are similar to those pre-
sented in Fig. 1, which were obtained with an
electric field of 2x10~ V/cm at 77'K. Strong-
er fields enhance and broaden all peaks, both
positive and negative, but their magnitudes do

not have the same dependence on field. As the

temperature is raised, the effect fades in in-
tensity and the peaks broaden. For instance,
at 168'K the effect has faded to approximately
one third in intensity and the peaks have broad-
ened considerably. At room temperature the

effect has diminished to the point that reason-
able integration times are not adequate for de-
tection. This dependence of intensity and peak
width on temperature and the relationship of
these results to the Urbach rule' will be dealt
with in a future publication.

Several aspects of the data presented in Fig. 1

should be pointed out. Comparison of the re-
sults from the two crystals shows that the large
low-energy positive (LEP) peak exhibited by
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