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The absorption of 3-mm (100-GHz) microwave radiation has been studied in single-crystal holmium
metal from 4-80'K in applied magnetic fields up to 26 kOe. A variety of absorption spectra (as a function
of applied field) were', observed and have been correlated with the complicated magnetic structures of
metallic holmium. Sharp absorption peaks of strong intensity were observed at helical-fan and fan-fan field-
induced phase transitions. Anisotropy studies in the 50—60'K range revealed only small anisotropy between
"easy" {[1010$)and "hard" {[1120])directions oi magnetization, in contrast with published results
based on neutron diGraction studies, but in agreement with magnetization and magnetoresistance data for
holmium. The ab orption was found to be independent of the relative polarization of H, f with respect to
Hd„suggesting that it is characteristic purely of magnetic domain and phase sects. The zero-wave-number
spin-wave resonances predicted for the heavy rare-earth metals by Cooper and Elliott were not observed,
and it is shown that this is in agreement with the two- and sixfold anisotropy-constant calculations by
Kasuya and a consideration of the sequence of Geld-induced magnetic phases of holmium. No evidence of a
resonance in the helical antiferromagnetic phase was observed, in agreement with the prediction of Cooper
and Elliott. The absorption of microwave power was found to be a sensitive method for detection of magnetic
phase transitions, in some cases being much more sensitive than magnetization or magnetoresistance
techniques.

I. INTRODUCTION

r lHK magnetic structure of holmium metal is a
J . very complex function of temperature and applied

magnetic Geld. The magnetization studies on single
crystals of holmium by Strandburg et al.' revealed an
intriguing series of steplike increases in magnetization
with increasing applied Geld. The recent single-crystal
neutron diffraction work by Koehler et al.' has shown
that the Geld-induced magnetic structures of holmium
are quite complicated, some phases containing as many
as six wave-number components characterizing the
rotation of the static magnetization from layer to layer
in the crystal. Pronounced changes in the longitudinal
magnetoresistance with applied Geld -have also been
observed in single crystals of holmium. '4 Here we
report a study of the e6ect of the field-induced mag-
netic structures of single-crystal holmium on the ab-
sorption of 3 mm microwave power (co/2s-= 100 6Hz).

Microwave power absorption in single crystals of
holmium has been reported by Bagguley and Liesegang. '
Their data, taken at 35 GHz, were not entirely repro-
ducible and consisted of broad absorption lines observed
in the 55-70'K temperature range. No absorption was
observed below 50'K. Our experimental results, at
100 GHz, show a profuse variety of absorption spectra
at temperatures ranging from 80 down to 4.2'K.
Accounting for hysteresis effects, the data are sharp

*Work performed in the Ames Laboratory of the U.S. Atomic
Energy Corri~ission. Contribution No. 2169.

' D. L. Strandburg, S. Legvold, and F.H. Spedding, Phys. Rev.
127, 2046 (1962).' W. C. Koehler, J.W. Cable, H. R. Child, M. K. Wilkinson, and
E, O. Wollen, Phys, Rev. 158, 450 (1967).

'L. E. Spanel, Ph.D. thesis, Iowa State University, 1964
(unpublished) .

4 A. R. Mackintosh and L. E. Spanel, Solid State Commun. 2,
383 (1964).

5 D. M. S. Bagguley and J. Liesegang, Phys. Letters 1/y 96
(1965); J. Appl. Phys. 37, 1220 (1966); and to be published.
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and reproducible and are found to be consistent with
the complex magnetization phases previously reported
for holmium.

II. MAGNETIC STRUCTURE OF HOLMIUM

In the absence of an applied magnetic Geld, holmium
undergoes a transformation from the paramagnetic to
a helical antiferromagnetic state at a Neel temperature
of about 133'K. The axis of the helix is along the c
axis (holmium is hexagonal close packed). At about
20'K, the helix transforms to a conical structure, with
the cone pointed along the c axis, producing a net ferro-
magnetic component along that axis. The conical pro-
jections of the moments in the basal plane are found
to be bunched around "easy" b axis directions' by the
strong hexagonal anisotropy found at low temperatures.

With application of an external magnetic Geld, the
structures become exceedingly complex and data inter-
pretation can no longer be based on the zero-field
structures. At 78'K, the helical state is forced into
a series of "fan" structures by a field H applied in the
basal plane. At about 18 kOe, a fan-I phase appears,
with a second (fan II) phase appearing around 20 kOe.'
Higher Gelds would presumably force the system into
a pure ferromagnetic structure. Between 33 and 40 K,
an applied Geld along a "hard" a-axis direction of
magnetization changes the helix into two intermediate
phases but with a small component of the magneti-
zation normal to H. With II still along an a axis, two
other temperature ranges with distinct magnetic phase
characteristics, 25—33'K and 20—25'K, are reached
before the low-temperature ferromagnetic region. Due
to the large hexagonal anisotropy, the latter has ferro-
magnetic alignment of the moments along b axes for

W. C. Koehler, J. W. Cable, M. K. Wilkinson, and E. O.
Wollan, Phys. Rev. 151, 414 (1966).
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FIG. 1. Four distinct magnetic phases are observed in the 3 mm
power absorption in single-crystal holmium metal as a function of
applied Geld at 52'K. The sample is disc-shaped, with normal along
$0001$ and P applied in the plane of the disc along a magnetically
hard L1120j direction. The increase in power absorption at the
onset of the pure fan-II region is 25 jq of the zero-Geld absorption.
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fields above 5 koe, irrespective of whether B is applied
along an a or b axis. A. remanent state which has some
of the characteristics of the fan-I phase is reached
upon cycling of the field. A. full account of the field-
induced structures is given in detail by Koehler et at.'
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III. EXPERIMENTAL APPARATUS AND
SPECIMEN

A description of the experimental apparatus has been
given elsewhere. ' The specimen used in this investi-
gation contained less than 4% impurities, which were
chiefly La, Tm, and Er. The specimen was disc-shaped,
with a and b axes in the plane of the disc and the c axis
normal to the disc. The diameter and thickness of the
disc were approximately 9 mm and 1 mm, respectively.
The microwave data were found to be very sensitive
to the surface preparation of the specimen. The surface
exposed to the microwave radiation was electropolished
by a perchloric acid technique at —70'C.' The specimen

FIG. 3. Anisotropy studies at 56'K in single-crystal„holmium.
8=0' is an u axis (magnetically hard direction} and 0=30', 90'
are b axes (easy directions of magnetization) . H is applied in the
plane of the disc-shaped sample, whose normal is along L0001$.
This disc has a 9 to 1 diameter-to-thickness ratio, with a 9 mm
dlaIIl.

was kept under vacuum to reduce oxide formation
on the surface.

IV. DISCUSSION OF RESULTS
Typical experimental results are shown in Figs. 1—4,

which are tracings of X-F recorder graphs. Figure 1
is characteristic of the absorption spectra ( as a function
of fmld) observed above 40'K. Four distinct rnag-
netic phases are evident. Vixen demagnetizing effects
are taken into account, the onsets of power absorption
are found to be in good agreement with the onsets of
the various 6eld-induced magnetic phases in holmium.

Hysteresis

Figure 1 also shows signi6cant hystersis associated
with the field-induced fan-I phase. The two higher
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FIG. 2. Microwave power absorption in single-crystal holmium.
The magnitude of the absorption change is =50% at each temper-
ature.

'I J.L. Stanford and R. C. Young, Phys. Rev. 1ST, 245 (1967).
8 E.N. Hopkins, D. T. Peterson, and H. H. Baker, U.S. Atomic

Energy Report No. IS-1184 (unpublished) .

APPLIED FIELD

FIG. 4. Tracing of 3 mm power absorption observed at onsets of
Geld-induced fan phases at liquid nitrogen temperature. The
specimen is a disc of 9 mm diam and 1 mm thickness with normal
along L0001). The largest peaks occurred after temperature. and
Geld cycling and correspond to a 50% change in absorption.
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6eld transformations are seen to occur with much
smaller hysteresis. These observations are in agreement
with the magnetization and neutron-di Braction2 studies
on holmium.

Domain Orientation

The absorption curves are reminiscent of earlier
observations of absorption onsets associated with
domain-orientation/magnetostriction effects in ter-
bium. ~ Indeed, as with terbium, the holmium power
absorption onsets are correlated with the onsets of
magnetostriction observed in single-crystal holmium. 9

In the pure ferromagnetic phase of terbium, the mag-
netostriction onset occured at 6elds around 5 kOe,
depending on specimen shape and temperature. In
holmium, the onset of magnetostriction is seen to
occur immediately at the formation of a ferromagnetic
phase since the 6elds necessary to induce the transi-
tions (~10-20 kOe) are generally larger than those
necessary to produce domain rotation.

The widths of the transition regions are found to be
largely due to the eGects of demagnetizing fields. The
onset of a given phase appears to be at the onset of
the microwave absorption rather than at the peak. or
knee of the absorption curve. The latter corresponds to
the field value (plus demagnetizing field) at which the
transition from one phase to another is essentially
complete.

Absorption Peaks

Figure 4 shows the pronounced absorption peaks
that were observed at the helical-fan and fan-fan
phase transitions in the 60—80'K range. When the
specimen was cemented down in the center as well as
around the edges, the peaks were greatly diminished
or disappeared. But with the disc held only by the
edges, the peaks were observed, and as shown by the
evolution in the tracings of Fig. 4, the peaks could be
spectacularly enhanced by cycling the 6eld and tem-
perature. The applied field was at all times in the plane
of the disc. Similar observations have been reported
for dysprosium. ' "We have made polarization studies
which reveal that the absorption peaks are independent
of the polarization of H, ~ with respect to the applied
Geld B, both lying in the plane of the disc. We do not
have a convincing explanation for these absorption
peaks at present.

Remanent State EBects

At low temperatures, remanent state eBects were
observed. In our experiment, a phase-sensitive detection

' S.Legvold, J.Alstad, and J.Rhyne, Phys. Rev. Letters 10, 509
(1963).

'0 F. C. Rossol, 3. R. Cooper, and R. V. Jones, J. Appl. Phys.
36, 1209 (1965); F. C. Rossol and R. V. Jones, ibid. 37', 1227
(1966)."F. C. Rossol, Ph. D. thesis, Harvard University, 1966 (un-

published) .

system operating at 70 kHz applies necessary correc-
tion voltages to the klystron reflector to keep the klys-
tron frequency locked to the resonance frequency of the
cavity containing the sample. It was found that when-
ever the sample was cooled below about 20'K in zero
field and then subjected to a slowly increasing applied
field, the klystron suddenly became unlocked from the
cavity frequency, probably due to large, rapid domain
orientation effects. If the 6eld were then reduced to
zero and the klystron relocked onto the cavity frequency,
a second upward field sweep would reveal a new ab-
sorption curve, indicating the existence of a remanent
magnetization. As a result, reproducible microwave
absorption data versus applied field could be obtained
only for the remanent magnetic state. The neutron
diffraction work of Koehler et ul. ' has shown that this
remanent state has some of the properties of the fan-I
phase and that cycling the applied field never repro-
duces the virgin state at low temperatures. Only warm-
ing the sample above 25 K eliminates the remanent
state.
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I:: Fxo. 5. The change in longitudinal magnetoresistance of single-
crystal holmium versus applied Geld along $2TTOj is plotted for
various temperatures. These figures are given with the kind per-
mission of Dr. L. E. Spanel.

Anisotropy and Polarization Studies

Anisotropy studies were carried out for temperatures
in the 50—60'K range and also at 78'K. Figure 3
shows data at 56'K which reveal that the anisotropy
between a and b axes is not as great as that expected
from the published phase diagrams of holmium in an
applied magnetic field. ' Spanep has studied longitu-
dinal magnetoresistance in single crystals of holmium.
His data for H applied along [10107 are given in Ref.
4, but the data for H parallel to a hard u axis have not
been previously published. With the kind permission of
Dr. Spanel, we reproduce here his f21107 data in
Fig. 5. Comparison of the L10107 and L21107 rnag-
netoresistance data reveals only a small anisotropy in
the basal plane above 50 K. The smaller anisotropy
of our results near 56'K are in agreement with the
work of Strandburg et al,.' and of Spanel. At 78'K no
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anisotropy was observed between [1120] and [1010]
Geld directions, again in agreement with the magneti-
zation and magnetoresistance work on holmium.

Appreciable hysteresis was observed for the fan-I
phase with applied 6eld in both the [1010]and [1120]
directions, as shown in Pigs. 1 and 3. The onset of the
fan-I plus fan-II structure is seen to have only slight
hysteresis. The extra structure seen with decreasing
field at the higher phase onset is associated with domain
eSects.

To minimize magnetic torque strain on the sample,
Geld rotations during the anisotropy studies were
performed with the Geld at its lowest value, about
0.5 kOe.

Finally, the rotation studies at 56'K (Fig. 3) show
that the microwave power absorption is essentially
independent of the polarization of the microwave
H, g with respect to the applied fmld H, which was
swept slowly in time. Both H, f and H lie in the basal
plane. The microwave absorption data presented here
may therefore be assumed to be characteristic purely
of magnetic domain and phase effects since spin-wave
absorption would be expected to be sensitive to the
relative polarization of H, f with respect to the mag-
netization direction, the latter being in general a func-
tion of the applied-GeM direction.

Sensitivity

Microwave absorption is found to be much more
sensitive in some cases than magnetization or mag-
netoresistance in revealing different magnetic phases.
For example, near 50'K, the onset of the pure fan-II
phase is unnoticable in the [2110] magnetoresistance
results of Spanel (Fig. 5) and in the magnetization
studies. ' However, the same onset appears as a 25%
increase in the microwave power absorption in Fig. 1.
Thus, microwave absorption provides yet another
sensitive probe for the investigation of magnetic
systems.

V. MAGNETIC RESONANCE

No evidence of resonant spin-wave absorption of
microwave power was seen in holmium. The types of
absorption resonances expected generally for the heavy
rare-earth metals will now be discussed, together with
the probable reasons for their not being observed
under the conditions of our investigation.

At least three types of resonant absorption of micro-
waves are to be expected in the heavy rare-earth
metals. These have been treated in the theoretical
work of Cooper and Elliott."Briefly, for the regions
of temperature and applied Geld where the magneti-
zation lies in the basal plane, these possible resonances

's B.R. Cooper and R. J. Elllott, Phys. Rev. 131, 1043 (1963);
153, 654 {&) {1967).

are as follows:

1. Microwave power may be absorbed in zero mag-
netic GeM if the microwave frequency coincides with
the spin-wave energy gap at g=0 [g=2s/(wave-
length of the spin wave)]. The frequency of the gap
is given by

to/2s = (gpa/h) (Hg36Hs) 'l', (1)
where H~ and Hy, are effective twofold and hexagonal
anisotropy Gelds deGned in terms of the twofold and
hexagonal anisotropy constants E2 and E66 of the
Hamiltonian of the system. "

2. In the presence of a magnetic Geld H applied along
a hard direction of magnetization, the q=0 spin-wave
energy gap is modiGed":

ss/2s. = (gpa/)'s) I Hz (H —36Hs) }'ls (2)
if B&36'„or
~/2s =(gyp/h) IHg(H cos(es —8)+36Hs cos68)}'» (3)
if H&36H~. The value 36HI, is that Geld along a hard
direction necessary to pull the magnetization M into
the hard direction. In general, M makes an angle 8
with respect to an easy direction. Equations (1)-(3)
are true in the limit of Hg&)H, M, Hq, which is valid
for our experiment since, as will be discussed, H~~
275 kG at low temperatures in holmium. Since tI} is a
function of H, Eq. (3) must be solved in a self-con-
sistent manner.

3. A.t high temperatures the hexagonal anisotropy
decreases faster than the twofold anisotropy, so that
H& may still remain large while HI, 0. In this regime,
the resonance condition becomes

to/27r= (gps/Js) f HgH}ti'. (4)

Resonances of the second type have been reported
at 9 and 38 GHz in dysprosium' "' and at 9 GHz in
terbium. ' Resonances in the third regime have been
studied in terbium at 100 GHz. ~

Ayylica, tion to Holmium

Equations (1)-(4) require that the magnetization
lie in the basal plane. This is true for holmium for
temperatures above about 20'K, even in the presence
of an applied Geld in the basal plane. Kasuya" gives
theoretical values for E~ and E6' for the heavy rare-
earth metals. His values for Tb and Dy are in reason-
able agreement with experiment. "Thus in the absence
of direct experimental values, we use Kasuya's values
of E~ and E6' for holmium to obtain a reasonable
estimate of the Gelds necessary for the several types

~3 See Ref. 12 and B. R. Cooper, R. J. Elliott, S.J. Nettel, and
H, Suhl, Phys. Rev. 127, 57 (1962).The form of Eqs. (2) and (3)
is that given in Ref. 1i.

'4H. A. Blackstead and P. L. Donoho, in Proceedings of the
Sixth International Conference on Rare-Earth Research, Gatlin-
burg, Tennessee (967 (unpublished).

11' T. Kasuya, in Magnetism, edited by G. T. Rado and H. Suhl
(Academic Press Inc., ¹vrYork 1966), Vol. IIB Chap. 3.~ J.J.Rhyne and A. E. Clark, J. Appl Phys. 38, 1379 (1967).
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of ferromagnetic resonance which might be observed
at 100 GHz in holmium.

The value of the q =0 spin-wave energy gap at low
temperatures (but T&20'K to keep M in the basal
plane) is found, using Eq. (1) and Kasuya's values
for E2 and E6', to be

(o/2~ —400 GHz.

This is higher than the frequency of our apparatus,
100 GHz, and thus should not be observed in our
experiment.

Ferromagnetic resonance of the second type may
be observed by utilizing an applied Geld along the
magnetically hard a-axis direction in holmium. At
low temperatures in holmium, we estimate from
Kasyua's value for E6,

36IIi~200 kG&& (fPs&'/g'ps'II~)

using a&/2ir=10" sec '. Thus, even at 100 GHz, the
resonance Gelds at low temperatures will occur near
H=36H~200 kG, far outside the range of our appa-
ratus. However, as discussed in Sec. IV, the hexagonal
anisotropy is essentially zero (II&~0) at 78'K. At
temperatures between 20 and 78'K, this type of ferro-
magnetic resonance might be expected to occur within
the fields used in this investigation (II&26 kOe)
since H& decreases rapidly with increasing temperature.
In fact, no obvious resonance of this type was observed
probably because either (i) the resonances were ob-
scured by the various phase transitions, or (ii) the
field values over which a given magnetic phase exists
do not coincide with the fields necessary for resonance,
(iii) the resonance intensities are much weaker in
holmium than in terbium, or (iv) Eqs. (2) and (3)
may not adequately describe the resonance conditions
in the very complex fan phases of holmium. For a
simple fan phase, the resonance conditions are not
qualitatively different from Eqs. (2) and (3). How-
ever, the neutron-diffraction results show that the
various Geld-induced fan phases in holmium are ex-
tremely complex, many diferent wave-number com-
ponents being necessary to describe the magnetization.

Below 20'K, remanence e8ects do not allow a pure
ferromagnetic state. A,bove 20 K, there is only a short
temperature range from 25—33'K where our maximum
available field along [1120j could produce a pure
ferromagnetic state. However, estimates based on the
magnetization data' show that the hexagonal aniso-
tropy Geld H& is still so large at 30'K that a field of
18 kOe only pulls the magnetization about 2 away
from the easy [1010j direction. The resonance fields
will be in the vicinity of 36', which is the field neces-
sary to pull M to the field direction along a hard
['11207 direction, 30' away from the easy direction.
Thus, the field necessary to pull the q=0 spin-wave

gap down to 100 GHz at this temperature is much

greater than the capability of our magnet (26 kOe),
and the resonance could not be observed. In fact
from the magnetization data, we estimate that 36HI,
is still 200 kG at this temperature. For tempera-
tures above 33'K and field along [1120j, the pure
ferromagnetic state could not be reached with our
maximum Geld.

A,bove 78'K, where the hexagonal anisotropy is
essentially zero, ferromagnetic resonance in the third
regime [Eq. (4)j may be observed. Scaling the experi-
mental data on Tb~ by Kasuya's IC2 values, one es-
timates that at 100 GHz this type of resonance should
be observed in holmium for H~10—15 kOe. But at
T&78'K, this field is not sufhcient to bring about a
transition from the helix to a ferromagnetic state.
Thus, this type of absorption should not be observed
in holmium, and our data conGrm this expectation.

Finally, at 100 GHz, we observe no resonance ab-
sorption in the pure helical phase for Gelds up to 26
kOe or up to the Geld-induced transition to the fan-I
phase, whichever is lower. This is in agreement with
the prediction of Cooper and Elliott that in the helical
phase the only absorption at q=0 should be at zero
frequency. "

VI. SUMMARY

The absorption of 100 GHz microwave radiation
has been studied in single-crystal holmium metal for
applied Gelds up to 26 kOe and in the temperature
range of 4—80'K. A. wide variety of absorption spectra,
as a function of field and temperature, were found.
Hysteresis, remanence, and magnetic domain effects
were observed. Polarization studies showed that the
absorption was independent of the relative orientation
of H, & and Hz, and that only small anisotropy exists
in the basal plane for T)50'K. Large absorption
peaks whose intensity and shape were functions of
the magnetic history and mounting of the specimen
were noted at several field-induced phase transitions.
A, discussion of types of q=0 spin-wave resonances ex-
pected for holmium is presented and it is shown that
Kasuya's calculated values for the anisotropy constants
of holmium yield resonance fields outside the range of
our apparatus or in ranges inaccessible because of
magnetic phase transitions. It was found that the
microwave absorption technique is much more sensitive
in resolving magnetic phases than magnetoresistance
or magnetization methods.
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