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The spin-wave dispersion relation for the ¢ direction of dysprosium metal in the ferro-
magnetic phase at 78°K and in the helical magnetic phase at 98°K has been measured by
triple-axis neutron spectrometry. The energy gap measured in the ferromagnetic phase
at (T =0 is in poor agreement with that calculated from the macroscopic magnetostriction
and crystal-field anisotropy constants. The Fourier-transformed exchange interaction
J(@)—dJ(0) in the ferromagnetic phase posses a peak near the wave vector that gives the

periodicity of the helical structure just above the Curie temperature.

The spin-wave dispersion relation for the ¢ di-
rection of dysprosium metal in its ferromagnetic
phase at 78°K and in its helical magnetic phase
at 98°K has been measured by triple-axis neutron
spectrometry. The measurements were carried
out on the neutron spectrometer located at the
Oak Ridge High Flux Isotope Reactor. Neutrons
with energies in the range 10-16 meV were used.
In addition to the usual constant-d and constant-E
modes of operation, numerous mixed scans (both
g and E varied) were employed. The specimen is
a single crystal grown in this laboratory of dys-
prosium enriched (96.8%) in the low-neutron-cap-
turing isotope !**Dy, and it weighs approximately
28 g. The neutron-capture cross section at 1 A
is estimated to be 100 b.

Dysprosium possesses a simple helical mag-
netic structure below Ty, 179°K, and a ferromag-
netic structure below 7,, about 87°K.! Thus with
dysprosium one has a unique opportunity to study I

the exchange and anisotropy interactions over a
relatively wide temperature range in both types
of magnetic structures in the same metal. Of
particular interest is the mechanism responsible
for the magnetic phase transition and the extent
to which the exchange interactions on either side
of this transition differ. In the present Letter
we report the results of measurements which
were made primarily to examine the latter point.

The measured dispersion curves are shown in
Figs. 1 and 2. For the ferromagnetic phase
(78°K), the relative uncertainty of the measure-
ments is estimated to be ~0.02 meV at small g
and ~0.05 meV near the zone boundary. For the
helical phase the errors at present are generally
larger (0.04-0.10 meV),

The interpretation of these data has been based
on the frozen-lattice model which leads to the
following expression for the magnon energies
along the c¢ axis in the ferromagnetic phase®3 at
T=0°K:

7w (@) = S{[7(0)-J(@) +2P,S(3)/S2][J(0)~J(@) + CY(\ 1)?/5% +36P,8S(3)/S2 [}z, (1)

with
S(n) =S(S=3)(S=1)« ++ (S=n).

Here S is the total angular momentum on each
ion; J(g) is the Fourier transform of the ex-
change interaction; P, and P.® are the axial and
hexagonal crystal-field anisotropy parameters;
A7 is the parameter which specifies the lowest
order single-ion magnetoelastic interaction, and
C7 is an elastic constant. The hexagonal aniso-
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l tropy and magnetoelastic parameters usually oc-

curring in the first bracket have been ignored
here in comparison with P,.

The energy gap at § =0 measured in the ferro-
magnetic phase is 1.40+0.05 meV. From Eq. (1)
this gap theoretically is given by

7w (0) =S 3K, [36K,S +CY(\ )2 ]}1/2, (2)

where we have replaced P, and P by the mea-
sured macroscopic anisotropy constants K, and
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FIG. 1. The spin-wave energies measured in the ¢
direction for ferromagnetic %Dy at 78°K, compared
with the results obtained in the helical phase at 98°K.

Kse. Using the experimental values (appropriate
to 78°K) for anisotropy constants,* the elastic
constant,® and the magnetostriction constants,®
one calculates 0.9 meV for the energy gap, which
is in very poor agreement with the spin-wave
measurement. If the ~40% larger value for K¢’
as determined by Liu et al.” is used, the calcu-
lated gap becomes 1.0 meV.

If one assumes that K, as measured by Rhyne
and Clark®? is correct and that an effective planar
anisotropy can be deduced from the measured
energy gap, then the exchange function for the ¢
direction J(§)=J(0) can be determined directly
from the measurements of 7w(d). The results
obtained are shown in Fig, 3. These results do
not depend greatly on the detailed mechanisms
responsible for the anisotropy so long as the dis-
crepancy noted above is not due to a two-ion
anisotropy which would then introduce an addi-
tional -dependent term into Eq. (1).

For wave vectors along the ¢ axis the exchange
function can be expressed as a cosine series with
interplanar exchange constants as the coeffi-
cients, viz.

J(G)-J(0) =277, J,[cos(l¢m)-1], (3)

with I(TI =27¢/c and £ <1, A linear least-squares
fitting of Eq. (3) to the 78°K experimental results
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FIG. 2. The spin-wave energies measured in the ¢
direction for $3Dy in the helical phase at 98°K. The
arrow denotes the helical wave vector 6

is shown in Fig. 3, and the exchange constants
obtained are given in Table I. Seven constants
are needed to fit the measurements of J({)-J(0)
within the experimental error. On the basis of
calculations carried out in conjunction with the
fitting analysis, the uncertainties of these con-
stants are estimated to be 2% for J;, 10% for J,
to J;, and 40% for J; and J,. The dispersion re-
lation 7w({) that is calculated with these con-
stants is compared with the data in Fig, 1.

The maximum in J(§)-J(0) near £=0.15 obvi-
ously follows directly from the minimum ob-
served in the dispersion relation and it occurs
at a value of ¢ which coincides with the wave
vector Q of the helical structure just above T,.
This maximum indicates that even in the ferro-
magnetic phase the exchange interaction favors
a helical structure, the ferromagnetic structure
of Dy being stabilized by anisotropy forces,
largely of magnetoelastic origin, which are in
“competition” with the exchange.? Attempts have
been made previously to relate known anisotropy
interactions®®® to the exchange energy difference
AE ., between the ferromagnetic phase =0 and
the helical-magnetic phase §=Q, with AE,
~S2[J(Q)~J(0)]. The value calculated for AE,,
from the exchange function determined at 78°K
is about 7 meV, which is considerably larger

141



VOLUME 26, NUMBER 3

PHYSICAL REVIEW LETTERS

18 JANUARY 1971

(oK}

-0t 78°K 98°K

-0.2

-0.3

. \Va)
"N\

-06 " .\“

IS = J(0) (mev)

-07
o] 0.2 0.4 0.6 0.8 1.0

{, REDUCED WAVE VECTOR (27/c)

FIG. 3. The Fourier-transformed exchange in the ¢
direction deduced for dysprosium from the spin-wave
measurements in the ferromagnetic phase at 78°K and
in the helical phase at 98°K.

than previous estimates of from 2 to 3 meV,

Such an analysis, of course, ignores the possibil-
ity that the exchange interaction itself may be
different in the two structures.

In the helical magnetic phase the y-magneto-
elastic strains vanish,® and the basal plane aniso-
tropy is averaged to zero, The magnon energies
along the ¢ axis are then

7w (@) =S{[7(Q) -3/ Q=d) -3/ Q +)]
x [H(Q)-J@) +2B]}2,  (4)

where S?B = P,S(S-3). The experimental measure-
ments obtained in the helical phase (see Fig. 2)
are in rather good agreement with calculations
based on the exchange function that was deter-
mined in the ferromagnetic phase, except near
3= Q where the calculation is ~30% too high.
Again, we have used the macroscopic axial aniso-
tropy constant.® On the basis of Eq. (4) this dis-
crepancy near Q indicates that J(Q) and/or J(2Q)
has changed significantly at the phase transition.
An analysis of these data in terms of interplanar
constants, as in Eq. (3), yields the constants
given in Table I and an exchange function which
is different at nearly all q from that obtained in
the ferromagnetic phase as illustrated in Fig. 3.
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Table I. Interplanar exchange constants for dyspro-
sium in the ¢ direction, given in meV.

Ferromagnetic phase Helical phase

(78°K) (98°K)
Jy 0.158 0.158
Jy 0.015 0.022
g ~0.005 -0.027
Jy ~0.017 —0.034
Js -0.001 0.024
g -0.005 —0.001
Jy 0.004 -0.008

In particular, the peak J(Q)-J(0) is substantially
larger, thereby suggesting an even larger AE o4
than that deduced from the ferromagnetic data.
Obviously the comparison of the exchange energy
of the two magnetic phases with various aniso-
tropy energies either cannot be done in a molec-
ular field theory or it should be based on the ex-
change in the helical phase, J(Q), and the ex-
change in the ferromagnetic phase, J(0)z Ap-
parently J(0), #J(0) .

Since a satisfactory analysis of the data in the
helical phase can be achieved by using the macro-
scopic axial anisotropy constant, perhaps the
discrepancy between the measured and calculated
energy gap in the ferromagnetic phase is due to
an error in the planar anisotropy interaction.
Spin-wave measurements will be carried out
soon at 4°K, where the anisotropy interactions
are much larger, thereby producing a larger en-
ergy gap.

In the ferromagnetic phase the magnon disper-
sion relation crosses the longitudinal and trans-
verse phonon branches in the ¢ direction only at
£=0,05 and £=0.09, respectively. Careful ex-
perimental examination of these crossing points
revealed no detectable magnon-phonon interac-
tion. However, when the temperature is lowered,
the magnon dispersion curve will rise, and it
then will intersect these phonon branches at ad-
ditional points further out in the Brillouin zone.
We expect magnon-phonon interactions to be de-
tectable at these points as in the case for Tb.°
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The three experimentally known M1 transition rates among the f;/5d3/,"! 27, 37, 47,
and 5° quartet of K are calculated to first order using the one-particle, one-hole wave
functions of Perez. The calculations are in qualitative agreement with experiment and
illustrate that the effective moment method is not valid when used with a zeroth-order
(i.e., the pure fy/,d; /2" configuration) calculation. This is expected since the effective
moments correct for second-order effects and cannot simulate the first-order correc-
tion due to the presence of f;/,ds ;! and fy/ods /" impurities.

In two recent Letters™? mean lifetimes of the
M1 transitions connecting the low-lying quartet
of predominantly f,,d, ., ! levels in *“°K have been
measured and compared with shell-model predic-
tions. Three M1 matrix elements are available
for comparison: those corresponding to the 3~
~47, 2" =37, and 5~ ~ 4" transitions. In the sec-
ond of these studies? these matrix elements are
compared with the predictions of a pure f,,d,/, "
model and it is concluded that this model fails
badly in predicting relative M1 transition rates,
even if effective magnetic moments are used. In
the first of these studies' small admixtures of
2045, " and f, 25, ! are included in the con-
figuration space and effective moments are used.
The agreement is then within a factor of about

2 —which the authors consider good.

The purpose of this Letter is to point out that
the most important impurities to be considered
in calculating these M1 transitions aré those
which connect to the main term in first order
—namely, those admixtures containing the other
members of the I, + 3 and , + 3 spin-orbit dou-
blets. Furthermore, there is no reason to ex-
pect the effects of these admixtures to be simu-
lated by effective moments since (1) they do not
contribute in first order to the **K and **Ca mag-
netic moments, and (2) the force that generates
them is not necessarily coherent with the M1 op-
erator.

Let us consider in detail the three “°K M1 rates
which have been measured. We use the one parti-

Table I. Components C i th of the Perez particle~hole wave functions for the lowest four T =1 states of mass 40.2

T 1fyaldssyt Afryaldssy Tt s pldg),

1f1/9251/""

2s/0ds/y" " Lfsyaldsyy™ 2g/51dssy ™t 2gy0251 57!

2 +0.959 +0.173 -0.087 :
37 +0.986 -0.080 -0.044 -0.131
4" +0.995 +0.006 -0.012 +0.095
57 +0.991 -0.121 cee coe

+0.022 +0.072 ~0.079 +0.173

+0.000 —0.007 -0.051 e

+0.011 +0.031 o oo
e +0.050 oo

2The phases are defined by the choices 1;ha‘c.jp +§h =3, 1 +'s'=—5, and radial wave functions are positive at the ori-

gin.
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