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The singular behavior of the susceptibility gz(Q) near wave vector Q = 0, which is char-
acteristic of long-range dipolar interactions, has been observed in a neutron-scattering
study « I iTbF4. Quantitative agreement with mean-field theory is obtained at tempera-
tures 2&T/X~&10. In a rather broad critical region, 0.01&T/2', -1&1, the divergent
part of g, z{Q) follows a power law g~{g„-0)/X,'=C{1-'E,/T) & with C =1.25 +0.13 and y
=1.13 ~0.06.

During the past decade it has become evident
that critical phenomena in a wide variety of sys-
tems are universal in the sense that they only de-
pend on the dimensionality of the system, d, and
of the order-parameter space, n; e.g. , n=l for
the Ising model, n = 3 for the Heisenberg model,
etc, Details about the interaction between the
constituents are irrelevant for the critical be-
havior; it is only necessary to distinguish be-
tween systems with short-range and long-range
interactions. The mean-field behavior in the
transition to superconductivity is thus ascribed
to the extreme long range of the interaction. An-
other interaction of long range is the Coulomb
interaction between electric or magnetic dipoles.
It is emphasized that this long-range interaction
has not to be defined by a large number of phe-
nomenological interaction parameters, but is
merely given by the size of the dipole moments
and the lattice in which they are located.

Uniaxial dipolar systems have recently been
treated theoretically by several authors. ' ' but
relatively little is known from the experimental
point of view. The dipolar interaction is of course
important in ferroelectrics, but ferroelectric
transitions are driven by the coupling to the lat-
tice, and it is difficult to separate out the effects
of lattice coupling and of dipolar interactions in
such materials. ~ The other possibility is pro-
vided by magnets with exclusive magnetic dipo-
lar interaction. Although this interaction in gen-
eral is weak compared to, e.g. , superexchange,
it can be the dominant interaction in some rare-

earth compounds, and the large magnetic mo-
ments (-10'~) imply Curie-Weiss temperatures
6) of several kelvins. By examining in great de-
tail the high-temperature behavior of the suscep-
tibility and of the specific heat, Wolf, Meissner,
and Catanese' showed that, e.g. , the rare-earth
hydroxides are systems exhibiting superexchange
and dipolar interactions of comparable magnitude.

Holmes, Johansson, and Guggenheim' recently
found that LiTbF, is an Ising ferromagnet with
strong dipolar interactions. The crystal struc-
ture is tetragonal f4, /a and the Curie tempera-
ture Tc =2.86 K. The excited crystal-field levels
of Tb" 'I', are more than 150 K above the ground-
state doublet" IZ, =+ 6), and the transverse sus-
ceptibility is less than 10 ' of the longitudinal
susceptibility at T/8=1, so the magnetic mo-
ments of Tb ions, 8.9p,a, may be considered as
an Ising system with an effective spin of &.

In this Letter we describe a neutron-scattering
study of the wave-vector- and temperature-de-
pendent susceptibility in LiTbF, . The results
display the Q =0 singularity characteristic of the
dipolar Coulomb interaction and a quantitative
comparison with theory shows that LiTbF~ can
be considered as a model system for the uniaxial
dipolar ferromagnet.

The magnetic-scattering cross section when un-
polarized neutrons are scattered from wave vec-
tor k, to k, depends on the wave-vector transfer
Q=k, —k:
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Here Q, is the component of Q along the spin di-
rection, the z axis, and f(Q) is the form factor
of the Tb" ion. ' )(r(Q) is the longitudinal suscep-
tibility and y&' is the susceptibility of the nonin-
teracting system. The quasielastic approxima-
tion on which Eq. (1) is based was checked exper-
imentally in LiTbF4', no inelasticity in the scat-
tering at different wave vectors and temperatures
was observed within the resolution width of 0.1
meV. The data reported here were taken with a
triple-axis spectrometer set for elastic scatter-
ing but with the resolution of the analyzer much

8 (q) = —A, (q, /q)'+ A,q, '+ A, + A,q'. (4)

The q = 0 singularity characteristic of the Cou-
lomb interaction is noted. The dipolar contribu-
tions to A; (i =1, . . . , 4) have been evaluated by
Ewald's technique, "assuming 8.9p.q per Tb"
ion, ' with the results A, =8.403 K, A, =11.811 K
A', A =3.925 K, and A, =5.392 K A'. The param-
eters 8»(Q) and 8»(Q) have also been calculated
for general Q and will be reported in a subse-
quent publication.

We shall now compare Eqs. (1)-(4) with the ex-
perimental findings. In Fig. 1 we show the ob-
served intensity along different symmetry direc-
tions at T =38.8 K, i.e. , a temperature that is
high enough for Eq. (2) to be an accurate approxi-
mation. The scan along the (004) direction de-
termines the background level 8 = 350 counts.
The scan along (200) and from (200) towards (202)
are thus compared with Eqs. (1) and (2) with one
scale factor, n =1864 counts, as the only adjust-
able parameter. The variation of the intensity
with Q is only partly due to the Q dependence of
yr(Q), as illustrated by the dashed curves, where
)(r(Q)/)(r'=1 or T —~. With these values of n
and B we were able to determine the temperature
dependence of yr(q)/yr' for q approaching zero.
%e found indeed that the extrapolated q =0 value
depends on whether the extrapolation is along the
z axis or the x axis, in accordance with Eq. (4).
Most strikingly, the temperature dependence of
yr(q, -0), as shown in Fig. 2, is completely dif-

X r'/Xr(Q) = 1 —Re(8»(Q) + 8~, (Q)1/T —(lmj8»(Q)l/T

We define the deviation of Q from the reciprocal
lattice vector T»o by q =Q —f»0 and note that

yr(q+T»0) =)(r(q). At long wavelengths (q=0) the
susceptibility reduces to

Xr /Xr(q) =1 8(q)/T

with

coarser than 0.1 meV. %ith this setup transi-
tions to the excited states of the Tb ions are not
contributing to the recorded intensity, and the
background count rate is low.

The susceptibility is at high temperatures eval-
uated using the mean-field approximation. In
LiTbF4 there are two inequivalent Tb ' sites
which we index as 1 and 2. Accordingly we dis-
tinguish between two generalized Curie-%eiss
temperatures 8»(Q) and 8»(Q) that are the Four-
ier transforms of the intrasublattice and inter-
sublattice interactions. %e find

)' jl + Re[8„(Q)—8„(Q)]/T ) '. (2)

ferent from that of )(r(q, -0). The latter exhibits
normal ferromagnetic behavior, diverging at Tc
and approaching the limiting Curie-%eiss law at
high temperatures, Tc/T &0.5. For )(r(q, -0) no

divergence is observed at Tc, and the data may
be fitted by a Curie-%eiss law with a negative
intercept on the temperature axis. The two
straight lines in Fig. 2 cross at unity, as expect-
ed, at infinite temperatures. For )(r'/)(r(q„- 0),
the intercept with the abscissa, 0.77+0.04, agrees
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FIG. 1. Intensity along symmetry directions at 1'/T,
=13.5. Note that the scattering due to nuclear Bragg
peaks at {000), (200), etc. has been omitted. Scan A
along (004) gives the background level. Scan C along
(200) measures the product of the squared form factor
and the susceptibility g&(Q)/g~ . Scan B from {200) to
(204) is, in addition, affected by the longitudinal sus-
ceptibility weight factor 1- (g,/Q) . The solid lines in
8 and C contain only an over-all scale factor as ad-
justable parameter, assuming LiTbF4 to be a dipolar,
Ising ferromagnet. The dashed lines correspond to in-
finite temperature or g~(Q)/gz =1 in Eq. (1) .
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FIG. 2. Inverse susceptibility Xr /Xr(q) versus the
inverse temperature 1'~/T when q approaches 0 along
the ~ axis (the spin direction) or the ~ axis. The so1-
id lines are a least-squares fit to the data points with

filled signatures. The arrows mark the intercepts as-
suming LiTbF4 to be a purely dipolar-coup1ed Ising
ferromagnet.

The data for Xr'/X„(q„-0) at Tc/T &0.5, shown

as open circles in Fig. 2, give the critical be-
havior of the susceptibility. The data have been
corrected for the instrumental q resolution by
assuming the mean-field form of Xz(q),

xr '(i) ~,'(T)+q'+&, (q. /q)'-&, q.',

using best-fit values of ~, at each temperature
and values of &, and B, as determined from data
at T =Tc. The resolution-corrected data have
been fitted by a power law

Xr'/Xr(q. —o) =& '(1 —T./T)'

with the results C =1.25 and y =1.13. At present
we estimate that the systematic errors do not
exceed 10% on C and 5% on y. Mean-field theory
predicts y =1 and T c= 8(q, -0), whereas recent
theoretical work' ' suggests logarithmic correc-
tions to mean-field behavior in dipolar-coupled
systems. Our value of Tc/8(q„-0) =0.73+ 0.02
in I iTbF4 may provide a crucial test of possible
future calculations of this ratio. A detailed re-
port on the spatial and temperature-dependent
correlations in the critical region mill be pub-
lished later.

We are pleased to acknowledge discussions
and correspondence with Professor R. A. Cowley
and Professor M. E. Fisher.

with the value 0.73 calculated from Eg. (4) and al-
so with bulk susceptibili'. y data. ' Also the inter-
cept of Xr'/Xr(q, -0), —0.65+0.04, is in excel-
lent agreement with the value —0.64 which we

calculated by assuming dipolar interactions only.
We have therefore obtained agreement with both

the temperature and the wave-vector dependence
of Xr(Q) by including only dipolar interactions.
The temperature intercepts in Fig. 2 put an upper
limit of 0.2 + 0.2 K on the magnitude of the alge-
braic sum of the exchange interactions in the ma-
terial. It might be argued that the individual ex-
change contributions could still be large, but ac-
cidentally cancel out of the sum, and in fact we

cannot entirely rule out this possibility. It is
possible to obtain a coarse upper bound of 1 K
on the individual exchange integrals by including
exchange in the fit to the data on Fig. 1. Indeed,
it should be possible, in principle, to determine
the exchange coup1. ing with high precision from
such large-Q scans and improved statistics. How-

ever, for the present we may conclude that there
is n0 experimental evidence to suggest the pres-
ence of exchange coupling of magnitude & 0.2 K.

*Work partly performed at Bell Laboratories and as
a guest scientist at the Technical University and the
Atomic Energy Commission Research Establishment
Bisd, BoskiMe, Denmark.
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The effect of uniaxial stress on the high-field magnetoresistance anisotropy of iron is
measured and shown, by a combination of group theory and a band-structure interpola-
tion scheme, to correspond to the origin of the (100}open orbits being magnetic break-
down between the hole octahedron and the electron jack on the minority-spin Fermi sur-
face.

The magnetoresistance anisotropy curves for
iron show deep minima due to open orbits in
(100) and (110) directions. "Wakoh and Yama-
shita' proposed that the (110) open orbits occur
along the (110) arms of a multiply connected
hole sheet of the majority-spin Fermi surface
which appears in their energy-band structure.
Gold et ul. ' showed that a rigid exchange split-
ting of the energy bands of Wood' for paramag-
netic iron results in the hole arms being pinched
off as a result of hybridization with the electron
surface centered on j. . However, because of
the magnetic breakdown the resultant surfaces
(I and II in Fig. 1) are likely still to support
open orbits along (110). Falicov and Ruvalds'
showed that an accidental degeneracy, such as
that at points i, and i„ is allowed only when 8
is along a symmetry axis and the points are in a
symmetry plane perpendicular to 8 as in Fig. 1.
When B is tilted away from z in the (110) plane,
the probability of breakdown at t, and therefore
the number of open orbits should decrease as
the degeneracy is progressively lifted by spin-
orbit interaction. This is consistent with the
observed angular dependence of the depth of the
magnetoresistance minima associated with (110)
open orbits.

In this Letter we are primarily concerned
with the origin of the (100) open orbits. Wakoh
and Yamashita' suggested that they result from
breakdown between the minority-hole octahedron
and electron jack. They further pointed out that
their multiply connected majority-hole surface
would support (100) (as well as (110)) open or-
bits for B within 8' from a (100) axis, but these

are unlikely to exist to any appreciable extent
for the Fermi surface in Fig. 1.

Since uniaxial stress breaks the cubic sym-
metry, it will remove degeneracies in certain
symmetry planes and directions, while leaving
accidental degeneracies unresolved. %e have
therefore employed stress to determine whether
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FIG. 1. Fermi surface of iron in (001) plane (after
Gold @ a/. , Ref. 4) showing the splitting of levels at j2
on the I'&2 line parallel to y resulting from uniaxial
stress along x; solid line, majority surface; dashed
line, minority surface; dash-dotted line, open orbit
along (100) when B is rotated a few degrees away from
z in the (100) plane; dashed arrows, open orbits along
(100] resulting from the stress-induced splitting at j2,.
solid arrows, open orbits along [110] resulting from
breakdown between the majority large electron surface
I and the hole arms II at i& and i~. Spin-orbit splitting
is not shown, though it is necessary to include spin-
orbit interaction for breakdown to occur at j under zero
stress, as explained in the text.

613


