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the polarization vector. The opposite behavior of
the p, and p, levels for A in the x-z plane is in
contradiction to the plane-wave final-state pic-
ture. In this limit, the cross section is propor-
tional to (ks;-A)? regardless of the symmetry of
the initial state, i.e., curve b should nearly coin-
cide with curve c¢. These results demonstrate
that both the initial and the final states need to be
treated in a consistent manner.

The adsorption of the oxygen monolayer also re-
sults in pronounced modifications of the emission
from the Ni d bands. These will be reported to-
gether with the extension to a ¢(2X2) structure in
a separate publication.*

Uncertainties in the potential near the surface,
relaxation effects, and the spatial dependence of
A, which have not been considered here, might
limit one’s ability to fit experimental spectra
quantitatively. Nevertheless, the characteristic
variation of position, shape, and intensity of ad-
sorbate-induced resonances, which the above pro-

posed scheme predicts, should provide a means
of identifying orbital symmetries and of studying
the adsorbate-substrate interaction.

It is a pleasure to acknowledge useful discus-
sions with O. Gunnarsson, J. Harris, and R. O.
Jones.
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The spontaneous magnetization in the critical region of the uniaxial, dipolar-coupled
ferromagnet LiTbF, has been measured using sensitive optical techniques. These meas-
urements provide a quantitative comparison between the predicted logarithmic correc-
tions to mean-field theory and the experimentally observed magnetization of a ferromag-
net at marginal dimensionality. We conclude that the spontaneous magnetization in LiTbF,
is described by the relation M (T)/M (T =0) =B|t|'/?|In|t,/t||/® over the range 0.002 <t
=<0.09 with B=1.77+0.06, T  =2.8700+0.002 K, and {,=0.53+ 0.06.

In this Letter we present measurements of the
spontaneous magnetization of the uniaxial dipolar-
coupled ferromagnet LiTbF, which are sufficient-
ly precise to enable a quantitative comparison be-
tween the predicted logarithmic corrections to
mean-field theory and the observed behavior, We

show the magnetization predicted by renormaliza-
tion-group calculations is quantitatively consis-
tent with our experimental results and provides
a better fit over a wider temperature range than
any simple power law,

These results are important because they pro-
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vide a direct test of a central result of the renor-
malization-group theory of phase transitions.
For each type of cooperative behavior there is a
value d* of the spatial dimensionality d such that
mean-field theory exponents are correct if d >d*
and nonclassical exponents are correct if d <d*.
At d=d* the renormalization-group equations can
be solved “exactly,” in the sense that no € or 1/x
expansions are required, yielding mean-field-the-
ory exponents with logarithmic corrections.,! The
marginal dimensionality d* of a critical point is
determined by the nature of the interaction re-
sponsible for the cooperative behavior and there
are only a few types of critical points for which
d* coincides with a dimensionality that is observ-
able in the laboratory. One such type is the criti-
cal point of the uniaxial (z=1), dipolar-coupled
ferromagnet for which it has been shown that d*
=3.2

LiTbF, is a uniaxial, optically transparent fer-
romagnet which becomes magnetically ordered
at T, ~2.87 K with a saturation magnetic moment
of ~8.9 uy. Previous magnetization,® neutron
scattering,* and NMR ° data have shown that the
magnetic coupling between Th3* ions is predomi-
nantly dipolar in nature. Because of the crystal-
field splitting of the ground "F, term of the Tb*"
ion, the magnetic moments are strongly confined
to the ¢ axis resulting in an Ising-like (z=1) mag-
netic order. Measurements of the magnetic be-
havior reported here rely on the unusual magneto-
optic properties of LiTbF,. The Ising nature of
the ground levels of the Tb®** ions along with a
strong electronic absorption in the uv produces
an unusually large saturation Faraday rotation
(8 x10° deg/cm).® The uniaxial anisotropy is also
responsible for the structure of the ferromagnet-
ic domains below 7., which consist of alternating
cylindrical domains confined to the ¢ axis in a
structure previously found in CrBr,.” This do-
main structure along with the large circular bire-
fringence produces an unusually large elastic,
forward-direction scattering of a laser beam
propagating parallel to the ¢ axis. A crystal ~4
mm thick at 7=1.5 K scatters 70% of the incident
beam at A =6328 A, The determination of the co-
existence curve in LiTbF, reported here was ac-
complished by precisely measuring the onset of
such scattering as a function of temperature and
external magnetic field. These measurements
were accomplished using a double-beam optical
arrangement, in which the intensity of the beam
transmitted by the crystal was compared with the
intensity of a reference beam using polarization
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FIG. 1. Normalized spontaneous magentization M (T)/
M (T =0) of LiTbF, between 2.5 and 2.9 K obtained
from domain light scattering.
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modulation techniques.® As the phase boundary
was crossed, from the paramagnetic phase to the
ferromagnetic phase for example, the onset of
ferromagnetic domains produced an onset of the
domain light scattering. In a ferromagnet below
T, the spontaneous magnetization M (7) on the co-
existence curve is related to the external critical
tield H(T) by M (T)=H(T)/N, where N is the de-
magnetization factor, By measuring the external
magnetic field H(7) at which the onset of domain
scattering occurs as a function of temperature,
the ratio M (T)/M (T =0) may be determined inde-
pendently of N.

The LiTbF, sample used in the experiment was
a rectangular plate with dimensions of 1 cm X1
cmx0.4 cm. It was masked by a copper plate so
that the transmitted beam was limited to the cen-
tral portion of the sample, The sample was
mounted on a copper support where temperature
was held constant to within ~0.4 mK by a capaci-
tance thermometer controller.® The sample tem-
perature was measured by a germanium resis -
tance thermometer calibrated in zero magnetic
field. The sample was immersed in ~20 ym of
He* exchange gas and the incident power level
was ~10 W at x =6328 A.

The results are presented in Figs. 1 and 2.
Figure 1 illustrates the normalized spontaneous
magnetization M (7)/M (T =0) versus tempera-
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FIG. 2. Comparison of the nlgasured spontaneous
magnetization of LiTbF, to the behavior predicted by
the renormalization group. The solid line represents
M (T)/M,(0)=1.77 |t| V/?|In(0.57/|¢])| /3.

ture obtained from domain light scattering using
M/(T=1.5K)=0.93M (T =0). Data points at low
temperature (7 <2.75 K) were obtained by step-
wise external-magnetic-field scans at constant
temperature from the paramagnetic to the ferro-
magnetic phase, and the phase boundary could be
determined to +0.1% of M (7). Constant tempera-
ture scans from the ferromagnetic to paramag-
netic phase yield the same phase boundary points.
At higher temperatures (2.85 K <7 <T,) the phase
boundary was obtained by stepwise temperature
scans at constant external magnetic field from
the paramagnetic to ferromagnetic phase. As was
the case in field scans the phase boundary points
obtained showed no hysteresis. In the intermedi-
ate temperature range (2.75 K <7 <2.85 K) scans
of both types were used, and phase boundary
points obtained by field scans were experimental-

ly found to coincide with those obtained by tem-
perature scans. The error bars in Fig. 1 reflect
the uncertainty in locating the onset of domain
scattering, and are considerably smaller than
those obtained by isothermal magnetization ver-
sus external-magnetic-field measurements in
which M (T) is determined by a kink which occurs
in the magnetization as the phase boundary is
crossed.

In Fig. 2 the spontaneous magnetization is com-
pared to the renormalization-group result accord-
ing to which the spontaneous magnetization should
be described by the relation

M (T)/M (0)=B|¢|"?|Inlt,/t1]"3, (1)

where the mean-field-theory power law,

M (T)/M (0)=B|t|'/3 (2)

is corrected by the logarithmic factor |Inl#,/¢['/3,
where ¢=(1-T,) and {, is a parametrization of
the higher-order lagarithmic corrections.’® The
nonclassical power law normally found to de-
scribe magnetic phase transitions is

M (T)/M0)=B|t|?, 3)

where B+ 3. The data were fitted with each of the
above relations and the results of the analysis are
quantitatively presented in Table I, which illus-
trates the range in reduced temperature ¢ that
was used, the resultant y? and the best-fit coef-
ficients, In Table I the uncertainties quoted rep-
resent approximately a doubling of y2. The fit to
the mean-field-theory relation (2) is seen to re-
sult in coefficients B and T, that are quite sensi-
tive to the range in reduced temperature ¢ and al-
so yields a value of y® which is relatively large.
Equation (2) is ruled out as would be expected.
The fit to Eq. (3) is also summarized in Table I.
This fit provides an effective exponent 3, and

TABLE 1. Parameters obtained by fitting spontaneous magnetization to Egs. (1), (2),
and (3) over three ranges in reduced temperaturet.

Eq. used T,

in fit t B (K) X
(1) 0.002 <£<0,04 1.79+0.02 2.8700+ 0,002 0.524+ 0,047 0.54
0.002 <t<0.06 1.78+ 0,04 2.8702+ 0,002 t,10.553+0.036 0.52
0.002 <t <0,09* 1.77+0.06 2.8702+ 0,002 0.568+0.014 0.54

(2) 0.007 =t <0.06 2.33+0.024 2.885+0.008 e 12.4

0.013 <t <0,10 2,13+ 0,201 2,902+ 0,010 e 51.2
(3) 0.001=¢<0.04 1.71+0.02 2.8686+0,0032 0.385+ 0,003 0.81
0.001<£{<0.06 1.66+0.01 2.8680+0,0032 £10.377+0.002 0.92
0.0009<¢<0.09 1.55+0.01 2.8668+0.0034 0.357+0.001 2,26

4Used in Fig. 2.
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such a fit was previously used by Als-Nielsen

et al.' to represent neutron-scattering results
over the range 0.001 <¢ <0.03 with 8=0.45+0.03
and B=2.13+0,17, In Table I the results of the
fit of our data to Eq. (3) indicate that 0,81 <y?
<2.3, that 2.8668 K<7_,<2.8686 K, that 1.6 <B
<1.7, and that 0.36 <p <0.39 depending on the
range of reduced temperature ¢ used in the fit.
Our data are not consistent for any range of ¢
with the effective exponent g =0.45+0.03 obtained
from neutron scattering, but we cannot definitely
rule out Eq. (3) as a possible description of the
observed behavior. Finally, the results of fitting
our data by Eq. (1) also appear in Table I. In this
fit we find that 0.52 <y? <0,54, that 2.8700 K
<T,<2.8702 K, that 1.77 <B <1.79, and that 0.52
<t?, <0.57 depending on the range in reduced tem-
perature ¢ that is selected. Equation (1) fits our
data with a yZ that is not only smaller than that
obtained using Eq. (3) but which is also changing
by only ~4% over the range in ¢ which produced

a change of ~300% in 2 using relation (3). Our
fit to Eq. (1) indicates that the observed behavior
of the spontaneous magnetization and the predict-
ed logarithmic corrections to a mean-field-theory
power law are quantitatively consistent, that the
x? of the fit obtained is insensitive to the range of
t selected, and that the coefficients in the fit are
also quite insensitive to the range of /. None of
these features occurred in the fit to Eq. (3). The
parameter f, obtained from (1) is #,=0.53 +0.086,
and the parameter represents higher-order loga-
rithmic corrections to mean-field theory. Ahlers,
Kornblitt, and Guggenheim'? obtained the value
t,=0.315 from specific heat measurements over
the range 0.001 <¢ <0.01. Als-Nielsen'? has sub-
sequently used the value ¢{,=0.315 in a test of the
ratio between the squared correlation length and
specific heat, but did not determine if other val-
ues of {, were acceptable, At present, we do not
understand this discrepancy between our results
and those of Ahlers e!f al.

In conclusion, we have utilized the unusually
strong magneto-optic features of the uniaxial di-
polar ferromagnet LiTbF, to study the effects of
marginal dimensionality on the spontaneous mag-
netization. These data represent a study of the
spontaneous magnetization which allows a quan-
titative comparison between a simple power law
and the logarithmic corrected power law of the
renormalization-group theory. These data indi-
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cate that a simple power law cannot be ruled out,
but that the logarithmic corrections to mean-
field theory provide a better fit with the same
number of parameters to our data over a wider
range in reduced temperature, and one which is
insensitive to the range of data selected.

The authors are pleased to acknowledge helpful
discussions with J. Als-Nielsen and M. J. Stephen,
and the experimental assistance of D. Cooper.

We are also pleased to acknowledge the experi-
mental assistance of L. Rubin of the National Mag-
net Laboratory and the use of the facilities and
equipment of the National Magnet Laboratory.

TWork supported by the National Science Foundation
under Grant No. GH-33635.

*The experimental work described here was done
while J.A.G. was a member of the Physics Department
and the Center for Materials Science and Engineering,
Massachusetts Institute of Technology, Cambrdige,
Mass, 02139, and a Guest Scientist at the Francis Bit-
ter National Magnet Laboratory, which is supported at
Massachusetts Institute of Technology by the National
Science Foundation,

'K. G. Wilson and J. Kogut, Phys. Rep, 12C, 75
(1974); L. P. Kadanoff, in Phase Trvansitions and Criti-
cal Phenomena, edited by C. Domb and M. S. Green
(Academic, New York, 1976), Vol. 5A, p. 18.

?A. L. Larkin and D, E. Khmel’nitskii, Zh. Eksp.
Teor. Fiz, 56, 2087 (1969) [Sov. Phys, JETP 29, 1123
(1969)]; A. Aharony, Phys. Rev. B 8, 3363 (1973), and
B9, 3946 (1974); A, Aharony and B, I. Halperin, Phys.
Rev. Lett, 35, 1308 (1975).

L. M. Holmes, T. Johansson, and H. J. Guggenheim,
Solid State Commun. 12, 993 (1973),

‘L. M. Holmes, J. Als-Nielsen, and H. J. Guggen~-
heim, Phys. Rev. B 12, 180 (1971).

’P. E. Hansen, T. Johansson, and R. Nevald, Phys.,
Rev. 12, 5315 (1975).

8J. A. Griffin and J. D, Litster, to be published,

'J. F. Dillon, Jr., and J. P. Remeika, J. Appl. Phys.
34, 637 (1963).

83. A. Griffin and J. D. Litster, to be published.

°J. A. Griffin, Rev, Sci. Instrum, 46, 5 (1975).

A, Aharony and B, L. Halperin, Phys. Rev. Lett. 35,
1308 (1975); E. Brézin and J. Zinn-Justin, Phys. Rev,
B 13, 251 (1976); C. Bervillier, J. Phys. (Paris), Lett.
36, L-225 (1975),

3, Als-Nielsen, L. M. Holmes, F. Krebs Larsen,
and H. J. Guggenheim, Phys. Rev. B 12, 191 (1975).

2G. Ahlers, A. Kornblitt, and H. J. Guggenheim,
Phys. Rev. Lett. 34, 1227 (1975),

'%J. Als-Nielsen, Phys. Rev. Lett. 87, 1161 (1976).



