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Critical behavior of the magnetic susceptibility of the uniaxial ferromagnet LiHoF4
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The magnetic susceptibility of two LiHoF4 single crystals has been measured in the range

1.2—4.2 K. Ferromagnetic order occurs at T =1.527 K. Above 2.5 K the susceptibilities paral-

lel and perpendicular to the fourfold c axis are well interpreted by the molecular-field approxi-

mation, taking into account the ground state and the first excited state of Ho + in the crystal

field of S4 symmetry. The experimental results are consistent with g~~ =13.95 and g~ =0 for the

ground state. The dipolar contribution to the magnetic interaction is about three times larger

than the exchange one. Near T„ the parallel susceptibility is well described by the classical law

with logarithmic corrections theoretically predicted by Larkin and Khmel'mitskii for the uniaxial

dipolar ferromagnet or by a power law with a critical-exponent value y =1.05 rather close to 1.
The upper limit of the critical region is (Tm,„—T,)/T, =1.1 x 10

I. INTRODUCTION

The compounds LiR„Yi „F4 where R is a rare
earth, crystallized in the tetragonal scheelite structure
I4i~, ' They are efficient laser materials and can be
used for frequency conversion in the infrared-visible
region. Due to their practical interest, many experi-
mental studies have been done on these materials:
chiefly, absorption and fluorescence4 and electron
paramagnetic resonance (EPR).' 7

Another exciting characteristic of these com-
pounds, especially those with 100'/0 rare earth, is
their low-temperature magnetic behavior. Indeed,
one can expect that the rare-earth atoms which are
fairly ionic are predominantly coupled by dipole-
dipole interaction. Moreover, the high-point sym-
metry through the rare earth and the relative simpli-
city of the crystal structure allow theoretical calcula-
tions. Recently, Misra and Felsteiner have theoreti-
cally studied the magnetically ordered state of the
LiR F4 by a generalization of the Luttinger-Tisza
method, considering only dipole-dipole interactions
between rare-earth ions. They predicted ferromagne-
tism for gii ) g& and antiferromagnetism for g~t & g~
where g~~ and g& are, respectively, the Lande tensor
component parallel and perpendicular to the c axis.
At this time, the magnetic phase transition has been
observed only for R =Tb, Ho, and Er. Both LiTbF4
(T, =2.874 K)9 and LiHoF4 (T, =1.53 K)'e" are fer-
romagnets with the easy axis along c and LiErF4 was

found to order antiferromagnetically" (T& =0.381 K)
with the spins lying in the aa plane. This is con-
sistent with the theoretical predictions since for
LiErF4 gq &) g~i, while for LiTbF4 and LiHoF4 g~ is
close to zero and g~~ is rather large, respectively,
17.85 and 14.1. Both LiTbF4 and LiHoF4 appear as
nearly ideal uniaxial ferromagnets.

Critical phenomena in such uniaxial systems with
dipolar interactions are extremely interesting.
Indeed, in this special case the marginal dimensional-
ity d'above which the critical behavior is classical,
i.e., given by the Landau theory, is d" =3 instead of
d' =4 for systems with short-range interactions. ' At
the marginal dimensionality, Larkin and
Khmel'nitskii" (LK) predicted logarithmic correction
terms to the Landau-like critical behavior. This was
further supported by Aharony' and Brezin and
Zinn-Justin' for uniaxial dipolar ferromagnets.

In particular, the susceptibility should diverge as
t '

~
lnr

~

t~s rather than as the Landau form of r ', r

being the reduced temperature
~
T —T, ~/T, . One

difhculty in observing logarithmic corrections to the
mean-field power laws arises from the fact that these
corrections are only valid in the limit of T T,
whereas experiments are always carried out at a finite
distance from T, . Aharony and Halperin" have sug-
gested from their renormalization group (RG)
analysis that the form in(t/te) is used to analyze ex-
perimental data with to being an adjustable parameter.
Detailed comparisons between RG theory and experi-
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ments on LiTbF4 are now available. In the specific
heat the logarithmic divergence is the leading singu=

larity and high-precision experiments of Ahlers
et al. '8 were indeed consistent with a (1n(t/to) ('
behavior and with an amplitude ratio of

4
for the

specific heat above and below T, as predicted.
Aharony and Halperin" pointed out that the RG
equations implied an exact relationship between the
spin correlation range and the specific-heat data. The
neutron scattering data by Als-Nielsen'9 confirmed
this relation accurately. In addition he found that the
amplitude ratio of the susceptibility above and below
T, had the mean-field and RG value of 2. Finally,
very accurate spontaneous magnetization data were
obtained by Griftin et al. ' using Faraday rotation,
and although the leading singularity here is a po~er
law with exponent P, they concluded that P =

2
with

logarithmic corrections did fit the data better than the
best-fit power law with P =0.38.

The compounds LiA F4 are fair but not ideal model
systems of the uniaxial dipolar coupled ferromagnet.
With R =Tb the ground state is actually not an Ising
doublet, but is split by a small amount due to the
crystal field. Higher excited states are present albeit
at energies considerably above k~T„and finally ex-
change interactions are present in addition to the di-
polar interaction. All these effects are different in
LiHoF~, and we have therefore initiated a study of
the critical behavior of this substance to supplement
the information available from LiTbF4.

We report here measurements of parallel and per-
pendicular susceptibility of LiHoF4 in order to define
the Lande tensor components g~~ and g~ and the ex-
change and dipolar contributions to magnetic interac-
tion between rare-earth ions. Since these measure-
ments confirmed that LiHoF4 is a rather good uniaxi-
al dipolar ferromagnet, we performed very accurate
parallel susceptibility measurements in the critical re-
gion and tried to discriminate between the theoreti-
cally predicted classical law with logarithmic correc-
tions t '~log~or ~'~' and the usual power law r '.

II. EXPERIMENTAL TECHNIQUES

A. Crystal growth and sample preparation

The measurements were performed on two
different LiHoF4 samples. Sample 1 was grown at the
Lyngby Technical University of Denmark by the
method previously described by Laursen and
Holmes. ' It was ground into an ellipsoid of
7.26 x1.92 &1.24 mm with its long axis parallel to c,
weighing 53.2 + 0.2 mg.

Sample 2 was grown by Walker at Oxford Claren-
don Laboratory using also the Stockbarger method.
A monocrystalline part of optical quality was selected
and ground into a sphere of 4.836 +0.002-mm diam

and 339.8 +0.2-mg weight. In both cases, the start-
ing materials were of purity )99.9% and the crystal
quality was controlled by x-ray diffraction.

S. Susceptibility measurements and thermometry

Magnetic susceptibility was measured by means of
an ac mutual inductance bridge" operating at 70 Hz.
The susceptibility probe was calibrated against
chromium-potassium alum with a precision of about
1%. The amplitude of the ac measuring field was
kept as low as 2 Oe in order to avoid nonlinear
effects, especially close to T, . The bridge balance was
achieved by sample extraction. The sample and the
probe were directly immersed in a pumped 4He bath.
Above 2.17 K, helium pressure was stabilized by a
Cartesian manostat. Below 2.17 K, an electronic sta-
bilization of the He bath was achieved by a commer-
ical temperature controller" (ac resistance bridge
ATNE). The temperature sensor was a 47-Q, —,-W

1

Allen'Bradley carbon resistor. Temperature stability
was better than 0.1 mK in this range. Temperature
was obtained from a germanium resistor thermally
anchored to the sample and its Teflon holder by a
bundle of 200 thin copper wires. It was measured
with an ATNE ac resistance bridge and calibrated
against the He vapor pressure using T58 scale. The
4He pressure was determined from an oil manometer
and a commercial pressure gauge. 2 Above 2.17 K,
4He is not superfluid and its pressure corresponds to
the surface temperature which apprecially differs
from that inside the bath. In this range the germani-
um resistor was calibrated against the magnetic sus-
ceptibility of CrK alum. The reproducibility and the
precision of the thermometer are discussed in detail
in Sec. III.

C. Sample orientation

Sample 1 (ellipsoid) was oriented by the conven-
tional Laue-x-ray technique and set in a long cylindri-
cal holder inside the susceptibility probe. The spheri-
cal sample 2 was set in a Teflon conical holder and its
orientation was achieved in situ by applying a dc mag-
netic field. Since g~~ )& g~, fields of about 200 Oe
were large enough to orientate the c axis along the
field with a precision better than 1' at 4.2 K. Vertical
and horizorital dc fields were, respectively, produced
by a solenoid coaxial to the susceptibility probe and a
pair of Helmoltz coils.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Parallel and perpendicular susceptibilities
in the range 1.2—4.2 K

The measured susceptibilities per gram X~~, and X~

of sample 2, in the temperature range 1.2—4.2 K are
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given in Fig. 1. Xi is much smaller than Xll. This
reflects the strong anisotropy of the g tensor in the
ground state. Xll reaches a plateau below

T, =1.526+0.004 K at a maximum value of
(4.195 +0.040) x 10 ' emucgs whiqh corresponds to
1/N p =4.175 & 10 ' emu cgs, where N = —, m is the

sphere demagnetizing factor and p =5.72 the crystal
density. This variation of Xll versus temperature is
consistent with a transition at T, to a ferromagnetic
state with the Ho + spins along the c crystal axis, in
agreement with previous measurements by Cooke
et al. " and Hansen et al. '

To explain the experimental data well above T,
(2.5—4.2 K), we used the Ho3+ energy scheme in

LiHoF4 proposed by Hansen et al. ' and Margarino
and Tuchendler. In a crystal field of S4 symmetry,
the (2J + 1)-fold degenerate ground term '1g is split
into a fundamental doublet I 3 4 and a first excited I 2

singlet of energy Ei/k& =10.4+0.4 K. The other ex-
cited states are well above and they only give the
temperature-independent Van Vleck contributions to
low-temperature susceptibility. A straightforward cal-
culation leads to the following expression for the
parallel susceptibility X;, of the isolated Ho'+ ion
(neglecting the interactions):

—E IkT
&Pa (gll) T +&II +~lie

where n is the number of Ho atoms per gram, p,~ the
Bohr magneton, k the Boltzman constant, gll the
Lande tensor component along c for the ground
state, and all, all the respective Van Vleck contribu-
tions of the ground state and of the first excited state.
When we take into account the interaction between
Ho'+ ions in a simple mean-field approximation, we
obtain for Xll

xi/= x; /(1 cxiix; ) (2)

60-

where the parameter all contains the dipolar and ex-
change contributions to the interaction (see Fig. 2).

The best fit of relations (1) and (2) to the experi-
mental data between 2.5 K and 4.2 K is achieved for
gll =13 95+0.15, all =025+0.1, a' =3.3+1.5,
and aii= —1.6+0.4 (emucgs) '. The gii value is in

good agreement with the EPR one' gll =14.1+0.2
but it differs significantly from that of Ho + diluted in
LiYF4.' gll =13.3 + 0.1. It also slightly differs from
the value of 13.6+0.2 determined from previous sus-
ceptibility measurements. "However, these measure-

50

4-

Ul

O

E

Al 3-

E

poooo b

0
c'
00

0
"o

0

0
0

C
0

0
Q 0 00

0 oo

30-

OO OO~

kkk 1&kkLL Ijj~—~

'0 I

T(K)
4-

FIG. 1. Experimental parallel susceptibility per gram Xlml

(open circles) and perpendicular susceptibility per gram X&m

(black triangles) vs temperature for the spherical samyle.
The solid line represents the approximate theoretical law, for

—E IIcT -E IicT&(1: pram=(np, /4k)(B+Ce ), with

8 =9.98, C =11.3, and Ei/k =1,0.4 K.

I

T( K)

FIG. 2. Reciprocal experimental parallel susceptibility

per gram 1/xll vs temperature for a spherical sample. The
solid line represents the theoretical curve 1/xll =1/x™s all

with
—E IkT

nP, (g ) T +all +alle
4k —E1IkT

1 +0.5e

with ull= —1.6, gll =13.95, all =0.25, all =3.3, and

E)/k =10.4 K.
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where H is the external field, X the susceptibility ten-
sor, and 8, 7, and N are, respectively, the dipolar, ex-
change, and demagnetizing Geld tensor. 5 is ex-
pressed as follows:

1 fl —3r]ris=n '
5Ii

(4)

where ri is the vector to the ith rare-earth neighbor.
Due to the S4 symmetry, all tensors are diagonal in

a coordinate system which contains the fourfold axis
c. For a spherical sample $f -—, wl and a~~ is simply

given by

(5)

where ~~~ and 5~~ denote the tensor components along
C.

8~~ has been calculated from (4) by summing over
the Ho'+ sites inside a sphere of 400-A diam. Taking
into account the obtained value of S~~

=—9.5 and the
experimental a~~, we determined e~~-—11.1 +0.4.
This exchange contribution is much smaller than the
total dipolar one: —,~p —

8~~
=33.46. The correspond-

ing exchange energy in the ground state
zJ/4k = n ~~~(g~~ p, tt) /4k = —0.820 +0.03 K may be
compared to that of LiErF4.'zJ/4k =—0.620 K. We
can also describe the mass perpendicular susceptibility
Xq using formulas (1) and (2) with the character z
instead of II. Since gq =0 and exp( —Et/kT) (& 1, Xj

takes the approximate form

2n p,s (
EitkT)—

4k

with

8 =a)(1+a&Aaq) and C =aj' +aq (aqAa' —0.5)

with A - n p.tt/4k
The best fit in the range 2.8—4.2 K is obtained for

8 =9.98 +0.05 and C =11.3 +0.7. The present tem-
perature range is too restricted to obtain indepen-
dently ag, ag, and eg.

ments were interpreted by the simple Curie-Weiss
law: X~/= C /T —O. Fitting our experimental data
with this Curie-gneiss law in the range 2.5—4.0 K
leads to g~~ 13.55+0.1, C =(6.95+0.1) x10 '
emu cgs and 0 =+0.02 +0.04 K in good agreement
with Ref. 11. Our value of a~~ is rather imprecise and
will be improved by further X~~ measurements above
4.2 K.

The eI~ value can be easily related to dipolar and
exchange interactions. The local Geld H~„at a rare-
earth-ion site is given by

H„,=[1+(—mp —8+7—Np) V] H

(3)

B. Critical behavior. of the parallel susceptibility

We have measured accurately' the parallel suscepti-
bility of LiHoF4 in the range 1.5—1.8 K. Two and
four successive experimental runs were done, respec-
tively, on samples 1 and 2. Temperature of the sam-
ple and thermometer was kept below 77 K between
runs in order to avoid calibration drift and nonrepro-
ducibleness of the thermometer. Each run contained
about 60 points. Helium vapor pressure was carefully
measured at about 20 points for calibrating the ger-
manium resistor thermometer. In the considered
temperature range, the experimental values T(R) are
accurately fitted by the empirical Clement and Quin-
nel relation (Fig. 3):

T '=a log~OR +b(log~OR) '+c (6)

and to the power law

X, =A't ~, (8)

AT(mK)
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FKf. 3. Plot of d, T, the difference between temperatures
obtained from the T~s scale and from the empirical Clement

and Quinnel relation (1) T '-a logyoR +b(log~OR) +c
with a 0.749801, b 7.578944, and c -—4.439235 vs tem-

perature in the range 1.5—1.8 K. The solid line represents
the difference between temperatures obtained with relation

(1) for two different sets of parameters: the a, b, and c
values reported above and a'-0.750987, b' =7.599984,
c' =—4.449258 corresponding to least-squares fit for, respec-
tively, four and three different runs.

The parameters a, b, c were obtained by the least-
squares method. For each selected calibration point,
the difference between temperatures obtained from
the T5S scale and from relation (6) is less than 0.3
mK.

The measured parallel susceptibility X~~ of sample 2
in the temperature range 1.52—1.65 K is sho~n on
Fig. 4. Owing to the resolution of the ac mutual in-
ductance bridge of 4 & 10 ~ emu cgs, the data of the
four different experimental runs are very well con-
sistent with each other.

We have compared the experimental X~~ data for
both samples 1 and 2 to the classical law with loga-
rithmic corrections theoretically predicted by LK':

x, =At '[log&ot('"
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where t is the reduced temperature t = (T —T,)/T,
and X, the susceptibility corrected from the demag-
netizing field effect. X,„being the maximum value
of xp~, we define x,h(t) by

4.19— [x,„t]-'= x (t) + x-,'„. (9)

CV

4.17-

415.
I

1.53 1.54 1.55

In the case of the theoretical LK law (7), we have
to adjust three parameters: X,„, T„and A for the
best fit of Xth to the experimental data. %e also in-
troduce two additional parameters T;„and T,„
which are the limits of the temperature range of the
fit. One of these parameters X,„ is relatively well

defined from the susceptibility measurements just
below T, . Thus for a given value of X,„, and for a
series of T, values, we determine the A values which
give the best fit to the experimental data in the range

Tmin & T & Tmax

In Fig, 5, we have plotted the average difference

FIG. 4. Experimental parallel susceptibility per gram vs

temperature in the range 1.52—1.56 K for four different runs

on the spherical sample. Full line represents the classical law

with logarithmic corrects and dashed line the power law with

parameter valueh of Table I.

where N is the number of experimental points
between T;„and T,„versus A. For a given T„A
is determined as the value which corresponds to the
minimum of h(A). The best T, value corresponds to
the t) (A) curve which has the lower minimum. For
various intervals T;„—T,„, the best T, and A

values are obtained by this procedure. %e observed
that these T, and A values do not depend on the in-
terval T;„—T,„provided that T in is outside the
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1.52688

6.15x10 2 6.20x10 2
(emu cgs)

I

6.25 x10-2

FIG. 5. Average difference 5 vs critical amplitude A for different values of T, and for a given value of Xm,„=4.1952 x 10

emucgs and Tmax= ~ min=

5 = (1/N) X, I x,„(tt) —xp(tt) I

where N is the number of experimental points in the range Tm;n ( T ( Tm,„. XII is the parallel susceptibility per gram of the

spherical sample and X,h is the theoretical susceptibility for a critical behavior with logarithmic corrections:

1/x,„(t)=1/At 'Ilog, otI't'+ I/x, „.
The best fit is obtained for T, =1.52696 and 3 =6.195 & 10
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TABLE I. Critical temperature and amplitude for the magnetic mass susceptibility of LiHoF4 for the classical law with loga-

rithmic correction X, =At '~logtct
~

'/3 and the power law X, = A 't r; X, is the mass susceptibility corrected for demagnetizing

field effect, Xma„ is the maximum value of the measured mass susceptibility along the easy axis, t is the reduced temperature

(T —T,)/T„and lt = (l/N) g, ~ X,a(t,) —Xs (t,) ) is the average difference between the theoretical susceptibility and the measured

susceptibility on the N experimental points in the temperature range 1.5273 & T & 1.544 K.

Classical law with

logarithmic corrections
Sample 1

Sample 2

~max

0,21957
4.1952 x 10

Tc

1.52560
1.52696

6.356 x10 2

6.195 x10 2

3.7x10 7

3.0x10 7

max Tc A'

Power law Sample 1

, Sample 2

0.21957
4.1952 x10 2

1.52567
1.52700

6.364 x10 2

6.216 x 10-2
1.05
1.05

2.1 x 10-'
2.9x10 7
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rounding near T, and t,„does not exceed 10 '. The
final values of the parameters which give the best fit
to experimental data are reported in Table I for both
samples 1 and 2. The experimental data of the paral-
lel susceptibility of sample 2 and the difference with
the theoretical laws (7) and (8) versus temperature
are given in Table II.
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FIG. 6. 4 (black triangle) and S (white circle) vs Tmax

and Tm;„. & is the average difference

(l/N) g,. [X,h(t;) —
Xt, (t,) ) and S the algebraic sum

X, [x,„(t,) —X~/(tt)l on the N experimental points in the

temperature range Tm;n & T & Tmax. For a critical behavior

with the values of critical parameters indicated in Table I for
sample 2, we have plotted the following for a classical law

with logarithmic corrections: (a) 4 and —S vs Tm, x with.

Tmin= 1.5273 K; (c) b, and S vs Tmin with Tmax =1.544 K;
for a power law: (b) 5 and S vs Tm, „with Tm;„=1.5273 K;
(d) LL and S vs Tmin ith Tmax= 54

0 103 5X10 3 10 2

FIG. 7. AT = T, (t' —t) vs t where t is the reduced tem-

perature (T —T,)/T, . We have plotted (full line) 5 T for
our critical susceptibility measurements on LiHoF4 assuming

At ~tlog ttc(
t/3= At' v. We have also plotted vs t using the

temperature difference between the power law and the clas-

sical law with logarithmic corrections for the specific-heat

measurements of Ahlers et al. (Ref. 18) on LiTbF4'. dashed

line for T & T, and dotted line for T & T,.
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TABLE II. Experimental'parallel susceptibility X~~ of sample 2 of LiHoF4 (spheroid sample of
4.836+0.002-mm diam and 339.8 +0.2-mg weight) versus temperature. %'e have also reported the

difference versus temperature between the experimental data and the two theoretical laws:

EX|„At——)lot, tot( —Xs, hX»„=A'r ~ —
X~~, with the values of the parameters indicated in Table

I.

X (10 emu cgs)

|
5X~„(10 emu cgs) LL Xpo (10 emu cgs)

1.5434
1.5415
1.5396
1.5377
1.5359
1.53413
1.52895
1.52707
1.52529
1.52438
1.52356
1.5218

1.41739
1.41&41

1.41938
1.42030
1.42120
1.42289
1.42464
1.42535
1.42545
1.42550
1.42552-
1.42552

—11.1
—12.6
—8.6
—1.5

1.3
9.8

—0.4
13.0
7.0
2.0
0.0
0.0

—5.8
—9.6
—7.7
—1.9

0
8.3

—0.2
14.0
7.0
2.0
0.0
0.0

1.54325
1.5421
1.5410
1.53983
1.53868
1.53726
1.53640
1.53528
1.53433
1.53348
1.53251
1.53176
1.53101
1.53013
1.52959
1.52897
1.52867
1.52825
1.52788
1.52762
1.52722
1.52687
1.52600
1.52540
1.52360

1.41741
1.41801
1.41854
1.41918
1.41978
1.42051
1.42096
1.42154
1.42199
1.42242
1.42295
1.42331
1.42370
1.42404
1.42428
1.42460
1.42477
1.42500
1.42513
1.42520
1.42535
1.42539
1.42545
1.42545
1.42550

—5.1
—3.9

1.1
—1.3
—1.3
—0.2
—0.8
—1.3

1.7
1.7

—3.2
-2.6
—4.5

3.6
5.8
2.8

—0.4
—4.7
—3.0

4.3
6.0

13.0
7.0
7.0
2.0

0
—0.2

3.4
—0.2
—0.9
—0.9
-19
—2.8

0.4
0.2

—4.7
—4.1
—5.6

3.0
5.6
3.0
0.1

—39
—1.7

5.6
8.0

13.0
7.0
7.0
2.0

1.5421
1.5420
1.5385
1.53685
1.5350
1.5332
1.5316
1.5299
1.5290
1.5281
1.52765

1.41796
1.41888
1.41983
1.42064
1.42164
1.42890
1.42338
1.42419
1.42462
1.42505
1.42520

4.7
9.0
3.9
8.1
2.1

9.4
—1.3
—0.4
-0.6
—2.1

3.0

4.1

10.5
4.1

7.3
0.9
7.9

—2.4
-2.6
-0.2
—1.1

4.3
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TABLE II. (Continued)

X (10 2 emucgs) hX&„( 0 emu cgs) 5Xpp (10 emu cgs)

1.52737
1.52782
1.52721
1.52688
1.52601
1.52501
1.52482
1.52303
1.51967

1.42526
1.42518
1.42530
1.42541
1.42548
1.42550
1.42550
1.42552
1.42554

8.8
—2.4
12.0
11.0
4.0
2.0
2.0
0.0

—2.0

10.3
—1.3
13.0
11.0
4,0
2.0
2.0
0.0

—2.0

1.5428
1.53304
1.53247
1.53127
1.53063
1.53014
1.52939
1.52903
1.52861
1.52822

1.52790

).52768
1.52746
1.52726
1.52710
1.52695
1.52671
'1.52607
1.52426
1.52151

1.41758
1.42261
1.42293
1.42349
1.42383
1.42406
1.42443
1.42460
1.42481
1.42496
1.42513
1.42518
1.42528
1.42533
1.42535
1.42537
1.42539
1.42541
1.42548
1.42552

1;7
4.5
8.3
4.1

1.1
1.1
0.2
0.

—1.9
0.9

—1.7
3.9
3.0
7.0

11.0
15.0
13.0
11.0
4.0
0.0

6.2
3.0

—0.6
3.0
0.2
0.4
0.2
0.2

—1.3
1.7

—0.6
5.1
5.0
8.0

13.0
15.0
13.0.
11.0
4.0
0.0

With the parameters of Table I for sample 2 we ob-
tain in the temperature range 1.5273 & T & 1.544

s' = g [x,h(t;) —x~~(t,)]'1

I

=2.15 F10 ' emucgs

where F is the number of fit parameters and g'-1.34.
A similar fit procedure has been adopted with the

power law. In this case there is an additional parame-
ter y, and h(A') curves were systematically drawn
for different values of T, and y. The resulting best
values of these parameters are given in Table I and
we obtain for sample 2: s =1.91 & 10 ' emu cgs and
x'=119

A slight change of X,„does not appreciably affect
the amplitudes A and A

' and the exponent y but
shifts T, of the same quantity for both laws (7) and
(8). The observed small discrepancies between the
samples 1 and 2 are probably due to their completely
different origin and especially to different impurity
contents.

We have also studied the influence of T;„and
T,„on the average difference

& = —X I xth(t;) —
xll (7/) [

1

l

and on the algebraic sum

S = X [x,„(t,) —x~p(t, )l,

all other parameters being fixed at their values in
Table I. Figure 6(a) shows b and —S vs T,„. They
remain small until T,„=1.544 and strongly increase
when temperature exceeds this value. The same
phenomenon is observed for both laws (7) and (8).
This T,„=1.544 K which corresponds to a relative
temperature t,„=1.1 & 10 ' can be considered as
the upper limit of the critical region. This extension
o'f the critical region is consistent with the values re-
ported for LiTbF4 (t,„—10 2), 's and GdC13
(t,„-1.15 && 10 2).26 In Fig. 6(c), we have plotted b

and S vs Tm;„ for a fixed Tm, „value of 1.544 K. In
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sample 2, the rounding effect starts at T;„=1.5273
K which corresponds to t;„=2x 10 4. It appears
that the rounding effect is smaller in this LiHoF4
samples than that observed on LiTbF4 (t;„=103)

and GdC13 (r;„=1.5 x10 ').
Finally, we are not able to discriminate between

the laws (7) and (8) on the basis of the present ex-
perimental data. The average difference of the best
fit to the data is, respectively, equal to 3.0 x 10 ' and
2.9 x 10 ' emu cgs for the laws (7) and (8) on sample
2. Assuming At '~l og~ Or~'~' = A' t' ", we have calcu-
lated the temperature difference I T = T,(t' —t) vs T
(Fig. 7). The maximum hT value is equal to 0.1 mK
in the critical temperature range. Since the T5q tem-
perature scale has absolute errors of about 2 mK and
an internal point to point roughness of 0.1 mK, ' it
would be rather diScult to improve the thermometry

in the actual temperature range and to bring forward
discrimination between the considered critical laws.

IV. CONCLUSION

The present susceptibility measurements confirm
that LiHoF4 is a fairly good uniaxial dipolar fer-
romagnet. The parallel susceptibility is accurately
fitted by the classical law with logarithmic corrections
predicted by Larkin and Khmel'nitskii. Nevertheless
we could not discriminate between this theoretical
law and a power law with a critical exponent rather
close to 1. This discrimination would require an im-
proved temperature scale with a point to point rough-
ness better than 0.01 mK at 1.5—1.6 K. Magnetiza-
tion and specific-heat measurements in the critical re-
gion would be useful to complete this study. Further
work is in progress.
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