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High-precision magnetizatio (T,H), data have been taken along thexis (easy direction of magneti-
zation) of a high-purity Gd single crystal in the critical region near the ferromagnetic-paramagnetic phase
transition. Elaborate data analyses demonstrate that the single power laws, by themselves, do not adequately
describe the observed field dependencMait the Curie poinT, M(T¢,H), and the temperature variations
of spontaneous magnetizatiod,(T,0), and initial susceptibilityx(T), in the asymptotic critical regiohe|
=|(T—Te)/Tc|<2%x10"3, but do so only when the multiplicative logarithmic correctigh€), predicted by
the renormalization groufRG) calculations for dipolar Isingspin dimensionalityn=1) spin systems at the
upper marginal space dimensialf =3, are taken into account. Such data analyses also permit the first
accurate determination of LC exponenis k), the asymptotic critical exponenf3, y, and 8, and critical
amplitudesé, I', andD for M(T,0), x(T), andM(T¢,H). The exponentg’, X, B, y, andéd, as well as the
universal amplitude rati®, = DB’ possess theame(within the uncertainty limitsvalues as those yielded
by the RG calculations for d= 3 uniaxial dipolar ferromagnet. Moreover, the presently determined values of
B, v, andé, together with the reported value of the specific heat critical expameobey the scaling relations
B+vy=pB5anda+2B+ y=2 accurately. By establishing that gadolinium belongs todtke3, n=1 dipolar
static universality class, the present results resolve the long-standing controversy surrounding the nature of the
asymptotic critical behavior of GdS0163-18209)11941-§

[. INTRODUCTION De'Bell, and Geldarf offers the following explanation for
this observation. According to this theory, the long-range
The practice of assigning a universality class, specified bylipole-dipole interactions between magnetic moments local-
the lattice dimensionality ‘d” and order parametedimen-  ized at the sites of the hcp latti€avor the ¢ axis as theeasy
sionality “n,” to a given system based on the values of direction of magnetization when the unit-cell parameter ratio
critical exponents that characterize its asymptotic critical be€/a falls belowits ideal value ofc/a =1.63. In the case of
havior, has facilitated the understanding of critical phenom-gadolinium, thec/a ratio assumes the value 1.59 for tem-
ena in several materials in the past. However, an unambigiperatures in the close proximity t©c. This viewpoint is
ous identification of a real system with any one of the knownfurther strengthened by the fact that ttlearacteristictem-
universality classes has not been always possible. One sugerature scale founiaxial anisotropy, estimated from mag-
exception to the general rulgvhich is the main concern of netic susceptibility dafa taken along the axis and in the
this papey is gadolinium metal. The relevant details of this basal plane on a single crystal of Gd in the critical region, is
case are furnished below. Considering that gadolinium metatompletely accounted f&r*? by the dipole-dipole interac-
is made up ofspherically symmetriéS,,, GE" ions and tions. Early renormalization grougRG) calculations re-
isotropic Ruderman-Kittel-Kasuya-YosidéRKKY) interac-  vealed that dipolar interactions change oslightly**~*°the
tions betweerlocalized 4f magnetic moments give rise to critical exponents of thel=n=3 system butdrastically
ferromagnetism in this metal, gadolinium is expected to exmodify'®~*°the critical behavior of thel=3, n=1 system
hibit extremelyweakmagnetocrystalline anisotropy and be- so much so that the system exhibitean-fieldoehavior with
have as aisotropicthree-dimensionateisenberderromag-  logarithmic correction$®~1%n the asymptotic critical region;
net in the critical region. Hence, gadolinium should figurethis behavior is characteristic of uniaxial dipolar
among the systems that form te=3, n=3 universality ferromagnet$’~2*In view of this RG result, dipolar interac-
class. Contrary to this expectation, overwhelming experitions, which are responsible for uniaxial magnetic ordering
mental evidence® in favor of a smalluniaxial anisotropy, in Gd at temperatures close to, and aroufg,are expected
which ensures that the axis of the hexagonal-close-packed to have a decisive influence on its asymptotic critical behav-
(hcp lattice is the preferred orientation of magnetization inior. RG treatmertf'!® of spin systems, such as Gd, in which
gadolinium at temperatures 240 K that embrace the criti- uniaxial dipolar (UD) andisotropicdipolar (ID) interactions
cal region, asserts that the critical behavior of gadolinium isof normalized coupling strengthgyp and g,p (such that
that of a three-dimensiondsing ferromagnet. Thus, gado- gyp<<g;p) occur in association with isotropic Heisenberg
linium should fall within thed=3, n=1 universality class. interactions predicts the sequence of crossovers: Gaussian
Existence of uniaxial® magnetic ordering at tempera- regime— isotropic short-range Heisenberg isotropic di-
tures in the vicinity of Curie pointT, is inconceivable polar — uniaxial dipolar fixed point when temperature is
within the framework of the conventional theories of magne-lowered from high temperatures 1q- .
tocrystalline anisotropy, but the theory due to Fujiki, During the past three decades, numerous experimental at-
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tempts have been made to study static critical behavior of Gdal behavior. To this end, high-resolution magnetization
near the ferromagnetid@M) -to - paramagneti¢PM) phase = measurements have been performed onstmesample of
transition. Critical exponents™ (plus and minus signs refer high-purity Gd single crystal as that used previot&fgr ac

to temperatures above and beldw), B,v, and & for spe-  susceptibility measurements in a temperature range that em-
cific heat,C(T,H=0), spontaneous magnetizatidvi(T,H brace_s the gritical region. The reSl_JItfs _of this _ir_lvestigation,
—0), magnetic susceptibility(T), andM vs H critical iso- ~ combined with those of earlier resistivity,specific heaf/
therm (at T=T,), respectively, have been determined fromand ac susceptibilifi? studies, ungmblguogsly dgmonstrate
the measurements of specific h&®’ thermal that Gd belongs to thé=3, n=1 dipolar universality class.
expansiorf®?®  electrical  resistivity’®  p(T,H=0),
magnetizatiorf>~3’ perturbed angular correlatihand mag-
netic susceptibility’>~*2The most reliable values of the criti- A detailed description of the growth, purity, and handling
cal exponentsa™, B, v, and § published prior to 1990 of the gadolinium single crystals used in this work is given
have been compiled in Refs. 36-39 and 43. Earlyelsewheré? Extensive high-resolution(relative accuracy
determination®? of o yielded anomalously largevalues ~ better than 50 ppinmagnetization measurements, whose de-
whose sign happens to agree with that predicted by the thre&ails are furnished below, were performed on tsame
dimensional Heisenberg mod¥l. Subsequent sample as th:_:\t used previously for ac susceptibility
investigation’?° not only corrected such unphysically large mgasu.remenfsf,l.e., on 99.92 at.% pure Gd single crystal of
exponent values but also demonstrated that in the reducéy/indrical shapg1.502) mm in diameter and 1.78) mm in
temperature range DELO 4= e| = |T—Te|/Te= lengthl, .Wlth gxtgrnal magnetic f|e_IdI,-|?XI, d|r_ected along
1.0<10°3, the p(T,H=0) andC(T,H=0) data are consis- the ¢ axis (which is not only the cylindrical axis but also the

tent with the mean-field behaviéice., a* = 0) with logarith- easy direction of magnetizatinonThe demagnetizing factor

. : . N was computed from the slope of the magnetizatibh,
mic corrections. As far as the reported values of the remain- : L N S
) o . : versusH,,; straight line[i.e., 47N=(slope) ] isotherms
ing critical exponents are concerned, the numerical estlmate[s

; . aken at temperatures well beloW. in the field range
for g and y, obtained in the reduced temperature rapge _ i
>10"3, cluster arount~*1*30.39 and 1.24, respectively, 20 OesH,=20 Oe. The value oN=0.31(1), so ob

whereas those af range betweell—373.6 and 4.4. While the tained, agrees well with th@N:O'sl(l)] calculated from .
n . the well-known Osborn formula using the actual sample di-

value 5=0.39 suggests that Gd belongs to then=3 uni- mensions. Curie temperaturEg , of the Gd sample in ques-

versality clas$? y=1.24 indicates that the critical behavior ' b z plenq

of Gd is that of ad=3 Ising ferromagnet? In direct conflict tion was estimated by identifyinge with the temperature at

. . ; . which akink occurs in the thermomagnetic curves recorded
with these contradictory inferences is the result that the ex: - . )

e : at Ho,= 10 and 20 Oe and the value, so obtainedT s
ponenté possesses a value that is in complete disagreemen

X X . . =292.8 K, as shown in the bottom panel of Fig. 1. The
with tEose pred|cted by either tis-=3 He|s¢nberg model or bottom panel of Fig. 1 also serves to demonstrate that mag-
thed=3 Ising model, or even the mean-field model. More-

o . - .
over, the reported values of critical exponents lead sera netizationscaleswith Heyq for He, <20 Oe. The top panel

ous violationof the scaling relationsy+28+ y=2 andg of Fig. 1 compares the(e“:M(HeX‘ data taken aﬂ__'e’“
+y=6. =10 Oe with the ac susceptlb'lll'ty dgta taken prewoﬂﬁsly
Recently, the high-resolution “zero-field” ac susceptibil- O the same sample at ac driving field of rms amplitude

ity data taken along the axis (easy direction of magnetiza- Hac=10 mOe and frequency=187 Hz in the presence of
tion) of a high-purity Gd single crystal in the reduced tem- & dc field ofHy.=10 Oe. The agreement between the two
perature range 5310 5<e<1.2x10 ! have SE€ts of suscept|bll|t_y data is strlklng. and .the value of
demonstratet¥ the following. (i) The asymptotic critical be- Tc=292.8 K obtained by the kink-point method
havior of Gd is that of ainiaxial dipolar (UD) ferromagnet ~(Pottom panel of Fig. JL conforms very well with that
in that the susceptibility data are best described by the ex-Tc=292.77(1) K determined earliéf from the ac sus-
pressiony(e)~| €|~ ?|In|d[Y® with y=1 in the temperature Ceptibility data. _ o

range 5.% 10" °<e=<2.1x 103, which gives the extent of MagnetizationM, ve.rsusHext isotherms in fields up t0_15
the asymptotic critical region(ii) As the temperature is XO€ were measured &ixedtemperatures=25 mK apart in
raised abovd ¢, a crossover from UD to thisotropic dipo-  the temperature intervalc—4.25 KST<Tc+2.2 K with

lar (ID) fixed point occurs at a sharply defined temperaturel c=292.8 K and=0.1 K apart over=8 K on either side

€JB~'0~2 05(10)< 10”2 and this crossover, at high tem- of this temperature region. I_Each |sot'herm_was obtained by

peratures, is followed by a very sluggish 1D Gaussian measuringV at 60 predetermined but fixed field valugsch
stable to within=0.1 Oe) in the range €H., <15 kOe.

crossover(iii) Thed=3 Ising-like values of the susceptibil- ™ I tored b librated
ity critical exponenty reported previously, far from reflect- € sample temperature was monitored by a precalibrate
platinum sensor, which is in body contdend hence in very

ing the trued=3 Ising critical behavior, are a manifestation .
of an extremely slow crossover from ID to Gaussian regime.good thermal contaktwith the sample, and was held con-

Encouraged by this development and recognizing tioat- §tant to_ within5 mK a}t any setting by means of a propor-
asymptoticdata are at the rotof conflicting reports about tional, integral, and derivative temperature controller.

the nature of leading singularity @t in Gd, we undertook a
detailed bulk magnetization investigation of the FM-PM
phase transition in Gd with a view to resolve the The “zero-field” quantities, such as spontaneous magne-
controvers§ surrounding the nature of its asymptotic criti- tization, M(T,0), and initial susceptibilityyx(T), have been

II. EXPERIMENTAL DETAILS

I1l. DATA ANALYSIS AND RESULTS
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270280 290 300 310 FIG. 3. Critical isotherms and the corresponding best theoretical
T (K) fits yielded by the scaling equation of sta&ES analysis based on
Arrott-Noakes SEStop panel and mean-field SE§Eq. (1)] (bot-

FIG. 1. Temperature dependence of low-field magnetization ex!Om panel.

hibiting a “kink” at T=292.8 K and scaling of magnetizaton .. . "
with external magnetic field H,,) in the range 10 OeH,,, critical isotherm, when plotted on a sensitive sqatg panel

<20 Oe(bottom panel A comparison is made between tempera- ©f Fig. 3), reveals that even the optimum choicefaind y
ture variations of dc and ac susceptibilitiesHg,=10 Oe(top (-, =0.4 andy=1.24) does not get rid of itS-shaped

pane). Upward arrow marks the temperature at which the minimumcurvature. Moreover, this approach yields a valug: (
in xac(T) occurs. =292.54 K) forT¢ which is distinctly different from those

obtained from the low-field thermomagnetic cur&gg. 1)

obtained from the magnetization data taken in finite externafind ac susceptibility daf& Al of these observations render
magnetic fields at different temperatures by the foIIowingth'S extrapolation procedunenreliablein the present case.

extrapolation method. The customary apprdacti of using Next, an attempt has been made to use paeabolic
the modified Arrot plo{MAP) to determineT ¢ and the criti- extrapolatiorf,”*"which is based on the mean-field magnetic

cal exponents3 and y, when followed, yields the result €duation of staff
shown in Fig. 2. It is immediately noticed that the MAP
isotherms present substantial deviations from the expectedH/M(T’H):""(T)Jrb(T)[M(T’H)]2+C(T)[M(T’H)][l'1
linear behavior particularly at low fields and that the depar- @
ture from linearity persists to higher fields and becomes morerhat thesame MversusH isotherms as those used in Fig. 2,
and more pronounced as the temperature takes on values th@en plotted in the form oH/M versusM? isotherms, are
increasingly deviate fronT¢ (on either side ofT¢). The  accurately described by E@l) is evident from the results
presented in the bottom panel of Fig. 3, and Fig. 4 wherein
N the best least-squares fifdepicted by continuous curves
based on Eq(1), to a few selectedH/M versusM? iso-
therms are displayed. These figures clearly demonstrate that
(i) this procedure yields exactly the same valie., T¢
=292.77 K) for Tc as that obtained previoudf/by an
elaborate analysis of the ac susceptibility ddig, Eq. (1)
reproduces irfacsimilethe observed field dependencef
down to the lowest field value dfi=90 Oe for tempera-

292.54 K
0.4
1.24

Te
g8
LY

0.5 \ AN turesinthe rang@&-—1 K<T<T+2 K, and(iii) outside

: %\ this temperature range, the data start departing from the op-
0.0 . ‘ s s timum fits, based on Eql), at low fields, more so foil

O 2 4 6 8 10 12 <T¢ than forT>T, and the field at which such departures

(H/M)Vy first occur increases as the temperature progressively devi-
ates fromT.. For instance, the data depart from the fits at
FIG. 2. Modified Arrott plot for temperatures close Tg . H=220 Oe and 700 Oe fof =294.99 K and 288.55 K,
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FIG. 5. Temperature variations of spontaneous magnetization,
FIG. 4. Data shown in Fig. 2 replotted in the form dfi/(M) M(T,0), and inverse initial susceptibility,~(T), in the tempera-
versusM? (Arrott-Belov-Kouvel plo}. ture range that embraces the critical region. The continuous curves

through theM (T,0) andy ~(T) data are the best least-squares fits
respectively, as contrasted with the case of the correspondingised on Egs.(3) and (5) of the text. The inset shows

MAP isotherms for which the low-field deviations start at [M(T,0)]%4f plotted againsfl with B.¢=0.4. The straight line
H=1 kOe and 3 kOe, respectively. However, in the strictthrough the data represents the best least-squares fit based on Eq.
sense, the parabolic extrapolation method too does not ledd@ andupwardarrows indicate the fit range.

to sufficiently accurate results for temperatures outside the

range Tc—2 K=T=Tc+2 K (Tc=292.77 K) espe- striking feature of theBe(|€|) data presented in Fig. 6 is
cially for temperatures well belowW¢ . For this reason, the that ,;; possesses values that are very close to the mean-
data analysis has been restricted to the temperature range|d (MF) value of 3=0.5 for|e|=6x 10 *. Suspecting the
288.55 KsT=294.99 K only. result B.— 0.5 as|e|—0 to be an indication of uniaxial

dipolar behavior in the asymptotic critical regiGhACR), the
A. Spontaneous magnetization relation

WhenH=0 andT<T., Eq. (1) reduces to a quadratic
equation in spontaneous magnetization squarst{T,0)]?

=[M(T,H=0)]?, i.e. M(T,0)=B(—e)?In|¢||", e<O, @

c(T)m?(T)+b(T)m(T) +a(T)=0, ¥y | 50.0001 0001 001 0
wherem(T)=[M(T,0)]?. The values of the coefficients b,

and c at different temperatures are obtained from the best

least-squares fits to thd/M(T,H) versus[M(T,H)]? iso- 1.4 1

therms based on E@l). Knowing the values o4, b, andc at £ X T Xee(T)

a given temperature, spontaneous magnetization at that tem- & o - X

perature is computed from the solution of Eg). The tem- 1.2y

perature dependence of spontaneous magnetization, so ob- ) %
tained, is depicted in Fig. 5. To begin withl(T,0) data are 1o | oo T eucDg'D

analyzed in terms of the single power [E#*84346-54sp|)

(1% =292.78(1)

M(T,00=Bgsr (—e)Petf, €<0. 3
0.500 ¢ e} OOO%
The “range-of-fit” analysi§®~>°[in which changes in the o

values of the free fitting parameters, eBh¢s, T , andBess 0.490 F
in Eq. (3), and the sum of deviation squares are monitored as 5 <
the fit range |emin<e<|emad is varied by keeping Qlo 480 |
|eminl(lemaxd) fixed at a certain value and varying ’
|€max (| €minl)] Of the M(T,0) data based on E@3) yields
the value forT¢ asT¢=292.79(1) K. Optimum SPL fit to 0470 007 5007 001
the M(T,0) data over the entire temperature range " ' w D
288.55 K=T=T. based on Eq(3) is represented in Fig. 5 lel = [(T-Tc) | /Te

by the continuous curve. The temperature dependence of the
effective critical exponent B,eff' . defmgd as Ber(|€) Beis (bottom paneland vy, (top panel. Upward arrows in the top
=d[In M(|e)J/d(In|el), shown in Fig. 6, is then computed anq bottom panels indicate the uniaxial dipoldiD)—to—isotropic

from the M(|€|) data by keepindl¢ fixed at the valuer ¢ dipolar (ID) crossover temperature and the onset temperature of the
=292.78 K(this choice ofT is justified latey. The most peak, respectively.

FIG. 6. Temperature variations of te&ectivecritical exponents
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FIG. 7. Spontaneous magnetizatidh(T,0), and percentage de- 2300 5001 1510
viation of M (T,0) data from the best least-squares SPL and LC fits, |€ ‘
max

based on Eqg3) and(4) of the text, respectively, as functions of
temperature. The continuous curve through MéT,0) data, de-
noted by open circles, represents the best least-squares fit based
Eq. (4) of the text.

onF!G- 8. Variations of the free fitting parameters with, .4 (see

text) in the “range-of-fit” analysis ofM(T,0) data, using Eqg3)

and (4) of the text. Note the extreme sensitivity of the ordinate
scales for the parametelés B, andx’. Left and right arrows indi-

cate the ordinate scales for the data denoted by open and closed
circles, respectively.

with 8=0.5, x’=3/(n+8), andn=1, predicted16:17:5152
by the renormalization-groufRG) theories tdeadingorder
in e for d=3 uniaxial dipolar ferromagnets, is used to ana-
lyze theM(T,0) data. While fitting the data to E4), the

exponent x’ is kept constant at the theoretically | . . . . .
. 617 51.52 , A which gives the extent of the asymptotic critical region
predicted®!’51*2yalue ofx’=1/3, andB, T;, and 8 are (ACR) for e<0

treated as free fitting p_aramet_ers in the_first phase of the oiner important observations based on the ROF data
range-of-fit(ROF) analysis. Having determined the value of 5naiysis are as followsi) If in the ROF analysis| e, is

Tc in this manner, Tc is fixed at this value Tc  increased beyond 211073, while | ey, is kept fixed at
=292.78 K), whileB, B8, andx’ are varied in the second 7.5x10 °, the quality of LC fits deteriorates very fast, so
phase of the ROF analysis to optimize agreement betweemuch so that beyond a certain value|ef,,,, Eg. (3) pro-
theory and experiment. This approach leads to the optimundides better overalSPL) fit to the data than Eq4) (LC fit)

fit, based on Eq(4), to theM(T,0) data in the temperature does.(B) If only the data outside the ACR are considered in
range 7.5 10 °<|e|<2.1x 10 2 (open circlesrepresented the ROF analysis, SPL fits describe thiT,0) data better

by the continuous curve in Fig. 7. Figure 8 compares théhan LC fits and in the temperature range 289.36{5)
results of the ROF analysisecond phase, with; fixed) of ~ <291.90(5) K, vield Tc=29252(3) K and Befs

the spontaneous magnetization data taken in the above=0.40(2)(inset of Fig. 5. These values of ¢ and Sy are
mentioned temperature range based on the single power lag@nsistent with those yielded by the modified Arrott plot
(SPD), Eq.(3), and the theoretical expression, E4j., which, (Fig. 2. ,8eff=0.40_(2) is also_ in consonance with the value
besides the single power law, includes the leading multipli-Bef=0-399(16) yielded earliéf by the perturbed angular
cative logarithmic correction(LC). Note that the data point Correlation investigations on Gd in a temperature range simi-
taken at a temperatureT €292.77 K) closest toT has lar to the present one.

been left out of the analyses based on E&$.and (4) be-
cause its inclusion leads to considerable deterioration in the
quality of both SPL and LC fits. From the variations in the
values of the parametefs. , B, 8, andx’ observedFig. 8),
while analyzingM (T,0) data in terms of Eq4) using the
ROF analysis, we arrive at the final resulfc
=292.78(1) K, B=1526(11) G, 8=0.500Z6), and x’
=0.330(2) in the reduced temperature range

—~2.085)xX10 3<e<—7.5x10°,

B. Initial susceptibility

Parabolic extrapolation of thd/M versusM? isotherms
(Fig. 4 taken atT=T. to M?=0 yields intercepts on the
ordinate H/M) axis that directly give the values of inverse
initial magnetic susceptibility at different temperatures, i.e.,
x XT). It immediately follows from Eq.(1) that y ~*(T)
=a(T). Values of the coefficiend or x ! at different tem-
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FIG. 9. Inverse initial susceptibilityy *(T), and percentage
deviation of they "1(T) data from the best least-squares SPL and  FIG. 10. Variations of the free fitting parameters with,, (see
LC fits, based on Eqg5) and(6) of the text, respectively, as func- text) in the “range-of-fit” analysis ofy~*(T) data using Eqs(5)
tions of reduced temperature. Continuous curve througly tH¢T) and (6) of the text. Note the extreme sensitivity of the ordinate
data, denoted by open circles, represents the best least-squaresgfifes for the parametef%’l, y, and x. Left and right arrows
based on Eq(6) of the text. indicate the ordinate scales for the data denoted by open and closed

circles, respectively.

peraturesT =T obtained from the best least-squares fits to
theH/M versusM? isotherms based on Efl), are shownin  with y=1, x=(n+2)/(n+8), andn=1, yielded by the RG
Fig. 5. Like M (T,0) data,y *(T) data are, at first, analyzed calculationd®®-19515%¢ |eading order in e for the initial

in terms of the single power laik#246=5%(SpL), susceptibility ofd=23 uniaxial dipolar ferromagnets, is used
to analyzey 1(T) data fore<eco. As already stated in the
x UT)=Therr, €>0. (5)  preceding subsection, the range-of-fit analysis is performed

in two phases. In the first phase, the exponeist kept con-
; ; 19,51,52, _
The “range-of-fit” analysi§2'46‘5°gives Tg=292.77 K stant at the theoretically predlcﬁ?d value ofx=1/3,

for the optimum SPL fit to the,~(T) data in the tempera- andl' %, TS, andy are varied to arrive at the optimum fit.
ture rangeT & <T<295 K. Such a fit is denoted by the con- In the second phaseT¢ is fixed at the value Tc
tinuous curve in Fig. 5. Temperature dependence ofefhe =292.77 K) obtained in the first phase, whileé !, y, andx
fective critical exponent y.¢;, defined as yeqi(e€) are varied so as to arrive at the best fit to jie'(e) data
=d[In x"¥é)}/d(In €), displayed in Fig. 6, is then computed based on Eq(6). This fit is depicted by the continuous curve
from the y () data by holding theT{ constant at the in Fig. 9. A detailed comparison between the results of the
above-mentioned value. From the results shown in Fig. 6, ianalysis(second phase, witfi fixed) of the y () data

is evident thaty,; attains mean-field-like valuege., yo;;  taken in the reduced temperature range 618 °<e
=yuwr=1) for temperatures below a well-definetbssover <2.02x<10 3, based on Eqg5) and(6), is made in Fig. 10.
temperature,eco=2.02(6)< 10" 2, above which ye in- Considering the variations in the free fitting parameters ob-
creases steeply. In Fig. 6, we have compared yhg(e€) served(Fig. 10 in the ROF analysis based on E®), we
data, deduced from the SPL analysis of the pregeri(e)  quote the final values for these parameters B§
data(obtained usingarabolic extrapolation with that de- =292 77(1) K, f—1:380(2)' y=1.00085), and x

rived from the previou x,.'(e) data(directly measured ac  =0.329(1) in the reduced temperature rangexal8 5<e
susceptibility inzero dc superposed field using the SPL  <2.02(6)x 103, which gives the width of the asymptotic
analysis. An excellent agreement between the two data setgitical regime (ACR) for ¢>0. In a similar temperature
particularly for e<eco (i.e., in the asymptotic critical re- range (5. 10 °<e<2.1x10 %), ROF analysis of the ac
gion), is clearly noticed. Now that the observatignis—1  susceptibility (,c) data taken on theamesample as the
as e—0 is suggestive of uniaxial dipolar behavior in the present one has previously yield@dexactlythe samevalues
asymptotic critical region, the expression as quoted above for the paramet@&s, v, andx, but not for

R '~ for which the present valug3802)] is roughly 2.96
x HT=T"1eIne ™, >0, (6) times larger than the valu¢128.430)] estimated from
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6.8 the ranges 140 GeH<12600 Oe and 920H
<12600 Oe, respectively. Though these numerical esti-
mates fall within the range of reported values &f their
reliability is in doubt in view of the nonlinear IW—InH
critical isotherm.

The observatioh® that the uniaxial magnetocrystalline
anisotropy constank, as a function of temperature goes

through a broad peak dt=T. and is extremelgensitiveto

590 54 K the external magnetic fieldd.,;, while the higher order an-
292 77 K isotropy constants are zero in this temperature range, asserts
293.02 K that the field experienced by the spinsTat T in Gd is not
just H=Hey—4mNM(T,Hey) but Hege(Hexd =H(Hexd

10 +Hy(Hexy, Where the uniaxial anisotropy fieltHx (Hexy)

In H =2Ky,(Hex)/Ms is a function ofHey, andMs is the satu-
ration magnetization. This consideration prompted us to re-
analyze theM —H isotherms in the temperature range
—0.1 KET=<T:+0.1 K (with T¢c=292.77 K) using the
revised version of Eq(7), in which H is replaced byH s,

and the expression

x X(T). This discrepancy stems from the fact that the S s .
x~X(T) is consistentlylarger in magnitude than the, X(T) M(Tc,Hetr) =AHGH (1B INHeg]* (83
by a factor of 2.96, but otherwise their temperature depen(—)r
dences are exactly the same.

For e>e€co, the above-mentioned analysis reveals that, Al ! B
irrespective of the temperature range chosen, SPL Hitg He=DM?|In[M|">, =0, (8b)
(5)] describe they™*(T) data better than LC fitsEq. (6)]  with 5=3, x'=3/(n+8), and n=1, that the RG
and that such a fit in the range 293.6(2)<K<295 K cajculationd®16-19515%yjeld for the critical isotherm ind
yields Tc=293.0(2) K andy.;=1.393). These values of =3 uniaxial dipolar ferromagnets. Such a data analysis pro-

Tc and y.¢; agree quite well with thoseT(i:D and ng) ob-  ceeds as follows. At first, the previously publislglelaqjl ver-
tained previousl{? from x..(T) data in a similar tempera- susH.,; data taken al =293 K are least-squares fitted to a

=
5.8

N

+
|
3
nn

4.8

0k

4 6

FIG. 11. InM—InH isotherms at a few selected temperatures
around Tc. Note that the isotherm af=29254 K andT
=292.77 K are the critical isotherms according to the Arrott-
Noakes and mean-field equations of state, respectively.

ture range. polynomial in order to arrive at the values Kf[,l corre-
sponding to theH,,; values at which magnetization was
C. Critical isotherm measured in the present cas€, values, so obtained, are

The critical exponend, which characterizes the (T,H) converted to the anisotropy field Hy(Hex)
versusH isotherm taken al =T (the critical isotherny is :ZKGl(Hext)/Ms by using the value of magnetization mea-

conventionally determined by analyzing the—H isotherm

) : ) S ; X sured at the highest field, i.e., at 15 kOe, for the saturation
in the immediate vicinity ofT¢ in terms of the relation

magnetizatiorM 5. With a view to allow for the deviations,

M(Te,H)=AHY (73 if any, from the fl_JnctionaI f_orm ong(Hext)_ at the tempera—
tures of present interedtk in the expression foH ¢ is set
or equal toC'Hy , whereC’ (depends o,y is a constant if
the functional forms ofH, (H and Hy(H do no
H=DM5, EZO. (7b) K( ext) K( ext) ( D

match.M —H ;s isotherms in the temperature range 292.67
According to Eq.(7a), the plot of InM against IrH at T <T=<292.87 K are then least-squares fitted to the revised

=Tc should be a straight line with slop& * and intercept  Version of Eq. 7a), i.e.,

on the ordinate equal to k. Such InM—InH plots, con- ) Us )
structed out of theM —H isotherms in close proximity to M(Tc,Herr) =AoHer (7d)
Tc, displayed in Fig. 11, demonstrate that theVin-InH ; '~ :

isotherm atT=T;=292.77 K alone can be approximated and Eq'ﬁa) by treatingAo, C’, and4 in the former(SPL)

by a straight line over a wide range fvalues, whereas the fit, andA, C’, and ¢ in the latter(LC) one, as free fitting
isotherms on either side df exhibit a concave-upward and Parameters. Note that for the fit based on &g, the expo-
concave-downward curvature f6 T andT>Tc, respec- Nentsp andx’ are kept constant at the valugs=0.5 and
tively. The curvature becomes more pronounced as the ten¥ =0.33 determined from the spontaneous magnetization
perature increasingly deviates frofi.. A close scrutiny of —data(Sec. lll A). Two types of fitting procedures have been
the critical isotherm reveals that even the insensitive natur@dopted. In the first type, the lower lintit,{ of the external

of the log-log scale is unable to conceal ®ehaped curva- field rangeHg f'<H<Hg* is kept fixed whileHg" is

ture of the isotherm in question. As a consequence, the valuearied and the alterations in the fitting parameters as func-
of & depends on the field range chosen for the fit. For intions of H,3* are monitored. This type of“range-of-fit”

stance, the expone@tpossesses the values 3.60 and 3.75 iranalysis reveals thdi) with the same number of parameters,
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Eq. (88 reproduces th®1(T,Hq¢s) data far more accurately

2 5 ~2
than Eq.(7d) does,(ii) 6=2.7 and 3 for the fits based on M (1 0" G )
Egs.(7d) and(8a), respectively, andii) a strong correlation 0O 1 2 3 4 5 B
exists betweed andC’ in both the fits. In the second fitting 25 ‘ ' ' ' '
procedure(the so-called “sliding-fit-range” analysis the

range ofH.,; values used in present measurements is split 20

into several narrow ranges, each containing three successive =

values ofH,;. Starting with the lowest value ¢i.,,, if the \t 15t

M —H.s isotherm data points with increasintqsi=H oyt T

—47NM+C'(Hex)Hi(Hey) are labeled by the natural ~ 10+ ol

numbersi=1,2,3 ... n, the first fit range covers the data ”g

points 1,2,3, the second one 2,3,4, and so on. Fof%Rl) 5 > 10

fits in these range$ is set equal to 32.7), while A and < 10

C’ (Aj andC'’) are varied to optimize agreement between Of = 5 x— 292.77 K
theory and experiment. This method brings out clearly the =2 1.0 1 g, 0- 293 K(Ref.8)
actual functional form o2’ (Hg,y sinceHy(Heyy) is known x ) 0 5 10 15 20
(see the foregoing textTo elucidate this point further, now = (05t Hee (kOe)

that theH.,; values are equally spaced, the valueGdfob- \ﬁ

tained in a given range, which spans the Va|l|t€g‘;t2, EL‘

HO.', andH.,,, corresponds to the middle vali,,* of Y 0.0

the range. The main outcome of this exercise is @ate- — Caf e

pends orH.,;. This observation implies that the functional Ng_o_5 L o © —SPL

form of Hc(He,y differs from that ofH(Hey) by as much O © o —LC

asC’(Heyy. In order to get rid of the field dependence@f o o

and hence ensure thatl(Hey)=constx H;(Heyp), the -1.0 0 4 3 1'2 1I6
functional form of Hy(Heyy) is slightly modified and the

above fitting procedures repeated to first arrive ataps- Hers (kOe)

o this valie ofo. Such anterative meded determines the _FIG: 12 HarIM)~M? isotherm alT~To=292.77 K. The
' continuous curve through thédg:;/M)—M? data points, denoted

exponents, the amplitudeA or Aj andH(Hey) [and hence by closed circles, represent the best least-squares fit based on Eq.
Herf(Hexy] self-consistently Figure 12 displays theM (8a) of the text. Percentage deviations of €T ,H.¢;) data from
—Hey isotherm atT=T-=292.77 K, obtained in this way, the best least-squares SPL and LC fits, based on(Eg$.and(8a)
in the form of Hes/M) versusM? plot while the inset of the text, respectively, as a function of effective fiélds. The

shows the variation oK, with Hg,, at T=292.77 K that inset compares the variations with the external magnetic Fild
1

the iterative process finally yields and compares it with the the uniaxial anisotropy constak, atT=293 K (open circles,

observed field dependence df, atT=293 K. For a tem- reported in Ref. 8, and=292.77 K(crossey arrived at by the
L Y1 . &elf-consistent iteration methddee text

perature which is lower than 293 K, the presently determine

variation ofKul with H,; is consistent with the field varia-

tions ofKul at different temperatures displayed in Fig. 2 of

Ref. 8. The continuous curve through thiel¢;/M)—M?2
data points in Fig. 12 represents the best theoretida) fit

Bett [vers] appearing in Eq(3) [Eq. (5)] constantlyde-
creases[increase$ with |enad, asymptoticamplitude B
[f‘l], asymptoticcritical exponeniB [ y] and the exponent
based on Eq(8a. This fit is far superior in quality to that x' [x] of the logarithmic correction, defined by Ed) [Eq.

(SPL) based on Eq(7d), as is evident from the fact that, (6)], do not dependwithin the uncertainty IlmAlt}sqn | €ma-
according to Eq(7d), (Hesi/M) versusM? plot atT=T. (ii) Barring thenonuniversakritical amplitudeB [T~1], the
should be a straight line passing through the origin. With &&xponentsg [y] andx’ [x] possess theame(within the
conservative estimate of errors, the present data analyses @for barg values as thosg=0.5 [ y=1.0] and x'=3/(n
the isotherms in the immediate vicinity 8 yields the final ~ +8) [x=(n+2)/(n+8)] predicted®*°~19*">%y the renor-
values for the quantities of interest @g=292.77(1) K, malization group(RG) theories ford=3, n=1 (uniaxial
A=17.5(15), ands=3.0055). dipolar ferromagnet. The above observatidiysand (ii) not
only clearly bring out the importance of the multiplicative
logarithmic correction but also assert that the asymptotic
IV. DISCUSSION critical behavior of gadolinium is that of d=3 uniaxial
dipolar (UD) ferromagnet or, alternatively, that Gd belongs
From the results of the “range-of-fit” analysis of the tothed=3, n=1 dipolar static universality class. This claim
spontaneous magnetizatiov,(T,0), and inverse initial sus- is further substantiated by the findiiigottom panel of Figs.
ceptibility, ¥~ %(T), in the asymptotic critical region, in 7, 9, and 12 that in the entire asymptotic critical region
terms of Egs.(3)—(6) presented in Figs. 8 and 10, the —2.1x10 3<e=<2.0x10 3, including e=0, the percent-
following observations can be mad@) While the effective  age deviationof the M(T,0), x (T), and M(T¢,Hesf)
amplitude Bgs; [T'ot] and effective critical exponent data from the best least-squares LC fits, based on @gs.
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(6), and (8a), respectively, does not exceetd0.5 and is temperatureeg?ﬁwI —2.08(5)x 103, which should be
evenlydistributed around the theoretically calculated vaIuescompared withe'5YP [the crossover temperature referred
whereas the optimum SPL fits, based on E@, (5), and to T{'=T.=292.52(3) K] =[291.90(5) T¢' /T

(7d), respectively, presemsystematicdeviations from the _2. 1(1)>< 107%. It is immediately noticed tharEUD*'H
data in question that are as large 82%. The Curie tem- = ¢=UP (wjithin the uncertainity limits Though the value

perature value3. , TS, andT that the data analyses based I[geff_o 40(2) spans the predictions of bailk=3 isotropic

on Egs.(4), (6) and (8a) yield are thesame(within error  short-range(ISR) Heisenberg model and the model fdr
limits) and equal the Curie temperature for the uniaxial di-=n=3 ferromagnets with ID interactions, we contend that
polar fixed point, i.e.Tc=T:{=Tc=T£". Moreover, the the presently determined value B characterizes the
presently determined values of theymptotlccrrtlcal expo- =3 ISR Heisenberg fixed point on the grounds thigt does
nents 3, y and &, along with the previously reporté®®®  not equalT{® but is shifted to lower temperatures with re-
value o™ =0 of the specific heat critical exponent, obey thespect to it.

scaling relations+y=£6 and a+2B+y=2 to an ex- Another important feature of the present results is that for
tremely high degree of accuracy. Now that the LC fits are fatemperatures beloWc, ac susceptibilityy,(T), as a func-
superior in quality to SPL fits and yield more accurate valuetion of temperature goes through a broad minimum at a tem-

for Tc, Tc is kept fixed atTo=292.78 K for computing PeraturéTmi, (Fig. 1) where theeffectivecritical exponent
Beri(€) (Fig. ©). for spontaneous magnetizati®;(T) starts increasing after

Considering the well-knowi#747-5%act that the critical 9°INg through a minimumT* in Fig. 6), i.e., Trip=T"

exponents by themselves do not fully characterize th% 29% 3(335 K3 Thedsrrr]]gle powt(:]r law f'tt t? It:H\d (g OI) datta ,
asymptotic critical behavior but do so only in association ased on Eq(3) and shown in the inset of Fig. 5 also starts

with the corresponding critical amplitudes and that thedevratmg from the data at a temperatite 291.9 K, which

asymptotic critical amplitudeatios, like asymptotic critical Is very close. A similar dip iyao(T) at Tmin 36291 5 Khas
. . . also been observed previously by Aliet al>> but with no
exponents, areiniversal conclusive evidence for thé=3

uniaxial dipolar asymptotic critical behavior of Gd can be corresponding structure in eith@(T) or M(T,0). These

! . . authors were first to recognize that this dip p.(T) at a
provided only when the universal amplitude ratR, temperature just below is a manifestation of a transition

=DB’ = (A/B )7° B YT~1, where the critical am-  from the Bloch domain wall to linear domain wall. Such a
plrtudesB 1 A, orD are defrned by the Eq€4d), (6), transition is expect€d to occur in magnetic materials such
(8a), or (8b), ||ke the critical exponentsy, B, v, and §, as Gd(in which uniaxial magnetocrystalline anisotropy does
possesses the value that is theoretically predict@difor a  not vanish even for temperatures in the immediate vicinity of
system belonging to thel=3, n=1 dipolar universality Tcz) at a temperature belowc where the conditiot?
class. From the values of the quantities3, x’, 5, B, and M (T:0/8¢,=Ky, (X, is the paraprocess susceptibiliip

I'~! determined in this workSec. Il), we obtaln the value satisfied. Assuming that bot (T.0) andy,, follow a power

R,=0.58(12). This value should be compared with the nu- law behavior at such temperaturésig. 9), i.e., M(T,0)

merical estimaté§515%1.331), 1.61), 1.0, and 0.5 given =Bei(— €)% and x,=(Te(2) (— €) 71 (in arrivjng at
for this ratio by the RG calculations in the case 3  [h€ latter expression, the validity of relatiofigs/1'e=2

Heisenbergd=3 Ising, d=3 Mean-field, andd=3, n=1 and y.¢s= vers has been assumgd crude estimate of the

dipolar spin systems. The finding that the valiR, temperatureT** at which a transition from Bloch to linear
=0.58(12), determined in this work, conforms well with domain wall occurs, according to the above condiffonan

R,=0.5, expected for al=3, n=1 dipolar ferromagnet, be obtained from the expression

but not with the mean-field valug, = 1.0 provides not only

a direct experimental proof for the existence of logarithmic T** :Tc[l—(41“effKu1/Bgff)l’(zﬁeff+ ], (9)
corrections at an upper marginal space dimensiod*cf 3

for dipolar Ising spin system but alsodinching evidence Inserting the valuesB,;=2318(20) G, Bq=0.4694),

for thed=3 uniaxial dipolarasymptotic critical behavior of  _ 39515103 =1.0404 T~.=292.78(1
Gd. This conclusion is consistent with the inference recentl;kegnd'K (=2r><6>< 100 eyregf/fc c iRe(fI g in Ea 9 -yiel(ds)
, u, =4 : : . (9),

drawr* from the existing data on critical spin dynamics in o
Gd. ’ pin &y T** =290(1) K, a value which is in reasonable agreement

with the observed value of,,;, and T*. The theory® that
tylelds the above condition also predicts that the change in
M(T,0) across the Bloch-to-linear domain wall transition
does not exceed 1%. That such a small change in magneti-
zation could be detected with ease in the present experiments
90-1D_2 02(6)x 10~2 as the temperature is raised aboVets)upports our claim that a very high relative accuracy has
TYD . Moreover, euo_uo matcheSe'D_’UD [the crossover een achleve_d in the mag_netr_zatron measurements. Note that
c such a domain wall transition is not abrupt but occurs gradu-
temperature referred ®©°=T.=293.0(2) K]=[293.6(2) ally. The close proximity of the BlockHeisenberydomain
TL)TL =2.05(15)x 10 3. By contrast, the lowering of wall-to-linear (uniaxial dipolar/Ising domain wall transition
temperature belovﬂ'gD results in a crossover from UD to temperature T,,i,=T*=291.3(3) K to the temperature
isotropic short-range HeisenberglH) fixed point at a Tgs “P=291.90(5) K, at which a crossover fromh=3

A close agreement betwean 1(T) andX;cl(T) for tem-
peratures within and outside ACR, when viewed in the ligh
of arguments presented by us previou€asserts that a
crossover fromuniaxial dipolar (UD) to Isotropic dipolar

(ID) critical behavior occurs at a well-defined temperature
UD—ID
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ISR Heisenberg tal=3 uniaxial dipolar critical behavior exponentsx’, x and the critical exponent8, y, and § that
occurs, supports our earlier contention about the nature afharacterize the asymptotic critical behavior of Gd. The find-
crossover aeh"UP. ing that the values of the critical exponerfisy, §, the expo-
nents of the logarithmic corrections and the universal ampli-

tude ratioR = DB I are in perfect agreement with those

predicted by the renormalization group calculations dor

=3 dipolar Ising spin system, permits us to conclude that the
This paper reports the results of detailed bulk magnetizagritical behavior of Gd is that of a three-dimensionalaxial

tion measurements performed in the critical region near théjIpOIar ferromagnet. .Hence the present investigation re-

ferromagnetic-to-paramagnetic phase transition on high§olve§ the long-standing puz;le about the_unlversal_lty class
. g . . to which Gd belongs by providing conclusive experimental

purity gadolinium single crystal sample along tkeaxis

hich is th direct p ation in th evidence for thed=3, n=1 dipolar universality class for
(which is the easy direction of magnetization n t e Presentsqy. Moreover, the presently determined values of the critical
casg and compares them with those of the ‘axis” ac  gyponentss, vy, and 8, along with the previously reported
susceptibility measuremefitsaken on thesamesample by

! t value o™ =0 of the specific heat critical exponent, obey the
us previously. Closer approach g by two decadesn re-  scaling relationsg+ y= 86 and a+28+ y=2 (that were
duced temperature=(T—T¢)/T than in previous investi-

seriously violated by the previously published values of
gations, facilitated mainly by lower impurity levels in the o, B, y, andé) to an extremely high degree of accuracy.
gadolinium single crystal used in the present magnetizatioAdditional observations include a crossover from uniaxial
and previou¥ ac susceptibility experiments, considerably dipolar to isotropic short-range Heisenberg critical behavior

higher (better than 50 ppinprecision achieved in such mea- which occurs ateZ3~'"=—2.08(5)x 102 and is accom-

V. SUMMARY

surements and elaborate data analyses have not only permifained by a transition from lineajuniaxial dipolar/Ising
ted an unambiguous detection of the slowly varying logarith-domain wall to Bloch(Heisenbergdomain wall as the tem-
mic corrections but also an accurate determination of theiperature is lowered beloW; .
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