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The results of an elaborate analysis of high-resolution magnetization and ac suceptibility data unambigu-
ously establish the existence of multiplicative logarithmic correcti(tC) to single power laws in the
asymptotic critical region near the ferromagnetic—paramagnetic phase transition in well-characterized poly-
crystalline N;Al samples. A crossover from this asymptotic critical behavior to the Gaussian fixed point
occurs gradually over a fairly wide temperature range outside the critical regime. Accurate determination of the
universal amplitude rati®, = DB°II", the asymptotic critical exponeng vy, andd and the MLC exponents
x~, x*, andx® for spontaneous magnetization, initial susceptibility and the magnetization versus field isotherm
at T=T (the Curie temperatuferespectively, and a detailed comparison between theory and experiment
indicate that the weak itinerant ferromagnetAlj so far as its asymptotic critical behavior is concerned, is an
experimental realization of aisotropic d=3, n=3 ferromagnet in which the interactions between magnetic
moments decay with distan¢g asJ(r)~ 1/r (329,
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[. INTRODUCTION zation, M(T,0), initial susceptiblity,x(T), and the critical
isotherm,M (T ,H); mean-field and three-dimensional iso-
The theoretical formulations that modify the Stoner meantropic nearest-neighbor Heisenberg/isotropic dipolar esti-
field model to includé zero-point(quantum and thermally ~mates fall within this range. Therefore, the exact nature of
excited spin fluctuations give a fairly accurate estimate othe dominant singularity at¢ in weak itinerant ferromag-
Curie temperaturd ., closely reproduce the observed tem- Nets has remained a mystery despite some theoretical and
for T<T¢ and Curie-Weiss behavior of susceptibilig(T), but bas_|c questions that have gone unanswered until now are:
for T>Te, and correctly predict a second-order phase!® Which model forms the most appropriate theoretical de-
transitior?® at T in weak itinerant-electron ferromagnets. scription of the critical-point behavior of weak itinerant fer-

. ) ? iti -
Even though these theories successfully explain a host pmagnets: 3”@) Do weak iinerant ele_ctron ferromagnets
e ; I, all naturally into one of the known universality classes of
other characteristic propertiesof weak itinerant ferromag- o .
. - critical phenomena or do they form a class of their own?
nets as well, they fail* to properly describe theritical be-

havior of the systems in question. This inadequacy stems
from the fact that the spin fluctuation modetsdo not take
as satisfactory an account of tldtical fluctuations of the
order parameter and tteorrelationsbetween them as theo- Extensive high-resolution (50 ppn) magnetization,
ries of critical phenomena normally do. On the other handM (T,H¢yy), measurements  were  performed  on
most of the theories of critical phenomena in magnets conwell-characterizetf polycrystallineNizAl samples in exter-
sider these systems as consisting of magnetic momentsl static magnetic fieldsHe,) up to 15 kOe over a wide
(sping localizedat lattice sites and interacting with one an- temperature range, 15 KT<300 K, embracing the critical
other through exchange interactions that are of appreciabkegion near the ferromagnetic-paramagnetic phase transition.
strength for thenearestneighbors only. Notable exceptions After compensating for the earth’s magnetic field, the “in-
to this rule are the theoretical treatments(ofHeisenberg- phase” component of ac susceptibility{.) was measured
spin system with long-range dipofar interactions, (i)  to a relative accuracy of 10 ppm on samples, coming from
d-dimensionalspin system with arisotropic n-component the same batch as that used in bulk magnetization measure-
order parameter, in whiclong-rangeattractive interactions ments, at variousfixed rms amplitudes (1 mGeH,
between spins decayvith distance ad(r)~1/r%"?(¢>0), <100 mOe) and frequencies (18.7 Hz<187 Hz) of
and (iii) the spherical modeli.e., n—) versiof of (ii).  the ac driving fieldH,. (applied along the length in the
Thus the choice of theoretical models applicable to itineransample plang in the temperature interval, 10 KT
ferromagnets is restricted to these three only. <120 K. Considerations such as optimum signal-to-noise
Experimental studies of critical behavior of weak itinerantratio andlinear response td,. at a given temperature re-
ferromagnets near the ferromagnetic-paramagnetic phasgrict the choice ofH,. andv to 10 mOe and 87 Hz, respec-
transition have been confined to a few systems ‘tilyand tively. The details about the sample preparation and charac-
rarely more than two critical exponents have been deterterization are given elsewhete.The samples used for
mined. Such studies have yielded a wide range of values fo¥1(T,H,,) andy,. measurements were spheri€als mm in
the critical exponentg, y, and 6 for spontaneous magneti- diametey and rectangular parallelopipe@imensions: 40

Il. EXPERIMENTAL DETAILS
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FIG. 2. Temperature variations of the spontaneous magnetiza-
FIG. 1. M2 vs H/M (Arrott) plot for NizAl in the temperature  tion, M(T,0) and its effective critical exponenBes. eco marks
rangeTc—10 K=<T=<T.+10 K. the reduced temperature at which a crossover from asymptotic criti-
cal behavior to Gaussian regime begins.

X 2.5x0.5 mn?) in shape and had undergone annealing a
520°C for 16 days. A detailed analysis of the x-ray diffrac-
tion patterns taken on the annealed samples yiette val-
ues for the lattice constant and long-ran@tomig order
parameter ag=3.564(2) A andS=0.553), respectively.
The demagnetizing factoN for the spherical sample was
determined from theM-H.,, isotherms taken at low fields
(—20 OesHg,=20 O¢ and temperatures well below the Cu-
rie temperatureT, whereas for the parallelopiped sample,
it was deduced from the relatioxrl(T)=)(;C1(T)—47TN

berature range that includes the critical region. By contrast,
Xac(T), when corrected for demagnetization, is a direct mea-
sure of the *“zero-field” intrinsic susceptibility,x(T).
Henceforth, x(T) data obtained through extrapolation and
those measured directly are referred to as(T) and
Xac(T), respectively. With a view to ascertain which of the
theories of critical phenomena correctly describes the ob-
served asymptotic critical behavior of weak itinerant ferro-
magnetsM (T,0), x(T), andM(T¢,H), data are analyzed in

: a terms of the following expressions. These expressions ex-
usingN as a parameter such thatBe Te, x {(Tc)=08S ;¢ all the theoretigal ppredicticﬁi@, relevant tc[)) the case

vk . :
Xac (Tc)=4mN. The values oiN so estimated are in very nqer consideration by either including or excluding the
good agreement with those calculated from the well-knowneading multiplicative logarithmic or additive logarithmic/
Osborn formula using the actual sample dimensidfd- nonanalytic correction to the single power laws.

isotherms in fields up to 15 kOe and.(T) were measured
atfixed(to within =5 mK) temperatures=25 mK apart in
the temperature intervalc—2 K<T=<T:+2 K and at
larger intervals outside this temperature range.

11.14

11.12
IIl. DATA ANALYSIS

The Arrott[M(T,H)]? vs H/M(T,H) plot is constructed
out of the rawM-H,, isotherms taken in the critical region
after correcting the external magnetic field for demagnetiza-
tion [i.e., H=H—47NM(T,H.)]. The “zero-field”
guantities such as spontaneous magnetizatibrl,0), and
inverse initial susceptibility,Xfl(T)Exgcl(T), are com- 3 . 11.06
puted from the intercept values at different temperatures on 0.0 0.0 0.1 0.2 0.3
the ordinate T=<T.) and abscissaT(=T.) obtained when
the linear high-field portions of the[M(T,H)]?> vs

H/M(T,H) (Arrott) plot isotherms are extrapolated to FIG. 3. Temperature variations of the inverse initial dc suscep-

=0 and M?=0, respectively, as shown in Fig. 1. At gy - 3(T) and its effective critical exponenfe. e marks
=Tc, the Arrott plot isotherm idinear over the entireH/M 6 reduced temperature at which a crossover from asymptotic criti-
range and upon extrapolation passes through the origin. Withy| pehavior to Gaussian regime begiggX(T) is plotted against
Tc=56.376 K,M(T,0) andy *(T) are determined in this reduced temperature, over a wide temperature range abve,

way from the Arrott plot, spontaneous magnetization andn the inset so as to highlight the Curie-Weiss behaxislid
inverse initial susceptibility are plotted against reduced temstraight line through the data points denoted by open ciraés

peraturee=(T—T¢)/T¢, in Figs. 2 and 3 over a wide tem- susceptibility in the reduced temperature range %.8%3.52.

11.10

yeff

11.08

e = (T-T T,
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M(T,00=Bg(—€)Pef,  €<0 (1a
M(T,00=B(—¢€)?|In|e|[*, €<O0 (1b)
M(T,00=B(—e)f[1+ay|inle][* ], €<0 (10
M(T,00=B'(—e€)’[1+ay(—e)*M], <0 (1d)

X HT)=Tferer, €0 (2a)

Y XT)=T"ein|e]|*", >0 (2b)

x T =Tte1+a/inle| ], >0 (20

x HT)=T""tefl+a,eM] ™Y, >0 (20

H=Dg;M%ff,  €=0 (3a

H=DM?In|M||~>°, =0 (3b)

H=DMI1+a,|In|M||~>°], €=0 (30)

H=D'M1+ayM?], =0 (3d)

In Egs. (1)—(3), X (Ay), x°(Ay), andx*(A)) are the ex-
ponents of the leading logarithm{nonanalyti¢ corrections.
Using the expressionda and (2a), the effectivecritical
exponentsBqts and yes;, defined asBeti(€)=d[In M(|e)]/
d(nle) and yeii(€)=d[Inx YeVd(Ine), are calculated
at different temperatures from thd (e) and y 1(€) data
depicted in Figs. 2 and PBe¢1(€) and yq¢¢(€), SO obtained,
are also displayed in these figures. In the plot®Bgf; vs €
(Fig. 2 and yes; Vs € (Fig. 3), eco=—0.014 andely
=0.043 mark the temperaturémdicated by downward ar-
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FIG. 4. Spontaneous magnetizatidm(T,0) and percentage de-
viation of M(T,0) data from the best least-squares SPL, MLC,
ALC, and NAC fits(see the text for details concerning the different
types of fit3, based on Eqgs(la—(1d), as functions of reduced
temperature. The continuous curve through MheT,0) data(open
diamonds is the optimum MLC fit.

while those associated with the MLC fits remain essentially
unaltered (within the uncertainty limits as |€mad (M may)
increases, as is evident from the data presented in Figs. 7-9.
Since the parameter variations with,, (Mmay) are the
samefor the SPL, ALC, and NAC fits, such data for the SPL
fits alone are displayed in these figures. Identical parameter
variations in the case of SPL, ALC, and NAC fits is a con-

sequence of the fact that the correction amplituglgs ay ,

a,, a,, andéH, ay take on negligibly small values.

rows) at which a crossover from the asymptotic to nonas- Observation(l) is vindicated by the robustness of the fit-
ymptotic critical behavior occurs. Thus the asymptotic criti- ting parameters against variation in the range ofFigs. 7

cal region spans the temperatures in the rangesx1197°

<e<1.35<102 for M(T,0) and 7.X10 °<e<4.3

X 1072 for y4o(T). Detailed “range-of-fit’ analysis>** of

the M(T,0), M(T¢,H), and x X(T) data (taken in the
asymptotic critical region based on Eq4$1)—(3), reveals the
following.

(I) Neither the single power law&SPL), Egs. (1@ and
(2a), nor the expressions, Eq&lo)/(1d) and (2c)/(2d), in-
volving the additive logarithmic correctiof&LC)/ nonana-
lytic corrections(NAC) but only those Egs. (1b) and (2b),
that include the leadingmultiplicative logarithmic correc-

and 8 and by the resulflower part of Figs. 4 and)3hat the
percentage deviation of thil(T,0) and x,(T), xao(T)
data from the best least-squares fits based on @Egs.and
(2b) is smallerin magnitude andevenlydistributed around
the theoretically calculated values, whereas the optimum
SPL/ALC/NAC fits, based on Eq4$1a)/(10)/(1d) and (2a/
(20)/(2d), presentsystematicdeviations from the data so
much so that such deviations blow up &s-0 [particularly
for x~1(T); to highlight the departure of the data from the
different types of fits in the entire asymptotic critical region,
such large deviations aneot shownin Figs. 4 and % By

tions (MLC) reproduce the observed temperature variationgomparison, the percentage deviation of MéT,H) data

of M(T,0) (Fig. 4 and x;2(T) or xq2(T) (Fig. 5 accu-
rately.

(I By contrast, the MLC fit(depicted in Fig. 6 by the
continuous curveto the critical isothermM (T ,H), based
on Eqg.(3b), is marginally better than the SHIALC, NAC]
fit based on Eq(3a) [Egs.(3c), (3d)].

(1) When the lower bountkin| (M pnin) of the fit range
is kept constant and the upper bou®g,.,d (M a0 is var-

from the optimum fits based on Eq8a)—(3d), shown in the
lower part of Fig. 6, does not permit a clear-cut distinction
between the SPL, MLC, ALC, and NAC fits to be made.
However, a slightly loweKby nearly 8% value of the sum

of deviation squares and substantially lower deviations at
low fields (Fig. 6) in the case of the MLC fit does tilt the
balance in its favor. TheptimumMLC fits to the M(T,0),
Xa(T), xa(T), andM(T¢,H) data are depicted by the

ied in the “range-of-fit” analysis, the parameters corre-continuous curvein Figs. 4—6. Based on the variations of

sponding to the SPL/ALC/NAC fits varynonotonously

the fitting parameters in the asymptotic critical region
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FIG. 6. H versusM isotherm aff =T . Percentage deviation of

H(M) data taken aT =T from the best least-squares SPL, MLC,

ALC, and NAC fits, based on Eq$3a—(3d) as a function ofM.
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The continuous curve through thg M) data(open trianglekis the
optimum MLC fit.

Heisenberg or isotropic dipolar critical behavior in;Ai,

the logarithmic corrections to mean-field power laws seem to
suggest that NAI may belong to one of those universality
classes for which the renormalization gro(RG) theories

A& predict such corrections. These classes dag: systems
= with'>® spin dimensionality,n and space dimensionality,
= ! d=4, (b) uniaxial dipolar ferromagnefswith d=3 and
& 0 n=1, (c) isotropic ddimensional ferromagnets with
= -1 s ” n-component spins and long-range interactions between
5 o we spins decayingas J(r)~1/r(®24 and (d) same agc) but
N: X NAC . . with® n— o (spherical mode@l One immediately notices that
= -3 0.0001 0.0010 0.0100
€=(T- TC)/ TC 0.278 .
*
FIG. 5. Inverse initial susceptibility@) x,¢(T) or (b) xg(T), 02761 o~ v :o. o

and percentage deviation of (T)=x,(T)or xg(T) data % 0a7al™ h e

from the best least-squares SPL, MLC, ALC, and NAC (fitse the . —O SPL

text for details concerning the different types of)fitsased on Egs. 0272} —e MLC

(2a—(2d), as functioEIf of reduced temperature.:[he continuous 0500l * -. _ 050

curves through they,;(T) (closed squargsand x,;(T) (open 050151 o . ®u :

squaresdata are the optimum MLC fits. @ Ot b -~

0.s010f o ooe 048 5

yielded by the “range-of-fit” analysi$''* (Figs. 7-9, we 0.5005} AL SN

arrive at the final values for the quantities of interest listed in 0.5000 ¢ ) 046

Table I. Note that all the independent determinations of the 12l % le . 1=177x 1(55 1 60

Curie temperature from th#(T,0), x,2(T), xad(T), and o = 155 &

M(Tc,H) data yield thesamevalue within the uncertainty @ 350r %o eee ~ 150 m°

limits, i.e., Tc=T2=T¢. This serves as a consistency ¢ Pocoo, S W

check. Moreover, magnetization and ac susceptibility mea- | e QDOOI Cwoap |43

surements performed on different samples gfllithat have 0.000 0.005 0.010 0.015

undergone thesameannealing treatment yielilentical re- le |

sults.

IV. RESULTS AND DISCUSSION

FIG. 7. Variations of the free-fitting parameters wjiy,,, in

the “range-of-fit” analysis ofM(T,0) data, using Eqs(la and
(1b) of the text. Note theextreme sensitivitpf the ordinate scales

While mean-field values of the asymptotic critical expo- for the parameter8, 8, andx~, and the horizontal dashed lines
nents 8, y, and & rule out the possibility of an isotropic give their average values.
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0.010 0.015 0.020 0025 0.030 0.035 FIG. 9. Variations of the free fitting parameters with,,, in
e the “range-of-fit” analysis ofH(M) data taken aff=T. using
s Egs.(3a and(3b) of the text. The horizontal-dashed lines give the
average values of the SPL and MLC fit parameters.

0.460¢ \.. (b) . . |
0455ty S gy values. However, in the absence of the theoretical estimates

e 8 o *Olr.. for the quantitiesx® and R, no definite conclusion can be
04501 &5 appe [T =356371K, drawn from this agreement.
04451 Emi= 70x10° 10 Having established the existence of multiplicative loga-

1.001} 1'09 rithmic corrections o mean-field _power laws in _the
Loook - asymptotic critical region, an attempt is made to ascertain the

= 0.999F J]no8 - magnetic behavior of NAI outside this region. The “range-

' 107 o8 of-fit” analysis of M(T,0) and y,2(T) data taken at tem-
0998 1.06 peratures outside the asymptotic critical region, based on
93500 })-ggo Egs. (1) and (2), reveals that the optimum fit€ontinuous

- 3310 - curves based on the expressiofsd) and (2d), which in-
~ 3300 2400 7 _ cll_Jd_e the correctior]s to meanffiedN'IF)_ leading exponents

3200l 2900 [ arising from Gaussian fluctu-atlons, wiBY =50.0(3) G,B8
32801 =0.5008), ay=0.08(2) (in the temperature range

000 001 002 003 004 003 31.93 K<T=<41.73 K), I' "'=3065(145), y=0.9955),
£, a,=0.025(2) (in the temperature interval 70.11
K<T=<93.75 K, T¥F =TNF =50.8(2) K, andAy=4A,
fixed at 1.0, as expected for the Gaussian fixed point, de-
scribe the datdetter than the pure mean-field power laws
(dashed lines Egs.(1a) and (28 with B.st=0.5 andyess
=1.0, at temperatures that lie well below and above the Cu-
rie temperaturgFig. 10. The correction due to Gaussian

the universality classe@) and (d) are not applicable to the fluc_tuatio_ns turns out to be more impo_rtant i_n the ferromag-
three-dimensional ferromagnet in question. The presently dl€tic régime than in the paramagnetic regime. In order to
termined values of the exponents, x*, andx® of the loga- bring out this observation clearly3e; and ye¢; are plotted
rithmic correction terms, defined by the Eqsb), (2b), and  against the reduced temperatet® = (T—TE")/TYF in the
(3b), as well as the universal amplitude ratiR, are above mentioned temperature randgeslicated by upward
compared with the corresponding theoretical estinidtes arrows in Fig. 10, i.e., —0.47<€e“F<-0.30 and 0.18
specific to each of the universality classds and (c), in <eMF<0.58, in Fig. 11. The straight-line fits through the
Table I. From such a comparison between theory and experj@eff(e'\" FY and y.:(€eMF) data points(open circley are
ment, it is evident that the values , x*, x°, and R, deter- based on the expressions

mined in this work are completely different from those pre-

dicted by theory for a= 3 uniaxial-dipolar ferromagnet. By Beii(€MF)=B+ayAy(—eMF)iu (4)
contrast, the RG calculations fde=3, n= 3 isotropic ferro-

magnet in which the interaction between spins decays agnhd

J(r)~1/r @23 yield the estimates for the exponemxts and

x* that are in very good agreement with the experimental Yeif( €MF)=y+ aXAX(e'V'F)Ax 5)

FIG. 8. Variations of the free-fitting parameters wj#y,,, in
the “range-of-fit” analysis of(a) x,&(T) and (b) xgc(T) data,
using Egs(2a and(2b) of the text. Note thextreme sensitivitpf
the ordinate scales for the parametérs!, y, andx* and the
horizontal-dashed lines give their average values.
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TABLE |. Comparison between experiment and theory.

Experiment Theory
Parameters Method d=3, n=3 d=3, n=1 Mean field
NizAl J(r)~r~®2d  yniaxial dipolar
(Ref. D (Ref. 6 (Ref. 16

Te (K) M(T,0)/LC 56.3715)
Befs M (T,0)/SPL 35.03)
Bett M(T,0)/SPL 0.482)
B M(T,0)/LC 34.92)
B M(T,0)/LC 0.5011) 0.5 0.5 0.5
X~ M(T,0)/LC 0.274%25) 3/11 1/3
Fit range ine(10™%) 0.18-133
for above parameters
T¢ (K) Xdc/LC 56.3715)

Xac/LC 56.38@5)
T Xdc/SPL 231%212)

Xac!/SPL 26217)
Veft Xdc!/SPL 1.07%20)

Xac/SPL 1.09212)
rt Xdc/LC 330020)

Xac/LC 3451)
vy Xdc/LC 0.999210) 1.0 1.0 1.0

Xac/LC 0.999%5)
x* Xdc/LC 0.454555) 5/11 1/3

Xac/LC 0.45486)
Fit range ine (10°%) Xde 0.7-433
for above parameters Xac 0.89-327
T2 (K) M(T=T¢,H)/LC 56.37@5)
Dets M(T=T¢,H)/SPL 0.6544)
Setf M(T=T¢,H)/SPL 2.998835)
D M(T=T¢,H)/LC 0.6514)
) M(T=T¢,H)/LC 3.0044) 3.0 3.0 3.0
x° M(T=Tc,H)/LC  0.00333) 1/3
Fit range inM(G) 3.2-28.2
for above parameters
R, 0.251) 0.5 1.0
my/M(0,0) 0.751) 1.73
moho/keTe 0.00791) 1.73
B+y 1.5012) 1.5 1.5 15
BS 1.5055) 1.5 1.5 1.5

that relate theeffective (Bets,verr) and asymptotic(3,vy) temperature ranges in question. Finite slopes of the
critical exponents, defined by Eqd.a), (2a) and Eqs.(1d),  Bes(eMF) and ye1(eMF) linear plots(Fig. 11) therefore as-
(2d), respectively. Note thatd=Ilimmr_ oBesi(eVF) [y sert that the Gaussian corrections are significant. Further-
=lim vr_o¥er(eMF)] and ifAy=A,=1, Bets VS eMFand  more, it is evident from the temperature variations of
Yett VS €MF plots arestraight lineswith slopes(intercepts on Bess and yess, shown in Figs. 2 and 3, and from the
Betr and yeqr axes ay anda, (B andy), respectively. That ;1 0)12 and y~%(T) data displayed in Fig. 10, that a
this is mdeelethg case in specific temperature ranges beloyyossover from the asymptotic critical behavior, character-
and aboveT¢™ is demonstrated by the data presented inzeq py multiplicative logarithmic corrections to mean-field
Fig. 11. The values 0B, ay, v, anda, deduced from the power laws, to the Gaussian fixed point does not occur
linear Be1(eMF) and y.;1(eMF) plots serve as a cross check abruptly at a certain well-defined temperature but gradually
for those(stated earlier in the texbbtained from the opti- over a fairly wide temperature range.

mum fits (continuous curves in Fig. 1@o the M(T,0) and In order to arrive at a possible theoretical description, we
x~}(T) data based on Eqéld) and(2d). Another important  address the issue of why Mil exhibits an asymptotic criti-
point to note is that if the Gaussian corrections were notal behavior that is characterized by mean-field power laws
important, B¢ and ye¢; Would have had constant valugs  with logarithmic corrections. Obviously, the answer to this
=0.5 andy=1.0 regardless of the value ef"" within the  question should lie in the symmetry of the Hamiltonian

014417-6



EVIDENCE FOR LOGARITHMIC CORRECTIONS TO TH. .. PHYSICAL REVIEW B 64 014417

20 MF, _ MF MF
= T )= 59.8K 30 le™ 1 =I(T-T. " )/ T, |
© 15 9 7 125 0.30 0‘.35 O.fLO 0.45
No ¢ :L 0,474‘
Z 20 0.472¢
éj 10+ 115 :: 0.470¢
= e o 0468}
< 10 ~
£ 5t Ra 0.466
= {5 0.464}
R W 4 70:11 K o 0462}
0 30 40 50 ;O I7(0 80 90 100110 1010k
K) 1.008
. . . 1.006+
FIG. 10. In order to highlight the importance of the corrections g g
to the mean-field behavior arising from Gaussian fluctuations, the & 1.004¢
quantities[ M (T,0)]¥#tt and [y ~1(T)]Y7etf with the mean field 1.002}
choice (B¢t=0.5 andy.¢;=1.0) of the exponent8.;; andy.¢; are 1.0001
plotted against temperature. The best least-squares mean-field and ’

Gaussian fits to the data, based on Eag), (2a) and(1d), (2d) of 0998072 03 04 05 06
the text, are depicted by the dashed straight lines and solid curves,

respectively. If the Gaussian corrections are not important, such MF ME
plots should bdinear (dashed straight lingover the temperature € = (T'Tc )/ TC
intervals marked by the upward arrows below and above the mean-
field Curie temperaturely " .

MF

FIG. 11. Effective critical exponent®.¢; and y.¢; plotted
against the reduced temperatuetdf = (T—T¥F)/TEF, referred to
and/or the range of interaction. To this end, the followingthe Gaussian fixed point critical temperatuf§". The straight
observations merit serious consideration. A detailedines through the data pointepen circles represent the best least-
investigationt’ of magnetocrystalline anisotropy in the weak squares fits based on the E¢4. and (5) of the text.
itinerant ferromagnet MAI has revealed the following(i)

NizAl, like pure Ni, exhibits acubic magnetocrystalline an- =1.0, which is the case when magnetic momentslacel-
isotropy in the ferromagnetic regime wifd11] crystal di- izedat the lattice sites. According to the Rhodes-Wohlfarth
rection as the preferred orientation of magnetizatiohThe  criterion?° the greater the amount by which the/qs ratio
leading anisotropy constar, is abouttwo orders of mag- exceeds unity, the moiiénerant are the magnetic moments.
nitude smalletthan in pure Ni at 4.2 K(iii) As in crystalline  Thus, the localized moment picture cannot form a correct
Ni, K; in NisAl is negativeand decreases in magnitude very theoretical description of the magnetism ingAl. It imme-
rapidly with increasing temperature amdnishesas the Cu- diately follows that the long-range interactions such as the
rie temperature is approached from below. In view of theselipole-dipole and the Ruderman-Kittel-Kasuya-Yosida inter-
findings, NiAI is expected to behave as ésotropic spin  actions are not relevant to the case under consideration. Even
system in the asymptotic critical region. It is well known that otherwise, the dipole-dipole interactions, which are propor-
the ratio of the spin-wave stiffned3 to the Curie tempera- tional to the magnetic-momesguared are expected to be
ture T¢ is a direct measure of the range of interaction extremely weak in NjAl due to the small magnitude @fg

in the localized-electron model. The valueD/(T¢) (an order of magnitude smaller than in crystalling.Ni
=1.251)(meVA? K~ ! reported®!® for NiAl, when com- Above considerations, the observation of logarithmic cor-
pared with the estimate D/Tc)=0.144 meVAK ™! rections to the mean-field power laws and a close agreement
predicted® by the nearest-neighbor Heisenberg model, asbetween the values™ =0.2745(25),x" = 0.4545(55), and
serts that the interactions coupling the magnetic moments ithose & =3/11, x*=5/11) characterizing the asymptotic
Ni3Al are of long-rangetype. They 1(T) data, displayed in critical behavior of arisotropic d=3, n=3 ferromagnet in
the inset of Fig. 3, follow the Curie-Weiss behavior in the which long-range interactions between spins déeeth dis-
temperature range 1.87%=<3.52. The inverse slope of the tance(r) asJ(r)~ 1/r(¥29 (Table ), completely rule out the
straight-line fit, based on the Curie-Weiss law, yields thepossibility of an isotropic short-range Heisenberg or an iso-
Curie constanC, which, in turn, permits an accurate deter- tropic long-range dipolar or a uniaxial dipolar asymptotic
mination of the effective atomic moment in the paramagneticritical behavior in NijAl. They do, however, indicate that
state,gc, through the relationjc(qc+2)=(2.828¢ CA/p,  the weak itinerant ferromagnet il may be a potential can-
where A andp are the atomic weight and density, respec-didate for the universality class for critical-point phenomena
tively. From the valueg-=0.358(1) ug, SO obtained, and represented by the special cade; 3, n=3, ando=d/2 in

the estimateqs=0.0575(1) ug for the magnetic moment the power law,J(r)~1/r%*?, dependence of the intermo-
per alloy atom at 0 K for theamesample reportéd earlier, ment interaction on distance, of the renormalization group
gc/gs ratio turns out to be 6.23), as against dc/qg) calculation$ on anisotropic ferromagnet with space dimen-

014417-7



ANITA SEMWAL AND S. N. KAUL

sionality d, spin dimensionalityn, and long-range attractive

PHYSICAL REVIEW B 64 014417

tion vs field isotherm at the Curie temperatdrg, coupled

interactions between spins of the above form. That the R@vith the vanishingly small, or even no, magnetocrystalline
treatment due to Fishest al.” also describes correctly the anisotropy in the asymptotic critical region and the ex-
asymptotic critical behavior of the strong itinerant ferromag-tremely large magnitudes of the ratibgT. andqc/qs per-

net Ni, has been demonstrattdecently.

V. SUMMARY AND CONCLUSION

mits us to completely rule out the possibility of an isotropic
short-range Heisenberg or an isotropic long-range dipolar or
a uniaxial dipolar asymptotic critical behavior in JAi.
These observations, instead, strongly suggest that in the

High-precision magnetization and &tzero-field”) sus-  gqymptotic critical regime the weak itinerant ferromagnet
ceptibility measurements have been performed on several aﬂﬁgAl behaves as aisotropic d=3, n=3 ferromagnet in

nealed polycrystalline samples of Al with long-range  \yhich the attractive interactions between magnetic moments
atomic order para_meter of 0:55 over a wide range of tem- decay with distancer) asJ(r)~1/r(3’2)d. However, in the
peratures. A detailed analysis of the data, so obtained, reveghsance of the theoretical estimates for the universal ampli-
the existence of multiplicative logarithmic corrections to they,de ratioR. and the logarithmic correction exponext
mean-field power laws in the asymptotic critical region and ;g analog§ has to be treated with caution. Detailed RG
gradual crossover to the Gaussian fixed point at temperatures ;c,1ations are needed to clinch this issue.

outside the critical regime, irrespective of the choice of
samples. The correction to the mean-field behavior due to
Gaussian fluctuations is found to be more important in the

ferromagnetic regime than the paramagnetic regime. First ac- This work was supported by the Department of Science
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