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Determination of susceptibility and specific heat critical exponents for weak itinerant-electron
ferromagnets from vibrating reed experiments
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We report the observation oflaear relationship between the magnetic contribution to Young’s modulus,
AE/E,, and inverse magnetic susceptibiliy * for amorphous weak itinerant-electron ferromagnetgFe,
and Fg,Zrg in the asymptotic critical region near the ferromagnetic-paramagnetic phase transition. The pro-
portionality AE(T)/Eq= x~ X(T) is shown to provide as accurate a means of determiningspmptoticritical
exponenty and the leading “correction-to-scaling” amplitudes for susceptibilty from N&/E, data as a
direct measurement of magnetic susceptibilty does. Similarly, the well-known relation between the magnetic
contributions to sound velocity and specific heat is fully exploited to extract accurate estimatesiuivire
sal critical amplitude ratioA™/A~ and the asymptotic critical exponenis- for the specific heat from the
sound velocity data. The presently determined valuesrofand y, together with the reported value for
spontaneous magnetization critical expongnnot only obey the scaling equalities =a~ anda+28+y
=2 but also assert that the atomic magnetic moments in the alloys in question interact with one another
through anattractiveinteraction whichdecays fastethan 1° with the interatomic spacing,

DOI: 10.1103/PhysRevB.65.134412 PACS nunider75.40.Cx, 64.60.Fr, 72.55s, 75.50.Kj

l. INTRODUCTION value of eithera™ or a™ has been extractéd® from the
sound velocity data; in rare cases where both critical

Investigation of acoustic properties has played an imporexponents have been determined, the exponent valdes

tant role in characterizing the critical behavidof a wide ~ not obey the scaling equalityx™ =« ™. Moreover, a large
variety of systems near phase transitions of different kindScatter in the reportéd*“exponent values precludes a mean-
While low-frequency acoustic velocity data provide useful"9ful comparison between theory and experiment. A total
information about the equilibrium properties, static critical "€9lect of the “correction-to-scaling” terms in the theoretical

phenomena, and spin-acoustic phonon coupling, ultrasonieXpPression used to fit the sound velocity data and/or a sizable

attenuation measurements determine the dynamic behaviéfncerta'nty in the estimation of the nonmagnetic background

L . . . . séem to be the root causes. The sound velocity studies car-
characteristic relaxation times, and relaxation mechanisms,

Early studies have mainlv concentratdan the anomaly in ried out hitherto have, therefore, proved inconclusive.
y ainly . : y With a view to remedy this situation and to exploit the full
sound-wave attenuation at the critical point and on the atte

: . . : - “~ = potential of the sound propagation technique in unraveling
dant frequency dispersion or relaxation. With the realizationy,o ayact nature of the singularity B , a detailed magne-

that the sound velocity in the low-frequency limit does notyge|astic  investigation of the critical behavior of
involve relaxation effects, which complicate the interpreta-yg||-characterize*> weak itinerant-electron ferromagnets,
tion of results in the case of sound attenuation, the focus hagmorphous 4—)FeyZr,, and Fe,Zr alloys, has been un-
lately shifted to the investigation of changes in sound veloCgertaken. Considerations that led to the above choice of
|ty near the phase transition. Added motivation for pUI’SUingsammes for the type of Study intended are as folloGis.
this type of study in magnetic systems, in particular, is pro-a-Fey, ,Zr;o_x (x=0,%1,+2) alloys exhibit Invar behav-
vided by(i) a well-establisheti® direct relationship between jor!3 and weak itinerant-electron ferromagnetiét% no
the magnetic contribution to specific he@l, , and the rela-  Young’s modulusE(T), or sound velocityV(T), data in the
tive change in sound velocit\V/V,, due to critical spin- critical region are presently available on weak itinerant-
fluctuation—phonon scattering, i.AV/V, «—Cy,, in the  electron ferromagnetgii) The spin-phonon interaction re-
critical region, (i) extremely high resolution achieved in sponsible for the critical anomaly in sound propagation
sound velocity experiments than in specific heat measurearises in most cases via the strain modulation of the ex-
ments, and(iii) the availability of accurate theoretical change interactiofvolume magnetostrictive couplingNow
estimate$'° for the asymptoticcritical exponents that char- that the above-mentioned compositions in t&eZr alloy
acterize different universality classes stftic critical point  series possess large volume magnetostrictidf, the
phenomena. Thus the sound velocity measurements amomaly inV(T) at T is expected to be pronounced and
insulating  (localized-electron  ferromagnet$® and  hence easily detectable in these samplég) Earlier at-
antiferromagnefs® and even metallic spin glasédsave been tempts to determine the specific heat critical exponents
used to determine the critical exponent (a*) that char- and o™ from electrical resistivity measurements on the
acterizes the thermal critical behavior of specific heat neaamorphous alloys in question have faftedbecause of the
the magnetic order-disorder phase transition as the criticdhrge nonsingular contribution arising mainly from the scat-
point T is approached from belowabove. Mostly, the tering of conduction electrons from disordered structure.
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IIl. EXPERIMENTAL DETAILS 100 150 200 250 300 350
Vibrating reed experiments have been performed on : ° aFeZr, 1180 o
stress-relievedat 100 °C for 14 daysabsolutely flat ribbon t el | lig B
strips (length 10-15 mm, width 2 mm and thickness 1176 «&
~0.08mm), which form the reed, ofa-FeyZr;, and 18 {174 %
o8
1172

the ferromagnetic{FM-) paramagnetidPM) phase transi-
tion and at larger temperature intervals outside the critical
regime, covering as wide a temperature as 80K 350K.
Details about the sample preparation-cum-characterization 100 150 200 250 300
and the vibrating reed experimental setup are given in our T (K)

earlier publicationd®*?1In these experiments, the funda-
mental (resonance vibration frequency f=(d/4m/3)

N
a-Fey,Zrg alloys at 100 mK steps in the critical region near T 116+

-]

S

FIG. 1. Temperature variation of the nonmagnetic part of the

2 . g - resonance frequendy, (solid curveg and the measured resonance
X(1.8751)°V (whereV is the sound velocity while and| frequency corrected for thermal expansid,,, . for a-FeZry

are the thickness and length of the ribbon stapthe sample (open circle anda-Fey,Zr, (open trianglesalloys.
reed is measured at different temperatures. Young’s modulus

E is related to the sound velocity asV=\E/p, wherep is AV(T)Vo=[V(T) = Vio(T)/Voo(To), and Young's modu-
the mass density. In order to arrive at the true valueg afd lus, AE(T)/E(,:[E(T)EEb (T)?/Eb (To), shown in Figs.
E at different temperatures, the density and temperaturg 44 3, are accurate{pelati%/e accur%\cy better than 10 ppm
variatict)nj fOf tt?]e ;neasuretd regonange ftretﬂ“ehﬁél'as ar®  determined from the equalitiesAV(T)/Vo=[fcor(T)
corrected for the temperature-dependent thermal expansion _rf2 _ g2
coefficient a(T) using the relatior V(T)efo, (T)[1 .o bol )/ Toa(To)  and AE(T)/Eo=[Teo(T) = Fiog(T))/
+a(MAM]=feon(T)  and  E(T)xfi{TI1L
—a(T)A(T)]zfﬁorr(T), where AT is the change in tem-
perature from theeferencetemperature £T., the Curie
temperaturgat which « changes sign

Estimation of the magnetic contribution to the sound ve-
locity V or Young’s modulug requires the subtraction of the I1l. DATA ANALYSIS, RESULTS, AND DISCUSSION
nonmagnetic contribution td or E (henceforth referred to as
the backgroundcontribution), arising from the anharmonic
terms in the interatomic potential, from the measud)
or E(T) data. To accurately determine the background con
tribution f,4(T) or fﬁg(T), the corrected resonance fre-
quency, f¢o(T), or frequency squared,ﬁorr(T), data are

fgg(To), whereT,=273.15 K is the ice pointreference tem-
peraturg. Note that in Fig. 2AV(T)/V, is plotted against
the reduced temperatuee= (T—T¢)/T¢ rather than against
T to facilitate comparison with theory.

Figure 4 displays thAV/V, data in a narrow temperature
range around . As already stated in the Introduction, it is
customary to extract specific heat critical exponentsand

02 01 00 0.1

fitted to the expressionF(T)=F(0)—A/(e®e'T—1), de- o aFe,zr, 110 ~g
rived by Varshnt® where F(T) stands forf.,(T) or 8 =
fﬁo,,(T), for temperatures well abovE: using a “range-of- o 6 )
fit” analysis. In this analysis, the values of the fitting param- (=) 4 5
etersF(0), A, and Einstein temperatur®,c, and the sum of < 2 g
the deviation squares are monitored as the fit rangeg, 2: o
<T<Tax iS varied by keepindl.x fixed at the highest >

temperature value and raisifig,;,, towardsT .« by progres- ﬁ i

sively leaving out of the analysis the data taken Tat B . . . . .
<Tmin- The temperature range over which the values of the 0.1 00 01 02 03

fitting parametergo not changeupon variation ofT;, is £

270-350 K(270-320 K for a-FeyZry (a-FeyZrg). With o _
the parameter values so obtainégl, or fﬁg is calculated as FIG. 2. Temperature variation &V/V, over a wide tempera-

a function of temperature down to the lowest temperaturéure range embracing the critical region. Solid and dashed curves
~ 80K using Varshni’s expression. The resulting variations of epresent the least-squares fits to the/V, data fora-FeZrio

fpq With temperature and the measured resonance frequenéo en circlesanda-FeyZro (open trianglesbased on Eq(6) of the
dtz)agtacorrectedfor thermal expansiont ., (T) are depicted xt. For details about the different types of fits, see text. By giving
in Fig. 1 and denoted by Sg”d Cur\,/ceos” and symb(uF:ipen equal weightage to the data within and outside the asymptotic criti-

h . cal region, these fits achieve at best a good overall agreement with
circles fora-FeyZrio and open triangles foa-FeyZrg), re-  he data. However, the corresponding fit parameters have unphysi-

spectively. The data presented in Fig. 1 are also representgsly |arge values, which are substantially different from those that
tive of thefﬁg(T) andfZ,,(T) data. More details about the reproduce the observed temperature variations within the
determination off.,(T) andf,y(T) are given elsewheré. asymptotic critical regior{Fig. 4). Consequently, such fits deviate
The fractionalmagneticcontributions to the sound velocity, considerably from the data particularly in the vicinity ©£0.
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100 150 200 250 300 350 relations Br=v(d°F/ov?);, S,=—(dF/dT), and C,=
L pe— —T(d?FI3T?), for the total isothermal bulk modulus, en-
tropy, and specific heat at constant volume, @gyields the
magnetic contribution to bulk moduluB,,, in terms of the
magnetic contributions to entropg,,, and specific heat,
Cw » in the critical region, as

Bu=Br—Bo=—v(*Tc/dv?)Sy—v(1Tc)
X(&Tc/aU)ZCM y (2)

AE/E, (10°%)

with

Su=S8,=So=—[F(T/Tc) +(T/Tc)(at/dT), I, (3

100150 200 250 300 Cw=C,—Co=—T[(2/Tc)(at/3T), +(TITE)(8*13T?),],

T &) (4)

FIG. 3. Fractionalmagneticcontribution to Young's modulus, where Bo=uv(3?Fq/dv?)t, So=—(dF¢/dT),, and Co=
AE/E,, as a function of temperature for the-FenZry, (open  —T(d9%Fo/dT?),. From Eq.(2), it follows that the fractional

circles anda-Fey;Zry (open trianglesalloys. The arrows indicate  magneticcontribution to the sound velocity is given by
the Curie temperaturé;.

AVIVy=(B1—B)/2Bo= — (v/2Bo)[(#* T/ dv?)Sy
a™ from the sound velocity data by making use of theect 5
proportionality’~® between the magnetic contributions to the +(UTe) (9Tl dv)"Cul. ®)
specific heatCy(T), and sound velocityAV/V,. Such a  Equation (5) contains contributions from both first- and
proportionality is strictly valid when the transition @ is  second-order derivatives df. with respect to volume or,
sharp. When this condition is not met, i.e., when the transiequivalently, from both first- and second-order derivatives of
tion is not sharp, the full thermodynamic relationship be-exchange Coup"ng with respect to Straiﬁjngmarandnon-
tweenAV/V, andCy, has to be used. A brief derivation of singular contributions toAV(T)/V, at T originate from

this relationship is furnished below. terms involvingCy,(T) andSy(T), respectively. The sharp-
Consider the formof free energy ness of thenegativecusp atT¢ in AV(T)/V, is determined
by the relative magnitude of these contributions; i.e., the
F=Fo(v,T)+THT/To), (D cusp atTc is sharp when the singular terdominatesover

H 2
where the first and second terms, respectively, represent tﬁgeazTnc;gs;ngula; one tr[]e'g" Wr:en T ()TC/ &UZ ITe
elastic(nonmagnetig and magnetic components. In Ed), (9"Tc/9v%)] whereas the anomaly alc is not pro-

the Curie temperaturé: (a direct measure of the strength of ?éungﬁi tI; tﬁnrc(jai\r/eecr:fgdf ;rclﬁj'rg;h dee{gmgai%;eémﬁgiag?n
exchange interactions coupling the spins in the sysiem P P

function of only the volumev. Using the thermodynamic Ciﬁf heat asymptot.ic critical gmplitudeg(exponent}s A
(a™) and “correction-to-scaling” amplitudegexponents

010 005 000 005 acil, aci2 (Aq, A,) [cf. Eq. (6)] from the AV(T)/V, data.
-~ T a1t~ An elaborate “range-of-fit” analysi€'? of the AV/V,
S & aFeZr, s PN data has been carried out based on the general expréssion
32t 4 Zo —AV/VOZ(Ai/ai)|6|7“i[1+actlai|e|A1+ actzai|e|A2]
=) .
= 28} 12 2'1 —(A%la™)+B*+A*(*e), (6)
Zo 241 10 where e=(T—T¢)/T¢, the plus and minus signs denote
Z temperatures above and beldy, the last two terms repre-
I 20¢ sent the nonsingular backgroufithe first term in Eq.(5)],
0.06 003 000 003 006 the remaining terms constitute the singular contribufite
e second term in Eq(5)], andAi(afl,afz) and a™(A1,A,)

_ are theasymptotiqleading correction-to-scalingritical am-
FIG. 4. AV/V, as a function of reduced temperatwe: (T plitudes and critical exponents, respectively. At first, the
—T¢c)/Te. The solid curves depict the least-squares fits to theAV(T)/Vo data forT<Tc andT> T areseparatelyfitted to
AVIV, data based on Ed6) of the text for thea-FeypZrio (open 5 single power lawSPL) by settinga: —a*=0in Eq. (6)
. . C C
circles and a-Fey,Zrg (open trianglesalloys. The upward arrows . 4220 | 1 2 .
indicate the temperatures that mark the upper bounds of thélnd the range-of-fit analy s used to monitor the

asymptotic critical region and beyond which the data start deviatingnange. if any, in the values of the fitting parametars,

+

from the fits. a®, B*, A, and T as the temperature rangée|
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TABLE |. Parameter values pertaining to E) of the text R=[B"—(A"/a*)]/[[B"— (A /a7)].

Theory
Parameters a-FeyZrg a-FeyZrg d=3
Heisenberg mod&l
Fit rangee<0 (1C%) —89<e<-0.39 —48<e<-0.95
Fit rangee>0 (1C%) +0.42<e<+33 +0.26<e<+34
Te=T¢ (K) 223.0665) 208.0978)
a =a’ —0.115(5) —0.115(5) —0.115(9)
A" (1079) —10.3(3) —9.5(2)
A~ (1079 —6.5(7) —6.16(8)
Al (1079 —8.24(1) —2.95(1)
A; (1079 2.001) —0.80(1)
Bt (109 5.361) 3.651)
B~ (109 5.0681) 3.4791)
R 0.991) 0.964)
ATIAT 1.553) 1.544) 1.553)

8References 9, 10, and 22.

<|€/<|emnad) Of the fit is narrowed down by raisindower- When theAV/V, data over a wide temperature range are
iNG) |€minl (|€mad) towards |emad (€minl) While keeping fitted (dashed curves in Fig.) Zeparately for temperatures
lemad (l€minl) fixed at a given value. The optimum values of above and belowl¢ to the modified version of Eq6), in
the fitting parameters and the fit ranges over which they rewhicha;, andag, are set equal to zero, wiffg fixed at the

main stable are displayed in Table I. The salient featuregalues determined in the ACR, good overall fits are obtained
(Table ) that emerge are as follows$i) Tc=T¢ anda™  for T<T. andT>Tc, except for temperatures in the ACR,
=a" within the uncertainty limits(ii) The (universa) am-  with a"=a~=—0.26(2) and—0.33(2) fora-Fey,Zr;, and
plitude ratioA*/A~=1.55 regardless of the alloy composi- a-Fey,Zry, respectively, but [B*—(A*/a*)]=2 [B*
tion. (iii) As dictated by the requirement that, far<O, —(A~/a")]. If the AV/V, data are fitted over the entire
AV*IVo=AV~IV, at T=Tc, the parameter values satisfy temperature rang@ yin<Tc<Tmax With the constrain{B*
the equalityB™ —(A*/a™)=B~ — (A" /a~) within the error  —(A*/a™)]=[B~— (A /a~)] imposed and the exponents
limits. (iv) While the term (Ai/oﬁ)|e|*ai in Eq. (6) is " anda” fixed at the values obtained from the individual
mainly responsible for the singularity inV(T)/V, at T  fits above and below, the quality of the fit(solid curves
=T¢, the term linear ine [i.e., the last term in Eq(6)] in Fig. 2) worsens, as is clearly noticed in Fig. 2. From the
governs the temperature dependencA WV, in the critical ~ results of the different types of fits to th&V/V, data at-
region except for temperatures in the immediate vicinity oftempted based on E¢6), we conclude that the magnitudes
Tc. Next, the range-of fit analysis is carried out using theof the critical exponentsx™ and critical amplitude ratio
full expression(6), which includes the leading correction-to- A*/A~ listed in Table | are their truasymptoticvalues.
scaling terms. The agreement between the theory and experi- A mean-fieldtreatmer®® of the electron-electroriCou-
ment is optimized by varying the parameterslomb plus exchange phonon-phonon, and electron-phonon
AT aF B* A* aZ, a-, andT¢ while keepingA; and inte_ractions in i'ginerant-electron fer_romagnv_ats yields the fol-
1o lowing expression for the magnetic contribution to sound

A, fixed at the theoretically predict&?! estimates ofA ; - , , :
X . .1 velocity (hence to the Young’s modulum the paramagnetic
=0.11 andA,=0.55. The main outcome of this exercise is \s/tate'l y( tng uly P gnet

that the quality of the theoretical fits and the values of all the
SPL fitting parameters, listed in Table I, remain essentially
unaltered. This is so because the coefficients of the leading

correction-to-scaling terms, i-eﬁctl andag,, possess negli- |n Eq. (7), V, is the Bohm-Staver sound velocity of the
gibly small values. The optimum SPL fits to the//V, data itinerant-electron system in the absence of exchange interac-
(open symbolsare depicted by the solid curves and the ex-tion (the so-called “nonmagnetic background” contributipn
tent (width) of the asymptotic critical regiofACR) is indi-  and ¢ represents the short-range ion-core—ion-core interac-
cated by upward arrows in Fig. 4. Moreover, the presentlytion and is, therefore, sensitive to thermal volume expansion,
determined values for the critical exponent$ and the uni-  while xyp and xs are, respectively, the Pauli and Stoner spin
versal amplitude ratid"/A~ conform very well with those susceptibilities. For Invar systems such as the ones under
theoretically predicteti®?*for a three-dimensional isotropic consideration, thermal expansion is negligiBland hence
nearest-neighbor Heisenberg ferromagnet, i.e., fmra(or- ~ AE(T)/Eo> x5 *(T). Though a mean-field description is not
dered spin system with space dimensionality- 3 and spin  valid in the critical region, we explored the possibility of
dimensionalityn=3; see Table I. such a direct relation between the measukétiE, and the

AE(T)/Eq=(VIVg)?~1=(£=1)+[(xp/xs(D1. (7
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FIG. 5. AE/E, versusy ! plots for a-Fey,pZr,, (open circley o )
anda-FeyZrg (open trianglesalloys. The straight lines through the ~ FIG. 6. Variation of AE/E, with reduced temperature=(T

data represent the least-squares fits. The susceptibility data used tol c)/ Tc for a-FeyZry, (open circley and a-FeyZrg (open tri-
construct such plots are taken from Ref. 12. angles alloys. The solid curves depict the least-squares fits to the

AE/E, data based on E@8) of the text. The upward arrows indi-
previously publishejcf intrinsic magnetic susceptibilifﬂ cate the temperatures that mark the upper bound of the asymptotic
(i.e., the measured susceptibilipy, .. corrected for demag- critical region beyond which the data start deviating from the fits.
netizing effects x(T) of the amorphous alloys with the same i _
nominal composition as the present onedingar relation- The following observations can be made based on the
ship betweem\E(T)/E, and x ~*(T) for temperatures in a data presented in Tablesll and (il) The sound velgcny and
narrow range abov& is borne out clearly by the data pre- Young's modulus data yield theamevalue for T¢ for a
sented in Fig. 5. In this context, the earlier cldimhat  given alloy composition, as demanded by the internal con-
AE(T)/Egx xmiadT) for a-FeyeZryo has to be treated with Sistency between the two sets of d4fa. The values of the
caution since the temperature variations {T) and critical ezxponentSa— and. 12 together with the previously
Ymead T) are widely different, particularly in the critical re- reported? value of the critical exponeng for spontaneous

gion; x(T) divergesat T¢ while ymead T) remainsfinite. magnetization, satisfy the scaling equalities= o~ =a and
In view of the above observatidiFig. 5), AE(T)/E, data a+2B+y=2, valid for a second-order phase transitiGin)
are analyzed in terms of the expressfofor x(T): The universal specific heat critical amplitude raig /A~

and the critical exponenta™, y possess values that tally
well with those theoretically predict&d’?2for an isotropic
) :F*167(1+a;1eA1+ a;zeAZ)’l, d=3, n=3 spin system. Considering the fact thaFey,Zr;,
®) and a-FeyZry are weak itinerant-electron ferro-
magnets?*15the observatioriii ) that these alloys behave
which includes the leading correction-to-scali@rS terms  as an orderedi=3 nearest-neighbor Heisenbeflgcalized
and is valid in the ACR foe>0. The same fitting procedure electror) ferromagnet in the asymptotic critical region seems
as that adopted earlier for sound velocity is followed and aruntenable. This apparent contradiction can be resolved as
elaborate range-of-fit analysis is carried out based or(@q. follows. The renormalization groufRG) calculation® on a
by either including or excluding the CTS terms. The single-d-dimensional spin system with aisotropic ncomponent
power-law fits, based on E@8) with a; :a; =0, do not order parameter arldng-rangeattractive interactions decay-
Lo ing as 119" ?)(¢>0) with the interspin spacing reveals

the critical region as closely as the CTS fisolid curves in that the critical exponents assume thslrort-rangevalues

Fig. 6 do, as is inferred from a substantially lower sum of for @l d if o=>2. For ad=3, n=3 spin system wherein

the deviation squares in the latter case. The optimum valugZPins are coupled through attracti\{e interac_tions teatay
of the free fitting parametef&., y, T %, a* , anda® (with faster than 1P, these RG calculatioR predict the same
1 1 1 X2

X1’ critical behavior as that of d=3 nearest-neighbor Heisen-

: ,10,21 _ _
Ay andA, fixedat"'*#'A,=0.11 andA =0.55) for the CTS berg ferromagnet. The observatitii) thus asserts that the
fits are displayed in Table Il and compared with the corre—iqus in question are the experimental realizations of this
sponding values obtainetirectly from the susceptibility data g prediction.

previously*? The presently determined values for the CTS
amplitudesa;l ,a;z and critical exponeny, though obtained

(AE(T)) (AE(TC)
Eo | | Eg

reproduce the observed temperature variatiodBfE, in

. L . . IV. SUMMARY
via anindirect method, are in excellent agreement with those
yielded earlier by susceptibility and also with the most ac- High-resolution Young’s modulus and sound velocity data
curate theoretical estimat¥ for y for an ordered spin sys- have been obtained on amorphoirsvar Fey,Zr,, and
tem withd=n=3 (Table ). FeyZry alloys over a wide temperature range that spans the
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TABLE Il. Parameters values pertaining to E§) of the text.

Fitrange  T¢ (K) y r-! a, ay,
Alloy Method (1CG€)
a-FeyZry, cTS 0.41-20 223.068) 1.3862) 05584) —0.045(2) —0.80(4)
(AE/Ep)
CTS 0.78-45 224.9%) 1.3905) 23311 —0.05(1) —-0.8(1)
{x(M}
a-FeyZrg CTS 0.69-25 208.093) 1.3882) 0.1682) —0.045(2) —0.80(1)
(AE/E,)
CTS 0.39-41 209.63) 1.3834) 17509) —0.03(1) —0.5(1)
{x(M}
d=3 1.3884)
Heisenberg
model?

@References 9 and 10.

critical region near the ferromagnetic-paramagnetic phasiteraction whichdecays fastethan 1f° with the interspin
transistion from the vibrating reed experimentsliear re-  distancer. Finally, it should be emphasized that the critical
lationship is found to hold between the magnetic contribu-amplitudes and exponents for susceptibilty and specific heat
tion to Young's modulusAE(T)/E,, and inverse magnetic have been obtained by andirect method that exploits the
susceptibility y~* in the critical region. This relationship direct relationships between the magnetic contribution to
permits asaccuratea determination of the asymptotic critical Young’s modulus and inverse “zero-field” magnetic suscep-
exponenty and the leading correction-to-scaling amplitudesipjity, on the one hand, and between the magnetic contribu-

for susceptibilty fromAE(T)/E, data as is possible directly tions to sound velocity and specific heat, on the other.
from the x(T) data. The well-established proportionality be-

tween the magnetic contributions to sound velocity,
AV(T)/V,, and specific healCy,(T), has been used in ob-
taining accurate estimates for the universal critical amplitude
ratio A*/A~ and the asymptotic critical exponents™ for One of the author$K.B.) would like to thank Professor
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