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An extensive analysis of ac magnetic susceptibility measurementsof single-crystalgadolinium is
presented.The demagnetization-corrected
c-axis data are analyzedon the basis of a power law of
the form xc=A t- y where t is the reducedtemperatureabove T, . Our results yield effective values
of T, =293.57 K and y= 1.327.The basalplane susceptibility is expressedas a parametricequation
in terms of the c-axis susceptibility x,-d-=B’+C’x; y’y. The exponenty, which is related to the
critical exponentassociatedwith the specific heat (Yasy = 1 --cr, is determinedby our analysisto be
y =1.01(2). This gives a temperaturescale associatedwith the anisotropyas t,i~=2.0X10-3. These
results are interpretedin the context of the effects of dipolar interactionsin the critical region.

I. INTRODUCTION

The critical magnetic propertiesof gadolinium have recently been reported by several authors.r-* Although early
measurementson Gd’-” led to certain ambiguitiesconcerning the proper universality class for this ferromagnet,recent
studiesusing a variety of experimentaltechniqueshave provided a consistentpicture of the critical behaviorwhich has a
firm foundation on modern theoretical predictions.This behavior has been shown to be complex and to be dominatedin
the critical region by the presenceof magneticdipole-dipole
interactions.The recent analysis of basal plane ac susceptibility by Stetter et aL8 is contrary to this interpretationand
these authors have suggested the Gd exhibits threedimensional Ising behavior and that sample imperfections
limit the asymptotic critical behavior.It is the purposeof the
presentinvestigation to considerthe reasonsfor theseapparent inconsistencies,to provide a new analysisof experimental results and to interpret thesedata in the context of recent
theoretical predictions in order to provide a consistent and
comprehensiveunderstandingof the static critical magnetic
behavior of gadolinium.
II. EXPERIMENTAL

METHODS

AND DATA ANALYSIS

A single crystal of high purity gadolinium with a resistivity ratio of p(295 Wp(4.2 K) = 156 was cut into the form
of a cube with an edge length 0.249t0.005 cm and the
c-axis oriented along one of the cube edges.Further details
of the samplepreparationhave beenreportedin Ref. 6. Measurementsof the ac susceptibility have been performed6T7
for
two crystallographic orientations;with the c axis along the
applied ac field direction and with one of the basal plane
axes along the field direction.

The c-axis susceptibility in the critical region is defined
for t--+0+ by the power law of the form
xc=At-

y>

(1)

where the reduced temperaturet is defined in terms if the
Curie temperatureT, as
t=

In contrast to the c-axis susceptibility which diverges as T,
is approachedfrom above, the basal plane susceptibility remains finite and is describedby
x,-,‘=B+Ct”,

(3)

where the exponenty is related to the critical exponentfor
the specific heat o by7
y=l-a.

(4)

The susceptibilitiesgiven in the aboveexpressionsare intrinsic quantities and are independentof sample geometry.The
actual measuredsusceptibilitiesare the demagnetizationlimited external quantities and are related to the intrinsic quantities by the demagnetizationfactor N as, e.g.,
1
1
-=.--.-+N
Xc,ext

Xc&

(5)

and similarly for the basal plane susceptibility. Since, in our
experimentalmeasurementsthe sample geometry was chosen to be cubic, the demagnetizationfactors for the c-axis
and the basal plane susceptibility were identical. Equation
(5) may be used in conjunction with Eqs. (1) and (3) to
expressthe extrinsic quantities as
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TABLE L Fitted parameter values for the critical susceptibility of gadolinium.
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FIG. 1. Measured basal plane susceptibility as a function of measured c-axis
susceptibility. Each point represents measurements of the susceptibility
along the two directions at the same temperature. The reduced temperature
scale as obtained from a fit to T, for the c-axis data is indicated in the figure.
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In these expressionsthe coefficientsA, B, and C and-the
exponents y and y are fitted parameters.While the Curie
temperaturemay be obtained by independentmethods and
the demagnetizationfactor may be estimatedon the basis of
geometric
considerations,it is essentialto determinethe values of the parametersin Eqs. (6) and (7) in a consistent
manner.It is clear from the form of Eq. (7) that the valuesof
B and N cannotbe determinedindependentlyfrom the basal
plane data. It should also be noted that since (a[+ then
y= 1 and the value of C is highly correlatedto the value of
B+N. BecauseN is the same in Eqs. (6) and (7) it is possible to combine these two expressionsand to fit the c axis
and basal plane data simultaneously.Solving both expressions for t gives
,

where B ’ is given by B +N and C’ may be expressedin
terms of C andA. This expressionis valid for a given value
of t and requires that experimentalmeasurementsfor the c
axis and basalplaneorientationsbe madefor the samevalues
of temperature(as is the case for our measurements).This
expressionallows B ’, 7, and y to be determinedin a consistent mannerfor both the c axis and basalplane data without
the need to know T, . Fitted values of theseparametersmay
then be used to obtain T, from a fit to Eq. (1) for the c-axis
data.

Value

Uncertainty

1728
0.524
3.84
1.327
1.01
293.57

0.005
0.02
0.002
0.01
0.02

1.0

AND DISCUSSiON

Measuredbasal plane susceptibility as a function of caxis susceptibilitymeasuredat the sametemperatureis illustrated in Fig. 1. Parametersobtainedfrom least-squarefits to
Eqs. (1) and (8) are given in Table I along with uncertainties
basedon a statistical analysisof the fits.
Although the use of a cubic samplein our studiesresults
in a large demagnetizationcorrection, it is precisely the use
of this geometrywhich allows for a direct comparisonof the
c-axis and basalplane behaviorin the critical region without
the needto apply thesecorrections.Perhapsthe ideal sample
geometry in this respect would be a sphere.However, the
likelihood of introducing additional defects during the machining is an important considerationin the choice of a cubic
sample. The anisotropic nature of the critical behavior is
readily apparentfrom our measurementsfor reduced temperaturesless than about IO-’ and this, in itself, provides
evidenceto supportour choice of the model basedon dipolar
interactionsas describedabovefor the analysisof thesedata.
A direct measurementof the importanceof the dipolar interactionsmay be obtainedon the basisof the abovetreatment.
A reduced temperaturescale for the dipolar interactions is
expressedin terms of the coefficientsin Eqs. (2) and (3) as7
tanis= (B/A) ‘ly.

(9)

Using the valuesof theseparametersas given in TableI, tanis
is found to be 2.2X10B3.This correspondsto an actual temperature difference between Ttis and T, of 0.65kO.10 K.
This is in good agreementwith theoreticalpredictions7’13’14
for the crossovertemperatureto anisotropicdipolar behavior
in this system; AT= T,is-Tc=0.45 K, and previous investigationsinvolving an independentanalysisof c-axis and basal
plane susceptibility data.
In a comparisonof recent experimentalstudies of Gd it
is essentialto considerdifferencesin samplequality and geometry and their effects on measuredmagneticproperties.Of
particular relevancein this respectis the relationshipof the
sample used in the recent study by Stetter et al.’ and that
used for our own investigation. Stetter et al.’ have used a
300 A film grown with the Gd basal plane parallel to the
(110) surface of a tungsten substrate.It is clear .from the
annealing studies reported by these authors that their asdepositedfilms show magnetic behavior which is severely
influencedby the presenceof defects.Even after annealingat
870 K these authors base their data analysis on a model
involving the existence of imperfections which cause a
spreadin Curie temperaturesof 1 K. No further impr,ovement in the sharpnessof the transition was observedfor
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higher temperature anneals. Stetter et a1.s have suggested
that the behavior which we attribute to dipolar effects may
actually be the result of sample imperfections as they occur
on a temperaturescale comparable to the T, smearing observed in the thin-film experiment. The following evidence
would seemto be againstthis interpretationfor the following
reasons:
(1) The samplesused in our studies and in those of Stetter et aL8 have been prepared by different methods and it
would be highly coincidental if the level and type of imperfections in the two samplesyielded precisely the sameinfluence on the magnetic properties.
(2) There is no evidence on the basis of our resistivity
studies of single-crystal Gd of any smearing of T, on a reducedtemperaturescale of about 10d4 (see Ref. 5), or in the
c-axis ac susceptibility data reported previously.6’7This is
also the case for other studies of the magnetic properties of
bulk Gd samplesreported in the literature.‘-4
Our own studies?’ as well as those of others, e.g., Hohenemserand co-workers,rT4indicate that the critical temperature region of Gd exhibits complex crossoverbehavior
over an experimentallyobservablerangeof reducedtemperatures and it is not likely that measuredcritical propertieswill
be asymptotic.Instead, critical exponentsderived from studies of Gd should be treated as effective exponentsfor the
particular range of reducedtemperaturesstudied and that the
values of these exponents will inevitably be dominated by
anisotropiceffects which result from the presenceof dipolar
interactions. This behavior of critical properties has been
shown to result from a crossover pattern from exchange
dominatedHeisenbergbehavior far above T, to isotropic dipolar to anisotropic dipolar close to T, .

The presentanalysisprovides additional evidencefor the
behavior described above and indicates that, by the proper
choice of sample geometry and measurement of data at
proper temperatureintervals, meaningful results which demonstrate the anisotropic dipolar character of gadolinium can
be obtained without the need for an independentknowledge
of the Curie temperature or the sample demagnetization
factor.
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