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Gadolinium: A helical antiferromagnet or a collinear ferromagnet
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Contrary to the recent claim that gadolinium behaves as an antiferromagnet with a helical spin structure for
temperatures between the spin reorientat®R) temperaturdl s and the Nel point, the ac susceptibility and
low-field bulk magnetization data taken along $@9001] and[lOTO] hexagonal directions of high-purity
gadolinium single crystals over a wide range of temperatures provide ample experimental evidence in favor of
the widely accepted view that gadolinium is a normal ferromagnet witlolinear spin structure in the
temperature range frofgg to the Curie poinfT. However, the magnetic behavior of gadolinium is compli-
cated by a rather complex temperature dependence of the easy direction of magnetization for temperatures
below Tgg.

[. INTRODUCTION upon a detailed study of critical-point phenomena in Gd.
These hitherto unpublished data not only reproduce the ob-
Nearly four decades ago, Belov and Pelllabserved servations made recently by Coey al!! and reveal their
anomalies in thermomagnetic curves and kinks in magnetiexact origin, but also assert that Gd, far from being an anti-
zation isotherms opolycrystallinegadolinium (Gd) at low  ferromagnet with helical spin structure, is a simple ferromag-
fields (Ho<15 Oe), and temperatures ranging betweerﬂ?t_ v_\nth collinear spin configuration for temperatures in the
T,=210 K and the Curie poinTc=293 K. Since these Vicinity of Tc.
kinks are reminiscent of those reported previously in dyspro-
sium at the critical fields that mark the disappearance of “he-
lical” antiferromagnetism, Belov and Pedkooncluded that Il. EXPERIMENTAL DETAILS
a helical spin structure similar to_ thaF prevglent in the other 1,0 types of high-purity(99.92 at. % single crystald?
heavy rare-earth metals also exists in Gd in the temperatuighe of them grown without making any attempt to correct
range T;<T<Tc, with the only difference that external the misalignment between theaxis and the cylindrical/rod
magnetic fields Kle,) as low as 15 Oe suffice to transform axis (the so-called “as-grown” crystal and the other spark-
the helical spin structuré special type of antiferromagnetic machined such that the cylindrical axis coincided with the
orde into a collinear ondferromagnetic orderin Gd. Such  axis to withint? 0.1° before subjecting the rod.8 mm in
a notion about the spin structure in Gd had to be discardediametey to the solid state electrotransport treatmgrgnce-
after subsequent magnetic investigatfonson Gd single  forth referred to as the “oriented” crystalhave been used
crystalsfailed to reproduce such anomalies or kinks in low- in this work. Since the as-grown crystal rod was not uniform
field magnetization, and neutron-diffraction measurenients in diameter, it was spark-machined to a diameter of 1.55
did not reveal any satellite reflections characteristic of helicamm, and a portion of 26.8-mm lengteample 1 was spark-
spin structures. Consistent with the temperature variations ofut. Two cylindrical samples of dimensions L&iametey
the magnetocrystalline anisotropy const&ft&, and K,, X 1.7 (length mm (sample 2and 1.60<1.83 mnf (sample
neutron-diffraction daf’ demonstrated that Gd is a normal 3) were spark-cut from the oriented crystal ré-ray Laue
ferromagnet with a rather compfx® temperature depen- patterns of various portions along the length of sample 1
dence of the spontaneous moment alignment. The directiofgvealed that the axis lies on a cone around the cylindrical
of magnetic moments iparallel to the hexagonat axis  axis and the cone angle variesratically from 2° to about
from Tc down to the spin-reorientatiofSR) temperature 10° along the length mainly due to twinning. It is well
Tor Of 230 K (whereK, change®® sign andK, is vanish- known!* that twinning invariably occurs in large single
ingly smalf®), moves away from the axis forT<Tggto a  Crystals of Gd with a low oxygen content.
maximum tilt angle of about 60° near*E 180 K, and then Real [ xex(T)] and imaginaryf xqx(T)] components of
tilts back to within 30° of thes axis at low temperatures. The susceptibility at different but fixe@to within +5 mK) tem-
view that Gd is a simple ferromagnet has gained wide accepperatures were measuféan thin cylindrical samples 1 and
tance over the years. 2 in the presence or absence of a superposed dc magnetic
Based on the observation that the initial susceptibilityfield (Hq) at various fixed frequencied8.7 Hz <v<870
Xexd{ T)=M(T)/H,,; of the needle-shaped single crystals of Hz) and rms amplitude$l mOe <H,.<1 Oe) of an ac
gadolinium is notdemagnetization limitedt T but atTgg, driving field (H,.), with H . and/orH 4. directed along some
it has recently been claim&dthat the magnetic order in Gd crystallographic direction or cylindrical axis. Whety.=0
for temperatures betweélyg and T¢ is not truly ferromag- andH,.#0, x4,(T) and x..(T) measurements were per-
netic, but is akin to the helical spin structure previouslyformed after compensating for the Earth’s magnetic field.
found in erbium. In this paper, we report the,(T) data  MagnetizationM was measured as a function &fg,
taken along different crystallographic directions on high-(=Hy,) in the field range-100 Oe<H,,<100 Oe at fixed
purity Gd single crystals five years ago, when we embarkedemperatures ranging between 100 and 300 K on samples 2
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FIG. 1. Temperature dependence of the rgdl,, and imagi-

FIG. 2. Temperature dependence of the rgal,, and imagi-

nary, x4,., components of the susceptibility, when an ac field of Nary, xex;. components of the susceptibility for sample 2, when an
amplitudeH , and frequency 87 Hz is applied along the cylindrical ac field of amplitudeH,. = 10 m Oe and a frequency of 87 Hz is
axis of sample 1 Kl,,=10 mOe, closed circlesH,.=1 Oe, applied in the[0001] (open circles and [1010] (open triangles
crosses The inset shows the enlarged view of thg(T) data in  crystallographic directions. The inset displays the hexagonal close-
the temperature range from 80 to 230 K. The horizontal dashed linpacked structure of gadolinium, and indicates the crystallographic
indicates the demagnetization-limited valyg,= 1/47Ny. directions along whichy.,(T) and xu,(T) were measured on
sample 2. Horizontal dashed lines indicate the demagnetization-

and 3 wherH,,; was directed along the axis (same as the limited values € 1/4mN).

cylindrical axis. measured initial susceptibilitye,(T) as

Xint(T) =X axt(T) = 47N(T), (1)

_ _ , , , where® N(T)=N4+ Ng(T), the demagnetization factdit,
Figures 1 and 2 displaye,(T) andye,(T) data obtained  yonengs only on the sample shapg=47NyM is the de-
whenHg.=0 andHg. (=He,) of rms amplitude 10 mOe 5 qnetizing field, and the quantityy(T), in its most gen-
and frequency 87 Hz is applied along the cylindrical axis ingra| form for a spin system with hexagonal crystal structure

sample 1(closed circles, Fig. )land along the directions ,ny exhibiting (uniaxia) magnetocrystalline anisotropy, is
parallel (c axis or thef0001] dlrectfn(lnset of Fig. 2, open given by

circle9 andperpendicular(the[ 1010] direction in the basal
plane(inset of Fig. 2, open trianglesto the cylindrical axis

in sample 2(Fig. 2). Besides presenting an enlarged view of
the xi,(T) data taken aH,.=10 mOe andv=87 Hz in
the temperature range 80 KT=230 K on sample 1 inthe In Eq. (2), Hk is the uniaxial anisotropy field,Mg is the
inset, Fig. 1 depicts the temperature variation)gf, for =~ spontaneous magnetization, amdis the angle thatMg
sample 1 whed,.=1 Oe atv=287 Hz is applied along the makes with thec axis or the[0001] direction in the crystal
cylindrical axis(crosses The hexagonal close-packed struc- with hexagonal structurénset of Fig. 2. Note that Eq(2) is

ture of Gd as well as the crystallographic directions alongvalid for finite & but not for #=0° whenN,=0. According
which H,. has been applied in sample 2 are depicted in theo Eq. (1), xi,: diverges at a temperaturd, where
inset of Fig. 2. The enlarged view serves to highlight they. (To)=1/47N(Ty); T, can be significantly different
structure observed in the,,(T) curve at temperatures* from T if Ng(T¢)#0. Alternatively, the uniaxial magneto-
=180 K andT** =130 K, in addition to that noticed at crystalline anisotropy introduces a temperature scale of its
Tsr=230 K andT¢=292.77 K in this curve in the main own, and causes ahiftt’ in the Curie temperature of an
figure. The corresponding structure at these temperatures @herwise isotropic ferromagnet.

apparent in the.,(T) andxs,(T) curves for sample Zig. In order to understand the temperature variationggf

in different crystallographic directions, three cases need to be

Ill. RESULTS AND DISCUSSION

Nk(T)=Hy(T)/4mMg(T)=[2 cost(T)/4mME(T)][K(T)
+ 2K ,(T)sir? 6(T)]. 2

2) as well.
One of the characteristic properties of ferromagnets is thelistinguished Case | H.,; is applied along theeasydirec-
divergenceof intrinsic magnetic susceptibility;,; along the  tion of magnetization(e.g., the[000]] direction in Gd for
easydirection of magnetizatiori.e., the magnetization di- temperatures betweersg andT¢), for which the magneto-
rection favoredby magnetocrystalline anisotropy in the ab- crystalline anisotropy energ§y is minimum and as a
sence oH,,,) at Tc. When both shape as well as magneto-result® N = 0 (sinceH,,; does not have to do any work
crystalline anisotropies are presegt,(T) is related to the againstH and the presence ¢y is not felt at al). As a
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consequencey,,; gets limited at the value of 1/4N

=1/47Ny (the demagnetization-limited valuefrom T¢
(wherexi}t1=0) down toTgr. Case It Hgy points in the

hard direction (e.g., the[ 1010] direction in Gd, for which
Ex is maximumand 47Ny = 2K, /M2 is sizable sincé is
large. xox; (=1/47N) attains a value af which lies well
below the demagnetization limit sindéx>N, increases
with decreasing temperature because (and henceN)
decrease%? and reaches the demagnetization limitTajg
wheré® K;=0 (consequentlyN,=0); note thatk,=0 in
the rangeTgsg=T=<T,. Case Il H¢,; is applied along the
sample dimension for whicN4 has the smallest value.g.,
the cylindrical axis of sample)lbut this direction is neither

parallel nor perpendicular to the direction favored by mag-

netocrystalline anisotropy, i.e., the case whgpr< Ny . With
decreasing temperaturg,,, rises steeply from a small value
~1/47Ng at T¢ (since N is large to a large value=
1/47Ny at Tgg (sinceNg=0, andNy is extremely small
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FIG. 3. Magnetization as a function of the external magnetic
field in the range-100 Oe<H,,<100 Oe at a few selected val-
ues of temperature. The inset shows the temperature dependence of
the quantityN (open circley and the theoretical variatior{surves

The results presented in Figs. 1 and 2, when viewed in th@xplained in the text.

light of above remarks, assert that the variationgf with
temperature for sample 2 whét, is applied(i) along thec
axis [Ng=0.31(1)] (open circles and (ii) perpendicular to
the ¢ axis (i.e., along the[1010] direction (N4=0.345)

(open triangles respectively, are the experimental realiza-

tions of cases | and I, whiley,,(T) for sample 1 Nq4

=0.0085) (closed circlescorresponds to case lll. Note that
the horizontal dashed lines indicate the demagnetizatior\

limited values &1/47Ny) for the sampled,. configura-
tions in question. Common to all three cases is the decline
Xex{T) for T<Tgg (Figs. 1 and 2 from the
demagnetization-limited value &t=Tgg where shape an-

isotropy favors the cylindrical axis as the easy direction o e
magnetizationy,,, decreases as the temperature is lowered

below Tsg, because a change in the direction l§ (or
equivalently, in the easy direction of magnetizajiam such
temperatures takes the magnetization veetway from the
Hex: direction. The structure observed jrl,(T) curves at

smear the transition af: (Fig. 1). The sensitivity of the
transition toH . in this particular case can be understood as
follows. Contrasted with a unique value fblx at a given
temperature yielded by E@2) for samples 2 and 3, thiey
values for sample 1 at any temperaturedistributedaround
some average value due to the variation in the tilt angle
between the axis and the cylindrical axis along the sample
ength even for temperatures in the ranbge<T<Tc. A

.distribution in theNk values leads to a marked nonlinearity

theM —H,,, isotherms even at extremely low fields. Con-
sequently, an increase in the valueHbf, from 10 mOe to 1

fOe slows down the temperature variation xgf,, for tem-

ratures in the vicinity off¢.

Figure 3 displays the low-field—100 Oe <H,,;<100

Oe) portions of a few representativel —H,,; isotherms
taken on sample 3 in the temperature range 108TK
=300 K whenHg,; is applied along the cylindrical axis
(which is also thec axis in this casg According to Eq.(1),

T* and T** is, therefore, a manifestation of the peak atyhe jnverse siope of each straight lindl —H,,, isotherm

T* =180 K and the crossover from rapid to slow variation at

T** =130 K in thed(T) curve®1°As expected, the features
observed in the,(T) curves affc, Tsg, T*, andT** are
apparent in theys,(T) curves(Figs. 1 and 2 as well. In
addition to these common featurgs,(T) [ xax(T)] exhib-

its an abrupt drogga smallpeal) at T'=200 K in sample 1.

equals the 4N value at that temperature jf;,(T) is ex-
tremely large. The values i at different temperatures, so
determined, are plotted against temperafomen circlegin

the inset of Fig. 3, and compared with the corresponding
theoretical estimates for three different cas€és: ¢=0
(dashed curve (i) ¢=—5° (continuous curveand (iii) ¢

This feature, unique to sample 1, finds the following expla-=5° (dotted curvg arrived at as follows. The theoretical

nation. While the sample is cooled beld@wg, magnetocrys-

values ofNy(T), computed from Eq(2) using the reported

talline anisotropy continuously grows in strength such thavalue=1%8of K,(T),K,(T),8(T), andMg(T), and that of
when the temperaturE' is reached, even the relatively large N4, calculated using the relatiolNyg=N.cos¢+(1/2)(1
shape anisotropy in this sample can no longer hold the mag- N.) sin¢ (where ¢ is the angle betweeH ., and ¢ axis,

netizations of twinned crystalghat constitute sample) par-
allel to the cylindrical axigor H,;) against the tendency of

and N.=Ny=0.298 is the demagnetizing factor wheM
=0°), areinserted into the relatiotN(T)=Ny+N(T) to

r_nagn_etocrystallin_e anisotropy to “unfurl’_’ these magnetiza-obtain N(T). As far as the calculation oNy(T) is con-
tions into cones with the cone angle varying along the lengtheerned, these cases represent the situations where there is a
A sudden unfurling of the magnetizations away from theconstant shift of 0°,—5°, and 5° in the reported values of

direction ofHe,; at T' results in an abrupt drop iR, and
the variation ofy.,, with temperature folf<T" is essen-

o(T), i.e., 6(T) in Eq. (2) is replaced byd(T)+ ¢. Such a
comparison reveals that the experimental data are best de-

tially dictated by magnetocrystalline anisotropy. Another asscribed by the theoretical curve for whigh= —5°. The dis-
pect in which sample 1 distinguishes itself from the othercrepancy between theory and experiment observed at

two samples is that as low a field &k,.=1 Oe suffices to

=Tgr is not serious, since the values Kf and K, at T



PRB 62 GADOLINIUM: A HELICAL ANTIFERROMAGNET OR. .. 1117
~Tggr, being vanishingly small, have large uncertainties, andyraphic directions and/or the cylindrical axis of several high-

the “forced” magnetization contribution at finite fields purity gadolinium single crystals over a wide temperature

(which is particularly important folT~T.) has not been
taken into account in the calculation Bf(T). Note that the
theoretical curves forp=*+5° exhibit a steep rise a¥
—T¢, becauseM s—0 [consequentlyNy in Eqg. (2) blows

range reveals that Gd is a normal ferromagnet, with the only
complication that the easy direction of magnetization
changes with temperature in a rather complex manner for
temperatures below the spin-reorientation temperatydie

up] in this limit and thatT¢ (possesses the same value for Qur results thus refute the recent clafrthat Gd behaves as
samples 2 and)3has been accurately determined by severahp antiferromagnet with a helical spin structure for tempera-

independent methods described in detail in Refs. 12 and 1
A similar set of N(T) data taken off sample 2 showed a
much weaketby nearly a factor of Bdependence dilonT
for T=Tgg, and Eq.(2) with ¢=2° provides a very good fit
to the N(T) data. In magnetization measurements that in

volve sample movement and sample mounting on Iond“

ures betweesg and the Neel point (=T¢).

A striking resemblance between thg,(T) curves ob-
tained by us for sample 1 and by Coeyal! for a needle-
shaped sample withl . parallel to thec axis[X‘i(T)] per-
its us to conclude that in the needle-shaped sample of Coey

holder rods, such a residual misalignment between the fielgt &l @S in our sample 1, theaxis lies on a cone around the

direction and the axis or cylindrical axis is inevitable. Since

long axis of the crystal, and the cone angle varies along the

the method used by us to measure ac susceptibility does ntngth due to twinning and other faults developed during
require sample transport and long sample-holder rods, th@'ystal growth. Since the axis is the easy direction of mag-

cylindrical axis and/or the crystallographic directid@§01]
and[1010] could be aligned with the field direction to an
accuracy better thart 0.5° with ease. From thbl(T) data
displayed in the inset of Fig. 3, it is clear that the valudQf
(and hence oN) rises sharply a¥— T, even when there is
a slight misalignment between the directiontdf,,; and the
cylindrical axis or thef0001] direction. Consequentlyys,:
is limited to a much lower value aff; than the
demagnetization-limited value of L#N,. However, N
=Ny for temperatures in the ranggsg=T=<Tc, when the
direction ofH,,; exactly coincides with th€0001] direction
(the ¢=0° case in Fig. 3 Only in this casey.,(T) is
demagnetization limited &, and the intrinsic susceptibil-
ity diverges afl¢.

IV. CONCLUSION

A detailed discussion of the ac susceptibility and low-field

bulk magnetization data taken along different crystallo-

netization for temperatures ranging betwéleyy and T, a
variation in thec-axis direction simulates a helical-like spin
structure which, in turn, prevents the intrinsic susceptibility
from diverging atT. However, this is not an intrinsic prop-
erty of Gd but an artifact of the growth process. Our results
on high-purity Gd single crystalsample 2 clearly demon-
strate that the-axis intrinsic susceptibilitydiverges(Fig. 2)

at T¢, as is expectdd® for a ferromagnet with uniaxial
anisotropy.

The results presented in the inset of Fig. 3 provide yet
another possible explanation for tbr{F(T) data reported re-
cently by Coeyet al!! A situation similar to case I, de-
scribed in Sec. lll, arises even for a perféstinning-free
Gd single crystal if the direction ofl.,; does not exactly
coincide with thec axis. In view of the generaland our
own) experience in the growth of long Gd single crystals
with a low oxygen content, we consider the first explanation
as the more likely one
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