
PHYSICAL REVIEW VOLUME 165, NUMBER 2 10 JANUARY 1968

Neutron Diffraction Study of the Magnetic Behavior of
Gadolinium'
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Neutron di6raction measurements were made on a single crystal of' gadolinium at sample temperatures
from 10 to 350'K to investigate the possible occurrence of a spiral spin structure. The measurements show
that Gd is a normal ferromagnet with a rather complex temperature dependence of the spontaneous moment
alignment. Between T&=294 and 232'K the moment is parallel to the c axis; below 232'K it moves away
from the c axis to a maximum deviation of about 65' near 180'K and then back to within 32' of the c axis
at low temperatures.

INTRODUCTION

1

GADOLINIUM is ferromagnetic with a Curie tem-
N perature of 293'K" and a saturation moment of

7.55 p&/atom. ' Recently, Belov and Pedkos observed
low-6eld magnetization anomalies in polycrystalline Gd
above 210'K and concluded that a spiral spin structure
similar to that observed in the other heavy rare-earth

large that intensity measurements were limited to those
reQections with scattering vectors nearly normal to the
face of the crystal. Recently, we obtained a 0.353-A beam
of neutrons from the ORR. At this wavelength the
resonance absorption cross section of Gd is smaller by
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FIG. 1. Temperature dependence of the magnetic to nuclear inten-
sity ratios for the (100) and (002) reQections of Gd.

metals also occurred in Gd, but that small ftelds (0-15
Oe in the 210—290'K temperature region) were sufficient
to transform the spiral into a ferromagnet. Neutron
diBraction measurements4 did not reveal any satellite
rejections of the type expected for a spiral spin struc-
ture analogous to the other heavy rare earths. However,
these measurements were made at a neutron wavelength
of 1.055 A. for which the absorption cross section is so
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F1G. 2. Temperature dependence of the sum

(I .SP-o) (10O)+s(l .SP-.) (002).

Also shown are a squared —', Brillouin function and the square of the
relative magnetization (Ref. 1) normalized to the low-temperature
data point.

two orders of magnitude and a more complete neutron
study can be made.

RESULTS

The Gd single crystal was a Rat disc 5 mm in diam
and. 0.5 mm thick with the c axis normal to the face
of the disc. Peak-intensity measurements were made
for the (100) and (002) reflections as a function of
temperature from 10 to 350'K. Calculations based on a
Debye characteristic temperature of 195'K ' indicated

', 0.$V. Lounasmaa and L. J. Sundstrom, Phys. Rev. 150, 399
(1966).
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FIG. 3. Temperature dependence of p„ the angle between the
moment orientation and the crystal c axis. The dotted curve
represents torque measurements of Graham (Ref. 9) and the
dashed curve those of Corner, Roe, and Taylor (Ref. 8).

q ~ooo~=sm 4o,

from which one notices that the (100) magnetic contri-
bution is present regardless of the moment direction
while the (002) intensity vanishes if &.=0. The mag-
netic intensity of the (100) reflection vanishes at
294&2'K in good agreement with the Tg values ob-
tained by extrapolation of the magnetization data. '~
The disappearance of the (002) magnetic intensity at
232'K indicates that &,=0 from 232 to 294'K.

The d spacings of the (100) and (002) reflections
are nearly equal and f(X)' 0 /25 " for .both reflections.

6 Averaged over all orientations of the projection of the mo-
ment on the basal plane.

VH. R.. Child, R. M. Moon, L. J. Raubwhclxncl; and %. C.
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a negligible thcrInal-motion correction for these re-
Qect.ions over this temperature range so that magnetic
to nuclear intensity ratios couM. bc obtained by direct
comparison with the nuclear intensities above Tg. The
thermal behavior of these magnetic to nuclear intensity
ratios is shown in Fig. 1. For a ferromagnet this ratio
CRQ bc expI'csscd Rs:

I .I 0.29q'f(J )'P(0/oo)'
I„„, boa'

in which q is the magnetic interaction vector, f(X) is
the magnetic form factor, S=s7 for Gd+o, o/oo is the
I'elRtivc IY1agnctlzatlon Rnd botel ls thc nuclear scattcllDg
amplitude of Gd. If the angle between the moment
direction and the crystal c axis is denoted by @, then

&q') oo» =1—o»n'&.

ThcI'cfoI'c,

1 I ~ 2.58(a/ao)'
1&uo 2 lnua &od

for any moment orientation, This sum is shown in
Flg. 2 fol coincident-temperature data. Included ln thc
6gurc are squared relative spontaneous magnetization'
and 87~2 curves normalized to the 10'K data point. The
adequate representation of the data by the (0/oo) ' curve
indicates ferromagnetism throughout the entire temper-
ature range. Prom the saturation value a Gd nuclear
scattering amplitude of 0.95+40 " cm is obtained.
This assumes S=p, i.e., a localized moment of 7 pg
rather than the 7.55 p~ obtained from the saturation
magnetization. This choice was made since the ad-
ditional moment is usually attributed to conduction-
electron polarization and as such would Qot show up in
thc Bragg rcQcctions bccausc of R rapidly dcclcRslng
form factor.

With bog and (0/oo) (2") thus established, y. (T) can
bc obtRlDcd from thc intensity VRrlRtlon of thc indi-
vidual rcQections. This result is shown in Fig. 3 along
with curves representing the torque measurements of
CorQcl » Roc» Rnd TRyloI'» Rnd Graham. According to
the present results the moment direction is parallel to
thc c Rxis from Tg to 232 K» Qlovcs RwRy fI'oID thRt,
axis to a maximum deviation of about 65' near 180'K,
RQd then bRck to within 32 of thc c Rxls Rt low tcInpcl-
RtUI'cs. FI'oID coUntlng stRtlstlcs only, p, vRlucs tRkcD
from the (002) data have an uncertainty of &2—,

"while
those from the (100) data are valid to +4-,".These p,
values are in good agreement with the corrected data
of Corner, Roe, and Taylor' and are somewhat smaller
than Graham's values.

It ls clcRI' thRt Rll of thc cxpcctcd magnetic scattcI'lQg
appears at the normal lattice positions. Furthermore,
there was no apparent broadening of the rocking curves
below Tg whereas a spiral turn angle &2' would have
produced a noticeable broadening. Also, there was no
indication of a field dependence of the intensities in the
range O.I to 5 Oe. %C conclude that Gd is spontaneously
ferromagnetic throughout the entire ordered region,
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