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This note reports the properties of a very
pure, near-perfect single crystal of chromium
as revealed by neutron diffraction. The purity
of this crystal and its degree of crystallograph-
ic perfection most likely account for our abil-
ity to observe two unique properties which have
not been found in previous investigations of
Cr.' The first is that Cr undergoes a first-
order phase change at its "Noel temperature"
of 38.5'C. The second is that the application
of a magnetic field while the crystal is cooled
through 38.5'C produces a magnetic structure
which is described by a single wave vector par-
allel to the direction of the field during cooling.
This structure is observed by neutron diffrac-
tion after the field is removed.

As has been often verified, ' the magnetic struc-
ture of chromium is described by wave vectors

q=27tG+ Q. ,

where the G's are the reciprocal lattice vec-
tors and the Qz's are wave vectors along the
three cubic axes x;. The magnitude of the wave
vector Q; is slightly temperature dependent
and remains close to, but not equal to, 2v/a.
Thus the possible magnetic reflections are in
groups of six about the positions q=2vG+ (2v/
a)x;. The polarizations associated with the
wave vectors Q, are transverse above 115'K
and longitudinal below 115'K. The first-order
phase change at 115'K is called the "spin-flip"
temperature.

The crystals studied here are formed by
vapor deposition in the reduction of chromium
iodide, a commercial process. The best crys-
tal, selected from several kilograms of small
crystals, shows a very narrow mosaic spread
(less than 0.001 rad). The volume of this crys-
tal is approximately 100 mm3. This crystal
has been cooled many times from 50 to 30'C,
sometimes in a magnetic field of 40 kG and
sometimes not. From the intensities of the

36 magnetic reflections closest to the origin
of reciprocal lattice space, we conclude that
this crystal is characterized by longitudinally
polarized waves Qi below the spin-flip tempera-
ture and by transversely polarized waves Qf
above the spin-flip temperature. When cooled
in the absence of an applied field, the three
wave vectors Q, are equally represented. When
cooled through 38.5'C with 40 kG along, say,
the x, axis, only the wave vector Q, is repre-
sented. We call this field-cooled state a "sin-
gle-Q" state. Such a, state is specified by +(2~/
a)(1,+e, 0) and +(2w/a)(0, +c, 1) reflections, and
only these reflections, below the spin-flip tem-
perature; while above only the additional re-
flections +(2v/a)(0, 1 ~ e, 0) appear. We intro-
duce the parameter c only for convenience of
notation. For instance, (2v/a)(0, l-e, 0) is Qj„
the reflection (2v/a)(l, e, 0) is (2v/a)(1, 1, 0)
-Q, . Below the spin-flip temperature the po-
larization of this "single-Q" crystal is longi-
tudinal. Above the spin-flip temperature the
polarization is transverse.

When cooled through 38.5'C in nominally zero
field, the crystal is magnetically cubic. That
is, the reflections q= Q„Q„andQ, have equal
intensity. However, the other magnetic reflec-
tions do not have equal intensity, indicating
that the transverse polarization vectors have
preferential orientation. Application and re-
moval of a magnetic field of 40 kG at 30'C pro-
duces a state which is neither "single-Q" nor
"apparently cubic. " The "preferred Q" is par-
allel to the field. The polarizations of the "un-
preferred Q's" surprisingly are preferential-
ly aligned parallel to the field.

Magnetic states exhibiting more than one Q
cannot be interpreted unambiguously. For ex-
ample, the "apparently cubic" state may in
fact be a "triple-Q" state with three equal-
amplitude Q's coexisting in every region of
the crystal. Or it may be a multidomain con-
figuration with each domain being in a "single-
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Q" state. One would hope that a "single-(eI"
state would, because of its tetragonal symme-
try, produce a measurable tetragonal distor-
tion of the crystal. This would allow the fore-
going alternatives to be distinguished. Weiss'
has performed an x-ray experiment on a sin-
gle crystal which did not show any line broaden-
ing below the Noel temperature. Unfortunate-
ly, his conclusion that the triple-Q alternative
was indicated presumed that single-Q domains
would have tetragonal distortions, and that the
observed region of the crystal would have com-
prised many such domains. We are carrying
out x-ray experiments on the "single-Q" and
the "apparently cubic" states of our crystal.

From studies of the temperature dependence
of the magnetic reflections of this crystal in

the "single-Q" condition and in several "non-
single-Q" conditions, we find a sudden disap-
pearance of the magnetic reflections at 38.5'C.
For the "single-Q" state, the amplitude of the

Q, magnetization wave (found by comparison
with the nuclear reflections) is -500 G (equiv-
alent to point dipoles of strength 0.6 iIB) just
above the spin-flip temperature. The ampli-
tude decreases only to -175 G (35I/k of its low
temperature value) at 38.4'C before it abrupt-

ly drops to zero. Above 38.5'C all trace of
the magnetic peaks are gone except for a very
weak and broad background of magnetic scat-
tering centered about the positions +(2II/a)(1,
0, 0), s(2II/a)(0, 1, 0), s(2II/a)(0, 0, 1). Just reach-
ing the Noel temperature is sufficient to destroy
the "single-Q" character of the crystal. To
recover that property the field cooling process
must be repeated. We are at present studying
the field requirements for changing the Q char-
acter and the polarization of this Cr crystal.

Some of the experimental details are as fol-
lows: Our monochromating crystal is a 2.5-
cm x 2.5-cm & 8-cm bar of silicon used in trans-
mission. The 111 spacing of silicon is a close
match to the 100 spacing of Cr. Thus we work
nearly in the "parallel" position. This enables
us to get very sharp crystal-rocking curves
with a divergent incident beam and a "wide-
open" counter. In particular, with a beam hav-
ing an angular divergence of about 0.02 rad
and with the circular cross-section counter
accepting the large solid angle of 0.01 sr, the
width of the magnetic reflection is less than
0.002 rad. Thus with fixed counter position,
a crystal rotation through the nominal position
(2II/a)(0, 1, 0) shows seven reflections: (2II/
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I IG. 1. The intensity of magnetic reflections at 29.6'C after cooling in 40 kG from 50 to 30'C and removing the
field is compared to the intensity of magnetic reflections after the sample was subsequently raised to 40'C and
cooled in the absence of an applied magnetic field. The field was applied in the (0, 1, 0) direction. The data show
the magnetic reflections (2II/n )(1, 1, 0)—Ie)I Which is labeled (e, 1, 0}, the principle vector Ie)2 Which is labeled (0, l-e,
0), and the combined reflection of the "A/2' contamination (shown separately in the inset for above 40'C), (27I/a)(0,
1 1) (c(()3 = (27) /a) (0, 1, 6 ) and (27(/a) (0, 1, —1)-(0()3= (27I /a) (0, 1, -e ) .
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reproduced several times. One can observe
the sealer suddenly stop counting at "constant"
temperature during a cycle of the temperature
controller. The temperature of the transition
(as determined by a platinum resistance ther-
morneter in an isothermal enclosure with the
crystal) is reproducible to better than 0.05'G.
The sharp transition is observed for other states
of the crystal as well as for the "single-Q"
state.

The relation of our findings to the work of
Montalvo and Marcus' on the magnetic anisot-
ropy produced by similar field-cooling exper-
iments, and studied by torque magnetometer
and de Haas-van Alphen measurements, should
lead to a more complete understanding of the
magnetic phenomena in chromium.

The authors wish to acknowledge valuable
discussions with Dr. A. W. Overhauser and
Dr. H. Sato, and the help of Professor J. S.
King in establishing the experimental facilities.

FIG. 2. The temperature dependence of the magnetic
reflection q =@2 =(2m/a)(0, l-e, 0) from 29 to 40 C and
back to 29'C for a sample initially in the "single-Q"
state [as a result of applying a field in the (0, 1, 0) di-
rection while cooling from 50 to 30'C].

a)(e, 1, 0), (2s/a)(0, l-e, 0), (2s/a)(0, 1, e),
"g/2, " and (2v/a)(0, 1, -e), (2v/a)(0, 1+&,0),
and (2v/a)(-e, 1, 0) in that order if the (0, 0, 1)
axis is not quite vertical. lf the (0, 0, 1) axis
is vertical, the three peaks (2s/a)(0, 1, e),
"a/2, " and (2~/a)(0, 1, -e) are superimposed.
The "X/2" contribution (Z = 2.095 A) would be
absent from silicon, were it not for multiple
reflections. The inset of Fig. 1 shows this
contribution. Figure 1 shows part of a crys-
tal-rocking curve through the (0, 1, 0) position
for the field-cooled sample. The correspond-
ing curve after excursion to 40'C is also shown.
The temperature dependence of the peak inten-
sity of the q= Q2=(2s/a)(0, l-e, 0) reflection
is shown in Fig. 2. The sharp drop-off is more
striking than the curve indicates, and has been

*Neutron diffraction work performed at the Ford Nu-
clear Reactor, Phoenix Memorial Laboratory, Univer-
sity of Michigan, Ann Arbor, Michigan.
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