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Magnetic order in nanocrystalline Cr and suppression of antiferromagnetism in bcc Cr
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Neutron-diffraction data and magnetization measurements of compacted nanophase Cr are presented.
Two crystalline Cr phases were found, the majority phase having a bcc structure and the minority phase
having an A15 structure. The 100 Bragg reflection seen in antiferromagnetically ordered coarse-grained
bcc-Cr polycrystals was not observed in the nanocrystalline sample, suggesting that antiferromagnetism
was suppressed in the bcc phase to at least 20 K. The suppression of antiferromagnetism may be due to
small grain sizes, strain from grain boundaries or other defects, and/or concentrations of impurities, any
of which may restrict the development of magnetic correlations in the bcc material. A magnetic
diffraction peak corresponding to the 110 Bragg reAection of the Cr A15 lattice was observed at 20 K
and was not observed at 149 or 300 K, suggesting that the minority phase of the nanocrystalline sample
becomes antiferromagnetically ordered at very low temperatures. Consistent with this observation, sus-
ceptibility measurements at several temperatures indicate that magnetic correlations develop below 100
K, representing at least momentary short-ranged magnetic order in the nanocrystalline sample.

I. INTRODUCTION

Nanocrystalline materials are composed of ultrafine
grains, typically a few nanometers in diameter. Since the
grain sizes of these materials are small, most atoms are
within one or two atomic jumps of a grain boundary;
therefore, grain boundaries are expected to inAuence
strongly the properties of compacted nanocrystalline ma-
terials. In addition to small grain sizes and large inter-
face content, these materials are also severely deformed
or strained. ' Compacted nanocrystalline materials
often contain a significant amount of open porosity,
which for reactive materials such as Cr may result in
significant surface contamination when samples are ex-
posed to air. Any combination of these characteristics,
which are found at extremes in nanocrystalline materials,
may produce unique magnetic properties. For example,
ferromagnetism in compacted nanocrystalline Ni (Ref. 3)
and bcc Fe (Ref. 4) is suppressed to lower temperatures
compared to the bulk. Small-angle neutron-scattering
(SANS) measurements of nanocrystalline bcc Fe suggest
that interfacial regions in the material are either nonmag-
netic or weakly magnetic. Recently, Haneda et al.
determined that loose powders of 8-nm-diam y-Fe (fcc
Fe) grains did not exhibit magnetic ordering down to 1.8
K. Previously, larger y-Fe grains precipitated from solu-
tions of Cu were found to be antiferromagnetic, * and
fcc Fe grains precipitated from an Fe-Ni solution were
found to be both antiferromagnetic and ferromagnetic.

Haneda et al. have suggested that the lack of magnetic
ordering in nanocrystalline y-Fe when ordering had been
observed in other fcc-Fe systems lends support to
theoretical predictions' '" that the ground state of fcc Fe
is very sensitive to atomic volume. This explanation can-
not be entirely correct, since the lattice parameter (and
therefore the atomic volume) of the nanometer-sized y-
Fe grains of Haneda et al. , which did not magnetically
order, is about 0.8% larger than that of the micrometer-
sized y-Fe grains of Abrahams, Guttman, and Kasper,
which exhibited magnetic ordering. Impurities in the
precipitated grains and/or spatial limitations of the nano-
crystalline y-Fe particles may also play a role in deter-
mining whether order occurs. For example, the lattice
parameter, structure, and size of clusters, which are typi-
cally even smaller than nanocrystalline grains, are pre-
dicted to be important parameters in determining wheth-
er magnetic ordering occurs in V (Ref. 12) and Cr. '

Atoms in clusters, whose densities are less than the bulk,
are expected to have nonzero magnetic moments. Yet in
Stern-Gerlach measurements of Al, Cr, Pd, and V clus-
ters, Douglass, Bucher, and Bloomfield' determined that
atoms in these clusters had zero magnetic moments. Ob-
servations and predictions of changes in the magnetic
properties and gross features of the magnetic structures
of nanocrystalline materials and clusters, which at times
are at odds with each other, partially motivate the
present study of the magnetic structure of nanocrystalline
Cr at the atomic scale.
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In addition to scientific interest, there exists consider-
able technological motivation to study Cr, particularly
from the magnetic recording industry. For example, the
next generation of magnetic hard disks may utilize multi-
layer films, including thin films of Cr. ' In this applica-
tion, the Cr layer promotes the textured growth of a fer-
romagnetic overlayer with small grain size. Since grain
boundaries hinder the growth of magnetic domains, '

materials with small magnetic domains can be produced
by growing the Cr film with a grain size that approaches
the nanometer scale, thus leading to an increase of infor-
mation that can be stored on the device. The utilization
of a nanocrystalline Cr thin film as a substrate to grow
the magnetic storage medium may be unsuccessful de-
pending upon whether the magnetic properties of the Cr
layer affect those of the medium. It is, therefore, impor-
tant to determine the magnetic properties of nanocrystal-
line Cr.

Since Cr is the classic example of an itinerant antifer-
romagnet, its magnetic structures have been widely stud-
ied. Above the Neel temperature, T&=311 K, single-
crystal Cr is paramagnetic. ' Below T~ and above the
spin-Rip temperature Ts„=123 K, single-crystal Cr is an-
tiferromagnetic (AF) with a transversely polarized spin
density wave (SDW) that propagates in the [100] direc-
tion and is incommensurate with the Cr nuclear lattice
(the AF, phase). ' Below Ts„, the SDW remains incom-
mensurate, but becomes longitudinally polarized (the AF2
phase). ' In its polycrystalline form, Cr exhibits a com-
bination of these three magnetic phases and a fourth
magnetic phase' —a simple commensurate antiferromag-
netic (AFO) phase. Bacon and Cowlam' have shown that
the occurrence of the various magnetic phases can be
greatly altered by the introduction of strain into poly-
crystalline Cr. For example, the AF, phase is found
above Ts„ in single-crystal Cr, but is found below Ts„ in
heavily strained Cr polycrystals, and vice versa for the
AF2 phase. ' The magnetic structures of Cr are also sen-
sitive to alloying or concentrations of impurities. ' For
example, the AFO phase of Cr can be stabilized at room
temperature through the addition of small amounts ( &2
at. %) of Mn. ' The incorporation of strain and/or im-
purities into nanocrystalline Cr may also affect its mag-
netic structure.

II. SPECIMEN PREPARATION

Nanocrystalline samples were prepared by evaporating
high-purity Cr in 500 Pa of 99.9999% pure He to con-
dense ultrafine crystalline particles in a vacuum chamber
which had been previously evacuated to —10 Pa. The
particles were then consolidated into disks at room tem-
perature under vacuum conditions, following the pro-
cedures first suggested by Gleiter. ' Typically, the disks
had diameters of 9 mm and thicknesses ranging from 0.1

to 0.5 mm. Thirteen disks were produced, yielding about
1 g of compacted nanocrystalline Cr. The median grain
size of the compacted disks, —11 nm, was measured us-
ing transmission electron microscopy. The densities of
the samples, which were determined from weight and
volume measurements, fell within a range of (52+10)%,

that of bulk Cr (7.19 g/cm ). Some of the samples
were also analyzed for the content of C, H, N, and O.
The samples were found to contain 0.35 wt% H, 0.97
wt% C and 0.19 wt% N. Oxygen in the form of H20
and CO& was found at a level of 0.07 wt%%uo. A significant
amount of 0 (6.9 wt % or about 19 at. %) was found in
the samples in the form of CrO and/or CrO H.
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FIG. 1. (a) A portion of the neutron-diffraction patterns (~ )

at 20 and 323 K from coarse-grained Cr polycrystal pieces, and
a portion of the x-ray diffraction pattern (solid curve) at 300 K
from a coarse-grained Cr foil are shown. The central peaks in
the neutron data are located at the position of the 100 Bragg
reflection for bcc Cr. The arrows point to the satellite peaks
about the magnetic reflection in the 20-K data. (b) A similar
portion of the neutron-diffraction patterns (~ ) at 20, 149, and
323 K from the nanocrystalline Cr sample, and a portion of the
x-ray diffraction patterns (solid curves) at 20 and 300 K taken
from a representative portion of the sample used in the neutron
experiment. The curves corresponding to different tempera-
tures have been displaced for clarity.

III. DIFFRACTION AND MAGNETIZATION
MEASUREMENTS

Neutron-difFraction measurements were made using
the high-intensity powder diffractometer ' (HIPD) at the
Los Alamos Neutron Scattering Center (LANSCE). The
diffraction observations with d spacing ranging from 0.35
to 6.3 A were obtained from a 10-g sample of 99.999%%uo

pure coarse-grained Cr pieces at 20, 149, and 232 K.
Portions of the measurements at 20 and 323 K in the
neighborhood of the 100 magnetic Cr Bragg refIection are
shown in Fig. 1(a) (~ ). Similar measurements of the
nanocrystalline sample were made at temperatures of 20,
149, and 300 K and are shown in Fig. 1(b). Measure-
ments at 20 K over a larger range of d spacing are shown
in Fig. 2. Some of the diffraction peaks in the figure are
indexed with respect to the reciprocal lattice coordinates
of the bcc and 215-Cr phases. The 215 structure of Cr
is identical to that of Cr~O [isostructural with W30 (or
/3-W) and having space group Pm3n], and can be
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FIG. 2. A large portion of the neutron-diffraction patterns

from the nanocrystalline sample taken at 20 and 149 K are
shown with diffraction peaks marked.

thought of as Cr3Cr with Cr atoms occupying oxygen
sites. The oxygen atoms form a bcc lattice. The 315
phase was not observed in the coarse-grained sample.

X-ray diffraction measurements corresponding to some
of the neutron measurements are shown as the solid
curves in Fig. 1. The x-ray data were scaled to enhance
features in the diffraction pattern so that the x-ray inten-
sity of the 110 bcc Bragg refiection from the coarse-
grained sample was ten times larger than that measured
with neutrons, which in turn was scaled to measurements
of the nanocrystalline sample by the ratio of the sample
weights.

Rietveld refinements of the neutron data, using the
general structure analysis system (GSAS), yielded infor-
mation about the composition of the nanocrystalline sam-
ple. The neutron-diffraction peaks were satisfactorily
represented by a combination of bcc-Cr, 3 15-Cr, and
vanadium crystalline phases. The vanadium phase was
observed because the can used to contain the sample was
made from vanadium. From the GSAS analysis, 85 wt%
of the crystalline portion of the sample was found to be
nanocrystalline bcc Cr, while the remaining 15 wt %
crystalline portion was determined to have the 3 15-Cr
structure. The unit cell of the 215 structure has cubic
symmetry (ao=4. 5759+0.0001 A) with Cr atoms occu-
pying oxygen lattice sites (0 ) and pairs of Cr atoms (~ )

on each cube face, as shown in Fig. 3. The 3 15 Cr phase
has also been observed in coarse-grained Cr powders by
Shonberg and in loose nanocrystalline Cr powders by
Kimoto and Nishida. If the formation of the 315-Cr
structure is similar to that of P-W, then only very small
amounts of oxygen need to be present on the oxygen lat-
tice (with the remaining sites occupied by W or Cr in the
case of P-W or A 15-Cr, respectively ' ) in order to sta-
bilize the 3 15 structure.

The chemical composition of the 3 15 phase is believed
to be nearly Cr3Cr rather than Cr3Q, since the 110
reflection from the A 15 structure is absent in the
diffraction patterns taken at 149 and 300 K. The absence
of this reflection occurs when the scattering amplitude
from atoms on oxygen lattice sites negates that of Cr
atoms on Cr sites. The destructive interference is only

FIG. 3. Depiction of the 3 15 unit cell of Cr30 with oxygen
(0 ) and Cr (~ ) lattice sites marked. In the 215-Cr phase the
oxygen lattice sites are occupied by Cr atoms. The direction of
the nonzero magnetic moments in the unit cell are shown with
arrows. Cr atom sites hidden by the perspective are shaded.

TABLE I. Parameters of the Rietveld refinement.

Parameter

~, (%)
P (nm)
QO(323 K) ( A )

a (20 K) (A)
B(323 K) (A )

8(20 K) (A )

Nanosample

1.0+0.1

11.0+1.0
2.887+0.001
2.883+0.001
0.59+0.01
0.46+0.01

Coarse-grained sample

0.7+0.1

2.886+0.001
2.882+0.001
0.27+0.01
0.11+0.01

possible when the scattering length (x ray or neutron) of
the atoms on oxygen sites is the same as Cr.

The GSAS analysis also yielded information about the
microstructure of the bcc portion of the nanocrystalline
sample, e.g. , strain and particle size distributions of the
grains. The values of the root-mean-square magnitudes
of microstrain broadening (strain distribution width) a „
and particle size distribution P, and the lattice and
Debye-Wailer parameters ao and 8, respectively, of the
bcc Cr portion of the nanocrystalline sample are shown
in Table I. The lattice parameter of nanocrystalline bcc
Cr does not differ significantly from that of the coarse-
grained sample.

Diffraction peaks in the x-ray and neutron data were
superimposed on a substantial background. The form
of the background was characteristic of scattering from
an amorphous material. This material might be com-
posed of amorphous chromium oxide, e.g. , CrO2 or
Cr203, phases, since 6.9 wt%%uo of the entire sample was
determined from chemical analysis to be chromium ox-
ide. Considering the details of the manufacturing process
and the porosity of the nanocrystalline samples (52%
dense), chromium oxide may have formed and surround-
ed individual crystalline Cr grains after exposure of the
samples to air following powder consolidation. This hy-
pothesis can be tested in future SANS experiments, since
the scattering length of a chromium oxide phase bound-
ary is different than a pure Cr grain. Alternatively, the
surface area available for oxygen contamination might be
reduced if denser samples can be manufactured.

The magnetization density M of an 8.9-mg portion of
the nanocrystalline sample was measured versus applied
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FIG. 4. The magnetization densities (M) of a representative
portion of the nanocrystalline Cr sample for several tempera-
tures ( T) and applied magnetic fields (H).

magnetic field H using a SQUID magnetometer at several
temperatures T (Fig. 4). These data exhibit a Curie-
Weiss-type variation of the magnetization density super-
imposed upon that typical of a ferromagnet which be-
comes saturated when H &10 Oe. The raw data were
measured in units of emu, and have been converted by
the factor 1.7X 10 to units of emu/mole in Fig. 4 un-
der the assumption that the entire sample was Cr.

IV. DISCUSSION

A. Microstructure analysis

Since the majority of the nanocrystalline sample was
composed of bcc-Cr grains, the analysis of the micro-
structure of the nanocrystalline sample will be made con-
sidering only this phase. Both the coarse-grained sample
and the bcc portion of the nanocrystalline sample showed
significant microstrain broadening, 0.7%%uo and 1.%, re-
spectively. Microstrain broadening is produced by linear
defects such as dislocations or planar defects such as
grain boundaries, twins, or stacking faults, whose strain
fields decay more slowly than 1/r, where r is the dis-
tance from the defect. These defects may be located
within crystalline grains and/or at interfaces. Large dis-
tributions of microstrain broadening have been observed
in other nanocrystalline systems, specifically Pd (Refs. 1

and 2) and Dy.
Strain in a material may also be generated by point de-

fects or dislocation loops. Since strain from point defects
and dislocation loops decays more quickly than 1/r
these defects attenuate the intensities of Bragg rejections
and this strain is manifested as a static Debye-Wailer pa-
rameter. In general, the observed attenuation is a com-
bination of static and thermal Debye-Wailer parameters.
The total Debye-Wailer parameter of the nanocrystalline
Cr sample was found to be greater than that of the
coarse-grained sample at all temperatures (see Table I).
Since the changes in the Debye-Wailer parameters from
20 K to room temperature are the same in the two sam-
ples, the thermal mean-square displacements of atoms in

bulk Cr and the bcc portion of the nanocrystalline ma-
terial are the same. The difference between the Debye-

0 2 ~

Wailer parameters at each temperature, -0.35 A, is an
indication that the nanocrystalline Cr sample contains
many more defects with short-ranged strain than the
coarse-grained material. Similar conclusions were made
by Eastman, Fitzsimmons, and Thompson, in a study of
the thermal properties of nanocrystalline and coarse-
grained Pd.

Based upon observations of significant particle size and
microstrain broadening of diffraction peaks, attenuation
of these peaks due to static displacements, and scattering
from incoherent sources, the microstructure of nanocrys-
talline Cr can be described as a collection of mostly small
crystalline bcc grains, which are severely distorted by
point, linear, and/or planar defects, surrounded by grain
or phase, i.e., chromium oxide, boundaries. The coherent
structures of grain or phase boundaries may be distorted
by point and linear defects. Alternatively, the attenua-
tion and strain broadening of diffraction peaks may result
from combinations of strains, e.g., those which decay rel-
atively quickly away from boundaries that surround very
small crystals (appearing more "pointlike"), and those
which slowly decay away from nearly planar boundaries
that might surround large grains. Regardless of their
sources, severe distortions in nanocrystalline materials
may have important consequences on their magnetic
structure and properties, since the distortions introduced
by cold-working, e.g. , dislocations, alter the magnetic
properties of Cr polycrystals. '

Since the width of the 211 reAection from the 3 15-Cr
phase is similar to that of the 110 reAection from the bcc
phase, and the former reAection does not coincide with a
reAection from any other phase in the sample, the size
distribution of the 3 15-Cr grains is probably similar to
that of the bcc component. Unfortunately, the lack of
diffraction intensity from this phase makes a determina-
tion of its strain content unreliable. In light of the fact
that 85%%uo of the crystalline sample is severely strained, it
is reasonable to expect that the A 15-Cr phase is also
severely strained.

B. Magnetic structure of coarse-grained Cr

Since the spin of a neutron can couple to the magnetic
moment of an atom, neutron diffraction can also be used
to determine the magnetic structures of materials. In a
simple antiferromagnet, the magnetic moments of atoms
in adjacent planes may be ordered antiparallel to one
another. In this example, the lattice parameter of the
magnetic lattice is twice the size of the atomic lattice;
thus Bragg rejections from the magnetic lattice are ob-
served at positions of rejections forbidden by the atomic
lattice. This is qualitatively the reason for the occurrence
of a diffraction peak. at the 100 reciprocal lattice coordi-
nate of bcc-Cr, which is shown in Fig. 1(a) for the
coarse-grained sample. Since the magnetic and nuclear
scattering lengths of neutrons are generally similar, e.g. ,
the nuclear and magnetic scattering lengths of Cr are
0.35X10 ' and 0. 11X10 ' cm (using the literature
value of the rms magnetic moment of Cr,
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p =0.43@~ ),
' respectively, while the magnetic

scattering length of x rays is negligible, the magnetic 100
reflection in the neutron diffraction pattern should not
appear in the x-ray diffraction pattern. The absence of an
x-ray peak at the 100 bcc reflection, when even weaker
features relative to the 110 bcc Bragg reflection, e.g., at
d =2.77 and 3.43 A, are observed, suggests that the 100
bcc Bragg reflection (and its satellites) in the neutron-
diffraction pattern of the coarse-grained sample have
magnetic origins.

The central peak at d &oo
=2.884 A, corresponding to

the 100 Bragg reflection, in the 20-K data from the
coarse-grained sample [Fig. 1(a)], is accompanied by two
satellite peaks. The positions of the satellites (d spacings
of 2.768 and 3.017 A) can be used to determine the mag-
nitude of the spin density wave vector QsDw
=(2mld&00)(1+6), where 5=0.04. This value is in good
agreement with those reported for the AF& phase of poly-
crystalline Cr below Ts„(Ref. 17) and in single-crystal Cr
above Ts„.' The single peak observed at 323 K (12 K
above Tz for single-crystal Cr) is consistent with observa-
tions of the AFO phase in Cr polycrystals at similar tem-
peratures above T&. '

The second magnetic reflection of bcc Cr is the 111
reAection (d», =1.666 A). This reflection was not ob-
served in the present experiment. When the rnultiplici-
ties, and the magnetic form' and Lorentz-polarization
factors of the 100 and 110 reflections (with respect to the
bcc lattice) are considered, the intensity of the 111
reflection is expected to be 17 times weaker than that of
the 100 reflection. The intensity of the 111 reflection is
more than an order of magnitude weaker than that which
can be reliably detected using the HIPD for the size of
the coarse-grained sample; therefore, the 111 reflection is
not expected to appear in the neutron-diffraction pattern.
Nevertheless, the consistency between the observations of
the 100 bcc reflection and reports in the literature' '
demonstrates that the HIPD is well suited to the study of
antiferromagnetic ordering in Cr (at least for d )2 A),
and should detect antiferromagnetic ordering (if it
occurs) in nanocrystalline Cr.

C. Magnetic ordering and its suppression in nanocrystalline Cr

A peak at d =3.257 A with an integrated intensity
equal to the strongest magnetic reAection in Fig. 1(a) is
observed in the data taken at 20 K from the nanocrystal-
line sample [Figs. 1(b) and 2]. Since this peak is not ob-
served in the x-ray diffraction pattern, its origin is likely
due to antiferromagnetic ordering. The disappearance of
the peak in the data taken at 149 and 300 K suggests that
the nanocrystalline material, specifically the portion of
the sample that was antiferromagnetic at 20 K, becomes
paramagnetic (or loses long-ranged magnetic order) at
some temperature between 20 and 149 K. In addition to
the magnetic reflection, very weak peaks at d =3.02 and
3.65 A are observed at all temperatures in the neutron-
diffraction pattern from the nanocrystalline sample [see
Fig. 1(b)]. Since these peaks are also observed in the x-
ray diffraction pattern at room temperature, they do not

have magnetic origins. Their origins have not yet been
identified.

The position of the magnetic reflection corresponds to
within 0.04% of location of the 110 Bragg reflection from
3 15-Cr. The position of this reflection is not consistent
with that of a reflection from antiferromagnetic bcc Cr
(even the location of a —,

'
—,
'

—,
' superlattice re6ection, should

it exist, is more than 2% different from that of the ob-
served peak), any chromium oxide nuclear phase, or anti-
ferromagnetic Cr2O3. Since the 110 reflection from
3 15-Cr is forbidden in the absence of antiferromagnetic
ordering, the nonzero intensity of this reflection at 20 K
suggests that the scattering lengths of Cr atoms on oxy-
gen and Cr sites are different. This difference can be ac-
counted for if the magnetic rnornents of the two atoms on
the two sites are different. Since only one magnetic
reflection is observed for d spacings greater than 2 A, the
magnetic structure of A 15-Cr may have a high degree of
symmetry. If the magnetic structure is to retain the cu-
bic symmetry of the 215 atomic lattice, then magnetic
space group analysis can be used to show that only one
magnetic structure is possible. The cubic symmetry of
the magnetic structure (space group Pm 3n') requires that
Cr atoms on oxygen sites (open circles in Fig. 3) have
zero magnetic moment while the magnetic moments of
pairs of Cr atoms on Cr sites (solid circles in Fig. 3) are
nonzero and lie in opposing directions as shown by the
arrows in Fig. 3. Refinements of this model to the data,
using GSAS, indicate that the magnetic moment of a Cr
atom on a Cr site has magnitude (2. 5+0.2)p~. This
value is considerably larger than the value of 0.62p~
found in the literature for bulk (bcc) Cr, but is compara-
ble to the magnetic moments of Cr atoms in chromium
oxide, e.g., Cr02 (2.03@~ ) (Ref. 34) and Cr203
(3.73p~ ).

Noteworthy by its absence in the neutron-diffraction
patterns at all temperatures is the 100 bcc magnetic
reflection from the nanocrystalline sample. As dernon-
strated by the neutron measurements of the coarse-
grained sample, the 100 bcc reflection should have been
observed in the nanocrystalline sample if the bcc phase of
the sample was antiferromagnetically ordered. Since this
reAection was not observed, antiferromagnetism in the
bcc portion of the nanocrystalline sample is suppressed, if
it occurs at all, to below 20 K.

D. The magnetization and susceptibility of nanocrystalline Cr

Since Cr02 is ferromagnetic below 394 K, and chem-
ical analysis of the nanocrystalline sample detected
chromium oxide, CrOz may be responsible for the com-
ponent of the magnetization curve which saturates in ap-
plied magnetic fields greater than 10 Oe. By extrapolat-
ing the fit of the Curie-Weiss law in the high-field region
to zero field, the magnetization of the saturated portion
of the sample can be determined. The zero-field value
was consistently found to be 0.0018 emu (in units the raw
data were acquired) at all temperatures. From this value,
and using the literature values of the saturation magneti-
zation and density of CrO2 [490 emu/cm (Ref. 36) and
4.89 g/cm, respectively], the fraction of Cr02 in the
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sample is calculated to be 0.2 wt %. This fraction is con-
siderably less than the 6.9 wt % of chromium oxide in the
nanocrystalline sample reported by chemical analysis.
The difference in weight fractions might be accounted for
by a nonferromagnetic amorphous oxide phase, e.g.,
Cr203.

The molar magnetic susceptibility g of the nonfer-
romagnetic portion of the nanocrystalline sample, includ-
ing (although not necessarily exclusively so) the portion
of the sample contributing to the magnetic reAection, can
be calculated from the slope of the linear portion of the
magnetization curves in the region where 0) 10 Oe. In
this region, the ferromagnetic component is saturated so
it does not contribute to the differential magnetic suscep-
tibility. A plot of the inverse molar susceptibilities g
as a function of temperature is shown in Fig. 5. The in-
crease of y ' from 150 to 300 K is consistent with the
variation of y for a paramagnetic material and the con-
clusion from the neutron measurements that a portion of
the nanocrystalline material is paramagnetic when
T ~ 149 K, since no magnetic reAection was observed in
this temperature range. Fitting the Curie-Weiss law to
the increase of y, the effective magnetic moment p,& is
calculated to be (1.8+0.1)pz.

Since the SQUID magnetometer measures the magneti-
zation of the entire sample, the value of p,z represents a
weighted average of the magnetic moments of the
different phases in the sample. For example, the suscepti-
bility of a chromium oxide, e.g., Cr203 —an antifer-
romagnet below 340 K, might increase with increasing
temperature from 150 to 300 K (behavior typical of an
antiferromagnet). In the same temperature region, the
susceptibility of the nanometer-sized crystalline bcc and
A 15-Cr grains, which are both paramagnetic above 149
K (no magnetic reflection is observed in the neutron-
diffraction pattern), might exhibit a Curie-Weiss tempera-
ture dependence, i.e., a decrease in the susceptibility with
increasing temperature. The observed susceptibility of
the nanocrystalline sample would then be a weighted
average of the susceptibilities from an antiferromagnetic
chromium oxide and paramagnetic nanometer-sized crys-
talline Cr grains. If this scenario were correct, then the
temperature dependence of the susceptibility of
nanometer-sized crystalline Cr grains would be substan-

tially different from that of the coarse-grained material,
which does not exhibit Curie-Weiss temperature depen-
dence as a paramagnet.

If the nanocrystalline sample were composed of local-
ized magnetic moments, then p,z, which is proportional
to gV J(J+1), ' where g is the Lande splitting factor
and J is the total angular momentum of the magnetic
atom, would represent a significant increase of 290%
over the magnetic moment of antiferromagnetic Cr in the
bulk, po:0 62pg:&2p [which unlike p, s. is proportion-
al to gJ (Ref. 31)]. ' Since pure bcc-Cr is an itinerant
antiferromagnet, this comparison is inappropriate. How-
ever, the magnitude of p,& may be partly due to impuri-
ties in portions of the sample other than the bcc phase,
e.g., the 3 15-Cr or amorphous chromium oxide phases.
Impurities (presumably the 2 15-Cr phase, like P-W,
is stabilized by small quantities of oxygen) may alter the
magnetic behavior of Cr from that of an itinerant magnet
to that of a collection of localized moments such as found
in the chromium salts.

The deviation of y from a linear extrapolation of the
variation of y in the paramagnetic region, i.e, below
100 K, is an indication that magnetic correlations devel-

op in the material at low temperatures. The term "mag-
netic correlations" refers to spatially limited regions of
the sample which exhibit magnetic order for possibly
short periods of time. Evidence for magnetic correlations
at low temperatures is consistent with neutron-diffraction
evidence for antiferromagnetic ordering at 20 K in the
3 15-Cr portion of the nanocrystalline sample, since anti-
ferromagnetic order is one form of magnetic correlation.
If the magnetic correlations indicated by the susceptibili-
ty measurements are a consequence of antiferromagnetic
ordering, then the Neel temperature of the 215-Cr por-
tion of the nanocrystalline sample studied in the present
work can be tentatively given as 100 K. Not all samples
may exhibit the same T&. For example, if the depression
of T& to low temperatures is caused by small grain sizes,
strain, and/or impurities, then samples produced under
different conditions may exhibit different Neel tempera-
tures. In the future, the Neel temperature of 315-Cr
might be determined by observing the temperature
dependence of its magnetic reAection with neutron
diffraction between 20 and 149 K.
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FIG. 5. The variation of the inverse molar susceptibility y
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The suppression of antiferromagnetism in nanocrystal-
line bcc-Cr may be a consequence of the spatial limita-
tions imposed upon the crystalline grains by the high
density of grain or phase boundaries. This spatial limita-
tion may hinder the development in the material of mag-
netic correlations, which are necessary for magnetic or-
dering to occur. Alternatively, the severely deformed
state of the nanocrystalline sample may also hinder mag-
netic ordering, since strain in polycrystalline Cr can pro-
foundly change its magnetic structure. For example, the
bcc portion of the nanocrystalline sample is known to be
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severely strained, yet the mean lattice parameter of this
portion is also known to be the same as the coarse-
grained material; therefore, regions of the bcc material
must be locally expanded (lattice parameter larger than
the bulk) while other regions are locally contracted (lat-
tice parameter smaller than the bulk). Several theoretical
calculations have shown that 3d transition elements are
magnetic when they exist as free atoms, but can become
nonmagnetic when they form solid materials. The
suppression of the magnetic moments of even ferromag-
netic transition materials has been predicted when their
densities are increased from bulk values; therefore,
magnetism may be suppressed in regions of the nanocrys-
talline bcc-Cr material where its lattice parameter is lo-
cally smaller than the bulk material. Conversely, atoms
in regions of the material where the lattice parameter is
locally expanded may have magnetic moments yet are so
confined by the nonmagnetic regions that magnetic order
is suppressed. Since grain boundaries are typically re-
gions that are locally expanded, ' ' the magnetic mo-
ments of atoms in these regions may be enhanced com-
pared to the bulk yet their magnetic ordering may be
dificult in light of the fact that grain boundaries are spa-
tially limited [ —10 A thick (Refs. 40 and 41)] and have
reduced symmetry compared to the bulk. '"' If the
grain boundaries in the nanocrystalline sample are locally
expanded, then the interior of the nanocrystalline bcc-Cr
grains is expected to be somewhat more dense than the
bulk; consequently, the magnetic moments of atoms in
the grains might be reduced as found to be the case for
atoms in Cr clusters. '

Presumably, the 215-Cr portion of the sample is also
spatially limited and severely strained, so one is led to ask
the following: Why would this material be magnetically
ordered when the bcc phase is not? The answer may lie
in the nature of the magnetism in the two phases.
Whereas bcc-Cr is known to be an itinerant magnet, i.e.,
its magnetic properties are derived from its band struc-
ture, the magnetic properties of 3 15-Cr, which are not
known, may be better described by a collection of local-
ized magnetic moments that may be less affected by spa-
tial limitations or strain than those of an itinerant mag-
net. This hypothesis can be tested when pure samples of
nanocrystalline bcc-Cr and 3 15-Cr are obtained.

In 1972, Schmidt et al. observed superconductivity
in thin films of Cr deposited on a substrate with ion-beam
sputtering. The transition temperatures T, for supercon-
ductivity depended upon the ion species used in the
sputtering process. For example, T, was measured to be
1.52 K when a Xe ion beam was used to deposit the Cr,
while T, was 0.96 K for films deposited with a Kr ion
beam. The observation of superconductivity in Cr is
very unusual, since magnetically ordered metals do not
normally exhibit superconductivity. One explanation
for the observation is that the Xe and Kr incorporated
into their films during the deposition were actually the
superconducting component and not Cr. Interestingly,
Schmidt et al. determined with x-ray diffraction the crys-
tal structure of the Cr films to be bcc with a grain size of—12 nm. The grain size of their films is very similar to
the grain size of the nanocrystalline sample ( —11 nm)

studied in the present work, where antiferromagnetism
was suppressed in the bcc phase to at least 20 K. If anti-
ferromagnetism was also suppressed in the Cr thin films
of Schmidt et al. , then their observation of superconduc-
tivity in Cr may not be so surprising. Their observation
motivated a resistance measurement of the nanocrystal-
line sample studied in the present work and no supercon-
ductivity of the specimen was detected to 50 mK. The
lack of superconductivity in the present specimen may be
a consequence of its impurity content or perhaps the en-
tire specimen is magnetically ordered below 20 K, thus
preventing superconductivity. Clearly, purer samples are
required before the existence of superconductivity in
nanocrystalline Cr can be determined.

V. CONCLUSIONS

No evidence for antiferromagnetic ordering of
nanometer-sized-crystalline grains of bcc-Cr was ob-
served in neutron-diffraction data taken at temperatures
as low as 20 K. The suppression of antiferromagnetism
in bcc-Cr may result from spatial limitations imposed
upon the ultrafine grains which hinder the development
of magnetic correlations. Alternatively, magnetic order-
ing in the bcc portion of the sample may be hindered by
the severely deformed microstructures of the nanocrystal-
line material.

Antiferromagnetic ordering, however, was observed in
a portion of the nanocrystalline sample with the 215
structure of Cr at 20 K. The ordering phenomenon was
identified by noting the disappearance of a neutron
diffraction peak at d =3.257 A, corresponding to the 110
Bragg reAection from A 15-Cr, when the temperature of
the sample was raised above 20 K, and the absence of this
reAection at any temperature in the x-ray diffraction data.
The position of the peak is not consistent with the posi-
tions of magnetic rejections from bcc-Cr or antiferro-
magnetic chromium oxide phases, which in any case, are
not observed as crystalline phases.

Magnetization measurements suggest that a portion
(about 0.2 wt%) of the nanocrystalline sample is fer-
romagnetic at and below room temperature. The fer-
romagnetic material is likely to be amorphous Cr02,
since this material is known to be ferromagnetic in the
bulk below 394 K, chromium oxide was detected in the
nanocrystalline sample by chemical analysis, and amor-
phous material is suspected to be in the sample from the
intensity of the incoherent background to the x-ray and
neutron-diffraction patterns.

A significant deviation of the inverse molar susceptibil-
ity from a linear extrapolation of the values measured be-
tween 150 and 300 K, where most of the material appears
to be paramagnetic, suggests that magnetic correlations
develop in the nanocrystalline sample below 100 K in ad-
dition to the small ferromagnetic component that is ob-
served at all temperatures. This conclusion is consistent
with the neutron observation at 20 K of a magnetic
reAection indicating long-ranged magnetic order, which
is not seen at 149 or 300 K.
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