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Spin glass behavior in a single crystal of chromite
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ABSTRACT

Elastic neutron scattering experiments on a single crystal of chromite (Fe;:sMgq )1 00
(Cry6,Al, 3), 050, from room temperature down to 2.4 K showed no crystallographic tran-
sition (cubic to tetragonal), in contrast to previous studies on synthetic polycrystalline iron
chromite and synthetic magnesium chromite. Although no long-range magnetic order was
observed down to 2.4 K, there was a diffuse peak showing short-range magnetic order
(with a correlation length, £, ranging from ~10 to ~18 A between 2.4 and 45 K), which
vanished at ~50 K. The propagation vector, 7, parallel to [110] had a magnitude of ~0.106
A~ Results of ac and dc susceptibility experiments indicated spin glass behavior as shown
by irreversibility in the low-temperature magnetization and a sharp cusp in the suscepti-
bility, whose maximum corresponded to a freezing temperature 7, ~ 32.3 K. Increasing
the frequency of the ac driving field from 100 Hz to | kHz at low temperatures caused an
upward shift in the maximum susceptibility temperature by 2 K. A modified magnetic
phase diagram for the normal spinel system is presented.

SPINEL STRUCTURE

On account of the large number of representatives that
crystallize with a spinel structure and their inclination to
form extensive solid solution series, spinels are the best
known ternary compounds besides perovskites. The spi-
nels usually have the formula 4B,X,, where A4 is a diva-
lent cation, B is a trivalent cation, and X is a divalent
anion. The face-centered cubic spinel structure, shown in
Figure 1a, has a large unit cell (@ ~ 8 A). Metal ions are
located in interstitial positions of a cubic closest-packed
array of anions. The two types of available interstices are
referred to as the tetrahedral or A sites and the octahedral
or B sites. Of the 64 interstices coordinated by four O~
ions in the closest packing, eight tetrahedral interstices
are occupied. Sixteen of the 32 interstices coordinated by
six O~ 1ons are occupied. When the A sites are occupied
by divalent cations and the B sites are occupied by tri-
valent cations, the structure is referred to as a normal
spinel. When the A sites are occupied by trivalent cations
and the B sites are occupied by a random arrangement of
divalent and trivalent cations, the structure is referred to
as an inverse spinel. An intermediate arrangement called
mixed spinel structure is also possible.

A number of effects determine the distribution of the
metal ions between the tetrahedral and octahedral sites.
Since the A sites are smaller than the B sites, smaller ions,
which typically have a higher charge, tend to occupy the
tetrahedral sites. However, the Madelung energy becomes
more favorable when trivalent cations occupy the octa-
hedral sites, where they are coordinated by a large num-
ber of anions. Also, some cations prefer certain sites on
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account of their electronic configurations. For example,
Zn>* and Ga** ions with a d'° configuration form par-
tially covalent bonds in the tetrahedral interstices, and
the energy of ions with a d* (Cr*+) or a d® (Ni*>*) config-
uration in octahedral interstices is substantially lowered
by crystal field effects (Calhoun, 1970). Since so many
effects are involved, the site occupancy of any cation
generally is determined by the other cations present in
the spinel.

Chromite is one of the commonest representative sub-
groups of spinels with the formula 4B,X,, among which
are eight oxides, seven sulfides, four selenides, one tel-
luride, and over 100 series of solid solutions. Because of
the strong preference of Cr3+ for octahedral sites, simple
chromite has a normal spinel structure. The substitution
of other cations for Cr in a solid solution series is quite
extensive so long as the following criteria are fulfilled:
atoms replacing each other must be of similar size (ionic
or metallic radit), have the same average charge or charge
compensation by coupled substitution, and have a simi-
lar mechanism of chemical bonding.

DiSCUSSION OF MODIFIED PHASE DIAGRAM

Poole and Farach (1982) developed a qualitative mag-
netic phase diagram for the spinel group in terms of their
respective magnetic cation concentrations in both the tet-
rahedral (C,) and octahedral sites (Cy). The single-crystal
chromite in this study is the first chromite sample in the
composition range that does not fall on the edge of the
phase diagram and is the first sample to provide experi-
mental evidence that is consistent with the spin glass re-
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gion in the magnetic phase diagram of Poole and Farach.
The neutron scattering study and susceptibility measure-
ments of this work provide the first evidence of spin glass
behavior in chromite. No previous study has conclusively
shown spin glass behavior of chromite.

A spin glass is a collection of magnetic dipole moments
in a frozen disordered state. The orientations of the mag-
netic dipole moments in a spin glass are spatially random,
as in a paramagnet, but unlike a paramagnet the orien-
tations are retained for a long period of time. In order to
produce such a state with random spatial spin orienta-
tions, the interactions must exhibit some randomness. In
canonical spin glasses—dilute alloys of transition metals
in noble metal hosts—the randomness occurs because the
number of the magnetic atoms in the host is below the
percolation limit (i.e., the interactions are not continuous
throughout the entire medium). The exchange interaction
of the spin with its neighbors can change sign with dis-
tance, favoring either parallel or antiparallel alignment of
spins. Because the distances between the spins in a spin
glass are random, a given spin is subject to interactions
of both signs (+ for ferromagnetic, — for antiferromag-
netic). In general, no particular spin alignment is favored
and the spins are said to be frustrated.

We can cite several experimental phenomena charac-
terizing the spin glass state below 77, such as a frozen in
magnetic moment, g; a lack of long range spatial order;
and magnetic relaxation on long time scales upon chang-
ing the applied magnetic field. Although the average mag-
netization vanishes in a spin glass, as in the case of a
paramagnet, the local spontaneous magnetization is non-
zero at a given structure site. The cusp in the curve of
susceptibility vs. temperature of a spin glass suggests a
second-order phase transition between the paramagnetic
state (disordered in both space and time) and the spin
glass state, characterized by nonvanishing permanent lo-
cal spontaneous magnetizations.

According to Moorjani and Coey (1984), these canon-
ical spin glasses have the following characteristic mag-
netic properties. At the freezing temperature 7, a sharp
cusp appears in the low-field (<10 Oe) ac susceptibility,
the temperature of which increases with increasing fre-
quency. This peak becomes further broadened in ac or dc
fields of only a few hundred Oersteds. The susceptibility
of the spin glass is roughly '/, that of the ferromagnet.
The magnetization of the sample cooled in the absence
of an applied magnetic field (zfc) depends on its thermal
history. Irreversible behavior dependent on a hysteresis
effect occurs near T, where there is a sudden loss of ro-
tational freedom when the magnetic dipole moments be-
come frozen. There is a discontinuity at 7 of the tem-
perature derivative of the magnetization measured in
small fields. The remanence (i.e., the field remaining after
the applied field approaches zero) decays linearly wth time,
¢, proportional to In ¢, or proportional to -7 where n ~
10. The paramagnetic Curie temperature may be extrap-
olated from susceptibility data well above 7, and proves
to be finite, close to zero, and either positive or negative.
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Fig. 1. (a) Unit cell of spinel in which the atoms are shown
for two octants. The large shaded spheres represent O ions, the
small black spheres are ions in the octahedral (B) sites, and the
small white spheres are ions in the tetrahedral (A) sites. (b) Pro-
jection of atoms onto the (100) face of the unit cell. The small
white spheres represent A sites % above (a) or ' below (b) the
plane of the figure. The face-centered array of O atoms is shown
by the large shaded circles.

Many magnetic properties, such as 7;and the magnitude
of the remanence, vary with the concentration of the di-
lute magnetic impurities. The magnetic specific heat ex-
hibits a broad maximum at temperatures exceeding 7 by
~20%, and its peak becomes progressively broadened with
increasing applied magnetic field. For T < T} the mag-
netic specific heat varies approximately linearly with the
temperature. Such characteristics in a material are strong
evidence for spin glass behavior.

Very few reports of spin glass behavior in minerals ex-
ist, and they all are from silicates. Ballet et al. (1985)
observed spin glass behavior in the phyllosilicate min-
nesotaite. This was based on the irreversibility of low-
field susceptibility measurements at low temperatures
when cooled in the presence and absence of an applied
magnetic field. But the neutron diffraction and Moss-
bauer spectroscopy studies of Townsend et al. (1985)
showed that the overall magnetic structure of minneso-
taite is antiferromagnetic. The spin glass behavior in the
tetragonal 4,X;-type oxide, braunite, was established by
the neutron diffraction experiments of Wurmbach et al.
(1981) and the susceptibility measurements of Westerholt
et al. (1986).

Poole and Farach (1982) proposed a qualitative mag-
netic phase diagram for the normal spinel system based
on exchange interactions between nearest neighbor cat-
ions of various types. Spinels with magnetically occupied
A sites and nonmagnetically occupied B sites, as well as
spinels with magnetically occupied B sites and nonmag-
netically occupied A sites, tend to order antiferromag-
netically due to negative exchange interactions. Spinels
in which both the A and B sites are magnetically occupied
tend to order ferrimagnetically. Spin glass ordering can
occur along the Cy axis but not along the C, axis, because
the B site is frustrated, although the A site is not. This is
why the spin glass region of the phase diagram intersects
the Cy axis and not the C, axis.

Unfortunately, the only experimental evidence cited by
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Fig. 2. Modified magnetic phase diagram for normal spinels
showing the position of the single-crystal chromite in the spin
glass region. C, and C; are the respective magnetic cation con-
centrations of the A and the B sites. P = paramagnetic; AF =
antiferromagnetic; Fi = ferrimagnetic; and SG = spin glass. The
ferrimagnets in the nonborder region are not chromite.

Poole and Farach (1982) that supported their phase dia-
gram was spinels whose compositions lie on three of the
four corners. A more thorough literature search and new
evidence provided by the experiments of this work have
made possible an improved modification of the magnetic
phase diagram for the normal spinel system, shown in
Figure 2. The magnetic orderings cited in Table 1 refer
to the ground state of the spinels at low temperatures.
Although the cations of the Ti-substituted system
(Schindler et al., 1970) cited in Table 1 have mixed struc-
ture, these ferrimagnets have been included in Figure 2
because of the lack of data for spinels whose composi-
tions do not lie along the border of the phase diagram.
Because the spin glass region for natural chromite is
determined by the proper combination of Mg2* substi-
tuting for Fe?* in the A sites and Al** substituting for
Cr3* in the B sites, there should be specific and limited
natural conditions under which such crystallization takes
place. Consequently, spin glass behavior in chromite could
in the future prove to be a diagnostic tool for the recog-
nition of specific geological environments, such as distin-
guishing among mantle chromite from differing sources.

HELIMAGNETISM IN CHROMITE

Kaplan et al. (1961) investigated the ground state of
tetragonally distorted spinels in the region of exchange
parameter space defined by nearest neighbor 48 and BB
interactions. They described the ground state of these spi-
nels in terms of an antiferromagnetic spiral that had an
appreciably lower energy than that predicted by the Ya-
fet-Kittel model (Menyuk et al., 1962; Kaplan, 1960).
Upon passing from one atom to the next along the crys-
tallographic direction in which the spiral develops, the
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direction of the atomic magnetic moment rotates by a
small fixed angle, leading to a modulation of the peri-
odicity, with the long period of the spiral superimposed
onto the crystal lattice parameter (Kaplan et al., 1961).
Results of a neutron diffraction experiment of Hastings
and Corliss (1962) on the normal spinel MnCr,O, were
in good qualitative accord with the model of Kaplan et
al. (1961). The neutron scattering experiments of Shirane
et al. (1964) and Bacchella and Pinot (1964) on powdered
samples of FeCr,O, and a neutron diffraction study on
polycrystalline MgCr,O, by Plumier (1967) have further
substantiated the validity of the spiral model.

In these neutron diffraction studies of synthetic iron
chromite and synthetic magnesium chromite, a splitting
of the nuclear peaks implied that the polycrystalline sam-
ples had undergone a crystallographic distortion from cu-
bic to tetragonal (c/a < 1) around 135 and 10.7 K, re-
spectively. Several satellite peaks on the flank of the
normal Bragg reflection were observed and were inter-
preted as an incommensurate modulation of the period-
icity. Both the synthetic iron chromite and the synthetic
magnesium chromite showed long-range magnetic order.

NEUTRON DIFFRACTION

The idea of the present neutron scattering experiment
on the mixed chromite was to improve the signal to noise
ratio by using a single crystal and to compare our data
with the results of previous neutron diffraction experi-
ments. Specific objectives of the neutron diffraction study
were as follows: (1) to observe the cubic to tetragonal
crystallographic distortion, should it occur, and then
measure the ratio ¢/a; (2) to locate short-range magnetic
peaks incommensurate with the periodicity of the struc-
ture, and, if they occur, determine the direction and mag-
nitude of the propagation vector r; (3) to determine the
nature of the magnetic ordering of the sample (i.e., ferro-
magnetic, antiferromagnetic, paramagnetic, or spin glass).

The sample used in this experiment was a chromite
octahedron found near Hangha, Sierra Leone (Smithson-
ian Institution, catalogue no. 139963). This crystal, which
is one of the largest chromite octahedra in the world, has
the largest dimension, ~18.8 mm (mass = 6.64 g and the
measured density is 4.51 g/cm?). A CuKa X-ray powder
diffraction pattern was used to determine the lattice pa-
rameter at room temperature to be 8.266 = 0.001 A. Its
approximate composition of (Mg,_,Fe )(Cr,_ Al,),O,,
where x = 0.38, was determined by electron microprobe
analysis. More exactly, the composition determined from
analysis carried out on a polished surface of a separated
octahedron vertex was (Mgg s 0F€3%,6Mnga5) (Cro 601~
Al ;,,Fes,,),0,. Furthermore, zoning is common in min-
erals, and this composition may not be uniform through-
out the chromite octahedron. This experiment is the first
to study single-crystal chromite in this composition range
by neutron diffraction. Since its composition of mixed Fe
and Mg is an intermediate composition of chromite sam-
ples studied by Shirane et al. (1964) and Plumier (1967),
with some Al substituting for Cr in the octahedral sites,
a cubic to tetragonal crystallographic transition was an-
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TasLE 1. Magnetic cation distribution of some normal spinel oxides and their respective types of magnetic ordering

Composition Ca Ce Order Toraer (K) Reference

Fe038MGo 62 (Cro 62Alg 35):04 0.38 0.62 SG T, ~ 323 this study

MgAl,O, 0 0 P von Waldner, 1962;
Stahl-Brada and Low, 1959.

ZnAlLLO, 0 0 P Schindler et al., 1970;
Miyadai and Okada, 1970.

Mg, sNig sALO, 0.5 0 P Tellier and Lensen, 1966;
Lotgering, 1962.

MgCr,O, 0 1 AF T.=15 Plumier, 1968.

ZnCr,0, 0 1 AF Tw=15 Kino and L{thi, 1971;
McGuire et al., 1952.

CoAlO, 1 0 AF T.=4 Greenwald et al., 1954.

FeAl,O, 1 1] AF T.=95 Lotgering, 1962.

MnCr,0, 1 1 Fi T.=43 Dwight et al., 1966,
Hastings and Corliss, 1962;
Edwards, 1959.

FeCr,0, 1 1 Fi T.=82 Bacchella and Pinot, 1964;
Shirane et al., 1964.

CoCr,0, 1 1 Fi T=197 Menyuk et al., 1964;
Plumier, 1967;
McGuire et al., 1952.

CuCr,0, 1 1 Fi T.=135 Prince, 1957.

Mny ¢Li 4Fe,0, 0.6 1 Fi T. ~ 648 McGuire and Ferebee, 1963.

Cu,,Zn,,Fe,0, 0.3 1 Fi 7. =353 Smolenskij, 1951.

(Nig 4ZNg 575C02 5:)0(CO% Fe34s5)0, 0.43 0.998 Fi T. = 465 Marais et al., 1975.

(Mg, .,Mn, ,Fe, ;6)Mg, .M, 1sFe, ,,0, 0.89 0.68 Fi 7. = 660 Murthy et al., 1970.

Zn,Co,sFe, 0, 0.4 1 Fi T. =379 Rezlescu and Instrate, 1971.

Zn, ,sNi; ,sFe,0, 0.25 1 Fi T.=375 Murthy et al., 1970.

Nij 675C0q 02sMN, s FE3 3 AL, O, 1 0.85 Fi T.=733 Pippin and Hogan, 1959.

NiMn, o,Fe, Al ,O, 1 0.35 Fi 7.=733 Pippin and Hogan, 1959.

NiMn, .,Fe, sAl, ,0, 1 0.4 Fi 7.=353 Pippin and Hogan, 1959.

NiMN, .Fe; 2sAl 750, 1 0.625 Fi T. =548 Pippin and Hogan, 1959.

NiMN, o,Fe, 35Al 650, 1 0.675 Fi 7. =583 Pippin and Hogan, 1959.

NiMn, o.Fe, sAly O, 1 0.75 Fi 7. =648 Pippin and Hogan, 1959.

NiMn, o.Fe, 6Al ,0, 1 0.8 Fi T, = 693 Pippin and Hogan, 1959.

NiMn, ..Fe, A, .0, 1 0.9 Fi T.=773 Pippin and Hogan, 1959.

NiFe, ,;Al, ,50, 1 0.25 Fl T, = 567 Gorter, 1954.

NiOFe,O, 1 1 Fi T, = 863 Went et al., 1952.

(NiO), §(Zn0), ,Fe,0, 0.8 1 Fi T. =763 Went et al., 1952,

(NiO), 6(Zn0), ,Fe,0, 0.6 1 Fi T. =633 Went et al., 1952,

(NiO), ,(Zn0O), ;Fe,0, 0.4 1 Fi 7. =463 Went et al., 1952,

(NiO), 5(Zn0), ,Fe, 0, 0.3 1 Fi 7. = 363 Went et al., 1952,

NiOFe, Al sO, 1 0.25 Fi T.= 150 Maxwell and Pickart, 1953.

NiOFeAlO, 1 0.5 Fi T. =422 Maxwell and Pickart, 1953.

NiOFe, ;Al, 0, 1 0.75 Fi T. = 656 Maxwell and Pickart, 1953.

MnFe, Ga, .0, 1 0.3 Fi T.= 198 Lensen, 1959.

MnFeGaO, 1 0.5 Fi T.=331 Lensen, 1959.

MnFe, ,Ga, 0, 1 0.7 Fi T.= 433 Lensen, 1959,

MnFe, (Ga, 0, 1 0.8 Fi T.=473 Lensen, 1959.

MnFe, ,Ga,,0, 1 0.9 Fi T.=533 Lensen, 1959.

Cu, FeAl, ;0, 1 0.25 Fi T. = 296 Lenglet, 1969.

CoFe,,Ga, 0, 1 0.2 Fi T.= 186 Lensen, 1960.

CuFeGaO, 1 0.5 Fi T. = 409 Lenglet and Tellier, 1968.

CuFe,,Ga, ,0, 1 0.4 Fi 7.=310 Obi, 1974.

CuFe, Ga, ,0, 1 0.3 Fi T, = 204 Obi, 1974.

Fe?* (Fe3:Ga, )0, 1 0.2 Fi T, = 206 Lensen, 1960.

Ni, ;FeTiy O, 1 0.75 Fi T, = 566 Gorter, 1954.

NiZn, ;FeTi, sO, 0.5 0.75 Fi T, = 498 Gorter, 1954.

(Mg, oF €3 5)(Fe31aMGy 6.)O. 0.82 0.59 Fi T. = 648 Tellier and Lensen, 1966.

(M@, o Fe3 s NFel ;Mg 3 Tio )0, 0.73 0.535 Fi T, = 558 Tellier and Lensen, 1966.

(Mg ssFed s FedteMGo s, Tio 2)O, 0.64 0.48 Fi T, =483 Tellier and Lensen, 1966.

(MQo . Fed e (FedtMGo s Tio 5)0, 0.56 0.42 Fi T. = 407 Tellier and Lensen, 1966.

(Mg, s, Fed 1) (Fed? MG 5o Tio 4)O, 0.49 0.355 Fi T.= 319 Tellier and Lensen, 1966.

(Mg, 5, Fe3 s Fedt, Mgy ea Tios)O. 0.43 0.285 Fi T, = 203 Tellier and Lensen, 1966.

Note: AF = antiferromagnetic; Fi = ferrimagnetic; P = paramagnetic; SG = spin glass.

ticipated. Hence, the sample was packed in Al foil to
allow for the stress should such a transition occur, and
the specimen was cooled slowly.

The elastic neutron scattering experiment was per-
formed at the High Flux Isotope Reactor at Oak Ridge
National Laboratory using neutrons with energy of 14.8

meV (A = 2.35 A). Neutron diffraction data were gathered
from room temperature down to the minimum (10 K) of
the Displex refrigerator. Then liquid He was added to the
cryostat, and, by pumping to reduce the pressure, the
temperature was lowered to 2.4 K. No splitting of the
Bragg peaks was observed down to 2.4 K, and hence the
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Fig. 3. The diffuse neutron magnetic peak of the Sierra
Leone chromite sample at 1.38, 1.38, 0. The contours represent
intensity.

cubic to tetragonal distortion that occurs in FeCr,0, and
MgCr,0, did not occur. An incommensurate diffuse mag-
netic peak was found along the [110] direction at recip-
rocal lattice units ~1.38, 1.38, 0 and ~2.62, 2.62, 0. A
contour plot of the grid scan data shows the shape of this
magnetic satellite peak at 10 K (Fig. 3), which has a cor-
relation length of about 10 A along [001] and about 18
A along the [110] direction. As a result of the face-cen-
tered cubic crystal structure, the correlation length is larg-
er along the [110] direction because the magnetic ions are
closer together (see Fig. 1b) and have stronger interac-
tions along [110].

Figure 4 shows the data of the longitudinal magnetic
satellite peak at 1.38, 1.38, 0 as a function of temperature,
which has been fitted to a fourth-order polynomial for
data 10-40 K and to a line at 50 K. Higher order Bragg
peaks corresponding to the nuclear crystal structure have
been deleted, leaving only the diffuse magnetic peaks. As
the temperature increased from 10 to 45 K, the intensity
decreased linearly, while the full width at half maximum
(FWHM) broadened from ~0.8 to ~ 1.2 reciprocal lattice
units (rlu). The correlation length, &, changed from ~ 10
A at 10 K to ~7 A at 45 K. The values of the intensity
and the FWHM of the diffuse magnetic peak were deter-
mined by data fitting to a Lorentzian distribution by the
method of least squares. At 50 K the intensity of the
diffuse peak had diminished to the background level, in-
dicating that short-range magnetic order had completely
vanished. The propagation vector, 7, for the spin system
had a magnitude of ~0.106 A-! parallel to the [110] di-
rection. In contrast to the studies of polycrystalline syn-
thetic FeCr,0, and synthetic MgCr,0O,, no long-range
magnetic order was observed at 2.4 K, and the slope of
the FWHM vs. temperature curve (Fig. 5) gives no

SEVERANCE ET AL.: SPIN GLASS BEHAVIOR

2000 T T —r

| ® 10K
g ® 0K
Al +

E, " 50K

14 1.2 13 14 1.5 1.6
110 (rlu)

Fig. 4. The intensity of the diffuse magnetic peak as a func-
tion of temperature from 10 to 50 K along the [110] direction.

indication that the sample orders above absolute zero.
The other magnetic peaks that had been found in poly-
crystalline samples of synthetic FeCr,0O, and synthetic
MgCr,0, around the (111) and (010) Bragg reflections
were not observed in the mixed chromite single crystal.

Di1SCUSSION OF THE NEUTRON DIFFRACTION
EXPERIMENT

Lyons and Kaplan (1960) have shown that the classical
ground state of a tetragonally distorted spinel should be
a magnetic spiral structure. This state is lower than the
ground state obtained by the Yafet-Kittel model, and the
Yafet-Kittel triangular configuration is never the ground
state for cubic spinels (Kaplan, 1960).

According to the model of Hastings and Corliss (1962),
for spins that belong to a given sublattice, the directions
of the spins lie on a cone with a fixed half-angle. The
axial components of spins are constant on the sublattice,
and the transverse components of these same spins rotate
in discrete steps under translation along the propagation
direction to equivalent sites in other unit cells. Each sub-
lattice is characterized by a particular cone angle, «, and
a particular phase angle for the rotation of the transverse
component. The axes of cones corresponding to different
sublattices are always parallel, but they do not necessarily
coincide with the direction of the propagation of the spi-
ral. Figure 6a is a schematic illustration of a magnetic
spiral. Figure 6b shows spin vector x lying on a cone with
half-angle «. The scattering vector for a given reflection
is x, whereas 7 denotes the propagation vector for the
transverse component of the spin system. The ~yth spin
in the nth unit cell is given by Equation 1.

— i . ,
———2exp(i2n7r-1, Jei

S,., = |Sy| sin av[ul 3

+ complex conjugate:|
+ i4,;]S, | cos a,. 1)

The phase angle of the «yth spin in the unit cell is ¢, the
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Fig. 5. The full width at half maximum (FWHM) vs. tem-
perature curve of 1.38, 1.38, 0 transverse data. In order for long-
range magnetic order to occur, the FWHM in A-! must ap-
proach zero so that the correlation length may tend to infinity.
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position vector isr,, and the angle between the scattering
vector and the cone axis is 6.

The incommensurate satellite reflections along the
flanks of the strong fundamental reflections were ob-
served at r away from the reciprocal lattice point {2, 2,
0}, where 7 = +4[110] with § = 0.62 rlu, as shown in
Figure 7. Funahashi et al. (1987) observed a similar sat-
ellite peak in the synthetic helimagnet CoCrO, at  away
from the fundamental reflections, where = = +6[110] with
0 = 0.63. For the sake of clarity, to remain consistent
with the expression defining the magnetic spiral structure
{e?=r), and for the purpose of comparing our observed
magnitude of = to the magnitudes of 7 from chromite in
previous studies, the explicit calculation of 7 is as follows:

Y
a

where the lattice parameter a = 8.266 A
l7] = 0.106 A, )

The calculated magnitude of the propagation vector, |7],
is 0.106 A-!, and it lies along the [110] direction in the
single-crystal chromite. This value is larger than the re-
spective values of 0.037 and 0.063 A-' observed by Bac-
chella and Pinot (1964) and by Shirane et al. (1964) for
FeCr,0, along the same direction. The reciprocal of |7|
is the wavelength of the modulation (A = 7! = 9.43 A).
The wavelength of the modulation is larger than the lat-
tice parameter by a factor of 1.14.

A plot of the full width at half maximum (FWHM) in
reciprocal lattice units vs. temperature in Kelvin is shown
in Figure 5. Clearly, the slope of the line cannot intersect
the x axis above absolute zero. This means that the sam-
ple will not order above 0 K, and that the sample is either
a paramagnet or a spin glass. The elastic scattering ex-
periment cannot distinguish a paramagnet from a spin
glass. Consequently, susceptibility measurements were
conducted and the results are discussed below.
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Fig. 6. (a) Magnetic spiral arrangement. (b) The spin vector

u lies on a cone of half-angle «. Note that the propagation vector
7 does not coincide with the symmetry axis of the cone.

MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Three types of magnetometer systems were used in this
study. The magnetization as a function of applied mag-
netic field at 4 K was measured using a vibrating sample
magnetometer (VSM) technique (Foner, 1959). We have
used a standard mutual inductance technique (Hartshorn,
1925) for the ac susceptibility measurements at frequen-
cies of 100 Hz and 1 kHz. A Magnetic Property Mea-
surement System superconducting quantum-interference
device (SQUID) magnetometer was used for the magneti-
zation measurements in very low fields. All of these mea-
surements were made on the equipment of the Solid State
Division at Oak Ridge National Laboratory.

The purpose of the susceptibility experiments was to
differentiate between spin glass and paramagnetic behav-
ior. If the sample were a paramagnet, the plot of the sus-
ceptibility vs. temperature would not show a peak or cusp
and the plot of the inverse susceptibility as a function of
temperature would be linear (Kittel, 1986). One charac-
teristic of spin glass behavior (Moorjani and Coey, 1984)
is the junction in the susceptibility vs. temperature curves
when the sample is field cooled (fc) compared with when
it is cooled in the absence of a magnetic field (zfc). All of
the susceptibility measurements in this work were made
along the {111] direction. Notice that in Figure 8 the
plot of the magnetization as a function of temperature
has the same shape as the susceptibility curve (Fig. 9) and
exhibits two curves of characteristically different shapes,
corresponding to fc and zfc. The deviation in fc and zfc
magnetization curves marks the onset of relaxation pro-
cesses. The temperature corresponding to the maximum
of the curve in Figure 8 at about 30 K is called the freez-
ing temperature, 7, the temperature below which the
magnetic dipole moments of the material are locked into
their random positions. This temperature, approximately
30 K, is slightly lower than the freezing temperatures de-
fined by the susceptibility maxima in the ac susceptibility
measurements. The maximum of the magnetization
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cooled in an applied magnetic field of 100 Oe corresponds
to a magnetic moment of ~2 x 10-5 u, pfu.

Irreversibility of the magnetization as a function of the
applied external magnetic field is also a common phe-
nomenon in spin glasses that does not occur in ferri- or
ferromagnets. Figure 10 shows a plot of M vs. H at 4 K.
The deviation in the magnetization upon completion of
the hysteresis loop or remanence is ~0.2 Oe. Such rema-
nent magnetization is consistent with the expected be-
havior of a spin glass.

Another important characteristic of a spin glass is the
shift in 7, toward a higher temperature with an increase
in the frequency in the ac driving field during suscepti-
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Fig. 8. The magnetic moment as a function of temperature
after cooling in a 100-Oe applied magnetic field (FC) and after
cooling in the absence of an applied magnetic field (ZFC).
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Fig. 9. Shift in the freezing temperature from 7, = 32.3 K (v
= 100 Hz) to T, = 34.3 K (v = |1 kHz).

bility measurements (Moorjani and Coey, 1984). Plots of
x (v) as a function of temperature at frequencies of ~100
Hz and ~1 kHz are shown in Figure 9. The upper curve
shows ac susceptibility as a function of temperature at a
frequency of 100 Hz. The lower plot shows ac suscepti-
bility as a function of temperature at a frequency of 1
kHz. Both of the ac susceptibility maxima were deter-
mined by fits to a fourth-order polynomial. Notice that
increasing the driving frequency of the ac driving field
from 100 Hz to | kHz shifts the maxima in the suscep-
tibility from ~32.3 to ~34.3 K.

Westerholt et al. (1986) observed that ac driving fields
between 0.1 and 10 Oe had no noticeable effect on x, in
their study of braunite. So a constant ac field of about 3.5
Oe was used throughout these measurements, with the

- % ) ] ] x 1 * ] | L) L] L. -
1.50 |- -
. 100 .
= [ 3
0.50 =
0.00 LU=
0 5 10 15 20 25 30 35
H (kOe)
Fig. 10. Irreversibility in the magnetic behavior of the Sierra

Leone chromite sample at 4 K.
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mutual inductance bridge apparatus previously de-
scribed. The freezing temperature, T}, of the ac suscepti-
bility curve shifted upward by approximately 2 K when
the frequency was increased by one order of magnitude.
This corresponds to

AT
- = (0.077.
T(Alog,ov)
CONCLUSIONS

The anticipated cubic to tetragonal crystallographic
distortion observed in other polycrystalline synthetic
chromite never occurred for the single-crystal chromite
of mixed cation composition. A diffuse peak showing
short-range magnetic order was observed on the flanks of
an atomic Bragg peak. The periodicity of this magnetic
peak is incommensurate with that of the lattice sites, and
the wavelength of the modulation is larger than the lattice
parameter by a factor of 1.14. The magnitude of the prop-
agation vector r is ~0.105 A—!, and r is parallel to the
[110] direction. The correlation length of this short-range
magnetic order ranged from ~10 to ~18 A in the tem-
perature range of 2.4-45 K and vanished at ~50 K.

The lack of long-range magnetic order as determined
by neutron diffraction eliminated the possibility that the
sample was an antiferromagnet, implying that the chro-
mite was either a paramagnet or a spin glass. The sharp
cusp in the dc susceptibility as a function of temperature
curve ruled out the possibility of paramagnetism. Fur-
thermore, the trreversibility in the magnetization, along
with the frequency dependence of the ac susceptibility,
support the occurrence of spin glass behavior in the sin-
gle-crystal chromite from Sierra Leone.
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