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It is shown that the insulating oxide Fe2TiO& exhibits anisotropic (uniaxial) spin-glass
behavior below 55 K. Extensive experimental results supporting this conclusion, in-
cluding principal magnetic susceptibility, neutron scattering, ultrasonic, specific heat,
and oriented single-crystal Mossbauer measurements, are described.

We report here on a comprehensive series of In Fig. 1 we present the results of low-field
investigations of the structural and magnetic principal magnetic susceptibility measurements.
properties of the insulating oxide Fe,TiO, . Our These were obtained with use of a magnetic sus-
results lead us to conclude that this undiluted ceptometer in an alternating magnetic field of 30
compound containing only one type of magnetic Qe at 1100 Hz. Other measurements, carried out
ion exhibits anisotropic spin-glass behavior be- in fields of 20-100 Oe at 300-2000 Hz, yielded
low 55 K. We believe this to be the first observa- similar results. The temperature was varied at
tion of such behavior and, since large crystals about 3 K/min. No hysteresis or relaxation ef-
of Fe,TiO, can be readily grown, we expect that
this compound will be an ideal candidate for such
studies as spin dynamics and critical behavior in
spin-glasses. In particular, we note that there
is the possibility of studying the angular depen-
dence of spin-glass behavipr.

Fe,TiO, has been reported' to have an orthor-
hombic structure (Cmcm) with Fe" and Ti" ions
filling (8f) and (4c) sites, respectively. Powder
Mossbauer spectra' at 4 and 50 K exhibited hyper-
fine splitting, with rather broad linewidths. As
we succeeded in growing single crystals of this
compound, we were able to carry out a series of
comprehensive studies on both single-crystal and FIG. 1. Low-field principal magnetic susceptibilities
powder specimens. parallel to a, 6, and c crystallographic axes.



VOLUME 4$, NUMBER 11 PHYSICAL REVIEW LETTERS 10 SEPTEMBER 1979

5—
I—

*(Fe203)

CU QON CUO O O
cU O
PJ W
O w

4
CY

CY

3CQ
CL O

0

2 o $

(b) - 22 t&
o o

'a ta
d

D

~~0

N
C) D

O

g 4—

~ 5—
Ud

(a) 295 K

10 20

d

30 40

Og

SCATTERING ANGLE, 28, (deg)

FIG. 2. Neutron diffraction scattering data recorded
at (a) 295 and (b) 22 K.

feets were observed. We see from Fig. 1 that
the magnetic susceptibility is strikingly aniso-
tropie at low temperatures. The c-axis suscepti-
bility X, exhibits a broad anomaly centered at T,
= 55 K, somewhat similar to that found in the
parallel susceptibility of antif erromagnets. How-
ever, the other susceptibilities, X„and X„have
no anomaly at this or any other temperature in
the measured region. Both exhibit smooth, para
magneticlike behavior both above and below To.
We know of no other magnetic material whose
principal susceptibilities exhibit such behavior.
High-field vibrating-sample magnetometer meas-
urements (not shown), recorded in fields of 5 to
10 kOe, yielded qualitatively similar results, ex-
cept that the X, low-field peak was significantly
reduced and this susceptibility was essentially
constant for T ~T,.

In an attempt to study directly the behavior Qf

the Fe' spins in Fe,TiQ„powder neutron-dif-
fraction measurements were carried out at sev-
eral temperatures between 4.2 and 300 K. Some
of Our results are shown in Fig. 2. ¹ indication
of long-range magnetic ordering tsas found. How-
ever, analysis of the 295-K pattern showed con-
clusively that the Fe" and Ti" ions axe essen-
tiaDy randomly distributed on the (Sf) and (4c)
sites, in disagreement with the reported crystal-
lographic structure. ' This is best established
from the intensity of the (112)peak in Fig. 2. If
the Fe3' and Ti4+ iona were in erystallographical-
ly distinct sites, this reflection would have one-
half the total intensity of the (002} plus (020$ re-
flections. For random Occupation, on the other
hand, this peak vrould be essentially Eexo, as ob-
served.

Since the onset of long-range magnetic ordex ing
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can also be detected by anomalies in the elastic
constants, 4 we carried out ultrasonic measure-
ments at 30 and 150 MHz for 30&T &80 K. Our
results are shown in Fig. 3. No anomaly is ob-
served in the velocity longitudinal sound waves
propagating parallel to the c axis. For longituc, ,i-
nal waves propagating perpendicular to this axis,
the temperature dependence of the velocity is
again essentially smooth, although there is pos-
sibly a very slight softening in the vicinity of Tp.
Note that the resolution of this latter measure-
ment is significantly higher than that of the form-
er one, being better than 1 ppm.

We also measured the specific heat of a pow-
der specimen of Fe,TiO, for 35&T&80 K, with a
resolution of + O.l Jjmol K. No peak or other
anomalous behavior was observed. Thus in nei-
ther neutron-diffraction, elastic, or speeific-
heat measurements do we find any evidence of
long-range magnetic order in FeTiO, below 55 K.

Examples of hyperfine splitting without long-
range magnetic order have been reported previ-
ously, e.g. , by Kurth and Both' in CsMnFeF, and
by Wiedenmann' in FeMgBe04. However, no
anisotropic behavior of the susceptibility was re-
ported for either of these compounds. We regard
this behavior as the essential new feature in our
work and, in order to confirm the uniaxial dis-

FIG. 3. Temperature dependence of the acoustic ve-
locity for longitudinal waves propagating perpendicular
(upper half, 150 MHz) and parallel (lower half, 30 MHz)
to the c crysta11ographic axis. The lines through the
data points are a guide to the eye.
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FIG. 4. Mossbauer spectra of single crystals oriented
para11e1 and perpendicu1ar to the c crysta11ographic
RKls.
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tribution of the Fe" spins below T, indicated by
the susceptibility data, Mossbauer studies on
mosaics of oriented single-crystal platelets were
carried out. In these experiments the crystallo-
graphic c axis was aligned either parallel or per-
pendicular to the direction of the y radiation.
Typical results are shown in Fig. 4. For T)T,
we obtain a single quadrupolar-split doublet,
whose isomer shift and splitting are typical of
high-spin Fe". Since the diffraction data show
that Fe" ions are located on two sites which, as
a consequence of the random occupation, have
varying crystallographic environments, it is
clear that the electric field gradient is not sensi-
tive to this variation. For T &T„we observe
hyperfine splitting with rather broad absorption
lines, indicating a distribution of hyperfine fields.
The main feature of these spectra, however, is
that the bm =0 lines are markedly suppressed for

d' tion parallel to the e axis, while they are
dominant when the y radiation is perpendicular to
this axis. . romFr m the selection rule associated
with this transition, it immediately follows that
th h rfine fields at each site (which are co-
axial with the spin orientation) are all essentia y
aligned with this axis. It folloaus that the Fe '
s ins, for T( T0, all lie along the crystallograph
ic c axis, even though no long-range order exists.
No indication of any relaxation effects was ob-
served in any of the Mossbauer spectra.

An interes ing aspet t aspect of the neutron diffraction
data is the presence, even at 295 K i.e. , wwell
above To), of a broad diffuse background in the
pattern (see Fig. 2). This is characteristic of
short-range magnetic correlations and indicates
that significant short-range order persiststs at
temperatures 5 to 10 times greater than T,. It
follows that at least some of the Fe"-Fe"ex-
change bonds in Fe,TiO, are surprisingly strong
for a material exhibiting no long-range order and
also explains why the effective magnetic moment

p ff as calculated from the 100 & T & 300 K sus-
ceptibility data, is much lower than the theore-
ical value, 5.92@,B, expected for isolated Fe"
ions with S= &. We verified this conclusion by
carrying out high-temperatur e susceptibility
measurements, which showed that Fe,TiO, ex-
hibits true Curie-Weiss behavior (with p, ff ap-
proaching the free-ion value) only at tempera-

b ve 650 K. The paramagnetic Curie tem-tures a ove
0( &1000 Kpererature extrapolated from the 650 (T&1

data is 0 = —960 K. Thus strong antiferromag-
th ofne ic ont' b ds are clearly present. The streng

the well-these bonds is of course substantiated by e we
developed diffuse background peak in the neutron
scattering data, Fig. 2. This peak increases in
intensity with decreasing temperature down to
about 40 K, below which it is essentially tempera-
ture independent. Only at high temperatures (T) 650 K) do the short-range correlations responsi-
ble for non-Curie-Weiss behavior and the diffuse
peak disappear.

All our data are consistent with the conclusion
that Fe,TiO„below T& =To 55 K, is in an aniso-
tropic spin-glass state. As our high-temperature
susceptibility results show that the dominant
interaction mechanism in this compound is anti-
ferromagnetic exchange, the question arises as
to why Fe,TiO, freezes into such a state instead
of ordering antiferromagnetical y.1 For the case
of dilute alloys, it is believed that spin-glass
behavior is a consequence of competition between
ferromagne ic ant' a d antiferromagnetic interactions. '
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In fact, it is precisely such a competition which
underlies the well-known Edwards-Anderson
model' of the spin-glass state. However, the
more or less balanced positive and negative inter-
actions intrinsic to this model are not likely to
be found in magnetic insulators. Thus it is much
more probable that frustration' rather than com-
peting interactions is the essential key to under-
standing why a spin-glass phase occurs in Fe,TiO, .

An examination of the unit cell and atomic site
parameters of Fe,TiO, reveals that the (8f) and

(4c) sites form an array of interconnected trian-
gles. As the very strong antiferromagnetic inter-
actions in Fe,TiO, are certainly due to short-
range exchange, it is clear that the random occu-
pation of 3 of there sites by nonmagnetic ions re-
sults in these exchange interactions having a ran-
dom aspect. Recently Villain' has shown how

various models for insulating magnetic materials
having random features can be transformed into
the Edwards-Anderson model, even when the
interactions are predominantly or even all anti-
ferromagnetic. However, Fe,TiO, does not seem
to be described by any of these models. In par-
ticular, this material does not appear to be quasi
one dimensional, but rather two dimensional,
with interlocking sets of zig-zag chains along the
a and c axis. Thus, although we have been able
to obtain, with a modified Edwards-Anderson
model, theoretical susceptibilities that are in

qualitative agreement with our experimental data,
it is clear that further analysis will be required
to understand the mechanisms responsible for the
anisotropic spin-glass behavior of Fe,TiO, .
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It is shown that electron tunneling in mechanically contacted high-speed submicron
junction occurs in the presence of tens of kilobars of local stress. The observations are

made under highly controlled conditions. Sharp tunneling resonances originating from
a band-structure effect related to Ni ferromagnetism are observed and their stress and
magnetic shifts studied.

High-speed metal-oxide-metal junctions of the
type employed in harmonic-frequency mixing and
frequency measurements in the infrared" form
a class of electron tunneling junctions with novel
physical properties. The high-speed performance
requires a low junction capacitance. This in turn
dictates a small junction area —our high-speed
junctions have measured dimensions in the sub-
micron range. Such junctions differ in several
important respects from the tunneling junctions

previously studied. These differences are as fol-
lows:

(a) The potential barrier in a low-impedance
(below several hundred ohms) submicron junction
is very thin (less than 7 or 8 A thick).

(b) An abnormal barrier having a very low bar-
rier height as well as a low barrier thickness can
become detectable and cause a readily measur-
able tens-of-ohms impedance in a submicron junc-
tion. The same barrier in a large-area junction
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