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Magnetic susceptibilities have been measured and 'V nuclear magnetic resonances have
been observed in a series of compounds (Vy_,Cry),05 and (V;4Al);0;3 (0=x=<0.04). The com-
pounds are of interest because of their metal-insulator transition in the composition and tem-
perature (4.2—900°K) range studied. The paramagnetic insulating phase is found to possess
a higher susceptibility than the metallic phase, a more positive 51V nuclear-resonance fre-
quency shift, and a reduced d-spin hyperfine coupling constant. The nuclear-resonance re-
laxation and linewidth are understood in terms of a metallic state with a high band suscep-
tibility and an insulating state with local paramagnetic moments. Anomalies observed pre-
viously in 5v frequency-shift-susceptibility relationships for pure V,0; are shown to result
from the gradual supercritical change from metalliclike to insulatinglike behavior of pure
V30;. A high degree of covalency in the insulating phase is implied by the frequency shifts of
%TAl nuclear resonances also observed in the samples containing Al.

I. INTRODUCTION

Metal-insulator (M-I)transitions in transition
metal oxides are sometimes, but not always, ac-
companied by magnetic ordering. Occurrence of
magnetic order or of localized magnetic moments
produces energy level shifts and symmetry changes
which may result in the conductivity transition. A
fundamental question is then whether the magnetic
ordering is the cause of the transition to insulating
behavior or vice versa.! In the present work, we
pursue the magnetic behavior in the M-I transitions
of the pure transition-metal compound V,0;%% and
in V,04 containing dilute amounts of Al and Cr.*
We look for evidence of the occurrence of local
magnetic moments, for the spin dynamics of the
metallic state, and for magnetic information differ-
entiating the metallic and insulating states. Fur-
ther, we look for possible precursors of the M-I
transition. ) )

The magnetic susceptibility of V,0; through the
region of the ~170 °K M-I transition was studied
by several investigators, *~1° who found a reduced
susceptibility below the transition temperature.
Although the behavior bore some resemblance to an
antiferromagnet, it differed from a classical anti-
ferromagnet in that there was a susceptibility dis-
continuity at the transition and a nonmonotonic
temperature dependence above the transition.
However, from NMR, !! M6ssbauer effect,? and
neutron diffraction'® measurements, it was finally
revealed that the low-temperature state was anti-
ferromagnetic. It was also shown that the crystal

transformed at the transition to a monoclinic struc-.

ture.
Anomalies were also found in the metallic state,
with a minimum in the high-temperature suscepti-
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bility, ¢8~1° an anomalously high paramagnetic
Curie-Weiss 6, % and a nuclear-resonance frequen-
cy shift that did not track the susceptibility.!® The
temperature at which these anomalies occurred
corresponded to that where weak electrical resis-
tivity and thermal expansion singularities had
previously been found. ¢

The V,;0; M-I transition has also been studied as
a function of pressure, !7 with the discovery that
pressures greater than 26 kbar suppress the in-
sulating state, leaving V,0; metallic to the lowest
temperatures. A search for local moments using
high-pressure NMR ¢ showed that there are ap-
parently no static moments in the metallic phase.
A strongly volume-dependent spin susceptiblity and

a d-spin *'V nuclear relaxation, some two orders
of magnitude faster than in vanadium metal, were
also deduced from the NMR measurements,

The source of the antiferromagnetic and M-I
transitions of V,0; is unfortunately obscured by the
accompanying structural transformation, since the
trigonal to monoclinic symmetry change may intro-
duce gaps in the electronic energy spectrum re-
sponsible both for the magnetic and electrical phe-
nomena,

An alternative means of studying the M-I transi-
tion without the complication of an accompanying
structural symmetry change has been offered by
V.0, containing Al and Cr.? The observation
that A1,0; and Cr,04 are insulating, while V,0,
(above 170 °K) is metallic, suggested that metallic
V;0; would be converted to an insulator by addition
of Cr or Al. Structural studies showed a sharp
drop in c¢/a of V,0; on addition of ~1% Al or Cr.”
Subsequently, it was shown that a transition to in-
sulating behavior occurred at the same time.* No
magnetic ordering or symmetry change accompanied
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FIG. 1. Phase diagram for (Vy4Cr,),0; produced from

crystallographic data[Ref. 4 and P. D. Dernier (private
communication)]. AF denotes antiferromagnetic, I insula-
tor, and M metal. Two-phase regions exist near the

M-I transition. The horizontal bars shown the regions
where M and I phases are found to coexist.

this transition. Phase diagrams were determined
for the metallic (M), paramagnetic insulating (I),
and antiferromagnetic insulating (AF) regimes, as
functions of temperature, pressure, and composi-
tion.'® The phase diagram determined crystallo-
graphically appears in Fig. 1. Susceptibilities were
measured for the samples containing Cr, 1% and it
was found that I-phase material had a larger sus-
ceptibility than M-phase material. Because of pos-
sible magnetic moments on the Cr sites in these
samples, however, it was difficult to partition
with certainty the portions of the susceptibility lo-
calized at the Cr atoms and those portions ascrib-
able to the V,0; host-matrix susceptibility. In the
present work we attempt to solve this problem by
studying V,0; doped with Al, where a transition to
insulating behavior occurs quite similarly,* but
where the impurity sites are assuredly nonmagnet-
ic. We shall also apply the study of 'V NMR to
give a local measurement of the vanadium-site
magnetic response in both Cr-doped and in Al-doped
samples. Preliminary results of this work were
reported in Ref. 22.

Some of the anomalies in undoped V,0; mentioned
above can be associated with a gradual return from
metal to insulator with increasing temperature in
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the 500 °K range. In fact, detailed studies of the
phase diagram19 showed that while at Cr concentra-
tions greater than ~0. 5% there is a first-order
phase transition to the high-temperature paramag-
netic I state, at lower Cr content there is only a
gradual change, characteristic of supercritical be-
havior, toward an I state. Thus, instead of undoped
V,0; returning abruptly to I-state behavior, the
change is gradual. Above 500 °K, however, the
resistivity, susceptibility, and lattice constants of
V,0; asymptotically approach those of the I-phase
(Cr-doped) materials which underwent first-order
phase transitions. We have extended NMR mea-
surements to temperatures as high as 900 °K in
order to traverse more completely the supercriti-
cal regime and to obtain microscopic evidence of
the accompanying change in electronic structure.

At the outset, we wish also to recall the other
vanadium oxides in which M-I transitions have been
reported. An earlier M-I transition reported in
VO was apparently caused by impurities of V,05 in
the sample.® NMR studies?® showed the 5V reso-
nance to be observable down to low temperatures,
proving that the majority of vanadium sites have no
static magnetic moments. Vanadium “monoxide”
exists over a wide range of composition, however,
and oxygen-rich samples were found to have higher,
Curie-like susceptibilities and higher semiconduc-
torlike resistivities than oxygen-poor samples.%*
The NMR linewidth and frequency-shift behavior
were interpreted in terms of the appearance of sev-
eral percent of vanadium local moments, which
apparently order at low temperatures in samples
which are x20% oxygen rich.

The role of magnetism in the 350 °K M-I transi-
tion of VO, is not yet clearly defined. Although
NMR measurements at®® 77 and!® 4. 2 °K show that
no magnetic long-range ordering occurs, and al-
though the susceptibility shows little temperature
dependence® and NMR frequency shifts show es-
sentially no temperature dependence down to He
temperature, ! there is a possibility of the existence
of localized moments bound in singlet pairs. Argu-
ments have been given that such pairing may exist
between moments on adjacent crystallographically
paired vanadium ions in the distorted rutile struc-
ture, %

M-I transitions and accompanying susceptibility
discontinuities® have also been observed in V;Oy,
V¢O,1, V4O,, and V40,5, but no evidence of magnetic
ordering has been found for these systems.

II. EXPERIMENTAL

The previously reported susceptibility measure-
ments on samples of V,0, containing up to 4% Cr
[(Vo.96 CTo.04)203) Were made on single crys-
tals prepared by a flux technique.* Since trace
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amounts of VN remained in these samples, giving
rise to VN 5V nuclear-resonance lines, it was
necessary, instead, to perform the nuclear-reso-
nance measurements on ceramic powder samples
which contained no nitride. The preparation of such
ceramic samples was described earlier.® The
compounds containing aluminum were also prepared
by the reported ceramic powder technique by re-
acting V,0; and Al,0;. For nuclear-resonance mea-
surements, in order to achieve rf field penetration,
the ceramic compacts were pulverized sufficiently
with an agate mortar and pestle to allow passage
through a 200-mesh screen.

Susceptibility measurements were made by a
force technique in an inhomogeneous magnetic field
using a Cahn microbalance.!® At temperatures
above 300 °K, the samples were sealed in quartz
tubes under argon,

NMR measurements in the temperature range up
to 500 °K were made with a commercial cw crossed-
coil induction apparatus operating at 16 MHz., Var-
iable temperatures were achieved with a blowing
N, gas temperature controller, with an accuracy
of +5 °K being obtained. An Al-free rf probe was
used in order to avoid the interference of 2’Al probe
signals with the desired 5'V sample resonances,
which lay in the same frequency range. Resonance
frequency shifts were measured relative to v
NMR in a NavO, solution, with 0.01% accuracy for
V30, and 0. 03% accuracy in doped samples. In the
temperature range from 300 to 1000 °K, NMR was
also observed using pulsed techniques. °V free-
induction decay signals were detected coherently
from samples sealed under vacuum in quartz vials.
Frequency shifts were measured to 0. 02% accuracy.
The high-temperature apparatus is described else-
where. 2

III. SUSCEPTIBILITY RESULTS

The magnetic susceptibilities reported earlier!®
for single crystals of V;0; and for (Vg geCrg.01)204
and (V,,46Cro.04)20s are shown in the upper half of
Fig. 2. In the bottom half of Fig. 2 are shown the
magnetic susceptibilities of ceramic (V,gAl;.01)203
and (V,97AL5,05):05. X-ray powder patterns of the
samples21 containing Al, as well as electrical
resistivity measurements, have shown that a very
similar phase diagram to that of Cr (Fig. 1) pre-
vails for (V,_AL),;0;. Thus, the (Vj g9Alg, o1)20; is
insulating and monoclinic at low temperatures, be-
comes metallic trigonal corundum at 180 °K, and
then transforms to insulating trigonal corundum
with decreased c/a ratio and increased volume be-
tween 275-425 °K.

A fit to a Curie-Weiss plus constant-term tem-
perature dependence was made for the Cr-doped
samples. ! In the I phase, p,q, lay between 2.3
and 3.0 pg, and 6 between 320 and 380 °K, in the
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composition range from (V; ¢oCrg.01):03 to
(V.50Cr0.20)2:03. The Al-doped sample susceptibili-
ties are similar to the Cr-doped results, but lie
slightly higher, and in the 1%-Al sample show a
more gradual transition from M-state to I-state
susceptibility behavior. The susceptibility of the
Al-doped samples is slightly greater than that of
the corresponding Cr-doped materials, and the
transition between M-phase and I-phase behavior

is also more gradual for the Al-doped than for the
Cr-doped samples. Unfortunately, Al-doped sam-
ples also show a more appreciable low-temperature
Curie term in the AF phase, somewhat similar to
that seen in V,0; samples containing excess oxy-
gen.?' Because of the unknown magnitude of this
term above the AF transition, no attempt was made
to analyticall, fit the Al-doped sample susceptibil-
ites.

In the Cr-doped materials it was not possible to
distinguish between the increase of x due to the host
material and increases due to possible localized
magnetization on the Cr sites as the material
switched from metal to insulator. It is now seen
that a comparable (actually slightly larger) increase
is occurring on passing to the I phase by addition

of Al. Since Al would not be expected to have a
3.0 T T T T T T T T
/(Vo.ss Cro.04)203
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FIG. 2. Magnetic susceptibility vs temperature for

V,03 and for Cr- and Al-containing V,05. The V504 and
samples containing Cr were single crystals with sus-
ceptibility parallel to the pseudohexagonal ¢ axis being
shown. (No anisotropy of the susceptibility was observed
for T>180°K.) The samples containing Al were ceramic
powder aggregates.
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FIG. 3. Slv frequency shifts vs temperature for V,04
and (V,995Cry.008)203. The three sets of data shown for
V,03 were made with three different samples while both
the cw and pulsed measurements were made on the same
(V.992CT.008)203 sample. The upper curve is associated
in the text with I phase and the lower curve with M phase.
Above 800 °K V,0; has become I-like.

localized magnetic moment, it is now clear that the
host V,0, susceptibility is raised by transition to
the I state, The spatial distribution of magnetiza-
tion is not yet determined, however.

IV. NMR RESULTS

The *'V nuclear resonance of V,0; as observed
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FIG. 4. Reciprocal free-induction-decay lifetime 1/T%
for 51V nuclear resonance in V,0; and (V9.992CTy. 008) 203
The values of 1/75 shown for the cw measurements
were taken from the peak-to-peak separation of the nu-
clear absorption derivative spectra using the relationship
expected for a Lorentzian line shape: 1/T§ =V3Av,,.
The generally higher values of 1/T% obtained in the cw
measurements apparently result from an inadequacy of
the Lorentzian description of the line shape. The line-
width maxima occur in the region intermediate between
M- and I-like behavior for V,0; and near the M-I phase
transition for (Vy, g95Cry,008)203.
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FIG. 5. 5V NMR absorption derivatives for
(V4.992CT0.008) 203 as a function of magnetic field at a
frequency of 16 MHz. Recorded noise is not reproduced
in these tracings. The absence of any signal at 159 °K
is caused by antiferromagnetism. Two absorption lines
are observed simultaneously at 218 and 237 °K, apparent-
ly from coexisting M-phase and I-phase regions of the
samples.

initially by Jones!! and then by Jesser and Silhou-
ette® had a temperature-dependent frequency shift
in the temperature range 175-550 °K. The de-
pendence of the shift in Jones’s work (although not
in the Jesser-Silhouette work) was a monotonic
Curie-Weiss behavior over the entire range. Below
175 °K the resonance disappeared, and this was cor-
rectly ascribed to the onset of antiferromagnet or-
der. The linewidths were observed to be indepen-
dent of temperature and magnetic field, and no evi-
dence was found for quadrupolar structure of the
line, admissible because of the noncubic symmetry
of the vanadium sites. The frequency shifts in V,0,
observed with the present samples are slightly more
positive than those of Jones and considerably more
positive than those of Jesser and Silhouette above
300 °K. As mentioned above, pulsed measurements
of the higher-temperature-region frequency shifts
were also made. Attempts to observe *'V nuclear-
spin echoes were not successful, apparently because
of a rapid spin-spin relaxation rate 7;!. This rate
was evidently of the same order of magnitude as the
linewidth or rate of dephasing, Ty -!. The frequency
shifts as obtained from plots of the free-induction
decay amplitude as a function of swept dc magnetic
field are also presented in Fig. 3.

Linewidths of the 'V NMR obtained by the cw
technique and the free-induction decay rate 75! are
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shown in Fig. 4. In making the plot, a Lorentzian
correspondence was made between the peak-to-peak
cw absorption derivative widths and T
(T3'=v37Av). The low-temperature cw linewidth
of 12 G agrees with that of Jesser and Slillhouette,9
but is narrower than the 16 G of Jones, =~ It is seen
that the linewidth passes through a maximum in the
600 °K range. It is also seen that in the range below
500 °K there is a slight temperature dependence of
the width. It is interesting that the peak, clearly
observable with the pulsed measurements, occurs
in the region of the supercritical transformation
from M-like to I-like characteristics.

Also shown in Figs. 3 and 4 are the frequency
shifts and linewidths for a sample containing 0. 8%
Cr [(V).092CTp.008)20s). Here the sample passed
through the first-order M-I phase transition as
temperature decreased, with the apparent tempera-
ture for the center of the transition ~250 °K, some-
what lower than observed by x rays in crushed
single-crystal material. A discontinuity in Knight
shift is observed at the M-I transition with coex-
istence of two resonance lines. (Figure 5 shows a
series of resonance line shapes observed in this
sample.) The resonance lines with the lower fre-
quency shift are associated with M-phase regions,
and those with higher frequency (more positive) with
I-phase regions. It is interesting to note that at
high temperature the frequency shifts of V,0, and
the I-phase (V;,492Cry.00s)20; beCome nearly equal.
A peak in the linewidth is observed in the transition
region. The discreteness of the two lines and their
simultaneous existence proves immediately the
discreteness of the M and I phases in the doped

sample. In contrast, the single line with unreduced
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FIG. 6. 'V NMR frequency shifts vs temperature for
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FIG. 7. %'V NMR frequency shifts vs temperature for
Al-doped V,03 based on cw measurements.

intensity observed in V,0; showed that only one
phase exists there. The peak in the linewidth of the
Cr-doped materials may at least partially be ex-
plained in terms of the simultaneous occurrence of
the two resonance lines, but that in the pure V,0;
may also involve fluctuation phenomena.

Samples with a number of other Cr dopings were
observed in the temperature range to 500 °K, and
their frequency shifts vs temperature are shown in
Fig. 6. It is observed in all cases that the frequency
shifts in the I phase are more positive than in M-
phase material at the same temperatures. As the
Cr content is increased, the transitions from M to
I are observed to occur at lower temperatures in
accordance with the slope of the M-I phase boundary
of Fig. 1. In the more concentrated samples
containing Cr, the metallic phase is completely
suppressed.

Measurements of the NMR of the same system of
compounds have been reported by Rubinstein®® with
similar results. There are several details, how-
ever, in which the present measurements differ.
The temperature region of coexistence of the M-
phase and I-phase NMR lines is found to be smaller
in the present work. Presumably the narrower
range of transition is a result of more homogeneous
composition of our samples. The extra lines due
to #’A1 NMR of the probe body are not seen in the
present work because of our use of an Al-free
probe. Absorption-mode, rather than dispersion-
mode, measurements were used here, permitting
more accurate linewidth measurements. The I~
phase frequency shifts at low temperatures in the
higher-concentration Cr samples lie below those
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(Vo.96A1p,00)203.

shifts of the Rubinstein work, although the reason
for this behavior is not yet clarified. Finally, sus-
ceptibilities were also measured for a number of
our samples.

The 5V nuclear resonances were also observed
in materials containing Al. Previous measurements
had shown that these compounds possessed a simi-
lar phase diagram to the Cr-doped V,0,, with quan-
tities of order 1% Al producing a transition to a
paramagnetic I phase.?! As before, no nuclear
resonance was observable in the AF phase. The
%1y frequency shift vs temperature behavior of
samples containing 1 and 3% Al is shown in Fig. 7.
Again, a resonance line with more positive fre-
quency shift appears in the I phase. In addition to
the *V lines, it was also possible to observe 27Al
nuclear resonance in these samples, and the fre-
quency shifts vs temperature for the Al1%” resonances
is seen in Fig. 8. The magnitude of these shifts is
nearly twice that observed for Al metal and is
noticeably temperature dependent. Unfortunately,
the #’Al resonance could only be observed in the I
state, due to the accidental fact that in the M-~phase
the stronger 'V response shifted to the same posi-
tion as the 2’Al and obscured the weaker 2’A1 NMR
line.

V. DISCUSSION

The observation of different susceptibilities and
of separate nuclear-resonance responses from
metal and insulating phases of our samples estab-
lishes that the two phases are distinct on a micro-
scopic scale. But the 5V frequency shift on transi-
tion to the insulating phase was initially surprising.
An increase in the spin paramagnetism, coupled to
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the nuclei by a negative d-spin core-polarization
hyperfine coupling constant, would have been ex-
pected to lead to a more negative frequency shift

in the I phase. In fact, however, the reverse was
observed. We shall argue that this implies that the
hyperfine coupling constant, as well as the suscep-
tibility, is changed in the M-I transition.

Figure 9 shows a plot of frequency shift vs sus-
ceptibility for four samples: V,03, (Vy, 40,CTg, 005)203,
(V0.66CT0,04)203, and (Vg g7Alp,05):05. The suscep-
tibility x(7) and frequency shift K(T) can be con-
sidered to consist of spin and orbital contribu-
tions3!;

X(T) = Xorn+ Xspln(T) + Xdia »

K(T) = Korb+ [H‘;:in(T)/A :U‘B]xspin(T) + Kdia .

Xorp 18 the Van Vleck paramagnetic susceptibility,
which should be substantially temperature indepen-
dent. Xg;.(7) is the spin paramagnetic suscepti-
bility associated with the 3d electrons, to which
we attribute the temperature dependence of the sus-
ceptibility., We expect 4s electrons to contribute
negligibly to the susceptibility. The diamagnetic
terms are also negligible. K, will be positive,
and is given by 2(7)x,,/A, while HY, is the hy-
perfine field (per Bohr magneton) of the 3d-spin
magnetization, arising predominantly from core-
polarization effects. X(T), Xy, and X, are sus-
ceptibilities per mole of V,0;, i.e., per 6,02 x 10%
V03 units, and A is Avogadro’s number. Jones
observed a linear relationship between K(7) and
X(T) in V,0, as the temperature varied in the range
from 175 to 300 °K. Using a calculated value of
HM =1395k0e/uy, the determined K, =+ 1.52%,
Xorb ~0.4 X 10” emu/mole, and H!, =-140 kOe/
ug. However, when the susceptibility was mea-
sured at higher temperatures, ®~1° it was found to

0.5
900 °K
950°K™q @ -saa_,
&
= 00f
z 300 °K
2]
N *
s \
H 5y
w o)
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FIG. 9. Plot of 5V NMR frequency shifts vs suscep-

tibility with temperature an implicit parameter. The
susceptibility values vs temperature are shown in Fig.2.
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stop decreasing and to pass a weak maximum,
whereas K(7T) continued to become monotonically
more positive. This resulted in the nonlinearity

of the points seen in Fig. 9. When I-phase materi-
als were examined, it was found that their fre-
quency shifts and susceptibilities were related still
differently. For (Vg g;Aly,03)205 and (Vg g6Crg,04)203,
the points lie higher. For unchanged ¥X,,, this
implies that the hyperfine coupling constant Hp,
is smaller in the I-phase than in the M-phase.

For the I-phase we estimate H2, ~-100 kOe/up,
which produces the more positive I-phase fre-
quency shifts, This compares with H" =-133kOe/
ug for V** in Al,0, as determined by EPR. % Be-
cause of scatter in the data points and residual un-
certainties in the magnetic susceptibility, however,
an accurate determination of H, in the I state is
not possible. The smaller hyperfine coupling also
resolves the anomalous dependence of K upon X ob-
served in pure V,03. The high-temperature in-
crease in K is caused by the gradual change toward
the I state as V,0; is heated, which produces an
attendant decrease in the hyperfine coupling con-
stant. Existence of two hyperfine coupling con-
stants in V,0; was recently proposed by Goodenough
who associated the two constants with two bands. %
At the highest temperatures, the points for V,0,4
nearly coincide with the ones for (Vi ¢92Crg.00s)20s,
confirming that the supercritical transformation

of V,0; to I behavior is essentially complete by
~800 °K. The deviation from a linear K-y rela-
tionship in the 0.8% Cr-doped and in the 4. 0% Cr-
doped sample in the low-temperature range sug-
gests a possible tendency toward some metallic
characteristics in these temperature ranges in the
samples containing Cr.

A possibility which we have not treated here, but
which would also produce a more positive frequency
shift in the I phase, is an increase in Van Vleck
temperature-independent orbital paramagnetism
on transition to the I state. We feel that this is
unlikely to have occurred, however, since the K-y
plot points at high temperatures in I-phase materi-
al extrapolate to a lower Van Vleck paramagnetism
than in the M phase. Furthermore, the fit to the
I-state bulk susceptibility also yields a lower tem-
perature-~independent term.

The 3d-spin hyperfine coupling constant is de-
pendent on several factors which are sensitive to
the phase of the sample. These are the degree of
covalency (increasing covalency would reduce the
coupling constant), the radius of the 3d wave func-
tions, the possible presence of 4s electrons in the
M phase, 3 and the presence of unquenched compo-
nents of orbital angular momentum. Since the to-
tal hyperfine coupling constant contains canceling
positive and negative contributions, changes in any
of these factors could produce a difference in coup-
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ling constant of the observed magntiude between the
two phases.

We next look for differences in the relaxation
processes in the M and I phases. These processes
should be quite sensitive to the degree of moment
localization of the phases. In the M phase there
are no static magnetic moments, while the I-phase
material apparently does have such moments. The
evidence for the local moments is primarily the
observed susceptibility, which for the I phase is
well described by a Curie-Weiss behavior. ! The
effective I-phase magneton numbers of 2.3-3.0 ug
are close in magnitude to the trivalent free-ion
value, while the observed Weiss temperatures of
320-380 °K are only moderately higher than the
value of 290 °K obtained for the Néel temperature
by extrapolation of the AF-phase data above the
AF-M transition.’® The deduced M-phase Weiss
temperature of 600 °K, on the other hand, re-
flects a lower and less temperature-dependent sus-
ceptibility. It suggests that the M-phase suscepti-
bility should be described from a narrow-band
temperature-dependent Pauli-paramagnetism point
of view, rather than a Curie-Weiss local moment
approach. This point of view was confirmed by
the high-pressure low-temperature NMR of V,0,4
which showed that there are no localized magnetic
moments in M-phase V;0;. Under these conditions
a Korringa-like nuclear spin-lattice relaxation rate
with 1/T, proportional to T would be expected from
the 3d bands of the M state. The expected relaxa-
tion can be written as®®

5B (B (1) (1)
Tl Tl core polarization Tl orb T1 s Tl dipolar

In view of the high d-state susceptibility, the s term
may be neglected,® and the dipolar term is also ex-
pected to be negligible in comparison to the first
two terms. In the absence of exchange enhance-
ment of the susceptibility, we expect the spin and
orbital terms in the M phase to be

1 4nkT (v, \?
i ALY
41kT _yﬂ)z 2 <H';'ﬂ )2
+— K opin) p
ﬁ <7’e win H:;in

where ¢ and p are reduction factors between 0 and

1 which may be anisotropic and which can be cal-
culated only when the symmetries and orbital de-
generacies of the Fermi-surface electrons are
specified.® If the susceptibility becomes so greatly
enhanced that the relative enhancement varies ap-
preciably between different wave-vector components
of the susceptibility, then further changes in the
expression for 1/T; occur. At 300 °K, with K,
=-1.8% and"
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the above expression gives 1/7,T=81. 2q + 647p.
An experimental rate 1/7,7T <50 sec™ °K ™! was
deduced from the 4. 2 °K high-pressure observa-
tions. The experimentally observed rate lies near
the low end of the allowable range and gives some
indication that p is small, requiring a low orbital
degeneracy at the Fermi energy. This spin-lattice
rate is also expected to produce an apparent dy-
namic spin-spin dephasing rate 7';' of the observed
transition, In fact, the observed 300 and 400 °K
TS ! are nearly an order of magnitude faster than
the predicted rate. This difference may arise
partly from the uncertainties of the 4.2 °K T, mea-
surements, partly from static sources of 75!, and
partly from uncertainties in our knowledge of the
quadrupolar structure of the line. [In a quadrupole-
broadened spectrum of a nuclear spinI, the T,
equilibration of the center of the spectrum will oc-
cur up to a factor (I+ 3)? faster than the T, equili-
bration of the entire spectrum. ]

The existence of localized moments in the I-
phase, inferred from the Curie-Weiss susceptibility,
should also produce relaxation of the nuclear reso-
nance. Since the I phase is paramagnetic, the mo-
ments will fluctuate in time, giving rise to fluctuat-
ing hyperfine fields, and thus nuclear relaxation.
Spins S, coupled to 5V nuclei by a hyperfine cou-
pling interaction AT -8 and fluctuating at a frequency
W, Will produce relaxation rates®%37

2
_1_:i_ = (V2m) <§> Séi"’ 1) .

Taking A/%i=1.4%10° sec™?, S=1,
We o= 3kT,/2W ZS(S+1)]'/2=1.1 x 108 sec™ ,
T,=290°K, and Z=6, we calculate
1/Ty=1/T,=3%10° sec™!.

This is close to the observed relaxation rate in
confirmation of the essential features of the local
moment model for the I state, i.e., a well-devel-
oped local moment with reduced hyperfine inter-
action in the I phase. The detailed agreement may
be a bit fortuitous, however, since itinerancy
limitation of the electronic-spin-state lifetimes
might decrease the calculated rate, while quad-
rupole broadening might increase the rate expected
for the central portion of the line. The observed
T}! may also be somewhat greater than T;! if there
are inhomogeneous broadening components of the
dephasing rate 75!, On balance, however, the
observed rates accord well with those expected
from paramagnetic local moments.
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At the transition between M and I phases, there
are two ways in which we might expect linewidth
and relaxation to be affected. Very near the solid-
solid critical point one should observe critical
broadening from critical fluctuations of the sus-
ceptibility and hyperfine field. We suspect that
in actual fact, stoichiometry inhomogeneities
smear the critical point sufficiently to obscure
such critical fluctuations. The inhomogeneities
lead in turn, however, to a second source of line-
width., This arises from the fact that the two
phases will coexist in different regions of the sam-
ple near the transition temperature. The nuclear
resonance then consists of superimposed responses
from the two phases with a resultant broadening.

In pure V,04, where the chemical homogeneity is
higher, the possibility exists that passage through
the supercritical region leads to narrowed, more
highly correlated bands, and a faster T,. Above
the supercritical region, exchange interactions
among the local moments produce a narrowing. Ex-
periments (e.g., echo, rather than free-induction
decay) which would distinguish 7, from 7, would
have been useful in this regard, but were unfortu-
nately not practicable because of the rapid T,
process and the short times which were involved.

Some comment should also be made on the con-
sistency between the present measurements and
the earlier pressure-dependence measurements'®
on V;0;. Pressure converted the material contain-
ing Cr from I to M phase while addition of Cr con-
verted V,0; from M to I phase. The equivalence
factor was — 3.6 kKbar/(% Cr).!" The %V frequency
shifts in pure V,0; were strongly pressure sensi-
tive with dK/dp= (+ 0. 009 +0. 005)%/kbar. The
pressure, producing the same M-I transition tem-
perature change as 0.8% Cr, would then lead to a
+0. 03% frequency shift (always remaining in the
M state). This frequency shift is only on the limits
of observability and thus is consistent with the ob-
served lack of any systematic composition depen-
dence of the °'V frequency shift in the M state.

Turning to the 2A1 NMR, we note that some in-
formation on the covalent distribution of spin in the
I phase of (V,_Al),0; may be obtained from the
ZTA1 frequency shifts. Whereas the Al-metal shift
of 27Al is +0.16%, the shift in (V gsAly.04).05 Varied
from +0. 29 to + 0.38%. Under the assumption that
the 27Al hyperfine coupling constant to unpaired Al
electrons is the same in the V,0; host as in Al
metal, we may calculate that the magnetization per
Al atom localized on the Al atom is ()., ~0.04(wy,
where (u)y is the magnetization per vanadium atom.
(This is based on®® x*2*1 =17 x10"® emu/mole for
Al metal.) If, infact, the 2Al hyperfine coupling
constant is smaller (p-like), the magnetization per
Al atom in V,0; must be still greater. A measure
of the covalency implied by this Al moment mea-
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surement is obtained by comparison with the super-
transferred hyperfine interaction observed at 2'Al
nuclei in Al,0,; doped with 3d transition elements.
Data for V3* doping does not exist, but in Fe¥**, a
supertransferred hyperfine coupling constant

a7, ) pede=3-3 % 10® sec™! was obtained by ENDOR. %
An Al impurity in V,04 is surrounded by one near-
est- and three next-nearest-neighbor vanadium
atoms. If the coupling of the ®’Al to these four
neighbors were additive and equal, a coupling constant
@204 y.y3+= 11.8 X 10° sec™! would produce the ob-
served #’Al frequency shifts. This is nearly four
times the ENDOR value observed for 2’A1-Fe?*
coupling. Together with the value for the local po-
larization at the Al site, it indicates that the cov-
alency in V,0; is indeed of an unusually large mag-
nitude. Since the I-state material is near the in-
stability of carrier formation, it is presumably a
poor insulator with rather broadened bands and
appreciable transfer integrals, all of which may
result from enhanced covalency. A more complete
characterization of the covalency awaits study of
the transferred hyperfine interaction at the oxygen
sites.

Finally, some comment may be made on the mag-
nitude of the saturation sublattice magnetic mo-
ments observed in the antiferromagnetic state by
neutron diffraction.!* Whereas the spin moment
expected for S=1 with quenched orbital angular mo-
mentum is 2 uyper V3* jon, the observed value is
only 1,2 pp Severalmechanisms could produce
this V** ion moment reduction, A filled covalent
bonding band with no spontaneous magnetic moment
and a localized band with 1 p; per V* ion could be
formed from the two available 3d electrons. This
would reduce the moment to 1 py per vanadium ion
from the magnetized band and a small induced mo-
ment from the nonmagnetized band.? Alternatively,
the reduction could be produced by formation of
singlet spin-pair states by one electron per ion, 2
the remaining electron again contributing 1 K5 per
jon. However, it is also possible that the moment
reduction is the result of itinerant antiferromag-
netism or of covalency with a cancellation of cova-
lently transferred magnetic moment occurring on
either V¥ or 0% sites. The requirement in order
to explain the entive V3* moment reduction by can-
cellation on the O*" sites is the covalent transfer of
(2.0-1. 2) py of magnetization from each V¥ site
and the resultant occurrence simultaneously of
$(2.0-1,2) pp of upanddown magnetization on each
0% site. Some indication of the actual covalent
transfer to the O® might be obtained from study of
the paramagnetic state. At temperatures above
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the Néel temperature, the time-average field-in-
duced spin polarizations will be parallel on all
vanadium sites, and the average covalently trans-
ferred spin polarizations on the oxygen sites will

be additive. The average O?" site polarization will
then be exactly % of the spin polarization transferred
away from the vanadium site. Thus, a 40% transfer
of the V¥* spin polarization (required for reduction
of the AF moment from 2 to 1.2 uz) would require
an O%- site susceptibility of 0.27 times the total ob-
served paramagnetic state susceptibility. This
may be compared with our local Al-site suscepti-
bility of 0. 04 times the total susceptibility. An
alternate explanation of the reduced moments would
involve unquenched components of orbital angular
momentum, This is difficult to calculate without
knowledge of the energy levels of V¥, which in

turn are difficult to obtain because of changes in the
energy levels introduced by magnetic ordering and
the monoclinic distortion. The g value in the
ground-state spin triplet (g, =1.915) of V3* in%?
Al,0; is insufficiently small to produce the observed
small saturation moment, however, and it seems
quite possible that a significant portion of the re-
duction is caused by covalent spin transfer.

VI. CONCLUSIONS

The I phase which is gradually attained with in-
creasing temperature in V,0; and which is abruptly
reached on Al or Cr additions is distinct in several
ways. In addition to the lattice constant and resis~
tivity differences from the M phase, it is now found
to be characterized by higher susceptiblity of the
host and to have a reduced *'V d-spin hyperfine
coupling constant. The most consistent explanation
of our results comes from a nonmagnetized band
description of the metal and a localized moment
picture of the insulator. The metallic bands have
a high susceptibility (~10 times that of V metal)
while there is a high degree of covalency in the I
state. Anomalous nuclear-resonance frequency-
shift behavior observed in earlier work on pure
V,0; is shown to be a result of the gradual change
to I-state behavior in high-temperature V,0,.
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The elastic constants of Cu-(0.23 at. %)Au, Cu-(2.8 at.%)Au, and Cu-(10.0 at.%)Au have
been experimentally measured over the temperature range 300-4.2°K. The elastic
constants at 0 °K have been fitted with the Neighbors-Smith model for shear elastic constants

of dilute monovalent-metal alloys.

INTRODUCTION

Cohesion in a metal crystal is especially compli-
cated by the influence of the electron sea. As a
result, the elastic constants of metal single crys-
tals are difficult to relate to atomic theory, except
for a few special cases. Fuchs,' for instance, has

proposed a theory of elastic constants for monova-
lent metals which gives rather good agreement with
experimental data for the alkali metals and the noble
metals.?”® This model deals with shear strains,
which do not affect the atomic volume of the Wigner-
Seitz cell surrounding each metal ion. As a result
the shear elastic constants c’=3(c,, - ¢;5) and cyy



