A978 J.

To summarize the present situation: attenuation
experiments for keV photons are in reasonable agree-
ment with each other. The accuracy of the measure-
ments can be improved by at least one order of magni-
tude without undue difficulties. The theoretical for-
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mulas agree well with the trend of experimental data,
but are not too reliable for exact prediction. The
procedure of Hall'® leads to values which are too high
by 59 for low values of Z and too high by 359, for high
values of Z.

NUMBER 3A 1 FEBRUARY 1965

Contributions to the V! Nuclear Magnetic Resonance Frequency Shift
and Susceptibility in Vanadium Sesquioxide

E. D. JonEs
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 18 August 1964)

The V® NMR frequency shift (Av/») in metallic V203 has been measured in the temperature range of
175 to 575°K the frequency shift at these two temperatures being —0.61%, and +40.19%, respectively.
Various contributions to the frequency shift and magnetic susceptibility are determined by constructing a
(Av/v)-versus-x diagram. The d-band spin susceptibility X is found to obey a Curie-Weiss law down to the
transition temperature of about 160°K. A large temperature-independent orbital susceptibility is found to
be Xyy=>1.52%,. From the temperature dependence of X4(7") and the corresponding frequency shift (A»/»)4,
a negative hyperfine field of H4"~~—140 kOe/Bohr magneton, resulting from core polarization, a tempera-
ture-dependent orbital hyperfine field, and a dipolar hyperfine field, is found. With decreasing temperature
the V51 NMR signal abruptly disappears at the transition temperature, suggesting that V.0; undergoes
antiferromagnetic ordering for temperatures less than 160°K. Contributions to the V¥ NMR linewidth are

discussed.

I. INTRODUCTION

HE series of compounds Ti;O3, V203, Cry03, and
a-Fe;03 have the same crystal structure as Al,O;
(corundum). The electrical and magnetic properties of
these compounds, however, are markedly different. Two
of them, Cr;0; and a-FesOs, are antiferromagnetic and
highly resistive. The two remaining compounds, Ti,0;
and V03, also undergo a phase transition as evidenced
by peaks in the measured specific heat! and magnetic
susceptibility? curves, but the susceptibility curve does
not exhibit typical antiferromagnetic behavior. In addi-
tion, Ti,03 and V.03 undergo a metallic to semicon-
ductor transition,® with decreasing temperature, at
their respective transition temperatures.

Pearson* and Morin®:5 have proposed that the phase
transition for Ti,0; and V,0; is associated with a
change from a paramagnetic state to an antiferromag-
netic state and this antiferromagnetic phase transition
could account for the electrical properties of these com-
pounds. Goodenough® suggests that below the transi-
tion temperature, a strong cation-cation interaction
will lead to direct bond formation between the cations
along the trigonal axis and hence the phase transition is

1 J. Jaffray and R. Lyand, J. Rech. Center Natl. Rech. Sci.,
Lab. Bellevue (Paris) 5, 360 (1953-54).

2P. H. Carr and S. Foner J. Appl. Phys. Suppl. 31, 344S (1960).

3F. J. Morin, Phys. Rev, Letters 3, 34 (1959).

4A.D. Pearson Phys. Chem. SohdsS 316 (1958).

5 F. J. Morin, Bell System Tech. J. 37, 1047 (1958).

6 J. B. Goodenough, Magnetism and the Chemical Bond (Inter-
science Publishers, Inc., New York, 1963).

not the result of an antiferromagnetic transition. Re-
cently Adler and Feinleib” have suggested that the
metallic-semiconductor transition is a result of an
energy gap in the d band arising from a crystalline dis-
tortion due to the crystallographic transformation to
lower symmetry (rhombohedral to monoclinic). Their
analysis for this mechanism does not rule out antiferro-
magnetic ordering for Ti;O3; and V.03, but that anti-
ferromagnetism need not be associated with the elec-
trical properties of these solids. To date, there has been
no experimental confirmation of magnetic ordering in
V20s;, although antiferromagnetic ordering has been
established for Tiy03.5:°

Paramagnetic susceptibility measurements’:11 on
V30; have shown that the susceptibility obeys a Curie-
Weiss law. However, there is a wide variation in these
results concerning the value of the effective number of
Bohr magnetons per vanadium atom. For example, st
is found to lie in the range of 2.63 to 3.48 Bohr magne-
tons per vanadium atom. The discrepancy between
these measurements has been attributed to the use of
nonstoichiometric samples of V,0;. However, in the
analysis of the susceptibility data there was no correc-

7D. Adler and J. Feinleib, Phys. Rev. Letters 12, 700 (1964).

8 S. C. Abrahams, Phys. Rev. 130, 2230 (1963).

9 B. I. AI’Shin and D. N. Astrov, Zh. Eksperim. i Teor. Fiz. 44,
1195 (1963) [English transl.: Soviet Phys—JETP 17, 809
(1?“62).]j. MacMillan, Laboratory for Insulation Research, MIT,
Tech. Rept 172, 1963 (unpublished).

1 K. Kosuge, T. Takada, and S. Kachi, J. Phys. Soc. Japan 18,
318 (1963).
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tion made for the contribution of Van Vleck paramag-
netism to the total magnetic susceptibility.
Nuclear-magnetic resonance (NMR) in solids is a
convenient method for studying their electrical and
magnetic properties. The present investigation is con-
cerned primarily with the V5 NMR as a method for
studying the paramagnetic properties of metallic V,0s.
The contributions to the susceptibility by Van Vleck
and d-band spin paramagnetism are obtained by study-
ing the V3 NMR frequency shift as a function of sus-
ceptibility.? In addition, the V%' NMR was followed
through the transition temperature of about 160°K and
the experimental observations are shown to be con-
sistent with magnetic ordering in V,0; below 160°K.

II. EXPERIMENTAL

Single crystals of V3,03 were obtained from the Linde
Air Products Company. The crystals were determined
by mass analysis to be within 0.19 of the stoichiometric
composition. Susceptibility measurements'® were per-
formed on the V.03 single crystals. In order to allow
complete penetration of the rf magnetic field in metallic
V,0s, the single crystals were subsequently ground into
a powder and passed through a # 400 mesh screen.

The V5 NMR was observed using an induction spec-
trometer and a conventional 12-in. electromagnet.
Sample temperatures between 80 and 575°K were ob-
tained by use of a Varian V-4540 variable temperature
control unit. The V58 NMR frequency-shift measure-
ments were made at a fixed frequency of 16 Mc/sec and
measuring the magnetic field for which resonance occurs
with a NaVOj; reference solution. A typical room tem-
perature V3! NMR spectrum is shown in Fig. 1. The
Al resonance is due to the aluminum in the NMR probe.
The peak-to-peak linewidth of the V5! NMR is approxi-
mately 16 G and was found te be independent of mag-
netic field strength. In the temperature range for which
the V3 NMR was observed, there was no discernible
indication of anisotropic or quadrupolar interactions
contributing to the line shape.

III. CONTRIBUTIONS TO THE SUSCEPTIBILITY AND
V& NMR FREQUENCY SHIFT IN V,0;

1. Susceptibility

The two principle contributions to the susceptibility
are the temperature dependent d-band spin paramag-
netism X4(7) and the temperature-independent orbital
paramagnetism Xy which is the analog in metals of the
Van Vleck paramagnetic susceptibility.™ The s electrons

2 This technique was first fully utilized by A. M. Clogston,
A. C. Gossard, V. Jaccarino, and Y. Yafet, Phys. Rev. Letters

9, 262 (1962). See also A. M. Clogston and V. Jaccarino, Phys. -

Rev. 121, 779 (1961).

13 The author is indebted to R. C. Sherwood for performing the
susceptibility measurements.

4 R. Kubo and Y. Obata, J. Phys. Soc. Japan 11, 547 (1956).
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Fic. 1. A room temperature tracing of the Vi1 NMR
absorption derivative in powdered V,0s.

do not contribute to the electrical and magnetic proper-
ties of V,0j3 since they are considered to be localized on
the oxygen atoms.® The total susceptibility of V.0;
also includes a diamagnetic term X4i,, to which the ion
cores contribute. For temperature 7', the total sus-
ceptibility x(7') is given by

X(T)=X4(T)+Xyv+Xaia. (1)

An estimate of X4ia is now given since the remaining
terms are obtained from the graphical procedure to be
discussed.

Xaia: The estimated'® value for Xgi, of vanadium is
X4i1a~—6X10~% emu/mole. The estimated value for
0% is Xgia~—7X10~% emu/mole, which is not un-
reasonable as may be seen by comparing it to the
measured!® value for neon of Xpen=—06.74X10"°
emu/mole. Thus, for VO, Xgia~—18X10~¢ emu/
mole. The diamagnetic susceptibility is a small correc-
tion when compared to the total susceptibility of
x (300°K)~900X 10— emu/mole.

2. Vit NMR Frequency Shift

The V3 NMR frequency in V203 is shifted an amount
(Av/v) by interactions between the d-band electrons
and the nuclear magnetic moment. This NMR fre-
quency shift consists of two contributions: (1) a tem-
perature-dependent frequency shift (Av/»)q resulting
from hyperfine interactions of the form A1-(S), where
the temperature dependence of these interactions
is contained in the time averaged electron spin (S);
(2) a temperature-independent orbital-frequency shift
(Av/v)yy arising from Van Vleck paramagnetism.!?
Because of the translational motion of the d electrons
through the crystal, the angular moment /, is quenched,
ie., {,)=0. Thus the field-induced temperature-inde-
pendent frequency-shift (Av/»)yy is second order in
1., as is the field induced orbital paramagnetic suscepti-
bility Xyy. Also in second order in I, is a spin-orbit

15 W. D. Knight, Solid State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1956), Vol. 2.

16 Handbook of Chemistry and Physics (Chemical Rubber Pub-
lishing Company, Cleveland, Ohio, 1963) 44th ed.

17 T. Moriya, Phys. Chem. Solids 11, 175 (1959).
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induced temperature-dependent orbital-frequency shift
which is proportional to (S) and therefore will be in-
cluded in (Ay/v)s. The temperature-dependent fre-
quency shift (Av/v)q thus consists of the three following
contributions, all of which are proportional to (S): (1) a
shift resulting from core polarization of the inner s-shell
electrons by the d-band electrons; (2) the second-order
shift resulting from the spin-orbit interaction; (3) a
shift resulting from the dipolar interaction between
the nuclear magnetic moment and the conduction elec-
trons since the vanadium site has less than cubic
symmetry.

For the case of negligible nuclear quadrupole inter-
actions, the total frequency shift (Av/v) is written as

(Av/v)= (Av/v)at (Av/v)vv, )
(Av/v)=aaXa(T)+BXyv, 3)

where a,= (NB)H !, with N Avogadro’s number, 8
the Bohr magneton, and Hf the total hyperfine field
per Bohr magneton. The susceptibilities are expressed
in units of emu/mole. In the case of the free ion, 8’ is
rigourously given as!?

B'=(2/N)r), ©)

where (%) is the expectation value of 7= for the free
ion concerned. The electronic configuration of V3+ is
3d? and it is estimated!8 that (»—%)=3.2 a.u. for the V3+
ion. Normally a reduction factor &={)so1ia/{¥*)ion
would be included in Egs. (3) and (4); however, for
the present investigation £ is chosen to be unity.

There is no frequency shift due to diamagnetism in-
cluded in Egs. (2) and (3) since the incremental-dia-
magnetic shift between V03 and the reference com-
pound (NaVOs;) used to measure the frequency shift
is negligible.

IV. CONSTRUCTION OF THE (Av/v) VERSUS
X DIAGRAM

Single crystal susceptibility measurements were made
in the temperature range of 175 to 300°K. Within ex-
perimental error there was no anisotropy observed in
the susceptibility measurements for various crystalline
orientations with respect to the magnetic field.

The measured frequency shift (Av/») as a function of
susceptibility X, with temperature the implicit variable,
is shown in Fig. 2. The temperature range for the fre-
quency shift measurements was 175 to 575°K. The solid
portion of the line shown in Fig. 2 is the data for which
the susceptibility x was measured. Since (Ay/v) versus
X is linear in this temperature region, it is plausible to
assume that (Av/») versus x will be linear in the higher
temperature region, i.e., 300 to 575°K. In this manner
the susceptibility x (7) in the 300 to 575°K temperature
range is determined by measurement of the V% NMR
frequency shift. From Egs. (2) and (3), it is seen that

18 R. E. Watson (private communication).
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Fi16. 2. The experimentally observed V3 NMR frequency shift
(Av/v) in V404 plotted as a function of the susceptibility x, with
temperature the implicit parameter. The solid line is drawn
through the data for which the susceptibility x was measured.
The straight line is a best fit of the data.

the slope of (Ay/v) versus x determines ag. The value
so obtained is ag= —25.0(emu/mole)! yielding a hy-
perfine field H = —140 kOe/Bohr magneton. Usually
the hyperfine field H b is expressed in units of kOe/unit
spin,2 thereby necessitating knowledge of the electronic
g value since, for the hyperfine field expressed in these
units, ag= (NgB)~1H ;. The g value for V,0;, at the
present time, however, has not been measured. For the
case of no spin-orbit interaction, g=2 and the resulting
hyperfine field would be H = —280 kOe/unit spin.

The g values have been measured”® for the dilute
system V3*+:AlLO;. However, V,0; is metallic while
V3+:AlLOs is an insulator and hence, there may be no
correlation between the results obtained from the dilute
system (V*+:AlO;) and the concentrated system
(V20;). For example, the susceptibility of V¥+:AlLOj;
has been measured’ with the result that extrapolating
from the dilute crystal to the concentrated crystal
predicts (Xyy)i=~600X10~¢ emu/mole and (Xyv))
~200X10~% emu/mole. Such a large anisotropic sus-
ceptibility was not observed for V,0;. Furthermore,
evidence of an anisotropic g value and an anisotropic
Van Vleck susceptibility would be reflected in the line
shape of the V51 NMR in powdered V,0;. As previously
mentioned, there was no indication of anisotropic con-
tributions to the NMR line shape, thus leading to the
conclusion that the magnetic properties of V303 are
markedly different from those of the “concentrated”
V3t+: Al,O; crystal.

The diagram shown in Fig. 3 is now constructed. The
diamagnetic contribution to the susceptibility Xa;, cor-
responds to the negative displacement from the origin

¥ See W. H. Brumage, C. R. Quade, and C. C. Lin, Phys. Rev.
131, 949 (1963) and references therein.
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Fic. 3. A diagram of the V5! NMR frequency shift (A»/»)
in V.03 versus the susceptibility x.

of the (Av/v)—x axes. A line with slope B’ is drawn
from the end of the Xg4;, contribution. The observed
(Av/v) versus x(T) data is shown in the lower right
hand portion of the figure and is extrapolated until it
intersects the line with slope . This extrapolation
procedure provides all of the information concerning
x that is needed. The magnitudes of the contributions
to the susceptibility are indicated by the horizontal
lines shown in Fig. 3. From Fig. 3, the Van Vleck
temperature-independent susceptibility is determined
to be Xyp=>210X10~% emu/mole corresponding to a
frequency shift (Av/v)yy=1.529,. It is interesting to
note that Xy for V;0; is of the same order of magnitude
as Xyy found in the V;X intermetallic compounds.’? As
can be seen from Fig. 3, (Av/») becomes positive when
(Av/v)vv> | (Av/v)a|. Table I lists the relevant param-
eters used in the construction of the (Av/v) versus x
diagram.

TABLE 1. Parameters used in the analysis of the
V51 NMR frequency shift.

ag  —25.0 (emu/mole)™? H M —140 kOe/Bohr
magneton
B’ 71.7 (emu/mole)? 28(r7%) 395k0e
{r=32a.u.

The first column gives the parameters defined in Egs. (3) and (4). The
second column gives the hyperfine field per Bohr magneton Hgab!, obtained
from the analysis of the frequency shift, and the hyperfine field per unit
field induced orbital angular momentum 28(r~3).

V. d-BAND SPIN SUSCEPTIBILITY ¥X.(T)

The magnitude and temperature dependence of the
d-band spin susceptibility X4(7T) is found by subtracting
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the diamagnetic and Van Vleck susceptibilities from
the total susceptibility, i.e.,

Xa(T)=X(T)—Xyv—Xaia, ®)

Fig. 4 shows the results obtained from plotting (1/X,)
as a function of temperature 7. As is evident from Fig.
4, x4(T) obeys a Curie-Weiss law, i.e.,

Xa(T)=C/(T+0) (6)

with C=0.657 (emu/mole)°K and 6= —600°K. The
Curie constant C is given by C= (Nu:28%)/3k with N
Avogadro’s number, 8 the Bohr magneton, u.s the effec-
tive number of Bohr magnetons per vanadium atom and
E Boltzman’s constant. For C=0.657 (emu/mole)°K as
found from Fig. 4, the effective number of Bohr mag-
netons per vanadium atom is pess=2.37, a value to be
compared with the free ion value of ps=2.83. The
difference between the observed ueff and the ion value
is thus an indication of the strength of the spin-orbit
interaction. The value of §= —600°K is to be compared
with previously published data®®! of f~—1100°K.
This large value for § was obtained from susceptibility
measurements with no correction for the contribution
of the temperature-independent Van Vleck suscepti-
bility to the total susceptibility. Hence for V,Os,
—0/Tn~3.75 for Ty~160°K.

VI Vit NMR THROUGH THE PHASE TRANSITION
AND NMR LINEWIDTHS

The V5! NMR is observable down to a temperature
of about 160°K. At this temperature the resonance
abruptly disappears. Below 160°K no V® resonance was
observed in the range of 0 to 20 kOe for a frequency
of 16 Mc/sec. A search for the V5&* NMR was also con-
ducted at 4.2 and 20°K with negative results. Past
experience indicates that such an abrupt disappearance
of the NMR resonance is usually associated with mag-
netic ordering. The assumption that the static quadru-
polar interaction is larger than the Zeeman interaction
is improbable since it would necessitate an unusually
large value of €2gQ/h~50 Mc/sec. Furthermore, since
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A 982 E. D.

the symmetry at the vanadium site is less than cubic
for T>160°K, it is unlikely that the crystallographic
transformation from rhombohedral to monoclinic sym-
metry will lead to a quadrupolar broadened V5! NMR
line shape for 7<160°K. Thus, it is not inconsistent to
conclude that V,03; undergoes an antiferromagnetic
transition at 160°K; and for temperatures less than
160°K, the V51 NMR would occur at higher frequencies
(200-350 Mc/sec).

An estimate for the NMR linewidth 6H for a nucleus
of a paramagnetic ion has been given by Moriya® with
the result

2\ 12 425 (S+1)
) _— )

6Hz(—
3 3vhiw,

where 4 is the hyperfine coupling constant, .S the elec-
tron spin, v the nuclear gyromagnetic ratio and w, is
defined by

w’=3(J/h)ZS(S+1), 8)
where Z is the number of neighbors and —J is the anti-
ferromagnetic exchange constant. The molecular field

20T, Moriya, Progr. Theoret. Physics (Kyoto) 16, 641 (1956).

JONES

approximation gives a relationship between the ex-
change constant J and the Curie temperature 6 as®

3k0

~1, 9)
25(S+1)ZJ
From Egs. (8) and (9), and taking Z~0,
w2 (5)"/*(k0) /% (10)

or for |8]~600°K, w,~3X10* sec™’. An estimate for
the hyperfine coupling constant 4 can be made by
combining the previously determined values of Hg"f
and pess with the result 4~100X10~* cm™. The line
width 6H is thus calculated from Eq. (7) to be

(0H o120 G (11)

which is in satisfactory agreement with the observed
8H~16 G. For comparison, the dipolar linewidth in
V30s is of the order of 3 G.
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CoF; is a simple two-sublattice antiferromagnet and has a rutile crystal structure. Each Co** ion is sur-
rounded by a rhombically distorted octahedron of fluorine anions and the crystal-field parameters are known
from an analysis of infrared absorption measurements. A good description of a single Co** system can be
obtained in terms of a spin Hamiltonian with S=%. In this paper, an exchange Hamiltonian for the entire
lattice is determined in which the only unknowns are the exchange parameters J; and J, describing inter-
actions between nearest- and next-nearest-neighbor Co** ions, respectively. The resulting intermediate
coupling problem is attacked by spin-wave methods, introducing operators which represent deviations of
spin from the molecular-field ground state. The parameters J; and J; are determined by calculating the
antiferromagnetic resonance frequency and the temperature dependence of sublattice magnetization, and
by fitting theory to experiment. We find that J; is very small and probably ferromagnetic. With the exchange
Hamiltonian now completely determined, a molecular-field treatment is shown to reproduce closely the
measured parallel and perpendicular magnetic susceptibilities in the temperature range 0 to 300°K (except
in the immediate vicinity of the Néel temperature), and is used to discuss the nuclear magnetic resonance

of Co® in CoFs,.

1. INTRODUCTION

OME years ago, an attempt was made by Nakamura
and Taketa! to obtain a theoretical understanding

of the somewhat unusual magnetic properties of the
antiferromagnetic salt CoF,. At that time, however,
the experimental information was scant, consisting of
little more than a knowledge of the magnetic structure

1T. Nakamura and H. Taketa, Progr. Theoret. Phys. (Kyoto)
13, 129 (1955).

of the crystal and some rather incomplete susceptibility
data. Even so, they found it possible to obtain a quali-
tative explanation of the unusual features of the sus-
ceptibility curves and were able to demonstrate the
origin of the large anisotropy which exists in the salt
and to obtain some measure of the exchange interaction
present. Since that time, a considerable amount of new
experimental data has been obtained and we are now in
a position where a more quantitative approach to the
problem can be attempted.



