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The direct nuclear magnetic resonance (NMR) of the Mn5 nuclei in the hexagonal antiferromagnet
CsMnTF; has been observed in the frequency range between 250 and 650 Mc/sec. The very strong tempera-
ture and field dependence of the NMR frequency in the liquid-helium temperature range can be explained
by the nuclear-electron coupling theory of NMR in magnetic materials developed by de Gennes. The results
of the NMR experiments are in good agreement with the two-sublattice model proposed for CsMnF; by Lee.
The NMR frequency extrapolated to infinite nuclear temperature was found to be 666 Mc/sec. This suggests
a zero-point spin-wave reduction of 3.04:1.0%; Davis’s calculation predicts a 4.36% reduction in (S).

INTRODUCTION

HERE is exhibited in CsMnF; a magnetic transi-
tion from the paramagnetic state to the anti-
ferromagnetic state at a temperature of 55°K.* Crystal-
lographic studies? indicate that CsMnF; has the same
structure as the hexagonal form of BaTiO; (Fig. 1).
The Mn?** ions are situated in two inequivalent sites;
one-third of the Mn?*t ions (Mn () are in sites with a
point symmetry of 3m(Ds;) while the remaining two-
thirds (Mnsy) are in sites with a point symmetry of
3m(Cs,). Below the Neél temperature the magnetic
moments associated with the Mn?* ions lie in the plane
perpendicular to the hexagonal ¢ axis; the magnetic
ordering can be viewed as an antiferromagnetic stacking
of sheets of Mn, ions with two sheets of Mn(s) ions
inserted between the sheets of Mn ;) ions in such a way
that the spins of nearest-neighbor Mnu)—Mn s ions
are antiferromagnetic. This spin arrangement has been
confirmed by torsion experiments, antiferromagnetic
resonance (AFR) experiments,! and neutron diffraction
studies.® The results of the torsion experiments show
that the anisotropy energy of the spins in the (00.1)
plane is very small. Lee et al.! could account for all of
the in-plane anisotropy of their samples by using a
1-Oe sixfold anisotropy energy. The magnetic spins are
confined to the(00.1) plane by a large uniaxial anisotropy
(H1= 17500 Oe) ; the uniaxial anisotropy is caused by the
dipole-dipole interaction between spins and a single-ion-
type anisotropy arising from the configuration of the
fluorine octahedra surrounding a Mn?*t ion. The major
contribution to the uniaxial anisotropy comes from the
dipole-dipole interaction.

As a consequence of the low in-plane anisotropy,
CsMnF; has a low-lying AFR mode. The contribution
of the hyperfine interaction of the magnetic electrons
with the Mn% nuclei to the AFR frequency of this

T Supported in part by the U. S. Atomic Energy Commission.

* Present address: Brookhaven National Laboratory, Upton,
New York.

1 Present address: Electrotechnical Laboratory, Tokyo, Japan.
(1; é%) Lee, A. M. Portis, and G. L. Witt, Phys. Rev. 132, 144

2 A. Zalkin, K. Lee, and D. H. Templeton, J. Chem. Phys. 37,
697 (1962).

3S. J. Pichart, H. A. Alpern, and R. Nathans, International
Colloque on Neutron Diffraction and Diffusion, Grenoble, 1963
(unpublished).

143

mode should be appreciable since the Mn% nucleus is
1009, abundant and has a large hyperfine interaction
with the electrons. The dependence of the AFR fre-
quency on temperature for temperatures well below the
Neél temperature should reflect the temperature de-
pendence of the nuclear magnetization. These expecta-
tions were confirmed by the AFR experiments of Lee.!

The importance of the contribution of the hyperfine
interaction to the AFR frequency indicates that elec-
tronic excitation spectrum and the nuclear excitation
spectrum are very strongly mixed and that the nuclear-
electron coupling theory of NMR in magnetic materials
developed by de Gennes et al.* should be used to explain
the NMR results for CsMnF;. The admixture of the
electronic excitation spectrum into the nuclear spectrum
is accomplished by coupling the nuclei via the Suhl-
Nakamura indirect interaction.® The result of the theory
is that for low temperatures and for magnetic materials
in which the range of the Suhl-Nakamura interaction is
large, cooperative effects in the nuclear system become
important. Nuclear spin waves become well-defined
excitations at temperatures for which the nuclear
magnetization is far from saturation; the k=0 excita-
tion (NMR frequency) occurs at a frequency that is less
than the hyperfine-field frequency. The depression of the
frequency for NMR has been observed by direct NMR
methods in the antiferromagnets KMnF3,% RbMnFs,”
and CsMnF;.

THEORY

To obtain expressions for the AFR and NMR fre-
quencies for CsMnF; we take as the magnetic energy for
the nuclear-electron system,*

U=>\M1'M2— Ho'M1— Ho'Mz
+%(K1/M02) (Mlz2+M222)—(Xm3' Ml—a”’L4' Mz, (1)
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I16. 1. Half of the chemical cell
of CsMnFs.
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where M, » and m; 4 are the electronic and the nuclear
sublattice magnetizations, respectively, a is proportional
to the effective hyperfine coupling constant, K; is a
uniaxial anisotropy, Hy is the applied dc magnetic field,
and N is the antiferromagnetic exchange constant.
Strictly speaking, CsMnF; is a four-sublattice system.
However, calculation shows that on a four-sublattice
model two of the resulting AFR modes are exchange
modes and the remaining two are equal to the two modes
that one obtains from Eq. (1) with a set equal to
a1/3-+2a3/3, where a; and s are the hyperfine coupling
constants of the Mn ) ion and Mn ) ions, respectively.

To solve Eq. (1) for its eigenfrequencies, we transform
to polar coordinates (see Fig. 2), expand Eq. (1) to
second order in small quantities around the equilibrium
configuration, and use the equations of motion for 86,
and d¢; to construct the 8X8 resonance matrix,
obtaining

1 dégs 1 U
T dt  M;sinbi356;
i=1,2 )
1 doo; 1 U
T dt  Misinbio 354,
1 dég; 1 U
y dt  mqsinGi 3o
=3, 4 3)
1ds6; 19U
v dt —m,- sinf;o 6&{:5‘

Assuming an ¢t time dependence for 80; and
0¢:(i=1, 2, 3, 4), the resonance matrix can be solved for
its eigenfrequencies.® The result is that there are four
modes, two modes are AFR modes and the remaining
two are nuclear modes. The resonance frequencies are
given by?

H
Wer?Fwar? =Q(F-I-I‘ZHO?'(1+ZH1 )+w02+P2amH1 ,
@)
H,
W rwa?=w??H 02(1+ ) ,
2H .
H,
Walr +wn112=ﬂo2+F2H02(1+ >+w02
2H,
+12H,(2H ¢+am), (5)
H,
waII2wn112 = I‘zwozl:Hoz(l‘*‘zH >+2H,:,H1] s

where Q¢=T22 amM, Hi= (Ki/M), w, is the NMR
frequency in the hyperfine field and H.=\M. We shall
be concerned with w,; and w,r since the frequency de-
pression of wair is negligible (wer~10"%/sec). The term
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F1G. 2. The polar coordinate system and equilibrium positions
for the sublattice magnetizations for CsMnF3.

Qo?=T22 amM represents the contribution of the hyper-
fine interaction to the anisotropy energy of the electrons;
the effect of this term was first observed in AFR studies
in the antiferromagnet KMnFs.8

The AFR mode with frequency w. is the low-fre-
quency mode given by Lee when the sixfold anisotropy
is set to zero. Equation (4) can be rewritten to give

war’=wo?(1— (Q*+T?%emH1)/ (weP—we?)) - (©)

The enhancement factor for resonance absorption is
found by introducing the term —he®t- (M;+M,) into
Eq. (1) and solving the equations of motion for 86;
and 8¢; (=1, 2). The enhancement factor 7 is given by

1= (I*/7) (wo/wa®)Ho (7
for hy parallel to the (10.0) axis.

EXPERIMENTAL RESULTS

The NMR frequency is sensitive to an applied dc
magnetic field via the field dependence of the AFR
frequency (Fig. 3). The method used to detect the
nuclear resonance was to measure the change in radio-
frequency power reflected from the shorted end of a
coaxial line as the magnetic field is swept through the
resonance. Field modulation was employed to generate
an ac component in the detected voltage, and then
standard NMR techniques were used to display the
resonance. A 1N21B diode was used as the detecting
element ; a signal to noise ratio of 50 was not uncommon
because of the large enhancement factor for resonance
absorption. The single crystal of CsMnF; was supplied
by Dr. R. W. H. Stevenson of the University of
Aberdeen. We failed to detect the sixfold in-plane
anisotropy that was observed by Lee ef al.}; this result
was confirmed by direct AFR experiments. It is possible
that the sixfold anisotropy observed in earlier studies
was caused by a small contamination of an impurity
iron group ion (possibly Fet?). To estimate the impurity
concentration necessary to produce a sixfold anisotropy,
we take the spin-orbit coupling to sixth order in
perturbation and get U=\ (Ag)® as the magnitude of the
sixfold anisotropy, where A is the spin-orbit coupling
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parameter and Ag is the shift in g value of the impurity
ion from the spin-only value. If A~100 cm™ and
Ag=0.5, an impurity concentration of 0.049, would
produce a 1-Oe sixfold anisotropy.

For applied dc magnetic fields (1000 Oe~7000 Oe)
in a (12.0) crystal direction we observed one nuclear
resonance. There are two inequivalent sites for the Mn?*+
ion in CsMnF;. To understand why we have observed
only one “frequency-pulled” nuclear resonance, we have
solved a four-sublattice antiferromagnet with two differ-
ent hyperfine interactions for its NMR frequencies. To
simplify the model, we have used an orthorhombic
single-ion anisotropy energy for the magnetic electrons.
The magnetic energy of the nuclear-electron system is
given by

U=A(M;+M3)- (Mo+M,)

4
+3 (KM 2/ Mo — KM 2/ M ?)

i=1
—ams- My—aomg- Mg—aym; Mo—aems- My, (8)

The single-ion anisotropy K3 has been introduced to
stabilize the system in the xy plane. We find that Eq. (8)
has four NMR modes; the nuclear-resonance frequencies
for wZ>w,? are given by

Wn1,5%0n2,82= wo?woe?[ 1 — 2w ¢ (Wn1Fwns) /we1,92]

wn1,32+wn2,42=w012(1_anlwe/wel,22) (9)
—I-w022(1 - anzwe/we1,22) 5

where w01,2='ya1,2|Ml, wn1,2=Fa1,2|m1,2|, We= F)\IMI ,
and w 1,2 are the resonance frequencies of the two low-
lying AFR modes. The form of the equations for the
nuclear-resonance frequencies given by Eq. (9) is quite
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general; their validity is not limited to magnetic
systems with orthorhombic symmetry. In Fig. 4 we have
plotted the two solutions to Eq. (9) for we=0.95wes as a
function of the pulling parameter 2w.wne/wea? Of the
two solutions, then, only one NMR frequency is
“pulled” to any great extent. It is interesting to note,
however, that the nuclear mode with the resonance
frequency wne is pulled for 2wewns/wea*~0 and then
saturates very rapidly as the pulling parameter in-
creases. It is possible that the field shifts for AFR ob-
served by Lee ef al.! in the double-resonance experiments
for rf frequencies greater than 668 Mc/sec are the result
of driving the nuclear system in this high-frequency
mode. In view of the discussion given above, it is not
very surprising that we have observed only one nuclear

1.0 j=—wo2 T T T T
4—-——0)0]
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2 WeWhn2
ng
F16. 4. A plot of the two solutions of Eq. (9) for wo1=0.95wo2
versus the pulling parameter 2wewnas/wes®

resonance in CsMnF;, since the NMR mode with the
resonance frequency given by Eq. (5) would have no
appreciable “frequency pulling” (weri~10'/sec). We
identify mode I as the electron mode that has been used
to excite the nuclear resonance in our experiment. To
verify the quadratic dependence of the AFR frequency
on applied field, we plot (1—w.?/we?)™* versus H¢?; the
result is shown in Fig. 5. The agreement is very good ; the
absence of a term linear in applied field indicates that
canting is not important in this material.

For temperatures in the liquid-helium temperature
range, the nuclear sublattice magnetization should have
the characteristic 7' dependence of a paramagnet;
from Eq. (6) we plot (w./2m)? versus 7! for a constant
AFR frequency. The result is given in Fig. 6.

We have also performed direct AFR experiments. We
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Fi1G. 5. A plot of the quardatic field dependence
of the AFR frequency for CsMnFs.

find that the field for resonance predicted by Egs. (5) is
approximately in 29, error. To account for the error in
resonance field, we have included demagnetization and
relaxation effects (Landau-Lifshitz?® relaxation was
included in the equation of motion for the electronic
magnetization) ; even with these corrections we have
been unable to correct the error. It is possible that
anisotropic hyperfine coupling and quadrupolar effects
in the nuclear spin system (the Mn% nucleus has a spin
of £) could account for the discrepancy.

DISCUSSION

The results of the direct NMR experiments on
CsMnF; are in good agreement with the two-sublattice
model proposed by Lee. We have not included an
anisotropy energy to stabilize the spins in the (00.1)
plane; as a consequence, w,1— 0 as Ho— 0 [see Egs.
(5)]- NMR experiments have been extended to lower
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F1G. 6. The temperature dependence of the nuclear-
resonance frequency for constant AFR frequency.
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fields (Ho=150 Oe) in an attempt to determine the
zero-field nuclear-resonance frequency. The result is
that if we extrapolate from Hy,=150 Oe we find that
wn(Ho=0)/2wr~40 Mc/sec. To account for this zero-
field NMR frequency, an in-plane anisotropy of order
102 Oe would be sufficient. The very low in-plane
anisotropy energy for the magnetic electrons in CsMnF;
results in a high degree of “frequency pulling” for the
NMR frequency ; CsMnF; is a most striking example of
the importance of cooperative effects in tightly coupled
nuclear-electron systems.

We have used H,=3.1X10° Oe and wo/27m=0666
Mc/sec to obtain the theoretical fit to the experimental
results. If volume corrections for the F~ octahedra sur-
rounding a Mn?* ion are made, Ogawa’s" paramagnetic
resonance studies would give wo/2r=687+7 Mc/sec as

11S. Ogawa, J. Phys. Soc. Japan 15, 1475 (1960).
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the value for the average hyperfine field frequency ; this
would suggest a 3.041.09, zero-point spin-wave reduc-
tion in (S) for CsMnF;. The linked-cluster expansion
calculated by Davis® predicts a 4.36%, reduction in (S).

The excitation of the nuclear resonance by the applied
rf magnetic field is via an indirect mechanism. The
resonance is excited by a rocking of the electronic sub-
lattice magnetization® at the driving rf frequency. From
Eq. (7), if Ho=3000 Oe and T'=4.2°K one has n=2150,
which gives a signal to noise enhancement of ~2X10%
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A polarized-neutron investigation of the ferromagnetic alloy CoPt; in various degrees of chemical order is
presented. The magnetic moments of the two components have been determined; that of the cobalt is
1.644-0.04 113, and that of the platinum 0.264-0.02 3 in the fully ordered material. The experimental form
factors of platinum and cobalt were measured and it is shown that they are in fair agreement with recent
theoretical calculations. A Fourier inversion of the data was also carried out to show the ¢, character of the

cobalt d electrons of this alloy.

I. INTRODUCTION

EVERAL theoretical and experimental investiga-
tions have been recently carried out on the micro-
scopic magnetic properties of 3d transition elements and
their alloys. However, little is known about other
elements where the incomplete inner shells of electrons
are the 4d or 5d. They do not exhibit any ferromag-
netism in the pure metallic state but seem capable of
ferromagnetic interaction when alloyed with elements
of the iron transition group. Magnetization measure-
ments of such alloys at different concentrations' lead to
the hypothesis that both 4d and 5d atoms can interact
magnetically, and this hypothesis has been recently
confirmed by neutron-diffraction studies for some 4d
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elements, namely Pd?? Rh* and Zr.>® However, the
magnetization results are difficult to interpret and the
models proposed to explain the measurements were
often admitted to be inadequate.!

Among the 54 elements Pt has attracted the attention
of many investigators. Bulk magnetization has been
measured for several ferromagnetic alloys with 3d
elements and the neutron diffraction technique has been
used for Co-Pt,® Mn-Pt, and Cr-Pt’ systems. The
presence of a magnetic moment on the Pt atom has been
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