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The weak four-sublattice ferromagnet NaNiF; shows one- and two-magnon Raman scattering. The
two-magnon scattering is perfectly described by a two-sublattice isotropic cubic antiferromagnet model
with one exchange integral between magnetic neighbors (J =41.8 cm~!'). The two one-magnon
low-frequency lines, centered at 6.5 and 11.5, cm'! have been studied as a function of the direction
and the amplitude of an applied magnetic field and versus the temperature. A two-sublattice model,
taking into account the isotropic exchange, the antisymmetric and symmetric anisotropic exchanges, and
the single-ion anisotropy, provides a satisfactory agreement with the experiment. The most important
term after the isotropic exchange is the Dzyaloshinski-Moriya antisymmetric exchange, but other
coefficients are necessary to give an account of the observed properties: Seven of them were derived
from our experimental data, which enables us to explain all the known magnetic properties of NaNiF;.
Besides this we discuss the one-phonon Raman scattering of NaNiF;.

I. INTRODUCTION

Below Ty ~150 °K, NaNiF; is a weak ferromag-
net.! In the paramagnetic phase it crystallizes in
the orthorhombic system, its most probable space
group being Dég (Ref. 2): Sucha structure is obtained

by deformation of the usual cubic perovskite arrange-
ment, the orthorhombic axes a, b, and c¢ being, re-

spectively, parallel to the (110), (110), and (001)
directions related to the pseudoregular octahedron
(Fig. 1). There are four magnetic ions per unit
cell, and below T, the magnetic structure is of
G,C,F, type; however, practically, it can be con-

sidered as a two-magnetic-sublattice weakly canted

ferromagnet® (G, F,): This approximation is cer-
tainly sufficient, at least as long as one studies

low-frequency excitations only; it leads to two
magnon branches, one of which has been observed
atk=0 by antiferromagnetic resonance.* A spin-
flip transition can be obtained, using a rather
moderate field (~20 kG) along the a axis*: The di-
rection of each sublattice magnetization becomes
nearly parallel to ¢ instead of a, with a canting
along a instead of c.

Our principal motivations for studying Raman
scattering in NaNiF; were the following: (i) to in-
vestigate the two-magnon Raman scattering in or-
der to test the adequacy of the two-sublattice iso-
tropic antiferromagnet model near the Brillouin-
zone boundaries, and to derive a precise value of
the exchange integral; (ii) to study the two low-
frequency magnon branches at k=0 with an applied
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Ni Na F

FIG. 1. Unit cell of NaNiFj.

magnetic field, and then get better information
about the different parameters responsible for the
anisotropy; (iii) finally, we found it interesting to
study the phonon scattering, which is forbidden for
the cubic perovskite structure, but allowed for
Dj$, and to compare experimental results with
theoretical predictions.

II. EXPERIMENTS

The NaNiF; crystals were grown by a double
decomposition technique following the reaction

3NaF +NiCl, - NaNiF; + 2NaCl .

We used two samples, each with its faces per-
pendicular to the a, b, and ¢ axes, which are the
principal axes of the dielectric tensor; this mini-
mizes errors due to birefringence which, for other
crystal orientations, makes a correct analysis of
selection rules difficult. Most of the experiments
were performed with a crystal immersed in super-
fluid helium (2 °K), using the A= 5145- A line of an
argon-ion laser. A magnetic field up to 50 kG was
provided by a superconducting coil. The tempera-
ture dependence was also studied, using an ex-
change-gas cryostat, but our experimental ar-
rangement allowed the presence of a magnetic field
only at 2 °’K. For low-frequency spectra, we used
a single-mode laser and an iodine cell, in order
to reabsorb the elastically scattered light.

|3

III. PHONON SCATTERING

AtK=0, for a DI symmetry, one expects 60
normal modes (including the three acoustical zero-
frequency modes). Using a standard group-theo-
retical analysis, we predict 24 Raman-active vi-
brations, which can be classified according to the
four even irreducible representations® of D,, as
follows:

7T i(aa, bb, cc)+5T 3(ac, ca)
+ T 3(ab, ba)+5T';5(bc, cb).

In the above expression, the allowed polarizations®
for each irreducible representation are written
between brackets. The occurrence of the Raman-
active modes can be derived from the cubic O,
perovskite symmetry in the following way: They
arise from the points R, M, and X of the cubic
Brillouin-zone boundaries, which fall at the center
of the Brillouin zone related to the D,, symmetry
which involves four NaNiF; groups per unit cell
(Fig. 2); a calculation of the D,, irreducible rep-
resentations of interest arising from M, X, and R
canbe performed, despite some complications due to
the fact that, when lowering the symmetry, the crys-
tal group becomes nonsymmorphic. The experimen-
tal results are summarized in Table I: The 2 °K
spectrum is very similar to that at 300 °K; how-
ever, the lines are sharper at low temperature
(typically 2 cm™ at half-maximum), and the 2 °K
spectrum allows the best analysis since in some

FIG. 2. Reduction of the Brillouin zone of NaNiF; due
to the distortion of the cubic perovskite symmetry:
(@, B, v, 6, &', B’, v', 6') represents the Brillouin zone
in Dy, symmetry with 4 molecules per unit cell. The large
cube is the nuclear Brillouin zone in the cubic approxima~
tion: when Oy reduces to Dy, M, R, and X shift to the
center of the Brillouin zone. Finally, the truncated octa-
hedron is the magnetic Brillouin zone for the bimolecular
two-sublattice face-centered-cubic structure.
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cases two nearly adjacent lines are not resolved
on the 300 °K spectrum,

One notices that the whole set of 24 theoretically
expected different modes is not observed: (a) part-
ly because, for some modes, the intensity is
probably too weak to be measurable; (b) partly be-
cause some weak lines show selection rules which
correspond to two or three different irreducible
representations of D,,. It may occur for many
lines; unfortunately, experimental limitations
mainly due to birefringence prevent the observa-
tion of perfectly polarized spectra, and one can
definitively assign “mixed” selection rules to a
given line only if the intensities for two or more
polarizations are of the same order of magnitude
(in the present case, with a ratio smaller than 6),
Such is the case for the 140-cm™ line as shown in
Table I; the other lines experimentally present
some residual intensity in polarizations other than
the most efficient for Raman scattering. Depending
on the studied spectra, for any given line, it varies
from 0. 5% to 12% of the corresponding most in-
tense spectrum, and the question of a “mixed”
behavior cannot be clarified,

The conclusion is that some vibrations are very
insensitive to the distortion of the cubic symmetry;
they then remain practically degenerate and do not
show strong Raman scattering. The most striking
result is the presence of only one line above 320

cm™; in the cubic perovskite similar crystals

TABLE I. Frequencies and selection rules for one-
phonon scattering in NaNiFs;. The underlined frequencies
are also observed by infrared absorption (Ref. 9).

Irreducible representations

Frequency incm™ in agreement with
2 °K 300 K Intensity selections rules
108 107 weak r}

140 136 weak T3+ T5+Tf2
148 143 strong v

159 153 very weak T3

174 174 very weak T}

187 179 strong Iy

207 198 weak T

215 212 weak r}

247 } 942 very weak ry

253 - strong I}

294 =295 weak ry

201 298 strong V]

315 312 weak ry

369 363 weak |

2Assignment to I'j still doubtful.
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(KNiF, for instance) at K=0, there are three I';

optically infrared-active odd modes with frequen-
cies vy, vy, and vg, respectively, around 130, 250,
and 450 cm™,"*® and one I infrared-inactive odd
mode probably around 200 cm™,° The highest vi-
brational modes, related to v3 are then nearly un-
affected by the distortions responsible for the low-
ering of the symmetry.

Theoretically, there are 25 infrared-active
modes 9T ;(E 115)+ 70 ;5(E 1 c)+9T ;(E ). Unfortu-
nately the only published data concern unpolarized
spectra of powdered samples.® Similar to the
Raman data, the absorption spectrum is complex
for low frequencies. At high frequencies there is
only one strong absorption line centered at 447
cm™ (7=300 °K), which corresponds to the well-
known vy I'; mode in cubic perovskites: The modes
related to v; almost do not see the lowering of the
symmetry. Some frequencies appear simultaneous-
ly in the infrared and in the Raman spectra. The
apparent mixing of odd and even modes is, here
again, probably due to the quasidegeneracy of vi-
brational levels weakly affected by the distortion.
As expected, such a mixing only happens with
modes weakly active for Raman scattering.

From Table I, it appears that 7I'], 2T';, 53,
and 1I'; modes are clearly identified from Raman-
scattering results. We think that, owing to the
rather complicated crystallographic structure, a
more detailed analysis would be difficult. Finally,
note that the symmetry Dj, ° lower than Dj, has
been proposed for NaNiF;: It would provide an al-
ternative explanation for the simultaneous observa-
tion of some frequencies in the infrared and Raman
spectra, since D} has no center of inversion, How-
ever the crystallographic arrangement is certainly
very near to DjS, and the occurrence of a lower
symmetry would again increase the theoretically
expected number of Raman-active modes.

IV. TWO- AND FOUR-MAGNON SCATTERING

At low temperature NaNiF; shows a broad Raman
line in the 400-500-cm™ range (Fig. 3); its fre-
quency, shape and temperature dependence allow
its identification to the two-magnon Raman scatter-
ing.

A. Two-Magnon Raman Scattering at 2°K

Two-magnon Raman scattering from a two-sub-
lattice antiferromagnet has been extensively studied
and discussed by several authors. !'~'* For the
cubic symmetry case, it is well known that one
observes scattering only of I'} character, 1313
Chinn et al. '® have calculated the shape of the
spectrum, with special attention to the spin-1 case,
and, for KNiF;, they obtained an excellent agree-
ment with experiment. Our experimental results
show that the two-magnon scattering in NaNiF; is
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FIG. 3. Two-magnon scattering in NaNiF; at 2°K;
comparison of experimental and theoretical shape (Ref.

13).

also exactly described using a cubic two-sublattice
isotropic Heisenberg antiferromagnet model, with
only one exchange integral between next neighbors,

(i) The shape of the spectrum does not depend on
the polarization when it is observed. Moreover,
the relative intensities for different polarizations
can be calculated using the I'; symmetric Raman
tensor®:

-a, 0 O V3a, 0 0
0 -ay O 0 -vV3a, 0
0 0 2a 0 0 o

The experimental arrangement allowed such a
verification, since the a, b, and c¢ directions are,
respectively, the (110, (110), and (001) axes of the
pseudocubic cell. If, for instance, we study the
set of clab)a, c(bb)a, c(bc)a, and clac)a spectra,
we immediately conclude from the examination of
the above tensor that the respective intensities have
to be proportional to 100, 75, 0, and 0. Our ex-
perimental results provide the values 100, 80, 5,
and 5, in excellent agreement with the theory, if
we take into account the experimental uncertainties
mainly due to birefringence,

(ii) The spectrum shows a maximum intensity at
438 cm™, and the cutoff frequency is 502 cm™, As
shown in Fig. 3 the calculated shape fits the ex~
perimental one very well, It provides J(S)=41. 8
+0.3 cm™ (here our convention is that for a given
pair of neighboring spins 7 and j, the exchange is
written +J§,+S,, and not - 2J§,-§,). As shown in
Sec. V, the anisotropy terms are very small com-
pared with the isotropic exchange interactions, ex-
cept for the Dzialoshinski—Moriya antisymmetric
coupling. But since the spin-wave frequencies de-
pend only on the square of this last term, %6 for

high energies near the Brillouin-zone boundaries,
the density of states essentially depends only on
isotropic exchange, and consequently the two-mag-
non Raman scattering is very well described if we
ignore anisotropy. However, for a D,, symmetry
and four magnetic sublattices, one can show that
there are two different isotropic exchange integrals
Jyp and Jy4, and that a rather small difference be-
tween J,, and J;4 (~20%) significantly modifies the
high-frequency density of states, !” which conse-
quently changes the shape of the two-magnon Raman
scattering. We then conclude that J;, and J;, are
nearly equal, and that a two-sublattice antiferro-
magnetic model provides a good fit with experi-~
ments, Similarly high values of next-nearesi-~
neighbor intrasublattice exchange would strongly
affect the density of states and the two- magnon
Raman line shape, in contradiction with our re-
sults.

Now let us compare the two- and four-sublattice
models; supposing, for simplicity, that there is an
isotropic Heisenberg exchange only between first
neighbors and neglecting, in a first stage, the pre-
viously mentioned anisotropy terms. Within the
above approximations, if one ignores the distor-
tions from the cubic perovskite symmetry, the two-
sublattice antiferromagnet is described, using one
exchange integral J, and shows a fcc arrangement
of the up and down spins: The first Brillouin-zone
is then a truncated octahedron, The X point in
Fig. 2 is at the center of its top face, The sim-
plest way to move from the two-sublattice to the
four-sublattice antiferromagnet is by introducing
two different exchange integrals J;; (equal to Jy,),
and J;, (equal to Jyg); the Brillouin zone is then
halved in such a way that the X point now lies at the
center of a four-sublattice Brillouin zone, as
shown on Fig. 2, which gives rise to an optical-
magnon branch. More quantitatively, for the two-
sublattice case, the magnon frequency is expressed
by

w =zJ(1 = 3 )12, (1)

z is the number of antiferromagnetic fir§_t neigh-
bors (z=6) and yz=(1/2)3 ;¢'**°4, where &, is the
position vector of the first neighbor j when the cen-
tral atom is the origin, At the X point

Tiw (X)=V32 J . @)

For the four-sublattice case, the frequency of the
optical branch at K=0 is given by the expression’

ﬁw=(32J12J14)1/2. (3)

With such a model the acoustic branch has, in-
deed, a zero frequency at K= 0. At this stage both
branches show a twofold degeneracy. The anisot-
ropy terms have now to be taken into account: They
slightly modify the frequencies and, in the case of
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the magnetic point group of NaNiF;, D,,(Cy,), they
remove the degeneracies. Jy; and Jy, are expected
to be of the same order of magnitude, and we are
then left with two acoustical branches of low fre-
quency and two optical branches of high frequency.
A direct calculation of the irreducible representa-
tions of the excitations in C,,, *® using the Loudon’s
method’® shows that there are 2I'} and 2I'; mag-
nons; the two acoustic magnons, respectively,
belong to I'{ and I';, as well as the optical ones.

In the limiting case, where J;; and J;, are equal,
the expressions (2) and (3) are identical and, evi-
dently, there is no longer need to use a four-sub-
lattice model. From the two-magnon scattering
experiments, we have shown that the difference be-
tween Jy, and Jy4 is very small, which thus allows
us to neglect the effects related to the occurrence
of four sublattices. In the above discussion, we
have disregarded the fact that, even supposing only
one exchange integral, the other anisotropy coeffi-
cients can, in principle, give rise to a four-sub-
lattice system, but here again, since the coeffi-
cients responsible for such a complication are
small, the two-sublattice model is expected to be
satisfactory.

Finally, it has to be pointed out that the neglect
of the effects related to the existence of four sub-
lattices may not be a good approximation when
studying other excitations where the single-ion
anisotropy terms play an important role, and
where there is no reason to predict a priori that
the interionic interaction can be described, using
a unique next-neighbor exchange coefficient. Such
situations, where magnons are well described
using a two-sublattice model, and where a correct
interpretation of high energy excitons needs a four-
sublattice model, occur, in Cr;0; for instance, and
have been investigated experimentally as well as
theoretically, 22!

B. Temperature Dependence of Two-Magnon Raman
Scattering

The temperature dependence of the line has been
studied. The results are very similar to those
previously published concerning two-magnon spec-
tra in other crystals.!® There is still evidence of
scattering above the ordering temperature., Figure
4 shows the variation of the relative frequency at
maximum intensity (normalized to 1 at T=0 °K).

As expected, when the temperature increases, its
shift is smaller than for the one- magnon line where
it is simply related to the sublattice magnetization
(see Sec. VI).

The variation of the normalized frequency versus
the normalized temperature T/T, is exactly the
same for KNiF,'® and for NaNiF, if one uses Ty
=246 °K for KNiF;, a value derived from recent
measurements, % and T =156 °K for NaNiF,?® as
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quencies vs temperature; H=0,

shown in Fig, 5.

The exchange integral value for KNiF; was found
to be 70.5+0,8 cm™,** If we assume that the ratio
of the Néel temperatures of NaNiF, and KNiF, is
equal to the ratio of their exchange integrals we
find, for NaNiF;, T, =146 °K, in very good agree-
ment with measured values (149 °K*'® or 156 °K?®),

C. Comparison of J(S) Determination with the Previously
Estimated Value

From static magnetic measurements data and
antiferromagnetic resonance results, Golovenchitz
et al.* found J(S)=35 cm™ at 77 °K. We did not
try to calculate the exchange parameters from our
T="T7 °K experiments, since the theory of the tem-
perature dependence of two-magnon Raman scat-
tering is not completely understood. However, the
35-cm™ value is significantly lower than ours; the
lowering of the sublattice magnetization is not suf-
ficient to explain the discrepancy since at 77 °K we
calculated it, using Ref. 4 data and results, to be
equal to 0.93gu 5 (15 is the Bohr magneton and g is
the effective Lande factor defined in Sec. V). As
discussed in Sec. VI, our feeling is that the Golo-
venchitz et al. value is underestimated,.

D. Four-Magnon Raman Scattering

Finally, we have investigated four-magnon Raman
scattering which has been recently observed in NiO
and KNiF;,2* At 2 °K, there is a broad weak line
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centered at 710 cm™: This frequency is higher
than the two-magnon frequency at maximum in-
tensity by a factor 1.6, to be compared with the
1.7 value found for the four-magnon scattering in
KNiF;. The temperature dependence study shows
an absolute shift towards low frequencies, slightly
more marked than for the two-magnon line but the
relative shift (Fig. 4)is smaller, However, the
line seems to be superimposed to a two-phonon-
scattering spectrum and the measurements suffer
from a lack of precision. Our identification is
only tentative: The large temperature dependence
implies that the line is related to magnetic excita-
tions, and its high frequency is not compatible with
an magnetic-impurity mode. One cannot complete-
ly disregard the possibility of a combined magnon-
phonon excitation, although to our knowledge, such
a process has never been reported experimentally
in a Raman-scattering study. However, in NiQ%*:?%
and KNiF;, % a line involving a two- magnon plus
one-phonon emission has been observed by infrared
absorption,

V. LOW-FREQUENCY MAGNETIC EXCITATIONS STUDY
BY RAMAN SCATTERING

A. Expressions for Equilibrium Positions and Resonance
Frequencies

Here we summarize previous theoretical work
by various authors*2"2 to obtain expressions which
are needed for Sec. VB. The results are equiva-
lent to those previously published, but in some
cases the notations are shghtly different,

For the low-frequency k=0 magnon excitations
we need to take into account the various anisotropy
terms of the Hamiltonian, If we make the approxi-
mation of a two-sublattice weak ferromagnet, ac-
cording to the symmetry, the equilibrium positions
and the resonance frequencies are derived using
the following expression of the free energy (which
here is normalized in order to refer to one pair of
antiferromagnetic neighbors):

F=0?[ES, -5, + D+ (8,x8,) + J,.81,85, + J.251,5%.
sz(slxslx - Sszz-!) Axx(slx +S 2::) Azz( 1zt ng)]
- aﬂg(g1§1+ga§z)°ﬁ, (4)

where §1 and §2 are unit vectors (spin 1) and « is
the relative magnetization of each sublattice. It
has to be identified with the (S) coefficient in Sec.
IV (it will be taken equal to 1 for 7=0). x, ¥, and
z stand for components parallel to a, b, and ¢, re-
spectively. The first term in the development is
the isotropic exchange: From the two-magnon
Raman scattering it results that the intrasublattice
exchange can be ignored, and that the isotropic ex-
change is well described usmg only one coefficient
J; it follows that E=Jz. D- (Slxsa) represents the
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antisymmetric Dzialoshinski-Moriya interaction,
and one shows that D is parallel to ¢. The two
following terms come from symmetric anisotropic
exchange., The last ones describe the single-ion
anisotropy and the effect of an applied magnetic
field. The g tensor has the following form:

gy 0 &, + fori=1
Ei =l 0 g, O with (5)
28, 0 L - fori=2,

Note that « depends upon the temperature but
that a priori all the temperature dependences may
not be described by supposing that the other coeffi-
cients remain constant when T changes. However,
their temperature variation is expected to be small,
at least for the exchange terms where it occurs
from the slight changes in distances and angles.

The equilibrium positions are given minimizing
F with respect to the §, and §, 'orientations. One
then finds the resonance frequencies, using the
equations of motion:

> - aF
aﬁS,=—S,X;§. 6)

For ﬁ:ﬁ, at equilibrium §1 and §2 are nearly

o
0

o
o]
>

o
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o
o
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FIG. 5. Comparison of the variation of the normalized
two-magnon frequency vs the normalized temperature
T/Ty in NaNiF; (taking Ty=156 °K, Ref. 23) and KNiF,
(Ref. 13) (taking Ty=246 °K, Ref. 22).
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opposite, in the (a, ¢) plane: They make a small
angle ¢ = (A,,+ D)/ E with c.

Under an applied magnetic field of modulus H
along b or ¢, the two resonance frequencies are
given by

Uaaw'cznawiy:Uaaw.c'*nyH*’gizuzBHz}f Hic @)
. ¢for
Uzzyczﬁzwi,czUi"’sz (8)
and
Uiy,b=ﬁzwiv.b=Uiy+Linz } for 1l b 9)
U p=h?wl,,=Us+ L H? (10)
where
U%=[4E+ AL AL - AL)+ 44,4, +D)]e®,  (11)
Ul=[4(E+A],—Al)A! +(A,,+ DFla?, (12)
K,y=08,,(D+5A,,+27T E)liy, (13)
Kz‘—‘agzt(D+sz+ZTzE)u87 (14)
2
2 _ ,2 sz 2
Liy=8y 4FEA., +(D+A,,)D-3A,,) Ka» (15)
2_g2 4EA;,(D- Ay, f 5 (16)
2o AFAl + (D+A,,)(D-34,,) 4’
with
A::szxx'*'%Jxx’
A;zzAtz+%Jzz; (17)

Ty :gxz/gxx y Ta =gzx/gzz .

If His parallel to a, the crystal suffers a spin-flip
transition for a critical field H,. Below H,, the
expressions for the resonance frequencies are
rather complex, but above H, one easily shows that
they are obtained in a straightforward way from
the formula for Hil ¢ by permutation of the x¥ and z
indices, with a change of sign for the coefficients
involving the xz indice. One finds for H,

0=Us+K, H,+g2p3H%  (H,>0), (18)

and for the resonance frequencies

Uiy,a = ﬁzwlzw»a
2 2,2 2 (19)
=Uzy+szH+gxx“BH -

2 2 2 2 for Hlla, H>H,,
Ux’a=h' We,o=Ux+ K, H (20)
where
U:v == [4(E +A;x)(A:’:x - A;z) - 4Ax£(D - sz)]a29 (

21)
U2=[4(E+AL,-AL)AL + (D-A,,lla?, (22)
K”: agxx(D - 5Ax: - ZTIE)“'B 3 (23)
K,=ag,(D-A,,-27E)u,. (24)

B. Experimental Results and Analysis
1. Observed Spectrum

At 1.8 °K, we observe two Raman lines centered
at 6.5+0,3 cm™ [ferromagnetic (FM) line] and

11.5,+0.3 cm™ [antiferromagnetic (AFM) line].
The FM line strongly scatters only in the a,, and
ay, polarizations, whereas the AFM line scatters
in a,, polarization. Figure 6 shows a typical spec-
trum at 2 °K. The intensities are of the same or-
der of magnitude, and smaller than the two-magnon
scattering integrated intensity by about a factor of
30. As shown on Fig, 7, the spin-flip transition
for H Il ¢ occurs for H,~20 kG. In fact, as well
known, the sharpness of the transition region is
very sensitive to the crystal orientation; conse-
quently, with our experimental arrangement which
did not allow a very accurate orientation, the tran-
sition region is broad and the FM line frequency
does not go down to 0 at H=H,, Figures 8-10
show the frequency shifts versus H for different di-
rections of the magnetic field, in a form convenient
for their analysis. We have noted that, for H# 6,
the selection rules are slightly modified. In par-
ticular with H1la the AFM line also appears in a,,
polarization,

The temperature dependence of the frequencies
at H=0 is shown on Fig. 4: The relative frequency
U(T)/U(0) follows the same law for the FM and the
AFM lines. The lines are observed until 7=137 °K.

In the range 2-137 °K, the experimental widths
at half-maximum remain equal to the instrumen-
tal one (1.8 cm™), which means that the natural
width is smaller than 0.5 cm™, It has been re-

NaNiFg

T= 2°K
H=0

Excit. 5145 A
’c(a,b]o — AFM.

cla.b,c)a
¢ (a.c]a — FM.

AEM.11.50 cm-

INTENSITY.(ARBITRARY UNITS)

i -
" o} 5 10

15  Yemh

FIG. 6. Typical spectrum showing the FM and AFM
lines at T=2°K., Here the scattered beam is unpolarized,
allowing for simultaneous recording of both lines.
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FIG. 7. Variation of the FM line frequency vs H for filla.
cently shown®® that one of the numerous absorption field, we conclude that the iodine absorption lines
lines of iodine around 5145 ix, may completely ab- are not broader than the Raman lines; the widths
sorb a very sharp Raman line. Since we did not of the FM and AFM lines are then thought to be at
observe very marked changes of intensity when least of the order of 0.05 cm™ even at 2 °K. Al-
shifting the magnon Raman lines using a magnetic though no systematic quantitative analysis of the
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temperature dependences of the intensities was havior is well understood, considering that the
undertaken, it clearly appears that, for both lines, thermal population increase is the dominant effect
the intensity significantly increases when increas- (note also, as shown on Fig. 11, that the anti-
ing temperature until about 100°K; it then begins to Stokes spectrum, completely absent at 2 °K, is
decrease above 100 °K. At low temperature this be- easily observed at 20 °K and above). The high-
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FIG. 10. Graphic analysis of the variation of the FM and AFM lines frequencies for f le.
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FIG. 11, Typical spectrum showing the FM and AFM
lines at T=78 K. Here the scattered beam is unpolarized
allowing for simultaneous recording of both lines. Stokes

and anti-Stokes spectra are observed.

temperature variation, not due to broadening, dis-
agrees with previous theoretical studies, concern-
ing the case of two-sublattice simple antiferromag-
nets, which predict a monotonic increase below
Ty.3® However, they agree with experimental re-
sults reported in Ref. 30.

2. Interpretation of Experimental Selection Rules

At least in zero field the selection rules are in
agreement with the theoretical predictions derived
using the magnetic point group D,,(C;,) where the
twofold unitary axis is parallel to ¢, As pointed
out above, at k=0 the two magnen branches, re-
spectively, belong to the I'] and to the I'; represen-
tations of C,, (indeed, supposing four sublattices,
there are 2I'] and 2I'; magnons, but there are two
optical I'j and I'; branches with high frequencies,
of about V32J). If we now assume that for one-
magnon scattering the Raman tensor is antisym-
metric, which is normally expected,! we predict
a,, polarization for I'} and «,, and a,, for I'}, 3!
Note that NiF; is also described by the D;,(C;,)
magnetic point group and that the published experi-
mental selection rules for magnon scattering in
NiF,* are the same as in NaNiFj,,
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3. Determination of Coefficients Defining Free Energy

Although, theoretically, at T~ 0, most of the
coefficients entering into expression (4) could be
derived from the experimental results, the limited
precision of our data would provide a very impre-
cise determination of some of them. Itis much
more efficient to make the following assumptions
which are believed to be true within a good approxi-
mation,

(i) We use E=Jz =251 cm™ and S=1, as justified
above. -

(ii) We suppose a nearly isotropic g tensor: The
g value differs from 2 because of the spin-orbit
coupling between the 3A2 cry_gtalline field state and
the 37T, excited one.®® The g tensor anisotropy
arises from the low-symmetry terms of the crystal-
line field which, to first order, split ®7T, only; as
they are expected to be small compared to the 34,-
3T, separation A, the g anisotropy has to be very
small too. The consistency of the assumption will
be verified a posteriori since we shall find very
small single-ion anisotropy terms which have the
same origin. Very roughly,

p=2og, (25)

where X is the spin-orbit coupling constant, p and
8g being typical values of the single-ion anisotropy
coefficient and of the g anisotropy amplitude, re-
spectively.® We have, approximately, g=~2+8)/A,
From spectroscopical data®® and usual values in
other Ni®* compounds,®?'3® we take g,,=8,,=8.=£&

=2, 3, which is probably exact within 1%. How-

ever, from the examination of Egs. (13) and (14),
and (23) and (24), itis clear thatT,and7,, evenwhen
small, can play a non-negligible role, since they
always appear multiplied by E which is the most
important coefficient in (4). A careful examination
of the equations shows that it is hopeless to get a
precise value of 7, and 7, separately. Consequent-
ly, we assume, following Golovenchitz et al.* that
Ty STy =T,

Now, using any set of three equations among
(13), (14), (23), and (24), we can derive D, A,
and 7. The three different sets of equations pro-
vide three different sets of results: The obtained
mean values are D=16.9+1 cm™, A4,,=0.15+0.5
cm™, and ET=-0.6+1.2 cm™. Using those mean
values we obtain from (11) and (12) A, =-0. 15;
0,03 cm™ and A},=-0.18; +0.05 cm™. Note that
there are no means to evaluate separately A,, and
J or A, and J,,, Comparing (12) to (22) now pro-
vides a new value for A,,: A,,=0.1 cm™, which
lies within the uncertainty range of the previous
result. We also verify that U2, and U%, are nearly
equal, which is consistent with the small value of
A,,. At this stage we have not used the variation
of the frequencies versus a magnetic field along b
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[expressions (15) and (16)]; from Eq. (15), it ap-
pears that U,, , is practically independent of H in
agreement with the experiments (Fig. 9); on the
other hand, we calculate a theoretical value of L,
equal to 0,107 (cm™/kG) which is slightly lower,
but still in agreement with the 0, 12 experimental
one, The experimental value of H, (extrapolated
from the FM line frequency variation above H, for
Hila)is 19.5kG. The above coefficients lead to
H,=11 kG, but the uncertainty upon A,, easily ex~
plains the discrepancy (changing A,, into - A,,
gives H,=27 kGl),

We conclude that our experimental study allows
us a consistent determination of the coefficients in
expression (4): Unfortunately, owing to the experi-
mental limitations, some of them are known with a
rather poor accuracy. The calculated coefficients
are listed on the first line of Table II. In view of
a comparison with other experiments we have also
expressed them in magnetic field units, putting

aF aD aET al,, .
HE = ’ D= ’ H‘r = ’ HA“ H
8k g gk gHg 8l g
(26)
aAa’cx (IA;, 2a (Ag'x - A;z)
Hy, Aze™ » Hy, = :
© glg 8K g 8kp

Finally, that the temperature dependence of the
relative FM and AFM frequencies (normalized to
1 at T=0) is the same suggests that all the coeffi-
cients, except @, are independent of the tempera-
ture; although, in principle, we would need sup-
plemental data concerning the temperature depen-
dence of the spectra with an applied magnetic field,
to measure separately the variation of each coeffi-
cient, This probable conclusion provides an addi-
tional interest to write the free energy using the
expression (4).

4. Absence of Observed Optical Magnon Mode and Validity of
Two-Sublattice Model

We did not find any Raman scattering of magnetic
origin around the expected frequencies of the op-
tical K=0 magnons (v32J~235 cm™), Although,
in this frequency region the magnon scattering
could be hidden by the phonon scattering, the ab-

TABLE II.

Coefficients describing the magnetic properties of NaNiFg.
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sence of an optical magnon spectrum enforces our
assumption that the two-sublattice model provides
a very good approximation for the study of magnons
in NaNiF;. The four-sublattice model has been
studied theoretically.® It appears that among the
numerous coefficients involved in the four-sublat-
tice model, only relatively few can be determined,
but that when the anisotropy energy is small com-
pared to the antisymmetric exchange, which is the
case in NaNiF;, it is possible to describe the low-
frequency behavior on the basis of a formal two-
sublattice model; one has to use effective single-
ion anisotropy coefficients which include hidden
contributions of an exchange character, In conclu-
sion, even if four-sublattice effects cannot be com-
pletely neglected, the above-determined phenom-
enological coefficients correctly give an account of
most of the experimental properties.

VL. DISCUSSION AND COMPARISON WITH PREVIOUS
RESULTS

A. Comparison with Antiferromagnetic Resonance Results

Some of the above calculated coefficients had
been previously evaluated from antiferromagnetic
resonance (AFR) experiments. * However the
authors could not derive A/, and A.,, and for the
calculation of the other parameters they needed to
take ihto account the results of magnetic static
measurements, 2 using the value of the spontaneous
moment o0,y and of the susceptibility x,, perpendic-
ular to the sublattice magnetization, which have to
equal

-o,0=gu3a[(D+A,,,+2ET)/E](2/1)), 27)
X = (&2%3/E)2/v), (28)

where v is the volume of the orthorhombic unit
cell,

The main advantage of the present study is the
possibility of a calculation of the anisotropy and
exchange coefficients which is completely indepen-
dent of other measurements (except for the evalua-
tion of g). Note also that we get results at 2 °K
which normally provide an easier physical interpre-

First line, calculation from our data at 2 °K;

second line, calculation from our measurements at 2 °K supposing that only a is temperature dependent third line, com-
parison with antiferromagnetic resonance data from Ref. 4 and using Eq. (31).

T E Hy Er H, D
(K) « g f(em?) &G) T

(em™) kG (em™)

2 1 2,30 251 2350 0,0025 -0.6 -6 16.9
77* 0,93 2.30 251 2180 0,0025 -—0.6 -6 16.9
77°  0.93 2.14 226 2100 0.0120 -—2.7 —25 17.4

HD sz Hm Ax;c H ’ Aéz Hz'z Hx-z
kG) (em™) G (m™) &G (mY) &G G
157 +0.1; +1,56 —0.15; —1.,4; —0.19 —1,7;+0.6
146 +0.1; +1.5 —0,15; —1.3; =—0.19 =1,6 +0.5
162 +1.3 +12 n.m.® n.m, n.m. n.m, —-1,1

2Calculated from our measurements at 2 °K supposing
that only a is temperature dependent.

bFrom Ref. 4, and using Eq. (31).
°Not measured.



4196

tation, On the other hand, unfortunately, the ex-
perimental accuracy of frequency measurements is
of the order of 0.3 cm™, which gives a relatively
low precision at low frequencies. However, the
experimental determination of E is very accurate.
We think that the values of D, A}, and A/, are
correct within less than 10%. In contrast, the rela-
tive uncertainty concerning A,, and ET is high, the
absolute accuracy being around 0.5 cm™. On the
second line of Table II we give the calculated values
of the coefficients at 77 °K, using the temperature
dependence of the measured frequencies, and sup-
posing that only « varies with the temperature:
One finds @ =0.93 at 7=77 °’K. We have also cal-
culated @, from published data of Golovenchitz
etal.,* with the help of expression (28), which they
claim to have used for their analysis. Here again
we find @ =0.93, which confirms that the frequen-
cies are simply proportional to the sublattice mag-
netization, and also indicates that at 770 °K the
zero point sublattice demagnetization is very small,
On the third line of Table II we have reported the
coefficients derived from Ref. 4, When comparing
lines 2 and 3 we see that the agreement for Hy and
D is very good, while it is poorer for E and H,. It
is not clear to us how the results were derived in
Ref. 4, since, apparently only six independent
equations were used to calculate seven independent
coefficients, namely, Eqs. (11)~(14), (27), and
(28) to derive g, 7, «, Hg, H., H,,, H,_, [the qua-
dratic term of the field dependence of frequen-
cies in expressions (7) and (19) provides then only
a very crude estimate of g]. However in our opin-
ion the 2. 14 g value used in Ref. 4 is certainly un-
derestimated, when compared to theoretical pre-
dictions and experimental results in other similar
Ni salts, We then think that our determination of
E is the most precise; it can be objected that we
have completely neglected the intrasublattice iso-
tropic exchange (next-nearest-neighbor exchange)
which would make FE differ from half the cutoff
frequency of the two-magnon Raman scattering
line, but as pointed out previously, if not very
small, such an exchange would make the two-mag-
non Raman scattering line shape differ from the
theoretical one, calculated by neglecting the oc-
currence of four sublattices, the anisotropy terms
and the next-nearest-neighbors exchange.

In our opinion, the divergences concerning the
other coefficients cannot be explained only from
experimental uncertainties; it would be of interest
to know if another choice of g could provide differ-
ent values from the analysis of AFR spectra. In
any case, all the anisotropy coefficients except D,
are small compared to E, Although they play a
substantial role in the expression of the FM and
AFM frequencies, they are completely negligible
for high frequencies excitations.

PISAREV, MOCH, AND DUGAUTIER 7

B. Orders of Magnitude of D and Jy,(/;;)

A very crude estimate of the orders of magnitude
of D and J,, (or J,,) leads to®®

D~[(g-2)/g]E~(\/A)E, (29)
I )~ [(g = 2)/8]2 E~ (\3/A%)E. (30)

D is expected to be one order of magnitude smaller
than E, and J,,(J,,) to be one order of magnitude
smaller than D, The experimental results then
agree with values predicted by (29) and (30).

From the rough estimate of the single-ion anisot-
ropy terms [expression (25)] we expect them to be
of the order of A7=~1 cm™, which is in agreement
with our results.

C. Magnetic Susceptibility and Spontaneous Magnetic Moments

Using expression (27) we have calculated the
spontaneous magnetic moment: We find 0. 074u g
per Ni ion at 0 °K and 0. 06845 at 77 °K. This last
value has to be compared to the 0.059u 5 experi-
mental one, resulting from static measurements,?
The agreement is fair, Moreover, expression (28)
allows us to calculate x,. We find x.=79x10% in
excellent agreement with the experimental value
Xe="T7x1078, 2

D. Sublattice Magnetization

Finally, in the molecular field approximation,
the relative magnetization a(7T) varies as

a(T)=B5<ZSS+ 1 T—T;) (31)

where S=1 and By is the Brillouin function for
S=1. As shown in Fig. 4, the normalized frequen-
cy exactly follows the above law if we take the pre-
viously measured value T =156 °K?%; the fit is
less accurate with 7' =149 °K, although in NaNiF,
the sublattice moment has been reported from neu-
tron scattering measurements to follow a Brillouin
law with T, =149 °K,®

As pointed out above, the 156 and 246 °K respec-
tive ordering temperatures for NaNiF; and KNiF,
lead to identical variation of the two-magnon nor-
malized frequency versus the normalized tempera-
ture T/Ty for the two crystals; if one takes T
=149 °K, here again the fit is less accurate., A
situation where different determinations lead to
different Néel temperatures has also been observed
in KNiF,, 22+39:40

The ordering temperature seems sample depen-
dent and very sensitive to defects and impurities.
In any case, the fact that the normalized frequen-
cies follow a simple Brillouin law as well as the
sublattice magnetization confirms that, except a,
the coefficients entering into expression (4) can be
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regarded as temperature independent, and justifies
the way we have compared our results to antifer-
romagnetic resonance spectra at 77 °K,
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Magnetic Susceptibility of MnF, near T , and Fisher’s Relation
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Measurements of the parallel magnetic susceptibility ¥ of MnF, are reported for 60 < T < 80°K in
temperature intervals of about 0.1 °K. A check on Fisher’s relation, viz., C, >~ A 9(xT)/97, is made
near the Néel temperature T y using Teaney’s measurements of the magnetic specific heat C, . General
features of Fisher’s relation are found to be valid, except 4 is found to have considerable temperature
dependence in the temperature range (T — Ty)/Ty| <0.03. It is shown that for T > Ty the observed
temperature dependence of 4 can in part be explained by including the effect of the uniaxial
anisotropy on the temperature dependence of the transverse correlation functions.

I. INTRODUCTION
It has been shown by Fisher! that in a simple
antiferromagnet with predominantly short-range

interactions, the magnetic specific heat C, is re-
lated to the parallel static susceptibility x by the
relation



