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Magnetic properties of the Suzuki phase formed in NaC1:Mn +
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Magnetic susceptibility measurements in the 0.07-4.2-K temperature range as well as electron-

paramagnetic-resonance spectroscopy at room temperature have been carried out in order to explore the

magnetic properties of a NaC1 single crystal doped with Mn + ( —900 ppm) containing the Suzuki phase.
The magnetic susceptibility follows a Curie-gneiss law in the whole 0.07—4.2-K temperature range, 0 being

equal to —1.7 K. This value, which indicates that the effective exchange coupling between Mn + ions is

mainly antiferromagnetic, is not far from the estimations made through the experimental value AHpp 135

6 of the peak-to-peak width of the electron-paramagnetic-resonance band at room temperature. The ab-

sence of an order temperature Tz, at least down to 0.07 K, implies that 0/Tz is higher than 24. As the
Mn2+ ions in the Suzuki phase display a fcc lattice in which the superexchange interactions among next-
nearest Mn2+ ions are largely avoided, this absence of order is attributed to frustration.

I. INTRODUCTION

Ionic crystals doped with an impurity may give rise to the
formation of precipitated phases even at low impurity con-
centrations. The composition and structure of such precipi-
tates is not necessarily that of a known substance. In fact,
in some cases the microcrystals which form the precipitates
may exhibit a composition and structure different from any
known compound. So such precipitates can be viewed as
new materials in spite of the fact that they are formed only
inside a well-known ionic matrix,

A good example of this is the so-called Suzuki phase"
obtained in alkali halides doped with some divalent cations
such as Cd2+ (Refs. 1 and 2), Mg2+ (Ref. 3), or Mn2+

(Ref. 4).
Figure 1 illustrates the (100) projection of the unit cell of

such a phase whose Bravais lattice is fcc. It can be seen on
Fig. 1 that in the Suzuki phase the vacancies are not defects
but they are ordered as any other component of the perfect
lattice.

Quite recently a good effort has been made in order to
explore the vibrational' and optical properties associated
to the Suzuki phase. In this way, Raman spectroscopy has
proved to be quite useful for identifying the Suzuki phase in
as-grown NaCl:Mn2+ (Ref. 5) and NaCl:Cd2+ (Ref. 6) sin-
gle crystals because such a phase exhibits first-order Rarnan
peaks in contrast to the host matrix.

Furthermore, in NaCl:Mn2+, where the Suzuki phase in-
volves a luminescent cation the optical excitation spectra8
reveal the presence of a double excitation peak at 231 nm
characteristic of the Suzuki phase. The appearance of such
double excitation peak has been related to the existence of
superexchange interactions among Mn + in close positions
following the mechanism developed by Tanabe, Moriya, and
Sugano. 9

It is clear that the existence of exchange interactions

among the Mn'+ ions forming the Suzuki phase should also
influence the magnetic susceptibility of such a phase which

up to now has not been explored.
Here we report magnetic susceptiblity and electron-

paramagnetic-resonance (EPR) measurements on the
Suzuki phase formed in NaC1:Mn'+. This is, to our
knowledge, the first study reported on the magnetic suscep-
tibility of a new precipated phase in an ionic crystal.

The magnetic susceptibility measurements have been per-
formed in the 0.07-4.2-K range. In fact, taking into ac-
count that the Mn +-Mn'+ distance between Mn'+ ions in
closest positions is 7.97 A (Fig. 1) and the superexchange
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FIG. 1. (100) projection of the unit cell of the Suzuki phase in
NaC1:Mn + which corresponds to the stoichiometry 6 NaC1;MnC12.
The lattice parameter a is just twice that of the NaCl lattice. The

0
distance between a Mn + ion and a nearest Cl ion is 2.58 A (Ref.
4)



MAGNETIC PROPERTIES OF THE SUZUKI PHASE FORMED IN. . . 4193

path involves two Cl ions we expect that the effects of the
superexchange interaction on the susceptibility should be
very weak and therefore better seen upon decreasing the
temperature.

The EPR measurements have been carried out as a com-
plementary tool. These measurements are able to indicate
the existence of exchange interactions between Mn'+ ions
well above the temperature region where the exchange ef-
fects manifest themselves in the susceptibility. ' At the
same time such measurements may provide us with a first
estimation of the absolute value of the Curie-Weiss tempera-
ture, provided the structure of the precipitated phase be
known' " as it happens in the present case." As it will be
sho~n later, this estimation indicates that the good region
of temperatures for good observation of the effects of ex-
change upon the susceptibility is in fact below liquid-helium
temperature (LHeT).

EXPERIMENTAL

&00 6

FIG. 2. Room-temperature EPR spectrum of the NaC1:Mn +

sample containing the Suzuki phase. No signals corresponding to
"isolated" Mn + ions or isolated Mn2+-vacancy dipoles are seen.

A NaC1:Mn + single crystal was grown by the Czochralski
method in an inert atmosphere. The impurity content was
measured by atomic absorption spectrophotometry, In the
sample where the magnetic susceptibility and EPR measure-
ments were carried out, the Mn'+ concentration was about
900 ppm.

The presence of the Suzuki phase in our as-grown sample
was ascertained by means of Raman spectroscopy following
the previous work by Calleja, Ruiz, Flores, and Velasco~
and also by inspecting the excitation spectrum correspond-
ing to an emitted light whose wavelength is X = 633 nm as
described in Ref. 8.

The magnetic susceptibility of our sample was derived
from the initial slope of the magnetization curves performed
in the 0.07-4.2-K temperature range. For each tempera-
ture, the magnetization was measured for the magnetic field
varying between 160 and 850 G. The magnetization was
determined through an extraction method in the experimen-
tal setup of the Centre de Recherches pour les Tres Basses
Temperatures at Grenoble, France whose sensitivity allows
one to detect at least 50 ppm of Mn'+ in the present tem-
perature range. The EPR spectra were taken using a Varian
E-12 X band spectrometer whose frequency was 9.18 GHz.

exchange-narrowed EPR band was first noticed by Forrester
and Schneider' and also by %atkins, ' who suggested, how-
ever, that it is due to manganese ions aggregated at or near
internal boundaries or dislocations.

As the structure of the Suzuki phase is known (Fig. I) we
can derive from it the value of the second moment Hp for a
powder which is calculated to be 9.9X10 (0).' In this cal-
culation w'e have omitted the

3
factor, ' a fact which will

be justified a posteriori. The value of Hp implies that in the
absence of exchange effects the EPR line should have
IHpp = 630 G assuming its shape is Gaussian. As this value
is clearly higher than the experimental one AH»=135 G,
the influence of exchange effects on the EPR band of the
Suzuki phase is again stressed. Furthermore, following An-
derson and Weiss theory' and the work by Gulley, Hone,
Scalapino, and Silbernagel" on several Mn + salts we esti-
mate an exchange field H, = 1250 G, a value which supports

10
a posteriori the neglect of the —, factor in our calculations.

If we only take into account the effective exchange in-
teraction (written as JS~ S2) between two Mn'+ ions in
closest position, this value of H, allows one to estimate the
absolute value of J through the relation'0 '"

As depicted in Fig. 2 the room-temperature EPR spec-
trum of our sample consists only of an exchange-narrowed
band whose peak-to-peak width is AH»=135 G. No other
paramagnetic species of Mn'+ are detected. When the tem-
perature is decreased down to 120 K the band shape and the
value of AHpp are not modified.

This exchange-narrowed band can thus be reasonably as-
sociated with the presence of the Suzuki phase in our as-
grown sample which, as already remarked, was previously
verified through Raman and luminescence measurements.

At the same time the present EPR data point out that in
our sample the concentration of Mn'+ ions dissolved in the
NaC1 lattice as Mn +-vacancy dipoles or Mn'+ ions with 0&
symmetry is negligible compared to that of Mn + ions form-
ing the Suzuki phase.

In the as-grown NaC1:Mn2+ crystals, a very similar

H,2=5.7 S(S+I)
goP j

with 5 =
2

for the present case.5

This estimation gives ~J~/ktt= 0.025 K. Now using this
value of J we are able to estimate the absolute value of the
Curie-Weiss temperature. For this we assume the relation

0= J/kttZS (S+ I)/3 (2)

given by the molecular field theory for the case in which
only the exchange interaction between Mn'+ in closest posi-
tions is considered. As in the present case the Mn + ions in
the Suzuki phase describe a fcc lattice; the number of Mn +

ions in closest position to a given one is Z =12. Now tak-
ing S =

2
and putting ~J~/ktt ——0.025 K in Eq. (2) we esti

mate iO[ =0.9 K.
Therefore this estimation made using EPR data obtained

at room temperature tells us that the suitable region of tem-



4194 M. MORENO et al. 29

peratures for good detection of the influence of exchange in
the magnetic susceptibility is below LHeT.

The results of the magnetic susceptibility measurements
performed on the same sample in the 0.07-4.2-K range are
depicted in Fig. 3. It can be clearly seen in that figure that
the magnetic susceptibility follows a Curie-Weiss law
g= C/T —0 in the whole 0.07-4.2-K temperature range
with 0= —1.7 K and C=7.4X10 5 emuK/g.

This result is thus quite consistent with the presence of
the Suzuki phase in our sample and indicates that the effec-
tive coupling between Mn2+ ions in such a phase is mainly
antiferromagnetic as it usually happens in the Mn2+ salts.
On the other hand, from the experimental value of the Cu-
rie constant C we derive a concentration of Mn2+ ions
forming the Suzuki phase equal to 990 ppm.

As regards the experimental value of ~O~ we find a

reasonable agreement with the previous estimation made
from the EPR data at room temperature in view of the ap-
proximations involved in it.

Besides the evidence of antiferromagnetic coupling in the
Suzuki phase precipitates the most significant fact contained
in Fig. 3 is the absence of an order temperature T~ at least
down to 0.07 K. In this sense there is not seen in Fig. 3
any sign of deviation with respect to the Curie-%eiss law in
the region 0.07-0.1 K. These facts clearly mean that the ra-
tio between ~O ~

and T~ should be higher than 24, which is
indeed a very large figure.

A reasonable but qualitative explanation of this peculiar
behavior can be obtained looking at the crystal structure of
the Suzuki phase. In fact, Fig. 1 points out that the Mn'+
ions display a fcc lattice as it happens for other Mn + salts
such as MnO, for instance. Nevertheless, in the present
case the superexchange interaction among Mn2+ ions in
next-nearest positions should be much smaller than that
among Mn2+ ions in nearest positions. This is consistent
with the fact that in the Mn +-Cl -Cl -Mn + superex-
change path among Mn + in next-nearest positions there is
a vacancy placed in the middle position which moreover in-
duces an inward relaxation of Cl ions towards the closest
Mn + ion. This fact produces a Cl -Cl distance in such a
path equal to 6.12 A while the Mn +-Mn + distance is
11.28 A.

Therefore we can reasonably assume that in the Suzuki
phase where the Mn + ions display a fcc lattice only the ef-
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FIG. 3. Plot of the experimental reciprocal susceptibility vs tem-
perature for the NaCl:Mn2+ sample containing the Suzuki phase in
the temperature range 0.07—4.2 K.

fective exchange interactions among nearest Mn'+ ions are
important while the remainder can be neglected. Now it is
worth recalling here that this situation avoids the existence
of a perfect correlation at 0 K among the spins of magnetic
ions. '5 In other words we think it is reasonable to associate
the absence of an order temperature for the Suzuki phase
(at least down to 0.07 K) to the phenomenon of frustration.

%e have also explored the possible influence of the size
of microcrystals in the present phenomenon. In this sense
we have carried out susceptibility measurements in the
0.07-4.2-K range on an as-grown NaC1:Mn'+ crystal con-
taining only 200 ppm of Mn + and the results concerning
the Suzuki phase are essentially the same as those reported
for the crystal with —900 ppm of Mn +.

Further work along this line is currently under way.
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