tural transition in which ferromagnetic properties ap-
pear in the system.
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Magnetic phase transition from the antiferromagnetic to the

paramagnetic state in NaMnCl,

A. N. Bazhan, N. V. Fedoseeva," and |. P. Spevakova'

Institute of Physical Problems, USSR Academy of Sciences
(Submitted 26 January 1978)
Zh. Eksp. Teor. Fiz. 75, 577-584 (August 1978)

The magnetic properties of a single crystal of antiferromagnetic NaMnCl; have been investigated with a
vibrating-sample magnetometer in magnetic fields up to 65 kOe, over the temperature range 2 to 25 K. It
is shown that in magnetic fields H = 15kOe a phase transition of the second kind, from the

antiferromagnetic state to the paramagnetic, occurs in NaMnCl; at a temperature corresponding to the
measurements. The features of this transition that are manifested on the magnetization curve of the single

crystal are investigated.

PACS numbers: 75.30.Kz, 75.50.Ee

Sodium manganese chloride, NaMnCls,_ crystallizes
in the hexagonal syngony, space group R3- The para-
meters of the hexagonal cell at room temperature are:
a=6.591 A, c=18.627 A.") The structure of NaMnC1
consists of alternating layers of Mn ** and Na* ions
separated by layers of Cl™ ions (Fig. 1). The distance
between neighboring Mn ** ions located in a single plane
is less by a factor 1.63 than the distance between Mn **
ions in neighboring planes. The elementary cell of
NaMnCl, contains two magnetic ions.

It has been discovered'3’ that NaMnCl, is antiferro-
magnetic, with Néel temperature T, = 7.1K. Interest
in further investigation of this crystal was determined
by the possibility of studying a magnetic phase trans-
ition produced by application of a magnetic field, and
due to destruction of the antiferromagnetic structure
at a critical field, since from estimates obtained in
Ref. 3 the exchange field is H;~ 13 kOe. According to
Ref. 3, sodium manganese chloride belongs to the
quasi-two-dimensional class of antiferromagnets.

NaMnCl, monocrystals for the investigations were
grown by B. V. Beznosikov at the L. V. Kirenskii In-
stitute of Physics, Siberian Division, Academy of
Sciences, USSR.?? X-ray investigations made on the
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NaMnCl, at room temperature showed agreement of the
cell parameters with those given above and absence of
paramagnetic impurities, within the limits of accuracy
of the methad. Investigations of the NaMnCl, mono-
crystals were made with a vibrating-sample magneto-
meter™? over the magnetic-field range 0 to 65 kOe and
the temperature range 2 to 20 K. Temperatures be-
low T = 4.2 K were reached by evacuating helium from
a cryostat. The orientation of the crystal axes of the
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monocrystals under investigation with respect to the
applied magnetic field H and to the axes of the measur-
ing coils was no worse than 2 - 3°.

RESULTS OF THE MEASUREMEN'I"S

Figure 2 shows the variation of the magnetic moment
M of a monocrystal of NaMnCL, with the applied mag-
netic field H at T= 4.2 K. One curve represents the
function M (H) when the magnetic field H is applied
perpendicular to the high-order ¢ axis, H.c; the other
curve represents the function M (H) when the magnetic
field is oriented along the c axis, Hl|c. It is evident
from Fig. 2 that at magnetic field H= H = 15kOe, for
both directions of the applied magnetic field H, there
occurs in NaMnCl, a phase transition that is charac-
terized by an abrupt change of form of the magnetiza-
tion curve M (H).

When the magnetic field is applied in the basal plane,
Hiyc (Fig. 2), in magnetic fields 0<H <8 kOe the mag-
netic-moment dependence M (H) is linear and is des-
cribed by the expression

MH)=yx.H, y,=1.1%£0.5 cgs emu/mol.

In magnetic fields 8 <H <14 kOe (near H_), a nonlinear ¥

growth of the magnetic-moment dependence M(H)
occurs with increase of the magnetic moment. For
magnetic field H>H  the magnetic-moment dependence
asymptotically approaches the value of the saturation
magnetic moment 2M,= 28 000 cgs emu/mol of the two
magnetic Mn** ions in the elementary cell. The form
of the magnetization curves M(H) does not change with
change of the orientation of the applied magnetic field
in the basal plane (HLc).

When the magnetic field is oriented along the ¢ axis,
Hllc, in magnetic fields 0<H <8 kOe there is again a
linear magnetic-moment dependence

M(H)=y,"H, y,°=0.94=0.5 cgs emu/mol.

in magnetic fields 8 <H <H* = 15.6 kOe (near H¥*), a
nonlinear growth of the M(H) dependence again occurs;
and for magnetic fields H >H_, the M(H) dependence
again approaches asymptotically the value of the satu-
ration magnetic moment 2M, of the two magnetic Mn +*
ions in the elementary cell.®) The values of the mag-
netic susceptibilities X, and X ¥ obtained in the present
work agree to within 10% accuracy with the values ob-
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FIG. 2. Variation of magnetic moment with applied magnetic
field for different orientations of H.,
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FIG. 3. Variation of magnetic moment with applied magnetic
field at various temperatures.

tained in Ref. 3.

Figure 3 shows the magnetic-moment relations M(H)
for the magnetic-field orientation H.c at various
temperatures. The investigations of the magnetization
curves of NaMnCl, were made over the temperature
range 2 to 20 K (Fig. 3 shows the M(H) relations over
the temperature range 4.2 to 7.3 K). It is evident from
Fig. 3 that on change of temperature the general form
of the magnetization curves M (H) remains unchanged to
temperatures of the order of 6 K; change occurs only
in the values of the phase-transition magnetic field
H*(T) and of the magnetic susceptibility X ¥(T). At
temperatures greater than 7 K, the nonlinearity of the
magnetic-moment dependence M (H) in strong magnetic
fields, H>10 kOe, remains, but the nonlinearity in
M(H) for H<10 kOe is not observed.

With the magnetic-field orientation H|| ¢, the mag-
netic-moment relations M(H) at various temperatures
are similar to the M(H) relations of Fig. 3, with appro-
priate values of the phase-transition magnetic fields
H*(T) and of the magnetic susceptibilities X ¥(T).

Figures 4 and 5 show the temperature dependences
of the phase-transition magnetic tield H(T) (Fig. 4) and
of the magnetic susceptibility X ,(T) at H < H, (Fig. 5)
for the different orientations of the applied magnetic
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FIG. 4. Variation of phase-transition magnetic field with tem-
perature.
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FIG. 5. Variation of magnetic susceptibility of NaMnCl, with
temperature.

field H. Curves 1 in Figs. 4 and 5 represent the H (T)
and X,(T) relations for the magnetic-field orientation
H,c, curves 2 for H||c.

The phase-transition magnetic field H,(T) at various
temperatures T<T, was determined by the point of in-
flection on the magnetization curve M(H), where a
change of sign of the second derivative 82M/8H? occurs.
The values of the magnetic susceptibility were deter-
mined from the linear section of the magnetic-moment
relation M(H) at magnetic field H <H,. It is seen from
Fig. 5 that the X ,(T) and X*(T) relations have a small
maximum near T, but remain practically constant at
temperatures T<T,.

DISCUSSION OF RESULTS

From analysis of the temperature dependence of the
magnetic susceptibility shown in Fig. 4, it follows that
sodium manganese chloride is antiferromagnetic, with
Néel temperature T, = 6.5+0.5 K; this is in good
agreement with the results of Ref. 3. In Ref. 3, some-
what different transition temperatures are given for
different crystallographic directions. This is explained
by the fact that the measurements of the susceptibility
X(T) were made at a single field H= 5 kOe, and in the
processing of the results no account was taken of the
nonlinearity of the magnetization curves M(H) near the
phase-transition point H,.

From the experiments whose results are presented
in Fig. 2, it may be concluded that when T= 4.2 K,
NaMnCl, undergoes at magnetic field H~15 kOe a phase
transition of the second kind from the antiferromagnetic
to the paramagnetic state. In the antiferromagnetic
state, which occurs for magnetic field H < H_, the
antiferromagnetic vector L in NaMnCl, is oriented in
the basal plane of the crystal, perpendicular to the ¢
axis. This conclusion can be drawn from a comparison
of the values of the magnetic susceptibility for magne-
tic field Hic, X,(T), and for magnetic field H||c,

X ¥(T). The difference in the values of susceptibility
X, and X* is explained solely by the anisotropy of the
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transverse magnetic susceptibility. The antiferromag-
netic vector L is perpendicular to H for both orienta-
tions of the magnetic field. On change of the orienta-
tion of the applied magnetic field H in the basal plane,
Hlc, there occurs a change of orientation of the anti-
ferromagnetic vector L L H, since according to experi-
ment (Fig. 2) anisotropy of the magnetic moment M(H)
on change of orientation of HL em is not observed.

In the antiferromagnetic state at H «<H,, the magne-
tic properties of a NaMnCl, monocrystal (the linear
magnetic-moment dependence M (H)) are described by a
thermodynamic potential & of the form

®="/,Bm*+'/;bm, +1/ 20y, —mH, 1)
where the invariant :Bm? corresponds to the exchange
interaction of the spins, the invariant %bmi is respon-
sible for the anisotropy of the magnetic susceptibility
x, for Hlc and for H|| ¢, and the invariant 3a)? is
responsible for the orientation of the antiferromagnetic
vector L with respect to the high-order axis of the
crystal. By minimization of the thermodynamic poten-
tial (1) we get

M(H)=y,H=H/B, Hlc;
M(H) =y, H=H/(B+b), Hec.

The effective exchange-interaction field H,= M /X, in
NaMnCl,;, determined from experiment with the magne-
tic field oriented perpendicular to the axis, is found to
be Hp=14+0.5 kOe. The effective anisotropy field,
determined from the anisotropy of the transverse mag-
netic susceptibility (x, and X¥), is found to be H, = 2.5
+0.1 kOe.

On increase of a magnetic field H applied either per-
pendicular to the high-order ¢ axis or along it, a con-
tinuous rotation of the magnetic moments of the sub-
lattices occurs up to magnetic field H= H,, at which the
antiferromagnetic state is destroyed and a phase trans-
ition occurs to the paramagnetic state at the given tem-
perature. This transition is characterized by the fol-
lowing features.

1. According to molecular-field theory in the two-
sublattice model, the transition of an antiferromagnet
to the paramagnetic state on application of an external
magnetic field should occur at a field'®!

H=2He, H =2Hs+H, (2)

where H,= M(T)/X,, M(T) is the magnetization of a
sublattice at the given temperature, and H, is the an-
isotropy field. Then from the relations (2) and the
values of H, and H, obtained from experiments at H <«
H_, one can obtain the following values of the quantities
H_ and H}:

H, =24 xOe, Hc' = 27 kOe.
From Fig. 5, however, it is evident that the experimen-
tal values of the critical fields H_ and H¥ for the phase
transition, obtained by extrapolation to temperature
T= 0 K, are significantly smaller:

H_(0)=15.5%0.5 kOe, H,"(0)=18+0 kOe.

2. The value of the effective exchange-interaction
field calculated from the value of the Néel temperature
T of this monocrystal, !¢
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He'=3kT/(S+1) gps,

is found to be H% ~40 kOe and considerably exceeds the
value of the effective exchange-interaction field H, de-
termined from experiment in the antiferromagnetic
state at H < H,. ‘

3. At magnetic fields H~H_, H<H, (for both direc-
tions of the magnetic field H), a nonlinear growth is ob-
served on the magnetic-moment curve M(H); that is, a
deviation of the variation of magnetic moment with field
from the linear relation predicted by molecular-field
theory.

The difference between the exchange fields estimated
from the magnetic susceptibility x, in the antiferro-
magnetic state at H <H_ and from the value of the Néel
temperature T, of the given monocrystal can be ex-
plained by supposing that in NaMnCl,, in.addition to the
antiferromagnetic interaction between the two sublatt-
ices, there is a stronger ferromagnetic interaction
within the sublattices. The exchange field determined
from the value of the magnetic susceptibility X, is
caused by the antiferromagnetic interaction, whereas
the Néel temperature is determined by the sum of the
absolute values of the ferromagnetic and antiferromag-
netic exchange interactions. Such a situation can arise
if we suppose that the magnetic structure of NaMnCl,
constitutes ferromagnetic planes coupled by weaker
antiferromagnetic interaction. Then the magnetic prop-
erties of NaMnCl, should be described by two effective
exchange fields, exchange interactions of different
signs.

On approach of the magnetic field H to H,, as has
already been pointed out, a nonlinear growth of the
magnetic moment M(H) occurs. Such a form of the M(H)
relation near the point H, of phase transition from
the antiferromagnetic to the paramagnetic state can be
explained on the basis of theoretical calculations pre-
sented in a paper of Jacobs and Siverstein, ["J with
allowance for biquadratic exchange. Then the thermo-
dynamic potential & describing the magnetic properties
of the monocrystal near the phase-transition point is
written in the form

©="0,B(M.M,)+Y/,D (MM.)*— (M,+M,)H, ®3)

where M, and M, are the sublattice magnetizations, B
is the first-order exchange-interaction constant, and

D is the biquadratic-exchange constant. For simplicity
of the calculations, anisotropy is disregarded in this
thermodynamic potential. We did this calculation for
the case Hic. By minimization of (3), one can obtain
an equation for the motion of the magnetic moments of
the sublattices on increase of the magnetic field H. The
effect of biquadratic exchange also leads to a decrease
of the value of the phase-transition magnetic field H, as
compared with the deductions of molecular-field theory.
In Fig. 2, the points represent calculated M(H) rela-
tions when the ratio of the biquadratic-exchange and
first-order exchange constants is 8= D/B =0.2.

The nonlinearity of the M(H) relation near the phase-
transition point can also be explained on the basis of the
theory of the effect of spin waves®! on the magnetiza-
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tion near the phase-transition point H,. But the tem-
perature 7'=4.2 K, at which the experiment was done
whose data were compared with the theoretical curves,
is still quite close to Ty, whereas the theoretical cal-
culations were done for T <« T; therefore for compar-
ison of the experimental data with the deductions of
theoretical calculations,®! lower temperatures, T<2 K,
are needed hereafter.

To determine the temperature dependence of the
phase-transition magnetic field H,(T) (Fig. 5), we plot-
ted the variation of In H (T) with In (T). In Fig. 6, the
points represent this relation for HLc. It is seen from
the curve that with lowering of the temperature, the
phase-transition magnetic-field dependences H (T) come
out onto a dependence determined by the law H, o T%/2
(dotted curve), as was predicted in Ref. 8. But as has
already been pointed out, for a more detailed treatment
lower temperatures are needed.

For magnetic field H > H_, the magnetization curves
are described by Brillouin functions corresponding to
the given temperature. The magnetic moment is ex-
pressed in the form

M (H)=NgBSBs(hS) =2M.Bs(hS), 4
where
_ gusS effy M(T) :
ns= L2 [(H+H. ) S ) (5)

Agreement of the experimental results for the M(H)
relation, with magnetic field H>H, and HL ¢, with the
theoretical calculation is observed when H§' = 10+1
kOe. If we suppose that in the present case H = HEY -
HAT™ where HEM is the effective field of ferromagnetic
interaction (as was pointed out above, an effective in-
teraction H5¥ of ions in this crystal is possible within
planes perpendicular to the ¢ axis) and HA™ is the ef-
fective field of antiferromagnetic interaction (as was
pointed out, such interaction of ions is possible between
ions of the planes perpendicular to c), then since
HAPM = 14 kOe, H}M =23 +1 kOe.

If the magnetic field H is applied along the ¢ axis,
then a calculation of the theoretical M(H) curve for
H,= 3 kOe and H4{™ = 14 kOe does not lead to agree-
ment with experiment. By comparing the theoretical
calculation of the Brillouin function at various values of
the field H,; with experiment, one can obtain the value
of this field. But more detailed conclusions require
additional experiments. Yet the experiments under dis-
cussion do not contradict the assumption that NaMnCl,
is perhaps a quasi-two-dimensional antiferromagnet,
in which the magnetic moments of ions in planes per-
pendicular to the ¢ axis are parallel (that is, the ex-
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change interaction of ions in the planes is ferromag-
netic), whereas the magnetic moments of ions in diff-
erent planes are antiparallel (that is, the exchange in-
teraction of ions belonging to different planes is anti-
ferromagnetic).

We consider the experimental data obtained at temp-
eratures above the transition point T,. As is seen from
Fig. 3, above the phase-transition point the nonlinear
magnetic-moment relation M(H) in weak fields, H<10
kOe, disappears, and M(H) is sufficiently well des-
cribed by the expression M(H)= X,(T)H. On increase of
the magnetic field above 10 kOe, there appears a strong
nonlinearity of the magnetic-moment dependence,
characteristic of a “saturating” paramagnet; that is,
when the magnetic moment M(H) of the paramagnet is
close to the magnetic moment of the magnetic ion at the
prescribed temperature. The values of the magnetic
susceptibility X(T) above the phase-transition point
Ty, presented in Fig. 5, were obtained by processing
of the linear sections of the M(H) relations of Fig. 3 at
H<10 kOe. By processing the magnetic-susceptibility
data above the phase-transition point, one can obtain a
Curie-Weiss law with the value ©=3+1 K. The fact
that the value of © was found to be positive supports
the assumption that the NaMnCl, monocrystal is per-
haps a quasi-two-dimensional antiferromagnet, in
which the value of the ferromagnetic exchange inter-
action in the basal plane, perpendicular to the c axis,
exceeds the value of the antiferromagnetic exchange
interaction between the planes.

Thus the results of the research show that in anti-
ferromagnetic NaMnCl, at T = 4.2 K, a second-order
phase transition from the antiferromagnetic to the par-
amagnetic state occurs in magnetic fields H_ = 15 kOe.
In the research, the magnetic-moment dependence
M(H) was investigated with the magnetic field H per-

pendicular and parallel to the high-order axis of the
crystal, at various temperatures.
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D1t is seen from Fig. 2 that when H= H,, for given magnetic
fields the M(H) relation approaches a value of the magnetic
moment somewhat different from 2M;; but with ir~rease of
H, there occurs an increase of the magnetic moment M(H),
and this gives a basis for supposing that in strong magnetic
fields M(H) asymptotically approaches the value 2M,.

1. J. J.van Loon and G. C. Verschoor, Acta Crystallogr. B29,
1224 (1973). ’

2A. 1. Belyaeva, M. M, Kotlyarskii, E. A. Popov, and B. V.
Beznosikov, Phys, Status Solidi (b) 75, K123 (1976).

3N. V. Fedoseeva, 1. P. Spevakova, and Yu. P, Sereda, Fiz.
Tverd. Tela 18, 3122 (1976) [Sov. Phys. Solid State 18, 1821
(1976)]1.

4A. N. Bazhan, A. S. Borovik-Romanov, and N. M. Kreines,
Prib. Tekh, Eksp. No. 1, 213 (1973) [Instrum. Exp. Tech, 16,
No. 1, 261 (1973)].

5A. S. Borovik-Romanov, Itogi nauki: antiferromagnetizm [Re-
sults of Science: Antiferromagnetism], Izd. Akad. Nauk
SSSR, 1962.

6J. S. Smart, Effective Field Theories of Magnetism (W. B.
Saunders Co., Philadalphia, 1966; Russ. transl., Mir, 1968).

1. S. Jacobs and S. D. Silverstein, Phys. Rev. Lett. 18, 272
(1964).

8J. Feder and E. Pytte, Phys. Rev. 168, 640 (1968).

Translated by W. F. Brown, Jr,

Ferromagnetism of dilute PdNi alloys
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According to the experimental data, in dilute PdNi alloys there exist local moments associated with
groups of two or three nearest-neighbor nickel atoms in the lattice. A theory which takes into account the
polarization of the d-electrons on isolated nickel atoms due to the local moments, and the strong
nonuniformity of the alloy, has made it possible to explain in a natural way the unique concentration
dependences of the longitudinal susceptibility, magnetization, and Curie temperature of these alloys.

PACS numbers: 75.50.Cc, 75.10.—b, 75.30.Cr

INTRODUCTION
Alloys of palladium with r.'ckel possess many dis-
tinctive properties, which make them an interesting

object for study.
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Unlike iron or cobalt atoms, a nickel atom in palla-
dium does not possess a magnetic moment. Ferromag-
netism has been reliably observed in alloys with a nick-
el concentration exceeding 2.3 at.%. Near this concen-
tration the susceptibility of the alloy and also the elec-
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