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The low-temperature antiferromagnet MnC1, ( TN = 1.96 K) ,  which has a layered crystal struc- 
ture, is found to have an anomalously strong anisotropy (for iron-group compounds) of the 
magnetostriction in the antiferromagnetic ( T  = 1.8 K )  and paramagnetic ( T  = 4.2 K )  regions. 
The magnetostriction is proportional to the square of the magnetization of the crystal. A formal 
phenomenological analysis of the results is carried out, and it is shown that the observed magne- 
tostriction is associated with anomalously large magnetoelastic constants ( 10' erg/cm3) for anS- 
state ion (Mn2+ ). Possible causes of the effect are discussed. 

In easy-plane antiferromagnets the magnetoelastic in- 
teraction and the associated magnetostriction play an im- 
portant role in the formation of both the equilibrium config- 
uration of the sublattice magnetizations and the energy gap 
in the spin-wave spectrum.'-3 It is of interest to investigate 
similar effects in crystals having a"soft" phonon spectrum 
particularly in layered crystals, in which the elastic proper- 
ties are sharply anisotropic and a number of the elastic con- 
stants are small. 

As our object of study we have chosen MnCl, crystals, 
which have a layered crystal structure in which every layer 
of Mn2+ ions is surrounded by two layers of C1- ions, cou- 
pled to them by an ionic-covalent bond, and the set of such 
sandwiches, bound together by van der Waals forces, forms 
the crystal. The symmetry group of the crystal is D :,. Its 
elastic constants are given in Refs. 4 and 5. In addition, Ref. 
5 gives the dispersion curves obtained by neutron scattering 
for the phonon branches. They exhibit a nonlinearity of the 
branch of vibrations polarized along the trigonal axis of the 
crystal and propagating in the plane of the layer, corre- 
sponding to the quasiflexural waves examined by Lifshitz for 
layered 

The antiferromagnetic (AFM) ordering in MnC1, sets 
in at T = 1.96 K with the formation of AFM phase I, and at 
T = 1.81 K there is a transition to AFM phase II.8.9 A mag- 
netic field imposed in the basal plane narrows the tempera- 
ture region in which phase I1 exists, and at H >  5-7 kOe only 
phase I occurs. The magnetic structures of the two phases 
are similar. lo In phase I the spins of the Mn2+ ions lie in the 
basal plane of the crystal, forming antiparallel ferromagne- 
tic bands in each of the layers, with the boundaries between 
bands (in the absence of an external field H) directed along 
two-fold axes C, in the plane of the layer (see Fig. 1 ). Here 
each layer is ordered antiferromagnetically. In the absence 
of H the spins are parallel to the boundaries between bands. 

number of ions in the AFM cell (see Ref. 10). One can visu- 
alize these structures by assuming that the local magnetiza- 
tion in the layer in both cases is periodically modulated, with 
a period that is commensurate with the lattice period, while 
phases I and I1 differ in the directions and periods of the 
modulation wave. At H = 0 three types of AFM domains 
coexist for phase I and six types for phase 11, differing in the 
direction of the boundaries between bands in accordance 
with the three equivalent two-fold axes in the hexagonal 
plane of the layer. At the present time there is no microscop- 
ic justification for this magnetic structure or data on the 
details of its transformation in a magnetic field of arbitrary 
direction. 

The magnetization of MnCl, grows linearly with H up 
to the sublattice collapse field (Hc -+32 kOe at T - 4  K and 
Hc -21 kOe at T = 1.75 K ) .  Judging from the isotropicity 
of the magnetic properties of MnC1, with respect to magneti- 
zation in the plane'' and from the absence of angular depen- 
dence in our antiferromagnetic-resonance (AFMR) mea- 
surements for H in the plane at an arbitrary angle to C,, it 
must be assumed that in a magnetic field stronger than the 
field at which the magnetic structure is brought into a single 
domain (1-2 kOe, according to Douglass and Strand- 

The AFM unit cell in the layer can contain 10 magnetic ions 
FIG. 1. Schematic illustration of the magnetic structure of the AFM-I 

(five in each the In each the antiferromagnetic ordering in MnCI, according to the description in Refs. 
adjacent sandwich layers the bands of spins located on top of 9 and 10, showing the scheme of the magnetic ordering in an individual 

one another are oriented oppositely. phase 11 differs from layer at H = 0 for one ofthe domains. ~ h ~ r e c t a n ~ l e  encloses the magnetic 
cell in the layer. The dashed lines correspond to the C2 axes. The structure 

phase I in the width of the ferromagnetic bands in the layers, of the other domains can be obtained by a 120' rotation about the C, axis, 
in the direction of the boundaries between bands, and in the which is perpendicular to the plane of the figure. 
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borg12), the boundaries between the bands of a persistent 
domain and also the corresponding antiferromagnetism vec- 
tor in the domain are oriented perpendicular to H regardless 
of the direction of the field with respect to the two-fold axis. 
It was concluded in Refs. 12 and 13 that despite the complex- 
ity of the magnetic structure of MnCl,, all its magnetic prop- 
erties can be described in an effective two-sublattice model 
constructed by replacing all the spins which are oriented in 
the same direction in the AFM unit cell of the layer (and 
which fall in a single band) by a single effective magnetic 
moment. The AFMR dataI2.l3 support such a possibility 
and, moreover, show that the AFMR branch corresponding 
to oscillation of the magnetic moment in the basal plane (the 
low-frequency branch of the AFMR of an easy-plane anti- 
ferromagnet) has a gap, and in this case the AFMR is practi- 
cally isotropic with respect to orientation of H in the basal 
plane. A possible source of this gap is the magnetoelastic 
interaction (spontaneous magnetostriction1-3), which stabi- 
lizes the direction of the antiferromagnetism vector in the 
practically isotropic easy plane of a crystal with two effective 
magnetic sublattices. There is as yet no data on the magne- 
toelastic interaction in MnCl,. 

In connection with the above, we have measured the 
magnetostriction in MnCl, crystals in the AFM phase 
(T= 1.8 K )  and in the paramagnetic phase (T=  4.2 K )  in 
magnetic fields up to 70 kOe. 

There have been few measurements of the magnetos- 
triction in antiferromagnets. According to Belov et al.,14 
magnets containing rare earth ions have a strongly aniso- 
tropic magnetostriction with relative changes in the linear 
dimensions Al/l- 10-3-10-2, while in iron-group com- 
pounds the effect is generally 2-3 orders of magnitude 
weaker. Relatively large values of the coefficients for the 
anisotropic magnetostriction can be expected for com- 
pounds containing ions with a poorly quenched orbital mo- 
ment (Co2 + ,Fe2+ ) . For Mn2 + ions in the S state, the anisot- 
ropy of the magnetostriction was expected to be extremely 
weak. True, in a number of cases Mn2+ compounds have 
exhibited a large exchange magnetostriction (which, in ad- 
dition to the isotropic part, can contain an anisotropic part 
which reflects the anisotropy of the crystal). In ~ n ~ , , . f o r  
example,15 the magnetostriction (the relative lengthening 
A1 /I) at total saturation ofthe magnetization should amount 
to 8 ~ 1 0 - ~  (according to an extrapolation of the data of Ref. 
15 to the total-saturation field). Shapira eta1.15 attribute this 
to exchange striction. An analogous value of the exchange 
magnetostriction has been observed16 in RbMnF,. For 
MnCl,, however, the exchange interaction is much weaker 
than in MnF, or in RbMnF, (T, is lower by a factor of 
about 30). Therefore, under otherwise equal conditions one 
would expect a proportional weakening of the exchange 
magnetostriction. 

The magnetic-field dependence of Al/l in the AFM 
phase was expected to exhibit three substantially different 
regions. In the first region, for H, ( H I  =: 1-2 kOe (H, is the 
projection of H onto the plane of the crystal), we expected to 
see a striction due to the transition of the sample to a single- 
domain state, when the anisotropic contributions which had 
averaged to zero in the multidomain structure for domains 

with antiferromagnetism axes at angles of 120" to one an- 
other should have given way to anisotropic contribution to 
the planar components of the magnetostriction for a single- 
domain AFM state with an antiferromagnetism vector per- 
pendicular to H. In the second region (HI  < H < H, ) the 
striction should have been governed by the turning of the 
sublattices moments toward the direction of H up until the 
collapse of the sublattices at H, . Finally, in the third region, 
an induced paramagnetic striction should have been ob- 
served up until total saturation of the magnetization of the 
sample. At the boundaries of each of these regions the depen- 
dence of A1 /l on H should have changed noticeably. For 
T >  T, = 1.96 K only the induced paramagnetic striction 
should have been observed. 

The results were unexpected. First, the magnetostric- 
tion in both the AFM and paramagnetic regions turned out 
unprecedentedly large for iron-group compounds, and, sec- 
ond, the magnetostriction in the AFM region did not exhibit 
the characteristic effects expected at different stages of the 
magnetization (as we shall see, these effects are present but 
extremely small). 

2. EXPERIMENT 

The measurements were made on a capacitive dilato- 
meter similar to that described in Ref. 17. The dilatometer 
was calibrated using the magnetostriction of nickel at 
T = 4.2 K. The MnC1, samples were rectangular slabs with 
typical dimensions of 5 X 5 X 1 mm (the dimensions varied 
by a factor of 0.5-2.5 for different samples). The plane of the 
slab coincided with the basal plane of the crystal. The direc- 
tions of the two-fold axes in the plane of the slab were not 
controlled. Denoting the length and width of the slab by x 
and y and the thickness by zllC,, we can use the following 
notation for the relative geometry of the direction of mea- 
surement of the linear dimension and the magnetic-field di- 
rection: 

For AI; and AI: the measurements were made up to 
H = 70 kOe, while for the remaining orientations the mea- 
surements were made up to H = 13.5 kOe. 

The function Al(H,T) was determined from the mag- 
netic-field or temperature dependence of the frequency of an 
oscillator circuit which included the capacitance of the dila- 
tometer. Sometimes this function contained discontinuities 
or varied from one application of the field to the next, espe- 
cially duriing the first cooling and field on-off cycles (the 
samples were held in the cryostat for several days; every day 
they were cooled back down to helium temperatures). This 
effect was most noticeable in the measurements of Al,, 
where the first applications of the field H in a series of mea- 
surements caused a thickening of the sample with the field, 
while subsequent applications caused a contraction. We at- 
tribute the observed multivaluedness to the circumstance 
that the samples had to be cemented to the supporting sur- 
face of the dilatometer and to the moving plate of the mea- 
suring capacitor (BF-2 cement). The strong thermal or 
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ment (Al/l),", is substantially (about 3 times) larger than 
that in a parallel field, (A///);, and for Hllz the striction in 

0, 8 the plane, (Al/l); is noticeably smaller. The striction along 
the field for HIIz, (A1 /I) :, is opposite in sign to (A1 /I) and 
approximately equal in magnitude. The striction (A[//): is 

0, fi also negative. In the AFM region one sees practically no 
change at first in the dimensions of the sample due to the 
transition to the single-domain structure and to the turning 

0, Il of the antiferromagnetism vector from a random initial di- 
rection to the direction perpendicular to H. This indicates 
that the compound has practically no spontaneous magne- 

4 2  tostriction of the kind considered in Refs. 1 and 2. More- 
detailed measurements of (A//[)," at T =  1.8 K have re- 
vealed the presence of a very small (A1 /I 5 lo-') region of 

0 negative change in the striction at fields H < 2 kOe; this re- 
gion is apparently a reflection of such a process. Our calcula- 
tions using the elastic constants of MnCl, have 

-0,z revealed that such a small spontaneous anisotropic striction 
cannot explain the observed gap in the low-frequency 

FIG. 2. Magnetostriction of MnC1, versus the magnetic field for various A F M R . ' ~ , ' ~  We detected no manifestation of the transition 
orientations of H with respect to the C, axis and various directions of the between AFM phases 11 and 1 in the magnetostriction, 
measured lengthening. The filled dots are for T = 4.2 K, the open dots for 
T =  1.8 K. Curves 1,2) AllHIIC,; 3,4) AIJIHlC,; 5 ,6 )  AllHlC,; 7 )  The AFM sublattice collapse field corresponding to 
AI 1 1 ~ ~ 1 ~ .  H, 2 1 kOe at T = 1.8 K was not evident in the magnetos- 

triction. 
Further analysis showed that the magnetostriction in 

both the paramagnetic and AFM regions, within the experi- magnetostrictive expansion (contraction) of the sample rel- 
mental accuracy and with the exception of the aforemen- ative to the metal surfaces cemented to it caused stress in the 
tioned small anisotropic contribution in small fields, de- joints, inhomogeneous stresses in the sample, and nonuni- 
pends solely on the total magnetization of the sample, form straining of the sample. For example, in the case of the 
M(H,T)  = ZMi,  where i identifies the sublattice. This cir- AI, measurements it is easy to imagine a warping of the lay- 

ers of the sample which are cemented to the surface at the cumstance was checked by plotting In( A1 /I) as a function of 

edges of the slab as the slab, hindered by the joints, expands 1nM. Here the values ofM(H,T) were taken from the tables 

in the plane. In this case one would observe a "thickening" of of Ref. 11 after interpolation to a temperature of 1.8 K. It  

the sample. The cracking of the joints upon repeated thermal 
and magnetic-field cycling, manifested in the measurements 
as jumps in the readings, reduced the stress and thereby im- 
proved the reproducibility of the results. A decrease in the 
area of the joints noticeably reduced the aforementioned 
multivaluedness. Another condition for reproducibility was 
that the turning on and off of H had to be slow in order to 
avoid effects due to the evolution (absorption) of heat in the 
sample upon magnetization reversal, causing cracking of the 
sample. l 8  

We did not make detailed measurements of the thermal 
expansion of MnCl,. We can only say that the coefficient of 
expansion in the plane is negative in the temperature interval 
4.2-1.8 K. 

Figure 2 shows the results obtained for the H depen- 
dence of the relative lengthening of the samples at T = 4.2 K 
and T = 1.8 K under the conditions for reproducibility indi- 
cated above. It is seen that the magnetic-field dependence of 
the magnetostriction at 4.2 K is qualitatively similar to that 
in the AFM region. In small fields the striction is quadratic 
in the field, while saturation occurs in large fields (in which 
measurements were made only for AI; ). For any direction 
of H the dimensions of the sample in the plane only increase 
with increasing H. The striction in a field applied in the basal 
plane, perpendicular to the direction of the length measure- 

I I 

ZOO 4b0 M: kOe2 

FIG. 3. Magnetostriction of MnC1, versus the square of the magnetization 
for various orientations of H relative to the C, axis and various directions 
of measurement of the lengthening. The notation is the same as in Fig. 2. 
In addition to the M scale, for ease of viewing we also give scales for the 
valuesofHat which the corresponding values o f M  are realized in MnCl,. 
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FIG. 4. Extrapolation of the curves of the magnetostriction of MnCl, 
versus the square of the magnetization (Fig. 3) to fields corresponding to 
the saturation magnetization for the given directions. The notation is the 
same as in Figs. 2 and 3. 

turned out that A1 /I a M (H, T) for all experimental tem- 
peratures and all field directions. This result is illustrated in 
Fig. 3, where the experimental data are plotted as a function 
of M '(H,T). It is seen that all the curves are linear in these 
coordinates. The curves corresponding to measurements in 
the AFM region in this graph exhibit features, unnoticeable 
on the AI(H) curves, at the value of M that corresponds to 
the collapse field Hc ~ 2 1  kOe. It is seen that after the col- 
lapse field there is a change, though slight, in the slope of 
Al/I; (M2) .  It is characteristic here that both the slope of 
A1/1; ( M  2, and the maximum attainable value of (At/[)$ 
are lower at T = 1.8 K than at 4.2 K. The difference in the 
slopes is especially pronounced in the region of fields greater 
than Hc (1.8 K) ,  in spite of the fact that in such fields the 
sample is in the paramagnetic state in both cases. There is 
thus a decrease in the induced magnetostriction with de- 
creasing temperature. Using the dependence A1 /I a M ,, we 
can extrapolate the data of Ref. 3 to fields corresponding to 
the saturation magnetization of the crystal (Fig. 4) in order 
to estimate the maximum possible magnetostrictive strains 
in MnCl,. 

3. FORMAL ANALYSIS AND DISCUSSION OF THE RESULTS 

A description of the magnetostriction can be obtained 
by minimizing an expression for the energy density, which 
includes the magnetic, magnetoelastic, and elastic energies, 
with respect to the displacements. Here the magnetic energy 
determines the equilibrium configuration of the magnetic 
moments of the sublattices in the external field H. In view of 
the complexity of the magnetic structure of MnCl, and the 

absence of sufficient information on its transformation in a 
magnetic field, we describe this structure in an effective 
model of two sublattices with magnetic moments M,  and 
M,. We assume that the vector L = M, - M, lies in the 
plane of the crystal and at H = 0 is oriented randomly with 
respect to the direction of measurement of the length of the 
crystal. Beginning with H, zH, z 1-2 kOe, the vector L is 
perpendicular to H. In the field interval H < Hc we have 

and the directions of M I  and M2 form angles of p, and 
p2 = - p, with H; these angles are determined from the 
condition 

cos pi ,  ,=H/H,=M ( H ,  T )  / 2 M ,  ( T ) .  

For H > H, 

hf,=M,='/ ,M(H, T ) ,  MIIH, coscp,, ,=I. 

In this approach the paramagnetic state of the crystal at 
T >  TN is described in the same way as the paramagnetic 
state that occurs at T < TN but in fields H > Hc -by formal- 
ly setting Hc (T)T, ) = 0. For the antiferromagnetic state 
H, can in general be different at a given temperature for 
different field directions (along or perpendicular to the an- 
isotropy axis). For MnC1, there are no data suggesting such 
a difference. 

In view of what we have said, more-detailed informa- 
tion on the magnetic energy of the crystal and the param- 
eters which determine it will not be needed for solution of the 
magnetostriction problem if we use the direct experimental 
data of Refs. 1 1 and 18 for M(H,T) and Hc (T)  . For our 
subsequent discussion it is convenient to introduce the satu- 
ration magnetization 

where M, is the satuation magnetization of the sublattice. 
The magnetoelastic energy of a two-sublattice antifer- 

romagnet with symmetry group D :, can be written as 

Here u i j  are components of the strain tensor, X,  Y, Z are the 
axes of a rhombohedra1 crystal, 
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The corresponding expressions for the coefficients 
which determine the intersublattice contributions [the 
terms in ( 1) with i # j ]  are obtained from (2)-(7) by replac- 
ing the components b,, of the intrasublattice magnetoelas- 
tic interaction tensor by the components8,, of the intersub- 
lattice interaction tensor. 

Representation ( 1 ) with allowance for (2  )-(7) is com- 
pletely analogous to the representation ordinarily used (see, 
e.g., Refs. 1, 3, 19) and can easily be transformed into terms 
of L = M ,  - M, and M = M I  + M,. The form of represen- 
tation (1  ), however, admits a transparent interpretation. 
The terms containing A ;/with k #1 describe the rotation of 
the principal axes of the magnetic anisotropy tensor of the 
crystal as a result of the strains. If these terms are small 
compared to the anisotropy parameters of the magnetic en- 
ergy (we can always depend on this for magnetostriction), 

. . 
then the terms containing MJsJ ,A '&, and A are the mag- 
netoelastic corrections to, respectively, the exchange energy, 
the principal value of the uniaxial anisotropy tensor, and the 
intraplane anisotropy. The terms with i = j correspond to 
the intrasublattice contribution, while those with i#j corre- 
spond to the intersublattice contribution. In this case repre- 
sentation ( 1 ), with allowance for (2)-(4) and for the analo- 
gous expressions for i#j, has the form of an expansion of the 
corresponding terms of the magnetic energy of the crystal in 
powers of u,, . 

We write the elastic energy in the usual form for rhom- 
bohedral symmetry: 

Here Cij are the elastic constants. For MnCl, at 295 K, Ben- 
edek and Frey4 give C,, = 56 f 1, C12 = 8 f 4, 
C,, = 15 f 5, C4, = 4 f 1,and C,, = 19 * 1, in units of 
10" dyn/cm2. Escribe et have calculated the values 
C,, = 12.101° and C,, = - 6.5.101° dyn/cm2. No data have 
been published on the temperature dependence of Cij . 

Differentiating F,, + Fe with respect to uij , setting the 
derivatives to zero, and using the above approximation of the 
spin configuration of MnCl, by an effective two-sublattice 
magnetic structure in an external magnetic field (this is ex- 
act for hexagonal symmetry and approximate for rhombohe- 
dral symmetry when H is parallel to the principal axes X, Y, 
Z ) ,  we find the equilibrium strains (ui j  (Hllk))  = (ui j  );. 
We measured the lengthening only for the directions 1 JJx, y, z 
in fields Hllx, y, z = 2. Here the directionsx and y relative to 
X and Y were uncontrolled, but there were no noticeable 
differences between the measurements for samples with dif- 
ferent random relative orientations of these axes. Therefore, 
for our subsequent analysis of the experimental results we 

can make the identification x = X and y = Y and consider 
only the strains ( h l / l )  f = (u,,); with i,k = X,  Y,Z. These 
quantities are 

( u X x ,  y Y ) H Y = ( u ~ y .  X X ) H ~  

= ( ~ M , / M , )  %{A*B+2 ( C r D )  cos2rp l ,  z ) ,  (9) 

( u X x ,  y y ) H Z ( L I I x ) = ( ~ ~ ~ ,  X X ) H ~ ( ~ I ~  

= ( 2 M , / M , ) ' { A +  [ E - A  ]cos2.cpi, z*B sin2 T i ,  z ) ,  (10) 

Here IMi I is the magnetization of sublattice i ( i  = 1,2), and 

Expression (9)-(12) were obtained for single-domains 
states corresponding to L l H  over the entire interval of fields 
up to the sublattice collapse field in the case H l Z  and for a 
definite orientation of L with respect to X and Y in the case 
HIIZ. At the same time, for small projections of the field H 
onto the plane of the crystal, such that H, > H,,-0, this 
condition should not be satisfied, and either the sample 
should be multidomain or L should be oriented randomly 
with respect to the projection of the plane containing H and 
Z onto the basal plane of the sample. Here the contributions 
containing B in (9 )  and ( 10) should either average to zero in 
the multidomain situation or assume random values from 
positive to negative. Comparison with experiment immedi- 
ately shows that the contribution from the B term in (9 ) ,  
which is responsible for the magnetostrictive manifestation 
of the turning of L toward the direction L l H  in weak fields, 
does not exceed 10-5-10-6 and is much smaller than the 
other terms; we shall therefore assume B-0 in the analysis 
of these other terms. 

In the framework of our model expressions (9)-( 12) 
describe the magnetostriction in both the antiferromagnetic 
region, where 

Mi=M,  (2') , cos cp l ,  z=  I M / 2 M ,  1 ,  

and in the paramagnetic region, where we must set 
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Mi='12M ( T ,  H )  , cos cp,, ,=I. 

We see that expression (9)-( 12) all reduce to a common 
form: 

for H > H c , T < T N  and for O<H<CO,T>T,, where 
a, (i,k) and a,(i,k) are obtained by comparing ( 14) and 
(15) with (9)-(13). 

Our treatment in the general case assumes that the elas- 
tic and magnetoelastic constant can be functions of tempera- 
ture. To compare ( 14) and ( 15 ) with experiment we must 
also bear in mind that after the field corresponding to the 
transition to the single-domain state, only the magnetic-field 
contribution to (A1/1) f, i.e., (Al/l) :(H), is a measurable 
quantity, where 

Here, as is seen from ( 14), (A1 /l) f ( ~  = 0)  corresponds to 
the contribution of the a, term for T <  TN and is absent for 
T> TN. 

Comparison with Fig. 3 shows that expressions ( 14)- 
( 16) correctly describe the experimental dependence of the 
magnetostriction on the sample magnetization M in the 
AFM and paramagnetic regions and the transition through 
the sublattice collapse field for T <  TN, although the experi- 
mental striction curve (A1 /I): (H) = (AI /I) F(H) ob- 
tained for T <  TN exhibits a discernable deviation from pro- 
portionality to M2 in a narrow field interval (20-26 kOe) 
lying somewhat above the sublattice collapse field. How- 
ever, additional studies are needed to determine the reliabil- 
ity of this deviation, and for the time being we shall therefore 
consider only the linear ( in M 2, parts of the curves in Fig. 3. 
By comparing (9)-(16) with experiment we can find the 
parameters A, B, C, D, and E ( 13 ) and also, using the known 
values of Cij from Refs. 4 and 5, the values of some of the bij 
and Pij or their linear combinations. In making this com- 
parison we neglected the quantity B (i.e., we assumed 
B A ) ,  since the results for T <  TN (discussed above) 
showed that B is small compared to A,  C, D, and E; here we 
have made the assumption that this relationship is main- 
tained for T >  TN (at 4.2 K) .  The values thus obtained for A, 
B, C, D, E, and, thence, bij andPij (or their linear combina- 
tions are as follows: for T = 1.8 K 

A=- (0,23*0.03) E=3. lo-'; (17) 

for T = 4.2 K 
B+O, E=6.8.10-', 

We see that the reason why there is only a slight change 
in the external-field dependence of the magnetostriction in 
the region of the sublattice collapse field is that A is small; 
this, together with the small value ofB, can be explained only 
by an approximate equality of the constants bij and pij 
which appear in these quantities. This result is unexpected 
for an effective two-sublattice model which reflects the mag- 
netic structure of MnCl,. A key aspect of results ( 17) and 
( 18) is that to obtain the values found for C, D, and E it is 
necessary (with allowance for the values of Cij) that the 
magnetoelastic constants have an anomalously large value 
for Mn2+ ( - 10' erg/cm3). This shows that the giant mag- 
netostriction observed in MnC1, cannot be explained solely 
by the fact that the elastic constants ofthe layered crystal are 
small. It is noteworthy that the magnetostriction weakens as 
the temperature is lowered; this apparently cannot be ex- 
plained by the temperature dependence of Cij. 

By comparing expressions (9)-( 12) for (uii)k [with 
allowance for ( 13 ) 1 with expressions (2 )-(7) describing 
the change in the various strain contributions to the magnet- 
ic energy, we can conclude that the observed values ofA, B, 
C,  D, and E in MnC1, describe the strain-related change in 
both the exchange energy and the components A, and A, 
of the magnetic anisotropy tensor. For example, D involves 
only the magnetoelastic constants, which are derivatives of 
A with respect to the strains, whereas C and A are deter- 
mined by constants which are the corresponding derivatives 
of the exchange energy. One should thus speak of two anom- 
alies in the magnetoelastic properties of MnCl,. First, there 
is an anomalously large anisotropy-related magnetostriction 
for iron-group compounds (terms D and E), which is all the 
more unexpected for Mn2+ ions in the S state. Second, there 
is a large contribution to the exchange magnetostriction 
( A  + 2C), which is unexpected in view of the small ex- 
change constants of MnCl, in comparison with other com- 
pounds in which appreciable exchange magnetostriction has 
been observed. 15,16 

One can attempt to explain this second feature by con- 
sidering that MnCl, has an anomalously low magnetic-or- 
dering temperature in comparison with other iron-group di- 
halides. For example, the NCel temperature of NiCl, is 
TN = 49.6 K, that of FeCl, is 23.8 K, and that of CoCl, is 25 
K, while MnCl,, despite its larger number of electrons in the 
3d shell, has T, = 1.96 K. This circumstance may indicate 
that the low value of TN in MnCl, is due to an approximate 
compensation of the different contributions to the exchange 
integrals. The dependence of the exchange energy on the 
interatomic distances, which destroys this compensation, 
can be just as strong as in compounds with high values of TN 
(MnF,, for example15). This hypothesis, however, does not 
explain the strong anisotropic magnetostriction and the ob- 
served temperature dependence of the magnetostriction. 

A possible circumstance which should be taken into ac- 
count in order to understand this section of the results is the 
presence of features in the phonon spectrum of MnCl,. Glin- 
chuk and c o - w ~ r k e r s ~ ~  have observed anomalously strong 
manifestations of the spin-phonon interaction in the tem- 
perature dependence of the axial-crystal-field constant and 
spin-lattice relaxation for the ESR of Mn2+ in the layered 
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matrix materials CdCl, and CdBr,, which are isomorphous 
to MnC1,. These effects are due to the tendency toward qua- 
si-two-dimensionality of the phonon spectrum in layered 
crystals. Bar'yakhtar et a1." considered the features of the 
magnetoelastic interaction associated with the flexural 
branch of phonons for a thin ferromagnetic film (filament). 
It was shown that magnetization suppresses the flexural os- 
cillations and gives rise to a magnetic-field contribution to 
the change in the negative thermal expansi~n,~,' which is due 
to quasiflexural oscillations. However, the applicability of 
the model used in Ref. 21 to such a complex magnetic struc- 
ture as MnCl, requires investigation. Furthermore, it is not 
yet clear whether this model can explain the magnitude and 
anisotropy of the observed magnetostriction. 

In conclusion we note that a very strong anisotropic 
magnetostriction for iron-group compounds is not just pecu- 
liar to MnCl, if one considers not the derivative of the mag- 
netostriction with respect to the field but rather the value 
attained for M-tM, .  Extrapolation of the results of Ref. 22 
on the magnetostriction in FeC1, (isomorphous to MnC1,) 
to the field corresponding to M+MS indicates that the stric- 
tion corresponding to M, in the plane of the layer is also 
anisotropic and reaches a value - lop3. In this case, to be 
sure, the magnetic ion Fez+ is not in the S state, and the 
exchange interaction in FeCl, is substantially stronger than 
in MnCl,. 

In summary, a reliable explanation of the anomalously 
strong magnetostriction observed experimentally in the low- 
temperature layered antiferromagnet MnCl, will require 
further studies with allowance for the features of the mag- 
netic structure and phonon spectrum of the crystal. 

We wish to thank V. G. Bar'yakhtar and V. M. Loktev 
for a discussion of questions touched upon in this article. 

'A. S. Borovik-Romanov and E. G. Rudashevskii, Zh. Eksp. Teor. Fiz. 
47,2095 (1964) [Sov. Phys. JETP 20, 1407 (1965)l. 

'E. A. Turov and V. S. Shavrov, Fiz. Tverd. Tela (Leningrad) 7, 217 
(1965) [Sov. Phys. Solid State 7, 166 ( 1965)l. 

3E. A. Turov and V. G. Shavrov, Usp. Fiz. Nauk 140,429 (1983) [Sov. 
Phys. Usp. 26, 593 (1983)l. 

4G. Benedek and A. Frey, Phys. Rev. B 21,2482 (1980). 
5C. Escribe, J. Bouillot, and K. R. A. Ziebeck, J.  Phys. C 13,4053 ( 1980). 
61. M. Lifshitz, Zh. Eksp. Teor. Fiz. 22, 475 (1952). 
7 ~ .  M. Kosevich, Fizicheskaya Mekhanika Real'nykh Kristallov [Phys- 
ical Mechanics of Real Crystals], Naukova Dumka, Kiev ( 1981 ). 

8R. B. Murray and L. D. Roberts, Phys. Rev. 100, 1067 (1955); R. B. 
Murray, Phys. Rev. 100, 1071 (1955). 

9R. B. Murray, Phys. Rev. 128, 1570 (1962). 
'OM. Regis and Y. Farge, J. Phys. (Paris) 37,627 ( 1976). 
"W. F. Giauque, R. A. Fisher, E. W. Hornung, R. A. Butera, and G. E. 

Brodale, J. Chem. Phys. 42,9 ( 1965). 
''D. H. Douglass Jr. and M. W. P. Strandberg, Physica (Utrecht) 27, 1 

(1961). 
13M. 0. Kostryukova and A. V. Ionov, Vestn. Mosk. Univ. Phys. Astron. 

22,47 (1981). 
14K. P. Belov, G. I. Kataev, R. Z. Levitin, t al., Usp. Fiz. Nauk 140,271 

(1983) [Sov. Phys. Usp. 26,518 (1983)l. 
15Y. Shapira, R. D. Yacovitch, and D. R. Nelson, Solid State Commun. 

17, 175 (1975). 
16Y. Sha~ira  and N. F. Oliveira, Phvs. Rev. B 18, 1425 ( 1978). 
I7Z. A. ~ a z e i ,  M. V. Levanidov, and V. I. Sokolov, Prib. Tekh. Eksp. 1, 

196 (1982). 
18R. A. Butera and W. F. Giauque, J. Chem. Phys. 40,2379 (1964). 
19V. G. Bar'yakhtar, M. A. Savchenko,V. V. Gann,andP. V. Ryabko,Zh. 

Eksp. Teor. Fiz. 47, 1989 (1964) [Sov. Phys. JETP 20, 1335 (196511. 
'OB. E. Vugmeister, M. D. Glinchuk, I. M. Zaritskii, etal., Zh. Eksp. Teor. 

Fiz. 69, 1756 (1975) [Sov. Phys. JETP 42, 892 (1975)l; M. D. Glin- 
chuk, V. E. Goncharuk, D. L. Lyfar', and S. M. Ryabchenko, Fiz. 
Tverd. Tela (Leningrad) 18, 15 (1976) [Sov. Phys. Solid State 18, 7 
(1976)l. 

"V. G. Bar'yakhtar, V. M. Loktev, and S. M. Ryabchenko, Preprint ITF- 
84-148R [in Russian], Institute of Theoretical Physics, Academy of 
Sciences of the Ukrainian SSR, Kiev (1984); Zh. Eksp. Teor. Fiz. 88, 
1752 (1985) [Sov. Phys. JETP 61, 1040 (1985)l. 

"V. A. Ul'yanov, V. A. Turnov, and I. B. KrynetskiI, Proc. 21st All- 
Union Conference and Low-Temperature Physics (NT-211, Izd. 
FTINT AN USSR, Kharkov (1980), p. 129. 

Translated by Steve Torstveit 

720 Sov. Phys. JETP 62 (4), October 1985 Lozenko et a1 720 




