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INDUCED ANISOTROPY AND OTHER MAGNETIC
PROPERTIES OF Mn—Cr SPINELS*

SVATOPLUK KRUPICKA**, ZDENEK JIRAK** PAVEL NOVAK**
FRANTISKA ZOUNOVA**, VLADIMIR ROSKOVEC***, Praha

Measurements of the induced anisotropy, magnetocrystalline anisotropy, rotational
hysteresis, magnetic moment and Curie temperature in the spinel system Mn,..Cr,_,0O,
(0=<x=<2)are reported. Three distinct sources of the induced anisotropy were found.
Two of them are connected with the presence of the Jahn-Teller Mn** ions, the third one
is a consequence of the long range spiral spin arrangement of the Cr** jons.

HABEJIEHHAA AHHM3OTPOITHS i IPYTUE MATHIHTHBIE CROYICTBA
Mn—Cr IENMBEIEH]

B pabore onucanss M3MEDEHUR HABENEHHOM AHU3OTPONHY, Mars¥TOKpUCTARANYeCKOl
AHU3OTPONHA, BPAIATENLHOFD TWCTEPC3HC, MATHHTHOTG MOMeHTa u TCMNEPATYPbI
Kropu wmunenei Mn,,,Cr,_,0, (O=x<2). Boiny OGHAPYXeHb TPy PasHbie uCTOYHR-
Ka HeBeReHHOM aHM30TPONA. [TBa 13 Hitx CBA3AHBI C HATHYHEM B CucTeMe § H-Tennepos-
CKHX HOHOB Mn™, Tpetmit spisercs CIENCTBUEM gannHOReHCTBYOmErO CIMPANLHOrO
YUOPSARO4CHHUS CMHOB HOKoB Cr'™ .

L INTRODUCTION

From the crystallochemical point of view there are some similarities between the
system of spinels Mn,, ,Cr,_,0, (0=<x=2), and the more frequently studied system
Mn,,Fe,,,O.. In both cases the structure is cubic for manganese-poor, and
tetragonally distrorted for manganese-rich compositions and in both a miscibility
8ap exists in the equilibrium phase diagram, where the tetragonal and cubic phase
cocxist [1—6]. The tetragonal distortion is due to the cooperative Jahn-Teller
effect of Mn* ions in the octahedral (or B) sublattice [7]. By rapid cooling from
high temperatures a continuous series of one phase solid solutions throughout the
whole compositional range 0<x <2 may be prepared in both systems [2, 4, 5]. At
low temperatures these are tetragonal with x exceeding a certain critical value X,

* Dedicated to Academician Vladimir Hajko on the occasion of his 60 birthday.
** Institute of Physics, Czechoslovak Acad. Sci.. Na Siovance 2, CS-180 40 PRAHA.
*** Present address : Vyzkumny dstay matematickych strojd, Luzng 2. CS-160 00 PRAHA.
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and cubic for y <X.. In Mn-Cy spinels x, was found to be muvnoﬁ.amﬁ_w 0.8 at
room temperature | 5land 0.7 at 4.2 K[8). Duetoa strong preference of both Cr*+
and Mn™ for the octahedraj coordination [9, 10}, the Mn—Cr spinels are normay,
i.e. the corresponding formula g E:NA?EWO&HL O., as confirmeg by the
Neutron diffraction [11].

Unlike the crystallographic Properties the magnetic ones ang especially the
Magnetic structure of Z:.:O:&O& differ considerably form those of Mn—Fe

spinels. wm:_.nEm:w in the chromite System the A — B Superexchange interactions

fange order persists. Due to this character of the Phase transition only a very small
change of the overall magnetization may be observed at « [15]. A simjlar situation

whole temperature range O0sT=<T,.
When approaching the other end member, ie., Mn,0,, a Yafet—Kittel-like spin
structure appears [18—21 ]. This is characterized bya doubling of the magnetic unit

nominally ,mﬂomoEoEoﬁn.o MnCr,0, by Miyahara et g, [22]. They were tentatively

have shown, however, that the appearance of the rotational hysteresis at low
temperatures is conditioned by the presence of Mn** jong (x>0), being at least for
small x valyes proportional to x and vanishing for x — (. An interpretation has
been proposed based on the assumption that a strong coupling exists between the

II. EXPERIMENTAL

IL.1. Samples

Single crystals of cubic Symmetry, having compositions within the limits 0.04 <
x=0.55, were grown by the flux method using Bi,0,—V, s» B,O3—B,0, and

700 °C the materials were carefully homogenized again, pressed into pellets and

cases to a single spinel phase, cubic for x<0.8 and tetragonal for x =0 8 The
chemicsl composition was checked by chemical analysis and by measuring the



Torque curves for
clockwise (Y and
counter - clockwise 19

direction of rotation

0.55  (110)plane
42K w=0024rad s

X
T

I

Ly
//\. J

Fig. 1. Definition of the rotational hysteresis AL .

IL3. Torque measurements

1o saturate at least the cubic samples.

The measured quantities were - .

(1) The angular dependence of the torque from which the amsotropy and,
eventually, also its time change could be determined. For these Eamm.:wnan:ﬁm z.ﬁ
sample was usually cooled in a magnetic field, in order to reach a single domain

behaviour.
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uhmAFviﬂs. (1)

For this type of measurements the samples were cooled without an external
Magnetic field or else 3 rotating field wag applied. (When cooling in a constant field
AL was Systematically higher by 5—10 %).

(3) The time change of the torque for a givep direction of the Mmagnetic field ;
here an anisotropy was induced by cooling the sample ip a magnetic field and then
the field was quickly turned to the new direction

M. RESULTS

I1.1. Magnetic moments and Curie temperatures

Measurement of magnetization Were carried out op samples with 12 different

case M(H=0) was determined by plotting H/Az vs. M? and €xtrapolating the
linear dependence obtained to H/pp =0 (Fig. 3). In the tetragonal samples
(x=0.7) a strong uniaxial anisotropy makes the technical Saturation difficult, thus
it was necessary to use the pulse fields. From the temperature dependence of the

Besides the normaj paraprocess a strong field dependence of magnetization s
clearly visible even at low temperatures. This may be attributed tq the noncollinear
spin structure ; related volume Susceptibility of the Paraprocess y = AM/AH, was
found to be 2- 4 % 10™ (ST units),

IL2. Rotational hysteresis

The appearance of the rotational hysteresig may be connected either with the
relacation Processes [30, 31] or with the magnetization Procesesinthe honsaturated
[32]. In the first Case, the effect exists also when Saturation js complete,
while the second kind of rotationaj hysteresis should disappear in fields exceeding
approximately the twofold value of the effective anisotropy fields.
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In order to verify the relaxation origin of the effect studied, the rotational
hysteresis was first measured as a function of the applied Emmjo:n field. In the
cubic region the saturation of AL was achieved in relatively low fields <05 T and
AL remained constant up to the maximum field in our measurements. In the
tetragonal region the anisotropy is considerably larger and the saturation of AL
was not complete in all cases. In spite of this the character of the AL vs. B, ocﬁ.dm
indicates that the contribution of nonrelaxing processes to AL — if any — remains
small (Fig. 5).
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Fig. 2. Dependence of the magnetization on the magnetic field for the single crystal Mn, ;Cr, 4sO..

The relaxation origin of the rotational hysteresis manifests itself also in HERB-
ture and frequency dependences of AL (Fig. 6). In accordance with the theoretical
predictions, the AL vs. T curves exhibit a maximum which could be clearly
detected at least in some cases, i.e., for compositions close to the end members of
the series. For the x's inbetween, the position of the maximum is shifted towards
lower temperatures, not accessible to our experiment. This corresponds to shorter
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Fig. 3. Dependence of HIM on M?* for
Mn, .inﬂ_,amoA.

200 400 600

relaxation times, as observed also in our torque measurements (§ I11.3). The height
of the maximum AL,.. was taken as the measure of the magnitude of the
relaxation. The dependence of AL,.. on x is shown in Fig. 7.

HO1.3. Torque measurements

a) Polycrystals

In agreement with the absence of the rotational hysteresis in stoichiometric
MnCr,0, no induced anisotropy, fast relaxing at low temperatures, was detected in
this case. On the other hand, an induced anisotropy (labelled by Il in Fig. 7) stable
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Up 10 approx. 15 K could be induced by cooling the sample in the magnetic field.
The anisotropy is uniaxjal Fi =K, cos’® with K. (42 K)=~2 xI/m® (2x1¢° erg-
/em*y), slightly depending on the cooling rate in the critical region between
approx. 20 and 15 K. With rising temperature K. gradually decreases beingat 16 K
about 2/3 of jts 4.2 K value. At this temperature the direction of the easy axis can
be changed by changing the direction of the external magnetic field. No anisotropy
was detected above 18§ K.
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The anisotropy of the type described above was observed also for compositions
with x+# 0 but close to the stoichiometric one; it practically vanishes for x =0.07.
At the same time, another uniaxial contribution to the induced anisotropy emerges,
as seen in Fig. 7 (labelled by III). It increases with x, exhibits a maximum
K. =1.6 kJ/m® at x=0.7 and drops in the tetragonal region.

'} When evaluating the torque measurements described in [25] a wrong multiplicative factor was

used. This mistake is corrected in the present paper.
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Fig. 5. Dependence of the rotational hysteresis

AL inMn,,, Cr,_. O, on the magnetic field. 200
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from the time dependences of the torque curve; e.g., for x =0 2 we found 7 to be
~120 sec and 5 sec at 1.75 and 4.2 K, respectively. This may be compared with
T=30sec at 2.5 K, deduced from the position of the AL,,, for this composition.

time (see Appendix I). This manifests itself also in the experiments with
a quasiadiabatic change of the field direction. The relaxation of the induced
anisotropy was then much slower compared with the case of continuous rotation
and, moreover, its rate was found to depend on the angle of rotation,

The critical temperature regions, in which anisotropies LIL 101 may be induced
(or changed) in a reasonable time (up to =~ 1 hour), are indicated in Fig. 10.

B) Single crystals

With regard to the strong relaxation effects the cubic anisotropy was determined
from the temperature dependence of the torque consecutively measured in various
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fixed directions. As compared with the previously published data [23], the
measurements were completed and the results reevaluated These are shown iy,
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Fig. 6. Temperature dependence of the rotational hysteresis AL inMn,,, Cr,_,0,. The influence of the
frequency is shown in the insert, .

»

Uammm.:on of a relaxing anisotropy, the Quantities measured in the two procedures
described need not be identical.

As to the relaxing part of the anisotropy, the effects found in single crystals are
fully analogous to those in polycrystals. Therefore, we shalj limit ourselves to some
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3 3
F, = I~UM Q..u\wwlmw M aq; B, (2)
i=1 i>j=1
where a;’s and B’s are the directional cosines of the magnetization during
measurement and during annealing, respectively. The values for the constants F
and G deduced from our measurements are given in Table 1. In the same table the
value of K, = %mﬁ +.~ud G corresponding to the polycrystal is also shown. It is
seen that in anisotropy Il the F term prevails, particularly when passing to higher

temperatures.
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1 n:mBQnaN_.:m the un- anisotropies I II and 111 may be induced. For
comparison the Curie temperature T, is ajso
dissplayed.

idirectional and uniaxial parts of the torque I =

~asin ¢ — g, sip 2. .. ﬁgs_u@,_.xoov By a,

(1) the contribution of the process III to a, is
denoted.

Fig. 11. Temperature dependence of the first
magnetocrystalline anisotropy constant K , for
three cubic samples Z:_:OJ:O.. The full and
dashed lines were deduced from the torque mea-
surements in the (1 10) and (001 ) planes, resp.
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Table |
Induced anisotropy of type 111 in the single crystal
g:_,uO—‘:mOn

T [K] F [kI/m] G [K/m’) GIF K. [kI/m]

5—15 1.38 1.13 0.82 0.9
25 0.9 0.40 0.44 0.5
38 0.21 0.08 0.38 0.1

IV. DISCUSSION

As already mentioned in § I, the spin configuration of the Mn,,.Cr,_,0, system
is non-collinear in the whole range of x. While the spin arrangement may be taken

increasing manganese content. This is probably connected with the fact that in the
B-sublattice the Cr’* jon (spin 8§ =3/2) is substituted by the Mn>* ion (S =2). The
magnetic moment of the B-sublattice thus increases but the overall magnetization,
being directed along the A -sublattice magnetization, decreases. The different
behaviour of the magnetic moment in the tetragonal region (Fig. 4) indicates that
here the change in the magnetic structure itself dominates over the increase of an
average magnetic moment of the B-site jon. This, is, probably, caused by an
increase with the x of the mean angle, which the individual B-site magnetic
moments make with the magnetization of the B-sublattice. Such an increase may
be connected with the increase of the B — B exchange interactions (or, alter-
natively, with decrease of the A-B interactions) when the spinel structure
becomes tetragonally deformed.

From the anisotropy contributions I, I1, HI, described in paragraph III, I and III
are due to the presence of Mn® and will be discussed first. The Mn®* ion in
octahedral environment is known to contribute substantially to the magnetocrystal-
line anisotropy. This is a consequence of strong orbit-lattice coupling which tends
to distort the environment of the ion (the Jahn—Teller effect). The distortions may
cooperate (for x >x,) to form a macroscopic tetragonal deformation or may be
regarded as quasiindependent (x <x.).In the latter case they could have a dynamic
character if the crystal were ideal. In nonhomogeneous Systems like solid solutions
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This may be regarded as the source of anisotropy I1J. Here, the F-term is €xpected
to prevail in ( 2) as the Jahn-Teller effect leads to an essentially tetragonal
distortion for Mnp** in octahedral coordiantion. The origin of the G-term is not
Clear, it may appear, e.g., as a direct consequence of a Stmultaneous rearrangement
of the lattice imperfections. Ap estimation of the magnitude of F can be made using
the single ion mode] of anisotropy [33]

F=3DN/o(T)(1 + (&Tu/D) o(T,), G3)

where D is take axial parameter of the spin hamiltonian of the Mn** ion, N is the
number of ions, T and T, are temperatures of measurement and annealing,
respectively, and o(T) is a function of y=exp (9BH../kT),

O=("+y’+y’yy 4 :\Tvﬁmﬁiﬁwwu 1),

H,, being the exchange field of the Mn** spin, Taking. the appropriate value of
==3cm™', T, =40 K. 98H., =~ 30 cm! [34, 35], we obtain F(T=10K) ~
0.43 cm™/ion, This value s much larger thap the experimental one

two sublattices B, , B,. The spins within each sublattice are collinear, the sublattice
magnetizations making an angle Y with the overall magnetization M. The
anisotropy arises due to the presence of the casy axes &g,, &5,. Let now the crystal
rotate around the axis @, while M is kept fixed by an external magnetic field. For
the sake of simplicity we assume that @ is perpendicular to the mirror plane of the

Fig. 12. Model System for the explanation of the

origin of the unidirectional anisotropy. For clarity,

the quantities related to the B, sublattice only are
shown.

E. = Ks, cos’s, + K, cos Pa,, (4)

where K, K, are the anisotropy constants for each sublattice and Us,, 95, are the
angles which the sublattice magnetization makes with the corresponding easy axis.
Due to the Symmetry Ks, = K, = K and

€08 g, = cos B, = cos ¥ ¢cos @ sin O +sin y cos e, (5)

where @ is the angle of rotation and @ is the angle between ¢ and the easy axes.
Inserting (5) into (4) we obtain

E,=K,+K, cos ¢ +K, cos’ . 6)
where K, = K sin’y cos’@, K, = WNmENS sin260,K, = K cos’ysin’@. The
anisotropy thus contains both uniaxial and unidirectional terms. [et us note that
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this model should apply to Mn,O, for explaining jts anisotropy in the basal plane
provided the spin arrangement described by Jensen and Nielsen [20] is
adopted ; B, B, are then identified with the sublattice of what is called in 33
nondoubling spins and &, &, are their local pseudotrigonal axes. To our
knowledge no other mechanism was proposed to explain this anisotropy. The
crucial point of the applicability of the above model would be the observation of
a unidirectiona] component of the anisotropy.

Coming back to our solid solutions 0 <y <7 we see that anisotropy I

1) possesses unidirectional and uniaxial parts of comparable magnitudes,
2) increases with the content of Mn’*, A

3) may be almost equally induced in any crystallographic direction,

4) relaxes rapidly even at low temperatures,

5) the relaxation has not a simple diffusion character.

model, was estimated to be 1—3 emY/ion (see Appendix A). This is to be
compared with the value 0.6 cm”'/ion deduced from Fig. 7. The point 3) may be
_understood when we realize that there is always a large number of exchange-de-
generate oo:mmcammos.m. Their number is 32 for Mn;0, and is expected to increase
when the long range spin order is destroyed. In the latter case relatively small spin
clusters rearrange themselves a:mmI:aovo:Qn:zw and the overall relaxation
should be fast. Whenp approaching the end members of the system, these clusters

other hand, in the tetragonal region the lack of technical magnetic saturation may
quantitatively modify the results,

The existence of anisotropy II is conditioned by the presence of the long range
spiral spin order concerning both the temperature and the composition (Fig. 7, 10).
As shown in Appendix B, it may be explained as arising from the single ion
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contribution of Cr**, taking into account that the magnetic spiral lowers the
symmetry from cubic to orthorhompbic.

V. CONCLUSIONS

induced anisotropy contribution (II1) was ascribed to reorientations of the Jocal
Jahn-Teller distortions around Mn** ions and it becomes strong in the composition
region near the cubic-tetragonal transition only.

To obtain a more detailed picture of the process leading to anisotropy I, an
experimental study at femperatures below 2 K would be desirable. Finally, for
4 quantitative test of the models proposed the detailed knowledge of the spin
Structure, especially that of the canting angles, would be necessary.
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APPENDIX A
Anisotropy 1

We first attempt to estimate roughly the magnitude of I. To this end a simple
model will be used, which is based on the following four assumptions :

1) The spin structure is not collinear, the spin of each Mn** ion making the angle
Y with the direction of the overall magnetization.

2) For each Mn** ion a local, easy-type axis exists, the anisotropy energy being
of the form

E,=k cos’®, (A1)
where @ is the angle between the €asy axis and the corresponding spin.
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-3) The number of Spin configurations which have the same exchange energy is
80 large that during the annealing it enables each Mn™ spin to make the smallest

spin configuration remain fixed.

The change of the anisotropy energy, when the crystal is rotated around the axis
@, may be conveniently calculated in the coordinate System with the axis ¢ _:oo:«
M||[100]. If we denote in this System the polar and azimuthal angles of the easy axis
by @., 9., those of the corresponding spin by @, ¥ and the angle of rotation around
@ by @, the anisotropy energy (A1) as a function of D takes the form

E.=a, cos ® +a, cos 29D +b,sin D + b, sin 29, (A2)
where
a, HWoom (9 — @.) sin 24 sin 24,
k . . ;
b, =5 sin (9 —@.) sin 28 sin 249,
k

42=75 08 2{@ — @) sin*# sin* 9,

k

ba=3 sin 2(¢ - @) sin’ & sin’ g, (A3)

As expected, the anisotropy energy (A2) has both unidirectional and uniaxial

components. Assumptions (1), (3) and (4) of our model provide us with equations

from which the angles @, ¢ may be determined as functions of @, U, and the
canting angle .

Cos @ sin & = cos y (A4)

Sing sin # cos &, — cos ¢ sin @, sin 9, = 0. (AS)

In the polycrystalline samples we have to average (A3) over all the possible
directions of the €asy axes

1

N&u «w
a(pol)= .~ \ aﬁ h dd, sin f.q,

2r T
?@QCHNWh aﬁ_ﬁ dd, cos 8,5, . i=1,2 (#36)

With (A3) — (A6) it may be shown that

bi(pol)= b:(pol) =0, (A7)
For the estimation of a(pol) (j=1, 2) (A6) was integrated numerically taking
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¥ =111°, which is the value of the canting angle in the hausmanite [20]. The result
is

a,(pol)=0.26 k . ax(pol)=0.15 k. (A8)
Within the single ion model of anisotropy at absolute Zero temperature
k=3D. (A9)
Taking as in paragraph IV (see discussion of process I1I) D =~ — 3 cm™’, the final
estimate is obtained ]
- PQSSH - N‘.w,,o?u_‘\,mo:, ‘SQQDP. -1.3 cm”/ion. (A10)

The first and second Fourier coefficients of the torque L = —9E,../3® have,
therefore, about the Same magnitude which was also found experimentally. On the
other hand, the values (A10) are much higher than those suggested by our
experimental results. This may be understood as, due to the assumptions (4) and

As already mentioned in paragraph IV, the relaxation behaviour of I does not
have a simple diffusion character. We believe that the reason is that when the
crystal is turned, more than one state of the Spin system will in general possess an
energy lower than the energy of the annealed spin configuration. The relaxation

in annealed in a magnetic field which has a fixed direction, with respect to the
crystal. For 0<¢< t; the crystal is rotated with a constant speed w, while for ¢ > t it
is again at rest. For simplicity we treat only the polycrystals in which the induced
anisotropy energy has the form :

MEHn_oomAGISv+nN8mNAQf§, (A11)

2 e . —er
L= Nnuu - Amca.mﬂv» [2ote™ sin 20 — e % gog 20+ Q)] +
T [0Te ™ sin @ — e~ cog &b 4 Q)] (A12)
"1+ (wr)?

where t is the relaxation time and
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0=l

mmoonma:u:o:A N:Qmwmnzdomz:w rotational hysteresis. The quantity AL (Fig. Dis
then given by ’ ;

relaxation times is assumed. We conclude, therefore, that for a full description of
the relaxation of I a more sophisticated analysis is desirable.

APPENDIX B
Anisotropy IT

In MnCr,0, each Cr** ions is situated in a trigonally distorted octahedron. There
are four crystallographically equivalent octahedral sites B, (k=1, 2, 3, 4), which
differ in the direction of the trigonal axis (Fig. 13). If we use the molecular field
approximation for the echange, the spin-hamiltonian of Cr** at the kth site may be
written in the form

SH.Qmmh%,w?+®ﬁwwlwma+:Q, (B1)
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where HY is the exchange field, £, is the trigonal axis of the k-th ion. The
contribution to the anisotropic part of the free energy, which corresponds to (B1)
as determined in a usua] way [33], is

fe=R(T) cos*8,. (B2)

where ¥, is the angle, which the trigonal axis &, forms with the exchange ficld H®.
R(T) is the function of y = e¥PHL AT

3 2
Y oy —y+1
R(T)=3D ST B3
(D=3 5L (B3)
5,
mu
4 N
Fig. 13. Cation sites in the primitive cell of '§
MnCr,0,. The magnetic moments from conical
spirals with a common Propagation vector lying in 4 B,

the direction close to the cone axes (110).

To obtain the overall anisotropy energy, (B2) must be summed over all the Cr**
ions. In a cubic spinel such a summation would give simply a constant as
4

> 05’8 =4/3. In our case, however, the spin arrangement lowers the cubic

Symmetry to an orthorhombic one. As shown in Fig. 13, the cones on which the
Cr’* spins lie have two different values of the top angle. The orthorhombic axes g0
through the sites having the same top angle. There are six different ways in which
the orthorhombic axis may be chosen, to each set of the axis there corresponds
amagnetically different phase of MnCr,0,. The Summation of (B2) then gives the
result

Fi,=ca.aq, Fy=—ca,q,
Fi=caa, Fy= ~ca.aq, (B4)
Fr.=ca,a, Fi= —ca,q,

F, is the anisotropic part of the free energy of the phase in which the sites B; and B,
have the same cone angle 8, a,, a,, a, are the direction cosines of magnetization.
The constant ¢ js

¢ =5 (cos?, — cos? ), (BS)

where R is given by (B3), Nis the number of Cr** ions. If the six phases occur with
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~.= spinels the EPR of the Cp** ion gives the value of D~(0.5-1) cm™. The
Main uncertainty then arises from the values of the cone angles. While the NMR
[16] gives B:=94°, B,=97° and cos’g, —cos’$,=0.01, the neutron diffraction
leads to considerably different values B1=27°, B,=77°[ 12] and cos? B, ~ cos’B, =
0.74. We can thus only conclude that the value of the parameter ¢-is of the order g
0.2—100 kJ/m?. The magnitude of the observed anisotropy lies within the scope of
these values. -
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