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Exchange anisotropy effects in equal-spin s = s® dimeric single-molecule magnets exhibiting C, point-
group symmetry have been studied. The Hamiltonian, which is written in two-spin 4x4 Pauli matrixes represen-
tation in the appropriate noncollinear local coordinates systems, has been transformed to common coordinates
and used to derive energy levels and spin eigenstates. An anomalous variation of the magnetic system average
spin depending on the misalignment of the local anisotropy axes has been found. Particularly, a fully nonmagnetic
state of an s = 1/2 spin dimer and “silent” EPR mode has been predicted. The angular boundaries of the EPR
existence have been determined for any possible mutual deflections of the local ion axes for each of the 6 pos-

sible transitions between the levels of the spin system, both in zero and in a nonzero magnetic field.
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1. Introduction

Polynuclear metal complexes make a series of new mo-
lecular magnetic systems [1] with unusual physical properties
due to their potential uses in magnetic storage and quantum
computing [1]. Since the paramagnetic ions in a single mo-
lecular magnet (SMM) are surrounded by extended non-
magnetic ligands, we can neglect the intermolecular mag-
netic interactions and merely use intramolecular ones. Then
an SMM can be described with a Hamiltonian of a system
of N spins s. The local surrounding of paramagnetic ions in
SMM, which forms tetrahedral or octahedral bricks, is
usually equal but their orientation may variate with sub-
stantial angles between their local axes. Therefore, it is ne-
cessary to consider the local symmetry of the crystal field
of each magnetic ion and the global symmetry of SMM.

There are many systematic theoretical approaches con-
sidering the symmetry of SMM that is based on the irre-
ducible tensor operator technique [2] and its extension
considering the permutation symmetry [3], on the algebraic
combinatorics [4], or present point-group and shift opera-
tor technique [5]. None of them considers energy spectra
and spin state variation with local crystal ion field axis
divergence.

Despite the essential progress of the numerical analysis
simulation techniques and the computer capabilities in in-
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vestigating Hamiltonians of spin systems of a wide range
of SMM, the realistic arrangements of the local anisotropy
tensors make problems with calculations and require study-
ing the simplest spin system. The simplest are binuclear
SMM, or spin (magnetic) dimers V** or Cu?* with an s =
= 1/2 spin.

The magnetic properties of the binuclear complexes V**,
VO(HPO,)-0.5H,0, and KZn(H,0)(VO),(PO,),(H,PO,) re-
flect strong spin-spin correlations [6]. A remarkable feature
of both of these vanadophosphates is the ligand arrange-
ment with V** ions placed inside face-sharing VO octa-
hedra. The resulting vanadium dimer, V,Og, has some mi-
salignment between neighboring octahedral axes for an angle
about 7/2 with an approximate C, symmetry.

A number of binuclear Cu?* complexes has been syn-
thesized and studied up to now [7-40], which can be divided
into six groups only by the type of molecular symmetry.
The Cu®* dimers with long bridging ligands are out of our
interest because a weak Cu—-Cu exchange interaction de-
stroys the cooperative magnetic effects of the Cu®* cluster.
In addition, not all of the known Cu, compounds have been
studied in detail to get an unambiguous idea of the local
environment of Cu?*.

The copper complex of salicilidenhydrason glutarin acid
(H4L) [CuyLy(Py),MeOH] has a close-to-flat ionic environ-
ment. Ligand planes of Cu, have rotated relatively Cu®
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ligand about n/2 around Cu—Cu link direction [7]. This ro-
tation can be represented with all 3 Euler angle rotations
about /2. Ligands belonging to Cu®” and Cu® in [Cu,L4Py],
where H,L is adipoilhydrason of 2-hydroxipropiophe-
non rotated about © angle around Cu-Cu link [7].
[Cuy(pAB)a(phen),pz] (pABH = p-aminobenzoic acid,
phen = 1,10-phenanthroline, and pz = pyrazine) has square
pyramidal surrounding of Cu ions obeying the C, sym-
metry [8]. The axial axes of Cu® and Cu® surrounding
pyramids are misaligned about an angle close to .

With identical ligands making up the complex, the mu-
tual orientation of the local coordinate systems (LCS) can
be determined from the orientation of the pyramids,
octahedra, or squares of the nearest environment of para-
magnetic ions. The axial axes of the ligands and the direc-
tion of the bond between the spins are further taken as the
z axes of the local coordinate system and as the x axis, re-
spectively. Most Cu, SMM with strong ion bonds have
high molecular symmetry in which the axial LCS axes co-
incide. Only a few compounds have significant LCS z-axis
deflections.

The object of interest is the effects caused by the de-
flection of the axes of local anisotropy from the axis of the
molecular coordinate system (MCS). The close environ-
ment of copper ions usually has a high symmetry and coin-
ciding z axes of the ligands. Quite few compounds have
misaligned LCS z axes.

To study the response of the SMM magnetic system
to the noncollinearity of the local anisotropy axes, a spin
symmetry analysis model has been developed in the repre-
sentation of local coordinate systems of individual spins
using Pauli matrices. The effect of symmetry on the energy
spectra, spin states, and EPR spectra of the s = 1/2 dimer
has been considered in detail for the operation CJ rotation
about MCS z axis at . The results of applying other sym-
metry operations to the spin dimer are quite obvious and
discussed in Sec. 4.

2.s=1/2 dimer theoretical model

The presented microscopic model describes the interac-
tion of local spins and contains terms corresponding to the

isotropic exchange interaction (H,), axial and rhombic

(azimuthal) anisotropy (I—:| I—:|rh), and the interaction of

ax’

spins with a magnetic field (H:Zeem):

H=H,+H, +Hy +Hazeem - (1)

For a magnetic system of two s = 1/2 spins, the basic
observables are the spin operators of each site in the LCS
representation

sW=s6®1, 5?9=sI®g, 2)
where | is the 2x2 identity matrix, s = 1/2, and ¢ is the
Pauli spin matrices with components
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This section assumes a situation when the orientation of
the LCS axes of the 1st and 2nd ions is strictly specified by
their nearest environment, i.e., the case of a crystal field
that is strong in terms of the hierarchy of terms of the spin
Hamiltonian. This situation is common for molecular mag-
nets, which are, as a rule, complex metal-organic com-
pounds. This assumption physically substantiates the local
coordinate systems rather than the MCS. The former repre-
sents the spin components as follows (3).

The deflection of the MCS axes (X, y, z) for each spin
with respect to the initial, local axes (x), §®, 70 k=1, 2)
is conveniently represented in the form of 3 rotations de-
scribed by the Euler angles. These are: (i) rotation about 7(
at oy, (ii) rotation about the rotated (secondary) axis y<k> at 6,
(iii) rotation about the secondary axis 70 at Y.

To get “molecular” representation of the spin (2) in-
stead of the Hamiltonian (1) in LCS, we apply to each spin
rotational operators

U (k)((Pk'ekv\Vk) =U (@)U (0,)U (wy)

= 715020k efiscyek pTiSoWk (4)

Considering (2), (3), and (4), we have an equation
based on the spin symmetry equivalence s@=0sM0"

U@sAy@=-Tou®sOy®oT, ()

where T is a permutation operator, O is an operator of
some symmetry operation, U’, T', and O’ are the transposed
operators. 4x4 matrix equations (5) represent 16 equations
for each of the Cartesian components of the spins, which
define the relationship between the angles ¢, 6, y;, and
@2, 02, y,. By eliminating trivial conditions from (5), we get
symmetry constraints for each of the operations of a given
molecular symmetry group.

Based on the above assumptions, the paper is referring
to molecular symmetry rather than crystallographic one. It
should also be noted that U® in (5) have the meaning of
coordinate transformation operators (“passive” interpreta-
tion of Euler’s catch), as the LCS orientation is physically
fixed by a “strong” crystal field.

Let us consider a two-spin system obeying the C, sym-
metry. The rotation axis for the operation must be perpen-
dicular to the s”—s® link, as only spin permutating opera-
tions can impose restrictions on the system. Equations (5),
assuming the equivalence of s® and s® during the opera-
tion, provide the relations between the Euler angles:

0, =&y,
0, =@, +1/2-En/2, ©)
Y, =y +n/2+E&n/2,

£==1,
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Although the coincidence of the cases £ = +1 and £ = -1
was verified by substitution in (5), the second option is
physically more transparent. Considering (6), the Hamilto-
nian (1) can be written in the MCS representation:

HZHAis+HAax+HArh+HAZeem' (7

Hi = J8®5@), Hayx = AuSD50),

2

~ A1) A A(1) A 3 ~(k)a k

H, = Arh(S)((l)S)((z) —55,1)552)): Hzeem :Z g(zk)sgk)Hl(oc)’ (®)
k=1

60 - RUYGORY,  HE K,

where J, A, Ar are the isotropic exchange, axial and rhom-
bic (azimuthal) anisotropy constants, 3% and g are the
spectroscopic splitting tensor in the MCS and LCS repre-
sentations, R¥ is the three-dimensional rotation matrix, H{)
is the local external field at the kth spin site, H is the exter-
nal magnetic field (H || z). Hamiltonian (7) will be further
considered in the form normalized to J, i.e,, J = 1, and

characteristics of other interactions expressed in units of J.

3. Energy spectra and spin states of dimer

The spin Hamiltonian is usually represented by default
in a unified laboratory coordinate system (UCS); the eigen-
states can be rendered by two multiplets — a singlet and
atriplet E;. Let us designate the eigenstates as |0,0)ycs,
[1,00ucs and |1,1)ycs. Axial anisotropy splits the triplet
into singlet |1,0)ycs with symmetric wave function
(J1/2)+]-1/2))/+/2 and doublet |1,1)ycs, while rhombic
(azimuthal) anisotropy splits doublet into |1,1){,cs and
|1,1){,cs - The ground state of the dimer with the antiferro-
magnetic exchange in this standard case is |0,0)ycs with anti-
symmetric function (|1/2)—|—1/2))/\/§. Figure 1 shows
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Fig. 1. (Color online) Splitting of the dimer energy spectrum with
antiferromagnetic isotropic exchange interaction, the axial (A)
and rhombic anisotropy (A,). Levels are numbered near the level
lines; interlevel transitions are indicated by arrows and numbers
in quotation-marks.
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the scheme of energy splitting by axial and rhombic an-
isotropy.

The ¢4, 64, v, deflection of the LCS axes has practically
no effect on the position of the energy levels. The singlet
energy does not change at all, and the levels of the triplet
experience a shift by ~10™J when 6, changes from 0 to /2.

The ground state |0,0)ycs of the antiferromagnetic dimer
of C, symmetry is the symmetric wave function, while the
|1,0)ucs is the antisymmetric one. The spin states of the
levels were calculated as the average square values (SZZ)
(S, = s +5{@). The set of spin states is radically different
from those existing in a system with UCS.

The deflection of the LCS axes has a strong coalescent
effect on the spin states in the MCS representation. The
change in the polar angle 6, which directly affects the mutual
orientation of the quantization axes (), has the most sig-
nificant effect. The deflection of the LCS axes in the zx
plane destroys the strong exchange limit with S, =0, +1 and
changes the average square spins of the triplet. In the parti-
cular case y; =0 and ¢, = 0 for the deflection angle 6, = n/2,
the averaged spins of all states null. When the angle of rota-
tion ¢, of the LCS axes changes, the spin numbers of the
level |1,1),cs do not change, and differ significantly for
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Fig. 2. (Color online) Dependences of the average square dimer
spin, (S2), on the polar angle 6, of misorientation of the LCS
axes at y; = 0 (a) and n/4 (b). Online color coding corresponds to
Fig. 1.
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other states [Fig. 2(a)]. Changes in the (SZ2> dimer at @, #0,
vy £ 0, and 0, # 0 are quite significant and affect all states
of the system (Fig. 2).

For @; # 0, the change in the angle y; does not affect
the dependence of the spin numbers of the dimer on 6, of
the levels |0,0)ycs and |1,0)ucs, While an increase in ¢, leads
to an increase in (S2(0,)), in the absence of its qualitative
changes. (S2(6,)) of the level |0,0)ycs grow monotonically,
and show a symmetric curve with a maximum at 6, = n/4
for |1,0)ucs [Fig. 2(b)]. For y; = n/4, average spin depen-
dences of |1,1)(,cs and |1,1){)cs coincide for all ¢,. For
vy = /2, all spin states coincide with the case y; = 0.

A common feature for the dependences (SZ(0,)) for
any ¢, and y; is the existence of an “equivalence point of
spin states”, ¢ (Fig. 2). As @, increases from 0 to n/2, the
position of the “equivalence point”, shifts from 6, = 7/2 to
0eq = /4 (indicated by a black arrow in Fig. 2). The spin
numbers at the “equivalence point” increase from <Sf)eq =0
if p1=010(S2)e, =1/2 if o= /2.

4. EPR spectra of the dimer

4.1. Frequency-dependent EPR spectra in zero magnetic
field ((pl #0, Y1 # 0, 91 #0,H= 0)

The scheme of transitions between the levels of the sys-
tem of a pair of interacting s = 1/2 spins with the C, sym-
metry differs radically from the standard EPR spectrum in
the UCS representation for ac field applied along x axis.
Instead of a pair of “allowed” transitions “2-3"” and “2-4"
(11,0)ucs — |1, 1)ucs) and a weak transition “3-4”
(1LD{cs—1LD{)cs), observed in the case @, = 0, y; =0,
0,=0if o =0, w1 = 0, 6, = 0, any intermultiplet transitions
may be possible (Fig. 1). Since the changes in the orienta-
tion angles of the LCS do not practically affect the energy
of the levels, the transition frequencies remain almost un-
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Fig. 3. (Color online) Dependences of the probability of inter-
level transitions of an s = 1/2 dimer on the polar angle 0, in zero
magnetic field, v, = 0, ¢, = 0. Designations correspond to Fig. 1.
The inset shows the same curve in the initial section, the points
0, = 6, are marked with open circles.
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changed. Nevertheless, near some values ¢y, y; and 8, the
intensities of certain transitions tend to zero. The minimum
transition probability, which makes the EPR observation
possible, turns out to be dependent on the orientation angles
of the LCS. Near 0, = /4, up to 6 EPR lines can be ob-
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Fig. 4. (Color online) Regions of existence of the frequency-
dependent EPR spectrum lines of an s = 1/2 dimer in zero mag-
netic field at different angles y; of misorientation of MCS and
LCS: y; = 0 (a), w/4 (b), n/2 (c). Numbering and designations
correspond to Fig. 1. Narrow regions of existence of EPR lines
are marked with symbols ¥ for P and A for eﬂ}” The thin
dotted line marks areas with an unsatisfactory calculation error.
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served. If 6; — 0 or 6; — ©/2, the probabilities of almost
all intermultiplet transitions drop down, and when the tran-
sition E;—E probability decreases below the detection thre-
shold, this EPR line disappears (Fig. 3, inset) (let us set
the angle 0, at which Py = P, as 6, P, = 107%).

Let us denote the critical values 0, as 0% and 6% for
the upper and lower bounds of the EPR existence region.
Figure 4 shows 6, — ¢, diagrams with the areas of obser-
vability of each of the EPR lines.

Note that even if 6; = ¢, = y; = 0, when the energy
spectrum and spin states of the dimer coincide with the
UCS, the EPR spectrum is different. When y; = 0 in the
region ¢, = 0, there is no 6, angle restriction for the transi-
tions “2-3” and “2—4”, which coincides with a dimer in UCS
but exists for the “3-4” transition [Fig. 4(a)]. There is a
sharp narrowing of the intervals 62" —0%" of the EPR line
“3-4” if y, = 0 and y, = /4, and the line “2—4" if y, = /4.

There are narrow regions of signal existence near ¢; = 0
and ¢, = /4 for the transitions “2-3", “2-4”, and “3-4".
Moreover, there is a sharp increase in the signal intensity
in a very narrow range of angles near some lines 8¢° (¢,) and
02" (¢,) but within the EPR existence. Experimental ob-
servation in these cases will be fraught with great diffi-
culties.

Thus, the maximum number of lines in the spectrum of
the spin dimer (5-6) is in the range of 6, ~ w/4, while the
width of this region strongly depends on the angles ¢; and ;.

4.2.s = 1/2 dimer spectra in nonzero magnetic field
(p1#0,0,#0,y;=0,H=0)

A magnetic field, if any, along the MCS z axis trans-
forms the magnetic system of the dimer described above.
The wave functions |1,1),cs and |1,1){)cs in the range of
fields 0-A;;, smoothly pass into |[1,—1)ycs and |1,+1)ycs. The
energy of |1,1){,cs and |L1L)/,cs (3 and 4, Fig. 1) nonlinearly
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Fig. 5. (Color online) Energy spectra in a magnetic field H || z for
0, = 0 (solid lines), n/4 (dashed lines), n/2 (bold dotted lines);
¢1= 0, y; = 0. The inset shows a scaled-up region of the level 1
spectrum. Online color coding corresponds to Fig. 1.
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depend on the field in the region H, < Ay, the energy gap
in zero field is 0.5Ay, (Fig. 5). Their shift with a change in
the angle 6; is linear and quite obvious. The levels |0,0)ycs
and |1,0)y¢s are not affected by the magnetic field at 6; = 0.
As the field increases at 8, = 0, their shift stays nonlinear,
reaches a maximum at 6; = /4 (+0.01 and -0.01 at H, = 1,
respectively) and decreases to zero at 6, — /2.

Figure 6 shows the EPR dimer spectra in the case ¢; = 0,
y1 =0, 8; # 0. The field dependences of the transition fre-
guencies of the EPR from levels 1 and 2 to levels 3 and 4
are substantially nonlinear in the region H, < Ay. The
change in the frequency-field dependences of the EPR with
the deflection of the LCS axes is associated with the axial
local anisotropy (9, = 2.2, 0 = gyy = 2.0) and, therefore, is
very small. The intensities of the lines differ significantly
with the variation of the 64, ¢; and ;.

If6, =0, ¢; =0, y; = 0, there are only 2 EPR lines cor-
responding to the “2-3" and “2-4” transitions, probability
of these transitions decreases monotonously together with 0,
rise. The deflection of the LCS axes to the angle 6, = n/4
leads to the appearance of inter- and intramultiplet transitions
“1-27, “1-3”, “1-4”, and “3-4”, their intensity increases,
at least up to 6, = /4, then it decreases, and only the tran-
sition “1-2" is observed near 0, = n/2 (Fig. 6). Lines “2-3”
at 6; = 0 and “1-4" at 0, = n/4 weakens in low fields, and is
not observed in H, < 0.002.

If ; = /4, v, = 0, the EPR remains present at different
0, for all transitions, except for “3-4”. The latter exists
only in low fields, up to ~0.03, at 8, = ©/4, and shows itself
in any fields at 6, = w/2. All 6 EPR dimer lines can be ob-
served at 0, = w/2.

If o; = /2, w1 =0, only intramultiplet transitions can be
observed, and “3-4” found only near 6, = /4. If ¢, = /2,
y; = 0, 0; = /2, then EPR is not observed in the dimer
(“silent” mode).
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Fig. 6. (Color online) EPR spectra in a magnetic field H || z, ¢; =0,
y; = 0. Transition designations correspond to Fig. 1. Color coding:
0, = 0 (blue), n/4 (green), /2 (red). Critical fields, where EPR
line disappears, are marked with open circles. Two overlapping
horizontal lines present transitions “1-2" for 6, = n/4 and 7/2.
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Determination of the deflection of the LCS axes about
the angle w; is due to the choice of the x®-axis direction,
which, in contrast to the ligand orientation of z®, has a less
transparent physical meaning. In addition, as shown in
Sec. 3, the states |0,0)ycs and |1,0)ycs do not change when
LCS rotate about the angle v, while the states |1,1){,c5 and
|1,1){,cs are mutually equivalent for y; = 0 and y; = =/2.
At y; = /4, |1,1),cs and |1,1){,cs coincide and are aver-
age of y; = 0 and y,; = /2 cases. Therefore, other funda-
mentally different field dependences should not be ex-
pected for the EPR spectra for y; = n/4 and y; = n/2, than
for y; = 0, and these cases are not considered in this paper.

5. Conclusion

A strong crystal field that holds the local axes of para-
magnetic ions commonly in different directions completely
destroys the magnetic system of the s = 1/2 dimer in the
UCS representation. The arrangement of the antisymmetric
and symmetric wave functions with S, = 0 is opposite con-
cerning to the system with UCS and is a consequence of
the C, symmetry only.

The rotation symmetry of the two-spin s = 1/2 system
with the LCS axes being subject to the symmetry operation
C% reflects the C, symmetry for all spin states (Fig. 2).
This result is not obvious for a spin 1/2 system that gene-
rally is not subject to the SO(3) symmetry.

Let us discuss the effect of misorientation of the LCS
ion axes with a change only in the angle ¢, with nonzero ;.
For the dependences (S?(0,)) of the state |0,0)ycs, this dif-
ference is quite significant and looks like the appearance of
a nonzero spin of this level. In terms of the mutual orienta-
tion of LCS, the cases ¢; = 0 and, for example, ¢, = n/2
(Fig. 2) differ in that initially the %) axes are anticollinear
for collinear 2, and for ¢ = 12, %®) are collinear for
anticollinear 2. The effect of an increase in @rat0; =0
on the spin components consists in the transfer of the s,
and/or s, components of the s® and s® spins to the S,
component of the “molecular” spin. In terms of spin corre-
lations, this means the magnetic properties can be provided
s,—Sx and/or s,—s, correlations even if the magnetic system
loses the s,—s, correlations.

It should be noted that the maximum number of lines
in the spectrum of the spin dimer (5-6) is in the range of
0, ~ n/4, while the width of this region strongly depends
on the angles ¢; and y;. There is either one line or, if
@1 =7/2, none observed near 6, = /2 (“silent” EPR
mode). Let us compare the behavior of the intensity of
EPR transitions and average square spin values if @1 =0
and 1 = 0 [Fig. 2(a), Fig. 3]. Mixing of spin states with an
increase in 6, will unblock “forbidden” transitions and lead
to the appearance of transitions “1-2”, “1-3” and “3-4". In
0, = n/2, these transitions, as well as “2-4”, disappear, and
no EPR is observed (“silent” EPR mode). Given the latter,
we can suggest the correlation between the spin states of
the dimer at zero azimuthal angles of deflection of the LCS
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and the intensity of the EPR lines. If ¢, = 0 and/or vy # 0,
the qualitative coincidence of the evolution of spin states
and the intensity of EPR lines is observed just for some of
transitions and requires further study.

So far, the work has considered the effect of only one
operation, C% on the spin system, which can exist only
with the approximate molecular symmetry C,. Let us con-
sider briefly the effect of other symmetry operations.

The unit matrices +1, -1 or the same matrices with im-
aginary units in the diagonal determine the inversion opera-
tion. The transformation result in all four cases — O s%) O,
where O is the inversion, strictly equivalent to the identical
transformation E. That is, the SMM with inversion only is
equivalent to a spin system with UCS. The plane of sym-
metry passing through the middle of the bond sY—s@ (L x)
can be represented as a rotation around the x axis about an
angle r and subsequent inversion. Since the inversion per-
mutes the spins in this case, we again obtain an UCS-equi-
valent system. Operations that do not permute s® and s
cannot impose any constraints on interactions in the spin
system and do not matter in this case. Thus, C3 with the
axis perpendicular to the s¥—s® link is the only symmetry
operation that imposes symmetry constraints on the s = 1/2
dimer.

The question arises: how often do s = 1/2 dimers with
approximate symmetry C, occur? Despite the many known
spin-1/2 binuclear clusters [6-40], one V** and one Cu®*
compounds are given in the Introduction. The overwhelm-
ing majority of Cu®* compounds have only an inversion
center, several of them have a symmetry plane perpendicu-
lar to the s™—s® hond. They both refer to dimers with UCS,
i.e., are adequately described by the traditional Hamilto-
nian. In addition, at small deflection angles 0, of the axes,
the differences between the energy spectrum and the spin
states of the dimer (Fig. 2) and the case with UCS are ex-
tremely small. Based on the foregoing, we may suggest a
very rare opportunity to observe manifestations of C, sym-
metry in experimental studies of spin dimers. Such obser-
vations require high-quality single-crystal EPR studies in
the frequency range up to ~ (J+A,+Aq). An additional in-
dicator able to detect the effects of LCS noncollinearity in
a 1/2 spin system is an anomalous spectroscopic splitting
factor (g) as an indicator of a strong crystal field with mis-
matched local axes.

The symmetry analysis model for noncollinear local
spin-coordinate systems, first presented in this paper, limits
the range of objects suitable for study by molecular sym-
metry, which allows for a permutation axis C, in the ab-
sence of inversion symmetry. Although the model is used
here only for s = 1/2 dimers, it can be also applied to study
other small spin clusters.
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OsosgepHun s = 1/2 MOHOMORNEKYNSPHUIN MarHeTuK

3 CUMETPINHUMN OBMEXKEHHAMM

A. V. Zhuravlev

JocrmimkeHo BIUTMB 0OMIHHOT aHi30TpOIii Ha MOHOMO-
JICKYJSIPHUM MarHeTUK 3 TOTOKHHUMH S

W = 5@ CITiHAMH,

nignopsiakoBanuMu C, rpyni cumerpii. ['aminbroHian B
MOJJaHHI JBOCIIHOBUX 4x4 Matpuis [laymi B JOKaTbHHX
CHCTeMaX KOOPJWHAT, IO € HEKOJIIHCAPHUMH, IIEPETBOPEHO
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A. V. Zhuravlev

JI0 MIOJIaHHSI 3arajibHOT CUCTEMH KOOPAUHAT | BUKOPHCTAHO
JUISL BU3HAYCHHS PIBHIB €HEprii Ta CIiHOBUX cTaHiB. Buss-
JICHO aHOMAJbHY €BOIIOII0 YCEPEAHCHUX CITiHIB MarHiT-
HOI CHCTEMHU TIpH BiAXHUJICHHI JIOKIBHUX OCEH aHi30TpOIIil.
IlependadyeHo MOBHICTIO HEMATHITHUI CTaH S = 1/2 cmiHO-
BOTO IUMEpA, a TakoX «HiMy» Moxy EITP. Busnaueno ky-
TOBi Mexi icHyBaHHs EITP mist Oynb-KHX MOMXJIMBHX B3a-

€MHUX BIIXWIECHb JOKAIBHUX OCEH 10HIB AJSI KOKHOTO 3
6 MOXJIMBHX TEpEXOJiB MiX PIBHAMH CIIHOBOi CHCTEMH,
SK B HyJIbOBOMY, TaK 1 B KIHIIEBOMY MarHiTHOMY ITOJIi.

Kitro4oBi croBa: MOJISKYJSIpHHI MarHeTH3M, OOMiHHI B3aeMopii
(e7exTpOHHI), MarHiTHAa aHi30TPOMis, CIIHOBHUH
kpocosep, EITP ciekrpockomist.
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