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The static and resonance properties of a quasi-two-dimensional antiferromagnet phase on adistorted triangular
lattice of KFe(M0QO,), have been experimentally studied. Magnetization curves exhibit features corresponding
to the spin-flop transition in a collinear biaxial antiferromagnet and simultaneously show a magnetization pla-
teau characteristic of atriangular spin structure. The magnetic resonance spectra also display absorption lines
corresponding to the spin structures of both types. The experimental dataare described interms of amodel com-
prising alternating weakly bound magnetic layers, in which the main two exchange integrals have different val-
ues. Below the Néel temperature (Ty = 2.5 K), some of these layers possess a collinear antiferromagnetic struc-
ture, while the other layers have atriangular or spira structure. © 2004 MAIK “ Nauka/Interperiodica” .
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Two-dimensiona (2D) antiferromagnets on a regu-
lar triangular lattice exhibit unusual magnetic proper-
ties due to a partialy frustrated antiferromagnetic
exchange and the degeneracy (not vanishing in the
applied magnetic field) of various spin configurations
(see, e.g., [1]). The ground state correspondsto athree-
sublattice magnetic structure with the spins mutually
oriented at +120° in a zero field. An important role in
the magnetic structure formation is played by fluctua-
tions, which account for the characteristic magnetiza-
tion plateau (on alevel of 1/3 of the saturation magne-
tization) in arather broad interval of magnetic fieldsin
the vicinity of (1/3)Hy;, where Hy; is the saturation
field. Iniron molybdates of theAFe(M0O,), type (A =K,
Na, Rb, ...), magnetic Fe** (S=5/2) ionsare arranged on
plane triangular lattices with weak exchange interaction
between neighboring planes, which accounts for the
quasi-2D magnetism [2, 3]. In RbFe(M0Q,), crystas
with a third-order axis (symmetry group ng), each
magnetic layer has a regular triangular lattice. These
crystals exhibit the properties of quasi-2D antiferromag-

nets on aregular triangular lattice with aratio of the lat-
eral and interlayer exchange integrals of 20[3].

A different situation is observed in KFe(MoO,),
crystals, where magnetic ordering takes place on adis-
torted triangular lattice. At atemperature of T, =311 K,
this compound exhibits a structural transition from a

phase with the af orementioned symmetry group ng to

a monoclinic phase of Cgh symmetry [4]. The size of
the primitive cell along the Z axis perpendicular to the

magnetic layers doubles, and ironions, Fe”* and Fe’",
appear in nonequivalent positions of two types. The X
axis remainsthe second-order axis, andtheY Z planeis
gill the symmetry plane (Fig. 1). Owing to this
decreasein the symmetry, we may expect that, at T< T,
the exchange integral J; for the neighboring iron ions
arranged along the X axiswill differ from the exchange
integral J, of the neighbors arranged along other direc-
tions in the triangular structure. Thus, the triangular

X

Fig. 1. Schematic diagram showing the arrangement of Fe3*
magnetic ions in the crystal structure of KFe(M0Oy,),.
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structure of KFe(M00O,), crystals is distorted and the
crystalscontain layers of magneticionsoccurringinthe
nonequivalent positions of two types. According to the
theoretical analysis [5], a distortion (J; # J,) corre-
sponding to J; > J,/2 > 0 leads to the appearance of an
incommensurate spiral structure with the wavevector
oriented in the direction (X axis) of distinct exchange
interaction. In contrast, for J,/2 > J; > 0, a collinear
antiferromagnetic  structure becomes energetically
favorable.

This study was aimed at elucidating the effect of |lat-
tice distortions on the properties of 2D antiferromag-
nets on a triangular lattice. For this purpose, we have
studied the static and resonance magnetic properties of
KFe(MoO,), crystals.

The experiments were performed on KFe(MoQ,),
single crystals grown by spontaneous crystallization as
described in [2]. The crystals had the shape of 0.1- to
0.3-mm-thick plates with a lateral size of up to 3 mm.
The face surface of the crystals coincided with the
planes of iron ions. At temperatures below T,, the crys-
tal separates into three domains corresponding to the
three crystallographically equivalent directions of the
X axis in the high-temperature phase. These domains
can be visually observed in polarized light. The mag-
netic measurements were performed with a vibrating-
sample magnetometer (Oxford Instruments) and a
SQUID magnetometer (Quantum Design). The mag-
netic resonance spectra were obtained using a set of
microwave spectrometers with transmission type reso-
nators covering the 9-150 GHz frequency range.

Figure 2 shows the temperature dependence of the
magnetic susceptibility x = M/H of KFe(MoO,), crys-
tals for two orientations of the magnetic field: H O Z
and H || Z. At atemperature of Ty = 2.5 K, the curves
exhibit a feature corresponding to the transition to an
ordered state. In the interval of temperatures 15 K <
T < 300 K, x(T) follows the Curie-Weiss law with the
characteristic constant O¢y, = 21 £ 2 K. Approximation
of the magnetic susceptibility by the Curie-Weiss law
in the low-temperature range is shown by the dashed
curvein Fig. 1. Using the Weiss constant, it is possible
to estimate the average value of the exchange integral
for the neighboring ions in the XY plane as J =
30cn/2z9S+ 1) = 0.6 K (S= 5/2 and the number of
nearest neighbors is z = 6). The Oy, is virtually the
same for KFe(M0Q,), and RbFe(M0O,), [3].

The inset in Fig. 2 shows the temperature depen-
dences of M/H for various values of the static field H
oriented in the crystal plane (H O Z). The absolute val-
ues of M/H for the fields 0.1 and 1 kOe are probably
determined with an error of 10-50% because of aresid-
ual magnetic field of the superconducting solenoid.
Open triangles indicate the aforementioned feature in
the form of a magnetic susceptibility peak. The peak is
observed in the region of weak fields (0 < H < 20 kOe)
and exhibits smearing in higher fields. Above 30 kQOe,
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Fig. 2. Thetemperature dependence of the magnetic suscep-
tibility X = M/H of KFe(M0Oy,), crystals (for the sake of
clarity, the curves for H = 0.1 and 1 kOe in the inset are
shifted along the ordinate axis).

H|Z
T=16K
3.0 —2F
25 IF
20k e T S RPN T
“o 10 20 40 o0 80
&m 15 Hc3
2T 1=16K T
= qop HIZ H,
05+
(@)
r H,
= 0 A I | R
‘s
5
£
&
3
3

H (kOe)

Fig. 3. (a) The magnetization curve M(H) and (b) its deriv-
ative measured for a KFe(M0Oy), crystal for H O Z. The
inset shows the M(H) curve observed for H || Z (the dashed
line is tangent to the M(H) curve in the region of small
fields). All measurements were performed at T= 1.6 K.

the M(T) curves exhibit variations in the form of steps,
which are indicated by black triangles in the inset in
Fig. 2. In addition, it should be noted that these curves
exhibit a flattened maximum characteristic of low-
dimensional antiferromagnets [6].
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Fig. 4. The H versus T diagrams of the magnetic states
observed for H O Z, showing the boundaries of the region
of magnetic phases determined from (00) the M(H) and (m)
the M(T) measurements. Black circlesindicate the values of
the Néel temperature. The inset shows the probable spin
structures of the magnetic phasesA, B, and C.

Figure 3a shows the M(H) curves measured at T =
1.6 K for two orientations of the applied magnetic field.
For H O Z, therearethree featuresin these curves. Near
H =H_, =12.5kOe, thereisachangein the slope of the
M(H) curve and the corresponding peak in the deriva
tive dM/dH (Fig. 3b). The two other features are
observed at H,, = 52 kOe and H = 76 kOe, where the
derivative dM/dH exhibits sharp peaks. For H || Z, the
only special featureis an increase in the derivative in a
field of 20-30 kOe. The slope of M(H) in the region of
lower fieldswas 0.9 of that in the region of higher fields
(H > 50 kOe).

Figure 4 presents the H versus T diagram showing
variation of the fields of magnetic phase transitions Hy,
H,,, and H_; determined for the features in the M(H) and
M(T) curves and in the Néedl temperature Ty determined
by the position of the magnetic susceptibility peak.

The relation between susceptibilities, x5 > X,
observed in the fields above 20 kOe (where the differ-
ence reaches 5%) indicates that the “hard” magnetiza-
tion direction is near the Z axis. In concluding so, we
proceed from the fact that magnetic susceptibility
exhibits a minimum aong the hard axis in both col-
linear and triangular structures. The existence of amag-
netic anisotropy with the hard axis oriented close to the
Z axis is aso confirmed by data on the paramagnetic
resonance of Fe** ionsat T > Ty, [7]. It should be noted
that the absence of a high-order axis also implies the
presence of another, so-called “medium” magnetiza-
tion axis perpendicular to the hard axis.

The results of the experiments presented above
show that the number of features of comparable magni-
tude on the M(H) curve exceeds their number expected
for both collinear and spiral structures on adistorted tri-
angular lattice. Indeed, only one (spin-flop) feature is
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expected for the collinear structure, and two such fea-
tures (at the beginning and end of the magnetization
plateau) are expected for the triangular and spiral struc-
tures[3, 8]. Aswasindicated above, the magnetic struc-
ture of KFe(M0O,), comprises two types of weakly
bound alternating nonequivalent planes of magnetic
ions. For this reason, we will consider a hypothetical
model in which a collinear antiferromagnetic structure
isformed in planes of thefirst type (C planes) and aspi-
ral spin structure, in planes of the second type
(Splanes).

Within the framework of this model, the low-field
feature at H = H,, can be considered asareorientational
transition in the C planes, which isrelated to rotation of
the spin structure in the plane perpendicular to the hard
axis. When the field is parallel to the easy axis, such a
reorientation must have the character of spin flop, lead-
ing to a jump in the M(H) curve. The feature observed
in experiment exhibits a smoothened shape, which is
explained by the presence of three domains with differ-
ent orientations of their easy axes, on the one hand, and
by adlight deviation of the easy axisfromtheY axisin
the YZ plane, on the other hand. This feature will be
referred to below as afeature of the spin-flop type.

At the same time, the presence of phase transitions
in the fields H., and H on both sides of (1/3)Hg; is
characteristic of the 120° triangular structure (J; = J,)
[1, 3, 9] and the spiral structure on adistorted triangular
lattice [8]. Note that the (1/3)H; value apparently falls
within the interval between H, and H,. Indeed, judg-
ing from the Hg; value, this field has to be approxi-
mately on the same order of magnitude as in
RbFe(M00O,), crystals, where saturation is reached at
186 kOe [9]. The inset in Fig. 4 shows the scheme of
probable spin configurations for the field orientation
H O Z. Our experiments did not reveal significant fea-
tures during the transition from the paramagnetic to the
ordered phase in the range of fields above 40 kOe. The
probable position of such a transition or crossover
between the above phasesis depicted by the dashed line
inFig. 4.

The presence of hard-axis anisotropy suggeststhat a
structure of the umbrella type is formed in the S planes
at the H || Z orientation, while the C planes exhibit spin
reorientation caused by adeviation of the hard axisfrom
the Z axisintheY Z plane. The strong field dependence
of the amplitude of the susceptibility peak in the region
of weak fields probably corresponds to a small ferro-
magnetic moment, on the order of 10~*g per Fe** ion.

Figure 5 shows the spectra of magnetic resonance
measured at T = 1.3 K in the field H oriented parallel
and perpendicular tothe Z axis(i.e., significantly below
Ty)- Since the crystals studied at a temperature below
311 K exhibit the formation of domains of three types
with different orientations of the X axis, the antiferro-
magnetic resonance (AFMR) line is usualy split into
three peaks with relative intensities strongly depending
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on therealization of the domain structurein aparticular
sample. When thefield isoriented parallel tothe Z axis,
all domains occur in approximately equivalent condi-
tions and the observed absorption linesare not split. For
this field orientation, there are four AFMR branches,
one of which hasasmall dispersion (Fig. 5a). Figure 5b
shows the spectra of magnetic resonance for five sam-
ples measured using the field oriented in the XY plane,
with uncontrolled mutual orientation of the Y and H
axes. In this case, the AFMR spectrum also displays
four branches. The v, branch (for which additional
experiments with rotation of the sample showed the
most pronounced dependence of the resonance fre-
guency onthefield orientation in the XY plane) is char-
acterized by abroad distribution of resonancefieldsand
frequenciesin the v versus H plane. In a zero field, the

AFMR frequencies are v§ =36 +5GHz, v, =78 ¢
3 GHz, and vJ = 123+ 3 GHz.

In the triangular spin structure of RbFe(Mo0O,),
crystals, the v, , frequencies are close and exhibit sim-
ilar field dependences with two branches of the mag-
netic resonance spectrum in the triangular spin struc-
ture[3]. Inthe case of KFe(M0Q,), crystals, the behav-
ior of v,(H) and v,(H) is characteristic of a collinear
antiferromagnet with two anisotropy axes [10]. In
Fig. 5, dotted curves show the AFMR spectrum calcu-
lated assuming that the v, ,(H) branches are deter-
mined by the homogeneous spin oscillations in the C
planes [10], while v; 4(H) branches reflect oscillations
inthe Splanes[3]. Theinteraction betweenthe Cand S
planes was ignored.

Using the above zero-field AFMR freguencies, it is
possible to estimate the values of magnetic anisotropy
constants D in the microscopic theory (for the model
Hamiltonian presented in [3]): Dg= 0.25 K and D¢ =

0.36 K. The difference between v$ and vJ isexplained
by thebiaxial character of anisotropy inthe KFe(MoQ,),
crystals. Using these values, one can find that the mag-
netic anisotropy constant D¢ for the medium magnetiza-
tion axis in the C planes is approximately ten times as
small asthe D value. This anisotropy axisis parale to
the X axis. The AFMR spectrum of S planes was cacu-
lated disregarding the crystal anisotropy inthe easy plane.

Thus, the obtained spectrum of magnetic resonance
corresponds to a combination of the spectrum of a col-
linear biaxial antiferromagnet and the spectrum of a
spiral or triangular antiferromagnet.

Summarizing the results presented above and gener-
alizing the results of analysis, we conclude that the
model of a magnetic structure comprising magnetic
planes of two types—with collinear and spiral order—
adequately describes the whole body of the static and
resonance magnetic properties of KFe(MoO,), crystals.
However, this statement is conjectural in nature, since
the model does not take into account the interplanar
interaction capable of leading to additional phase tran-
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Fig. 5. Plots of the AFMR frequencies versus magnetic field
for(@ HOZ and (b) H ||Z measured at T= 1.6 K.

sitions and lines in the magnetic resonance spectra (see
[3]). The proposed exotic model can be verified in
experiments on the determination of the magnetic
structure using neutron scattering.
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