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The static and resonant properties of the diluted antiferromagnet RbNiCI,: 1% Mg have been
investigated. The impurity has been observed to significantly influence the antiferromagnetic
resonance spectrum, as well as the magnetization in the region of the spin-flip transition.
All the effects observed have been described using a phenomenological approach based on the
exchange symmetry of the magnetic system, taking into account relativistic invariants of
higher order in v2/c2. Qualitative agreement with experiment has been achieved in a microscopic
model by introducing a two-ion anisotropy of the form f i ( S : ) ' ( ~ f ) ~into the spin
Hamiltonian. It has been postulated that an impurity which does not occupy a site in the crystal
lattice strongly distorts the electrical interactions within the crystal, altering the character
of the anisotropic interactions. O 1995 American Insrirure of Physics.

I.INTRODUCTION

An efficient way to obtain magnetic systems with new
static and resonant properties is to introduce different quantities of a nonmagnetic impurity into a pure structure. The
presence of an impurity results either in mechanical distortion of the structure of the original crystal or in disruption of
some part of the interaction between the magnetic atoms,
which is reflected in the collective behavior of the spin system. There have been numerous studies of the properties of
diluted antiferromagnets. Many of them were devoted to
phenomena associated with weakening of the molecular field
due to a decrease in the number of interacting atoms and
therefore noticeable only when the concentration of the impurity is sufficiently large.' However, when noncollinear antiferromagnets such as CsNiC13 are diluted, the appearance
of less trivial effects, which have a considerably stronger
influence on their properties, is possible. This is due primarily to the character of the exchange ordering, which is organized in such a manner that the spins lying in the basal plane
of the crystal are directed at -- 120" angles to one another,
i.e., the minimum of the exchange energy is achieved for the
entire system as a whole, rather than for each pair of spins
individually. Such systems are frustrated, and when the crystal lattice is distorted, great changes result, up to and including incommensurability.
In addition, even a small number of impurity atoms can
distort the crystal field and alter the electronic configuration
of the magnetic ions, which should influence the anisotropic
interactions in the original structure. It should be taken into
account here that the easy-axis anisotropy of antiferromagnets like CsNiCl,, which is generally described in the effec185
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,
likely consists of several
tive single-ion form D Z ( S ? ) ~ most
contribution^.^ The single-ion anisotropy appearing as a result of splitting of the ground-state term of the magnetic ion
~ i ' +( , F ) in an axial crystal field is of the easy-plane type.
Therefore, there should be at least one more anisotropic interaction, for example, two-ion anisotropy of the form
-D I ZS:S;, which is usually called "exchange anisotropy. "
The anisotropy actually observed is the result of the competition between two opposing contributions and is, therefore,
sensitive to even small changes in one of them.
Other macroscopic manifestations of dilution can also be
associated with features of the magnetic and crystal structure
of these compounds, for example, their quasi-one-dimensional character.
In this work we investigated the static and resonant
properties of the antiferromagnet RbNiCI,, already thoroughly studied diluted with a small quantity of a diamagnetic
impurity. After phenomenologically describing the observed
changes in the magnetic properties3 and comparing the results obtained with the predictions of spin-wave theory on
the basis of the standard spin Hamiltonian

we can understand how Eq. (1) can be modified to achieve
optimal agreement between the two approaches. This allows
us to advance a hypothesis regarding the microscopic nature
of the observed effects.
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FIG. 1. Amplitude of the microwave signal
at 72 GHz after passing through a resonator
with diluted (upper curve) and pure (lower
curve) RbNiC1,.

2. EXPERIMENT

The resonant properties of doped RbNiCI3:1% Mg crystals were investigated using several direct-amplification
spectrometers, which cover the frequency ranges from 9 to
80 GHz. Cylindrical and rectangular resonators of different
size served as absorbing cells. The magnetic field parallel to
the axis of the spectrometer was created by a superconducting solenoid with I,,-40 A, which made it possible to obtain
fields up to 60 kOe. The measurements at temperatures
above the helium range were performed on an instrument
with a vacuum jacket, within which temperatures down to 40
K could be maintained. Some instruments were equipped
with a device for rotating the sample within the Dewar,
which consisted of a long rod with a worm drive at its end.
The experimental error in the different quantities was:
5 % for the temperature, t 0.1 kOe for the resonant field,
t 0.1 GHz for the frequency, and +- 1" for L ( C 6, H ) . The
procedure for the static measurements on a vibrating magnetometer was described in Ref. 4.
The doped RbNiCI3:l% Mg crystals were synthesized
according to the following method. The original powdered
RbNiCI, was mixed with powdered RbMgC13 in a prescribed stoichiometric ratio. The mixture obtained was
placed in a quartz ampul, which was evacuated with gradual
warming to 300 OC over the course of 5 h. Then the ampul
was sealed off and passed through a furnace heated to 750800 "C at the rate of 1 mm/h using a clock mechanism. The
crystals obtained were placed in another ampul and annealed
for 7-10 days at a temperature of about 400 "C. The
samples were transparent, had a dark red color and linear
dimensions equal to -2-3 mm, and readily split along
planes containing a sixth-order axis, making it possible to
orient them visually. The fairly low quality of the crystals
obtained, which was most probably caused by the nature of
the phase diagram of the components, precluded any chance
of inserting impurity atoms into sites in the crystal lattice, as
was confirmed by data from x-ray diffraction measurements.

+
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The amount of magnesium in the single crystals grown was
verified by a y activation method. It should be noted that the
concentration of the impurity was approximately the same
(about 1%) in all the crystals investigated. It may be postulated that this concentration is the limiting content for single
crystals with an impurity which does not occupy sites in the
c~ystallattice.
2.1. Resonant properties

The resonance spectrum o ( H ) was measured in the frequency range from 9 to 80 GHz in fields up to 50 kOe at
various temperatures (from 1.6 K to 15 K) and angles cp
between the C6 axis and the field. For T> TN= 11 K there
was a narrow paramagnetic o= yH line with slight anisotropy of the gyromagnetic ratio ( y, = 3.162 0.01 GHdkOe,
y11= 3.10t0.01 GHdkOe).
In the ordered phase ( T < T N ) the spectrum takes the
Figusual form for easy-axis triangular antiferr~ma~nets.~.~
ure 1 presents a record of the output signal with scanning of
the magnetic field at a frequency of 72 GHz for diluted (upper curve) and pure (lower curve) crystals. As we see, the
resonance peaks for the diluted crystal are shifted and
slightly broadened. It became clear in a more exact and detailed investigation that there are several significant differences in the spectrum of RbNiCI3:l% Mg, which are inexplicable in the usual theoretical models (the corresponding
experimental data for HllC6 are presented in Fig. 2a). The
following phenomena were observed at T = 1.6 K:
1) An approximately 10% increase in the upper relativistic gap.
2) Significant broadening of the spin-flip region with respect to the field (by -5 kOe) at a tilt angle between the field
and the C6 axis of at most 1".
3) The appearance of an absorption line at 10-20 GHz,
whose field and angular dependence are in good agreement
with the behavior of the lower relativistic branch in the spectrum of w , ( H ) . This branch is caused by distortion of the
Zhitomirskii et a/.
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FIG. 3. Angular dependence of the resonant field for the w, and o,
branches at 17 GHz (a) and 19.5 GHz (b). Solid curves--theoretical calculation with the fitted constants a , and a , .

scribed in the approach of Ref. 5 by varying the phenomenological constants q and H , and the tilt angle cp.
The Ndel temperature remained unchanged from pure
RbNiC1, , in which TN= 11 K.

-

0

10

20

30

40

~,koe~O

FIG. 2. Resonance spectrum of RbNiCl,:l% Mg for HIIC6 (a), F I I C6 (b),
and L ( C 6,H)=5' (c). Solid c u r v e d a t a from theoretical calculations.

exchange structure, the calculated gap for the pure crystal
= 240 MHz. Experimental plots of the resonant
being u3(O)
field versus cp are presented for two frequencies in Figs. 3a
and 3b.
For H I C6 (Fig. 2b) no fundamental changes were discovered in the spectrum [apart from, of course, the corresponding increase in the gap w , (O)]. Although the spectrum
for an intermediate orientation of the field relative to the
C6 axis (Fig. 2c) likewise does not show any fundamental
differences from the original spectrum, it cannot be de187
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2.2. Measurement of the static magnetization

Besides investigating the resonant properties of
RbNiCl,: 1% Mg, we performed a series of static measurements on a vibrating magnetometer for the purpose of revealing the behavior of the magnetization at the critical fields.
The field dependence of the components of the magnetization parallel and perpendicular to the external magnetic field
was investigated at two temperatures (1.8 K and 4.2 K). The
external field was applied along the x axis. The measuring
coils recorded the magnetization along the x and y axes. The
C6 axis was aligned at a certain angle cp to the x axis. The
angle 6 between the C6 and z axis is one of the systematic
experimental errors which can be taken into account. The
angle 0 between the projection of C6 onto the xy plane and
the x axis was varied during the measurements. The anisotropy of the crystal causes magnetization to appear not only
along the field (M,), but also in the perpendicular direction
Zhitomirskii et a/.
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FIG. 4. (a) Dependance of the parallel component of
the magnetization (M,) for HIICs and HI C6. Dashed
line-calculation using the approximation in Ref. 3;
solid lines--calculation in the h a l model. (b) Dependence of the perpendicular component of the magnetization (My) for several values of 0 (0-lo, 0--2'.
A-3"). Dashed lines-calculation using the approximation in Ref. 3, solid lines--calculation in the final
model.

( M y ) when an external magnetic field is applied. The corresponding equations are presented in the next section.
Figure 4a shows plots of M , ( H ) at T = 1.8 K for
c ~ /[(LH
( C , , H ) = 51 and C d H , and Fig. 4b presents plots
of M y ( H ) for various values of 0 (lo, 2", 3"). The plot of
M , ( H ) for H I I C ~does not exhibit an abrupt jump in the
magnetization corresponding to a spin-flip phase transition of
the first kind, instead of which there is smooth variation of
M , over an interval of -5 kOe with respect to the field. The
plots of M y ( H ) for all the values of the angle are also broadened considerably in comparison with the analogous data for
the pure crystal.
3. PHENOMENOLOGICAL DESCRIPTION OF CsNiCI,
ANTIFERROMAGNETS

The phenomenological approach to the description of the
magnetic properties of crystals can be based only on the
however, it is far more
symmetry of the crystal str~cture;~
convenient to use the symmetry of the magnetic ordering in
188
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the exchange approximation. The latter method is applicable,
if the relativistic interactions in the system (spin-orbit,
dipole-dipole, etc.) can be treated as small perturbations in
comparison with the exchange forces. Such an assumption is
generally justifiable, making it possible to describe the static
and resonant properties with comparative ease without resorting to concrete model representations.8 This was done on
a theoretical level for the first time in Ref. 3 and was subsequently applied to the calculation of the acoustic magnetic
resonance modes in CsNiC13, good agreement with experiment being achieved by introducing a relativistic invariant to
first order in v 2 / c 2(Ref. 5).
However, in the general case this is not enough. For
example, when systems with strong distortions of the
120"-exchange structure due to anisotropy are considered,
third-order invariants which remove the degeneracy in the
spin plane must be taken into account. The phenomenological description of such a system was demonstrated in Ref. 9,
where the spectrum of the easy-axis antiferromagnet
Zhitornirskii et al.
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CsMn13 with strong anisotropy was measured and calculated.
It is also impossible to describe the experimental results obtained in the present work without introducing high-order
relativistic invariants.
The exchange spin structure of systems of the CsNiCl,
type is described by the helicoid
S-1, cos k.r+12 sin ker,

(2)

where 1, and l2 are unit vectors (of the polarization) and k is
the spatial wave vector determined by minimization of the
exchange
energy
[in
the
present
case
k = (2'l~/3a,2~/3a,.rr/c)].
In the absence of a magnetic field
all the spins lie in the plane perpendicular to the vector
n=I,X12.
The dynamics of the system is defined by the Lagrangian

where we have written T= (xll-,y1)lx1 , is the angular
rotation rate in spin space, and U, is the anisotropy energy,
in which we take into account invariants to first, second, and
third order in u21c2:

of fields to appear, in which the spin plane turns smoothly
C ~
to the nllc6 orientation. such
from the ~ L orientation
turning is accompanied by two symmetry violations, which
suggest the occurrence of phase transitions of the second
kind at H =H,, and H = HC2.
Next, the value of @ found is substituted into the original
Lagrangian, and then the components of the magnetization in
the coordinate system associated with the crystal
M= -(dSldH) is easily found. The empirical values of
M , and M y (see the preceding section) are related to M by
ordinary rotation formulas. Such an analytical calculation in
the approximation in Ref. 3 gives the following expressions
for M , and M y :

H~-H: cos 2 9
+w(
2
JH4-2H2HZ cos 2cp+H:)

M y=

r l X 1 ~ ~ cos2,$
:
sin 2 8

2JH4-2H2H:

P n,4+ u(,).
u,=-a2 n2+ 4

(4)

For an easy-axis structure a>O, has an arbitrary sign
( p > - 2 4 , and the specific form of u(,)is discussed below.
We first consider the static behavior of a system described by the Lagrangian (3) with anisotropy energy (4), in
which, for simplicity, we take into account only the first two
terms. In this case we have a = 0 , L(C6,H)= 9,
,L (C6,n) = @, and (3) takes the form

cos 29+H:

'

(7)

The analogous calculation with consideration of the invariant ~11,414
is technically difficult and was therefore performed numerically. The results for a fixed value of ,$ and
several values of 0 were presented in the preceding section
in Figs. 4a and 4b.
We proceed to a calculation of the spectrum of a diluted
antiferromagnet, at first without consideration of the thirdorder invariants. To obtain linearized equations of motion,
the variables n and fl appearing in (3) must be expanded to
second-order terms in the small rotation angle 6

Under the condition P>O, the minimization of (5) with
respect to @ at cp =0 gives:
@=

'lT

a!

2

71x1

- for H'<-=H:~,

*= arccos

JF

a!+P

for H:~<H~<--=H:~,

7x1

(6.2)

As we see, consideration of the invariant /3n:/4 causes
the spin-flip transition to disappear and an intermediate range

o2

- ioH( 1 - 7)cos

I
)

where no is determined from equilibrium conditions (6).
Varying the Lagrangian, we obtain a system of equations, from which the fundamental frequencies of the fluctuations are found. For H < H,, and H > HC2 the results coincide exactly with Ref. 5, if H, is replaced by H,, and
Hc2, respectively. The intermediate range of fields
H , , < H < HC2, in which the spin plane turns according to
(6.2), is of interest in itself. The resonant frequencies are
specified by the characteristic equation

0

ioH(1- 7)cos @ ~ ~ - 2 ~ ( H ~ - ~ : ) s i w
nH
~ (@
l + 7)sin @
0

- i w H ( l + ??)sin I)

=o,

w2( 1 + 11)

whence the only nonzero frequency o,in the present approximation is easily found:
189
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The lower relativistic branch corresponds to fluctuations
in the spin plane; therefore, to describe it, the invariants
which orient spins in the plane and cause the appearance of
the corresponding gap in the spectrum must be taken into
account in the anisotropy energy. As was shown in Ref. 9,
the predominant orientation of the spins is determined by
four different third-order invariants. We use gi/12 to denote
the constants in front of them. Then, when H I I c ~ holds the
following expression for 03(H) is obtained from the EulerLagrange equations:

satisfactory agreement with experiment being achieved already when g , and g2 are taken into account. To obtain the
general equations of motion for the intermediate range of
fields Hcl<H<Hc2 and an arbitrary value of cp, we must
take into account the third-order invariants in finding the
equilibrium value of $ and consider their contribution to the
zeroth matrix elements of the original equation. However, to
avoid exceeding the accuracy, $ should be substituted in its
original form into the final expressions for w;,~. The equilibrium value of $ for an arbitrary direction of the field relative to the C6 axis is determined from the equation
H: sin 2$+H:

sin 2$

COS~$-H~

sin 2($- cp)=O,
(11)

HZ= HZ

with
- H: , which can be solved only numerically,
and then the values of $ found are plugged into the expression for the resonant frequencies the characteristic equation
can therefore be written in the form

-5a, sin4$ cos2$- -( 2 sin2) sin 2) sin 2(+
3

3

- p)+- sin22$ sin2($- cp)

2

AZ2=o2- vH2 cos 2($-cp)+

+ sin4$ cos2($-

cp)

r l ~cosi 2$

+ 7 / ~cos2
i $( 1 - 4 sin2$),
A ~ ~ = O1 +
J ~77)-6al
(
sin6$-6a2H2

sin4$ sin2($- cp),

AI2= -AZ1=ioH(l - ~)cos($--cp),

(

A13=A3,=-6al sin5$ cos $-2a2H2 sin3$ 2 sin2($
- cp)cos

190
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1
2

- sin $ sin 2($- cp)
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where the notation a i = g i lxL has been introduced.
All the results of the numerical calculation of the spectrum and its angular dependences with the fitted phenomenological parameters 7 , Hcl,2, and a i are presented in Figs. 2
and 3.
4. DISCUSSION

All the phenomenological constants introduced can be
determined by applying the approach described in the preceding section to the available experimental data. Figures 4a
and 4b present the data from the static measurements, which
most graphically demonstrate the impossibility of describing
the spin-flip region of doped RbNiCI3 without introducing
two phase transitions of the second kind instead of the spinflip transition. In addition, My(H) provides the most reliable
estimates for Hcl and HC2,since My differs from zero only
when n has an intermediate position (O<n,< 1) and, in this
sense, is a pure indicator of the effect. The data from the
numerical calculation are presented with the parameters
HcI= 20.8 kOe and HC2= 26.0 kOe. The difference between
the heights of the peaks is caused by the nonzero value of
6 and gives &3.0°.
The same parameters should be used to describe the
resonance spectrum. For good agreement between the branch
o (H) with experiment at T = 1.6 K at all orientations of the
field relative to the C6 axis, it is sufficient to set v= 0.86.
The gap of the lower branch 03(0) is determined by the
invariant a , , whence we find a , = 120 GHZ', but its behavior in a field also depends on the third-order field invariants.
It turns out that for a satisfactory description of all the available experimental data (including the angular dependence of
the resonant field at a given frequency) it is sufficient to
introduce the constant a 2 = -0.022 and to set a 3 and a 4
equal to zero. All the theoretical dependence with the phenomenological parameters indicated is shown in the respective figures. It is noteworthy that the accuracy of the determination of a 2 is fairly low, since it determines only the
character of the field and angular dependences of the lower
branch.
The results obtained attest to the significant influence of
the impurity on the electrical interactions within the crystal,
which causes dramatic changes in the magnetic anisotropy.
However, such a conclusion cannot serve as a basis for understanding the causes of this influence. Moreover, the behavior of the system, which is determined by a large number
of fundamentally independent parameters, is fairly arbitrary
in the general case. To eliminate these problems, the existing
phenomenological approach can be associated with a particular microscopic model. At T=O, the original (undiluted)
magnetic structure is described well by the Hamiltonian (I).
However, impurities have such a strong influence on it that
Zhitomirskii et a/.
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even a qualitative explanation for the observed results becomes impossible with such a model. There are several general models for modifying the Hamiltonian of stochastically
diluted systems. First of all, the exchange sums can be "diluted" by randomly excluding a certain number of interactions from them. In the mean-field approximation this naturally results in decreases in the exchange constants by an
amount on the order of the concentration, i.e., produces a
tiny effect opposing the observed effect. Since TN did not
vary from the case of pure RbNiCI3, we assumed that the
influence of the impurity on the exchange interactions is negligibly small. When other model restrictions were considered, it was found that qualitative agreement with experiment
can be achieved by introducing anisotropy of the form

into the Hamiltonian.
The appearance of a fourth-degree term in S, can be
conditioned either by the influence of an impurity not occupying sites in the lattice on the crystal field of the sample or
by distortion of the electronic configuration of the magnetic
atoms with resultant alteration of the two-ion anisotropy.
Naturally, quadratic two-ion anisotropy of the form DijSfS:
must also be introduced into the Hamiltonian, but its contnbution cannot be distinguished from the single-ion anisotropy; therefore it does not produce anything besides a change
in the effective constant D.
Now it is not difficult to relate the phenomenological
and microscopic constants by comparing the potential energy
of the Lagrangian and the Hamiltonian. It should be recalled
here that the total potential energy of the spin system is taken
into account in (13), while the potential energy in (3) and (4)
is calculated relative to the ground-state energy. Therefore, in
each individual case we must select a parameter which can
be used to express the change in the potential energy of the
Hamiltonian when the system undergoes virtual deviation
from the equilibrium position and compare it to the corresponding terms in (4) (see Ref. 9). For the constants in front
of the invariants describing the fluctuations of the spin plane
(the vector n), we obtain

whence we have

where A =D , S ~ I J 'and H:= 16Js2(D-D,s2), i.e., it lies
between H,, and Hc2.
The expression for the gap w3(0) can be written in the
form

where k= ( H ~ ~ / H , ~ ) ~ .
The constants D and D l can be chosen independently
with respect to any parameters. We calculate D and D from
the critical fields Hcl and Hc2 and the new value of the upper
relativistic gap. From Eq. (15) we find the relation
D ,s4=0.24Ds2, and from Hc2 we obtain D s 2 = 0.94 GHz,
whence we find Dls4==0.22GHz. Using the values of J and
J' obtained in Ref. 6 or Ref. 10, we find the value of the
lower gap m3(0)=4.2 GHz or 6 GHz, respectively, i.e., a
value three to five times smaller than the experimental value.
Nevertheless, this simple modification of the anisotropy in
the Hamiltonian (1) makes it possible, first, to account for
the replacement of the spin-flip transition by two phase transitions of the second kind and, second, to increase the value
of the gap of the lower relativistic branch by an order of
magnitude, i.e, to achieve qualitative agreement with the observed results.
The fairly considerable disparity between the calculation
and experiment for the lower branch can be attributed to
several factors. It is simplest to postulate that the anisotropy
of the form (13) introduced into the Hamiltonian is too
simple to describe the changes in the electrical interactions
that occur due to impurities. In this case it is reasonable to
reject the microscopic model and restrict ourselves to the
more general phenomenological description.
However, two other possibilities should be considered.
First, Eqs. (17)-(18) were obtained in the classical approximation. This means that the field dependences of the relativistic branches, which are determined only by the symmetry
of the magnetic structure, were found correctly, and that the
constants 5 , J' ,D , and D appearing in the gap are assumed
to be renormalized. Of course, the values of the gaps can still
be reconciled formally by varying the exchange constants (in
the present case this gives the unjustifiably small value
J' = 2 GHz). However, the classical equations were found
without consideration of the possible differences in the
renormalization for different branches. For this reason, it
would be interesting to measure 0 3 in pure RbNiC13 and to
ascertain whether the relations between the relativistic
branches found from the Hamiltonian (1) hold with the constants taken from Refs. 6, 8, or 10 It should be noted that
similar measurements have been performed in other easyaxis structures [CsNiC13 (Refs. 8 and 11) and CsMn13 (Ref.
9)]. Two fundamentally different values were obtained for
CsNiC13: ~ ~ (=020 )GHz and w3(0)= 1 GHz, respectively.
The reasonable value J' -- 8 GHz is obtained only from Ref.
11, no definite conclusions can be drawn regarding the applicability of the classical approximation due to the inadequate accuracy of these results. The experimental data for
CsMnI, also exhibit a significant departure from the classical
calculation, which can be eliminated only by modifying the
Hamiltonian (1).

.

and for the constants in front of the invariants corresponding
to the fluctuations of the spins in the plane, we have

Now the expression for m3 takes the specific form

191
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Second, since the lower branch is caused by the nonideal
nature of the 120' structure, its nonzero value in the pure
crystal is determined by the smallness of the relativistic interactions in comparison with the interchain exchange. The
presence of impurities possibly causes some regular distortions of the spin exchange structure (for example, due to its
frustration), as a result of which the influence of the anisotropy is enhanced, and ~ ~ (can
0 increase
)
dramatically.
In conclusion, we thank M. I. Kaganov, V. I. Marchenko,
and I. A. Zaliznyak for their useful advice and for discussing
the problem, as well as Yu. M. Tsipenyuk and A. N. Bazhan
for their assistance in performing the experiments.
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