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Magnetic anisotropy quantitative estimation for the rnombohedral
antiferromagnetic crystals containing S-state ions

V. V. Men’shikov, S. G. Ovchinnikov, V. V. Rudenko, A. N. Sudakov, V. I. Tugarinov, and A. M. Vorotynov
L.V. Kirensky Institute of Physics SB RAS, 660036 Krasnoyarsk, Russia
(Received 8 September 2004; revised manuscript received 22 February 2005; published 2 June 2005

The method to investigate “single-ion” exchange anisotr(@sypredicted by the pair modes treated by
exploration of several isostructural diamagnetic crystals containing magnetic impurities. The electron paramag-
netic resonance EPR spectra were observed for ferric borate isostructural crysiéBO;:Fe* (M
=Ga,In,Lu, S¢. The experimental dependences of the spin-Hamiltonian axial parameters of the second-order
Ds and fourth-ordefa-F).gversus total pair spis are presented. The contributions arising from the distortion
of the parent crystal lattic®1BO3 under magnetic dilution are estimated. The microscopic derived expressions
for the “single-ion” contribution to the anisotropy are also presented. The present experimental data enable
estimation of the “single-ion” exchange contribution for FeB®INCO;, anda-Fe,0; crystals aff=0 K. The
guantitative estimations for EPR are in satisfactory agreement among themselves and with the experimental
data.
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I. INTRODUCTION parametet D®=(1/8)J[(1/4)(g,-2)>-(g, —2)?] (used the
) _ ) experimentalg values, isotropic exchange paramelemland
The method to examine the magnetic anisotropy of paradipole-dipole interaction®g;,) were almost twice differed
magnetic metal ions used in this paper has been long wettom the experimental ones.

known. It involves magnetic dilution of the diamagnetic host  Later experimental investigatiofswere performed for
lattice with well-known parametergparent lattice. The  the compound-containingstate ions. The studydeals with
quantity of the magnetic impurity must be small enough forFe-Y garnets with Ga and reveals the effect of the exchange
single-ion electron paramagnetic resonafEBR spectra to  field on the spin-Hamiltonian parameters. The mddeln-
be observable. The magnitude and structure of the enerdike that presented in Ref. 12, adopts the pair-exchange in-
levels determined from these spectra are then used to deeraction dependent on the admixing of exited-ion stéiés
scribe the anisotropy parameters of the magnetically concenhat different spin values were examined in the ground and
trated isostructural substance. However, in spite of the largexited states The theoretical treatmethas been carried
number of papers using this method, the quantitative agreeut by using the perturbation theory method. The crystal field
ment between the experimental results and microscopic thegvas used as the zeroth-order approximation in this case, and
ries has not been good so far, in particular for magnetic dithe isotropic spin-orbit coupling and isotropic exchange in-
electrics with Sstate ions. For example, theoretical teraction were considered as perturbation terms. Under this
treatments of the basis of the single-ion mdddbr  condition the magnetic anisotropy arises in the third order of
Y3Fe0;,2 EUO? a-Fe,0; FeBO,, and MnCQ,*® taking  perturbation theory, and the matrix elements depend linearly
into account the dipole-dipole interaction and spin-and to the second degree on the exchange and spin-orbit
Hamiltonian parameters derived from experiments on isoseoupling energy, respectively.
tructural diamagnetic materials with ¥¢ Ew?*, and Mrf* The important result of the study described in Ref. 11 is
magnetic impurities, reveal significant differences from thethe derivation of the “single-ion” exchange anisotropy. The
experimental results. Nevertheless, satisfactory agreemegppearance of such anisotropy may be expldihgdm the
has been found for the temperature dependence of the effeghysical point of view by the following reasoning. The ad-
tive anisotropy field$:-® mixture of exited states to the ground state results in chang-
One reason for such discrepancies may arise from use 6fig the spin and orbital moment values of the individual
the lattice parameters without accounting for the distortiongation. As a result, there is a modification of the spherical
of the host lattice by the impurity ions. Also, some questionsconfiguration of the electron “cloud” of thg-state ion and,
arise concerning the validity of the application of the single-as a consequence, to the dependence of the ion energy on the
ion model, which is based not only on quantum-mechanicaépin orientation. Such a mechanism gives rise to the “single-
calculations, but also on mean-field the6#fy. ion” exchange anisotropy, which operator form coincides
In Ref. 9 the first papers are mentioned, which have beewith the ordinary single-ion anisotropy ofe!® The
tried to explain the existing theory and experimental resultsstudied® present the model based on the Kramers-Anderson
in the framework of pair model. The exploration of the cop- superexchange mechani§ithis model leads to anisotropic
per ions pair interactions in @GH;COO),H,O crystals exchange and “single-ion” anisotropy appearance governed
(Ref. 9 and references thergirevealed the existence of an by the crystal field.
exchange anisotropy. However, the available computation For a series of magnetically concentrated crystals FeBO
data for the pair spin-Hamiltonian anisotropic exchangeMnCOs;, anda-Fe,05,*° a linear dependence has been found
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for AHo=Ha—(Hagip+Hace) VS Hg at T=0 K. HereH, is the H =gBHS, + (D¢3)0X(S,) - (1/180(a - F).5y0%(S).
experimental uniaxial anisotropy field,sq, is the calculated @)
dipole anisotropy fieldH . is the single-ion anisotropy field

determined from EPR data for the single ions in isostructuraHere the total spin moment quantization axis coincides with
diamagnetic materials, andg is the experimentally mea- the direction of the external magnetic field parallel to @
sured exchange field. Let us note thi{(T) is satisfactorily  axis, so that the matrix elements of tBg°0,* type do not
described by both the single-ion and dipole anisotropy forcontribute to the energy states in the first order of the pertur-
these crystal$>!* These facts witness the existence of thebation theory; Ds=3agDgp+BsDcs as=(1/2[S(S+1)
“single-ion” exchange anisotropy contributiohs. +4s,(s,+1)]/(25-1)(25+3), Bs=[3S(S+1)-3-4s(s;

The above-mentioned papers allow an advance in undek1)]/(2S-1)(2S+3), and ys are nonlinear functions 08
standing of the anisotropy nature of the magnetically ordere¢hentioned in Refs. 15 and 16, respectively. In accordance
crystals containings-state ions. However, a number of as- with Refs. 15 and 160 Bs and ys are the coefficients
pects are still not understood such as the following. attached tg;, D.s and(a-F).s respectively. The pseudo-

(i) How much is the single-ion anisotropy theory valid for gipole parameter attached to thg is neglected here due to
magnetically concentrated crystals? o its small value[as one can see from our experimental data

(ii) Are there more reliable methods for estimation of the(see pelow.

“single-ion” anisotropy contributions for such crystals? Let us introduce the notion of the multiplet exchange field

(i) What are the main sources of anisotropy for the herising due to pair interactions, with absolute value
matite, ferric borate, and manganese carbonate crystals?

In this paper we present the results of an experimental [H® = (1/gB)[9E4|dS|] = (IgB)VS(S+ 1). (3)
EPR pair spectra investigation &BO;:Fe** single crys-
tals. The results have been used for quantitative estimatio
of the “single-ion” anisotropy of the exchange nature in

fas long as the energy of every multiplet depends on$he
value!® so the SH constarid,s may be than written as

FeBO;, MNnCQO;, and a-Fe,0s. D.c=D.c+D.n+AVSS+1). 4
The spin Hamiltonian (SH) for MBO;:Fe* (M s Der + Dot AVS ) @
=Ga,In,Lu,S¢ is given byt15-21 The first term represents the zero-field-splittifFS) con-

tribution D;. The second one arises from the parent lattice
H =gBH(Sy +Sp) + 3515, + D[ 3515 — (5:5,)] + (D/3) distor.tion Sa_used _by”the_ “stranger pair,” an_d the third. term
describes “single-ion” anisotropic exchang&ince the third
X[09,+03,] - (1/180(a- F)0O3; + O], (1)  term in Eq.(4) is governed by the anisotropic exchange in-
teraction, it must include the isotropic exchange part in com-
whereg is theg factor, 8 the Bohr magnetortl an external  mon casé:?® So, under the consideration of the pair interac-
magnetic field(HIIC;), s, ands, the spin operator for Fé¢  tions in the diamagnetic crystals with Feimpurities, the
ions at sites 1 and %,; ands,, the projection ofs; ands,  third term in Eq.(4) is linearly dependent on the isotropic
onto the C; axis; J the exchange constantDg, exchange field—i.e., on the total spin val8es \S(S+1).
=(g?B?/2r,,°)(1-3 cod 6;,) the dipole-dipole interaction Such a type of dependence is observed experimentally the
parameter for the pair,, the distance between paired ions; compounds for explored here and, for example, for
6,1, the angle between th€; axis andr;, andD. and(a-  MgO:Mn?*, CaO:Mrt* (Ref. 23, and(CH3),NCdCkL:Mn?*
F). the parameters of the equivalent spin opera(b%sand (Ref. 22 with well-interpreted pair spectra.
0§, respectively(i=1,2). In a similar manner, we assume the dependencs fam
It is assumed that the Heisenberg exchange interactiothe SH parametefa-F) s to have the form

Js;-s, is much stronger than the other terms of E) :
whereas the Zeeman energy exceeds that due to the aniso- (@=Fles=(@~Fler+ (@~ Fleo + BIS+1). (5)

tropic terms. Here omitted terms do not give the contributiona|| terms in Eq.(5) have the same physical meaning respec-
in the first order of the perturbation theory. tively as in Eq.(4).
In accordance with Refs. 15 and 22-24, the SH for two
exchange-coupled ions can be presented in terms of the total
spin S=s; +s, if the exchange interaction is much stronger Il. EXPERIMENTAL RESULTS AND DISCUSSION
than the effects of the other terms in the SH. So the(BH
may be reduced in the case of the strong isotropic exchange The crystalsMBO;:Fe** were grown from the system
interaction, which leads to six states with total sgif®1623  M;03-F&,05-B,03-(70 PbO-30 PbFwt %) by the flux

The energy levels for each state and may be wrtes method. The compound §®; was added as an impurity,
with volume about 5—-10 wt %. A similar growth technology
Es= (J2)[S(S+ 1) —sy(s;+ 1) = Sp(s, + 1)], for MBO3; (M=Ga,In,Lu,S¢ crystals is described
elsewhere® 27
where the possible values of the total sg@ns, +s,, S;+5, The EPR spectrometer RE-1308 operating at@nlkeand

-1,... 58-S, $,=5,=5/2. In this casé>161823\yve may was used to record the Fepair spectra inMBO; (M
write down the SH for the each possible value of the tota=Ga,In,Lu,S¢ at room temperature. The external magnetic
spin: field coincided with theC, axis for MBO3:Fe** and was
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FIG. 1. EPR spectrum of the antiferromagneti¢*Fgair in LUBO; crystals at theQ band and room temperature.
measured with an accuracy not less than 10 Oe. nance fields for every giveBwill depend on they value and
The fine structure of the B pair EPR spectra has not SH constant®g and (a-F).s The corresponding equations
been discussed in the literature earlier. for the resonance fields f&=3,4,5were solved by a least-

The records of the low-field part of the EPR spectra forsquares method. All possible combinations of the equations
MBO;:Fe* (from two to five samples with approximately were solved for evens and corresponding magnetic quan-
the same weight for each composition have been)usegal tum numbers. For the case when the pair resonance lines
the following. coincide with the single-ion fine-structure ones, the reso-

(i) For GaBQ:Fe**, approximately 25 pair lines were nance field for these pair lines was assumed a number of
obtained with the central single-ion fine-structure linewidthvalues in the range of the fine-structure linewidth with equal
(corresponds to the 142-1/2 transition more than probabilities. The following factors were taking into account
100 Oe. for choosing of the optimal equation solving: the miningal

(i) For LUBOy: Fe** approximately 23—-30 pair lines were Vvalue, coincidences of the theoretical and experimental line
obtained with the minimal central fine-structure linewidth of intensities, and the monotonous dependence of the SH con-
about 28 Oe. stants onS. After the optimal choice had been made for

(ii ) For ScBQ: Fe** approximately 35-50 pair lines were every S (3, 4, 9, the values ofDg and (a—F).s were ex-
obtained with the central fine-structure linewidth varying tracted analytically by utilizing the fitting parameters. Then
from 31 to 32 Oe. we were able to compute the resonance fieldsSell,2

(iv) For InBO;: Fe** approximately 16—28 pair lines were using the obtainedg and (a—F).s values. If the calculated
obtained with the central fine-structure linewidth less tharlines were observed in the recorded spectra, then the inter-
for GaBO;:Fe** but greater than for ScCBOFe™. pretation was considered as complete.

The conclusion we made from these results are(#ahe In order to check the obtained values, two compounds
observed resonance lines belong to at least three types wfere chosen: LUuBQFe** and GaBQ:Fe**, for which SH
pairs (possibly not for all samplesand (b) some lines may parameters may be calculated by another independent
be absent or have a low intensity for some reasons. The insatethod. The first compound must have a weak exchange
in Fig. 1 has been made to confirm the last conclusioninteraction, due to the symmetry and lattice paramesge
Samples 1 and AScBO;:Fe**) with weights 0.65 and Fig. 6) [at(c,/ay) = 3.3 the exchange field is approximately
0.70 mg, respectively, and equal central single-ion fineequal to zer@ So, in Eq. (4), the A parameter for
structure resonance linewidth reveal pair spectra with corretuBO5: Fe* was assumed equal to zero. The paramBtgy
sponding pair resonance line intensities markedly differentmay be calculated, and the value of the ZFS parani2igis
from each other. mentioned in Ref. 17, so the value Bf, may be estimated

A specially designated computer program was used. Afrom our data to be aboud.,=-660 Oe. From the other
definite orientation of the external magnetic field, the resoside, D, value is mentioned in Ref. 28 aB =AD./
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FIG. 2. The uniaxial second-order spin-
[ 1nBO 1 Hamiltonian parameteDg for the F&* pair in
8 MBO; vs S dependence.

D, (kOe)

6 .

A(cy/ay)]x0.169=-2600< 0.169 Oe=-440 Oe. The factor our experimental data—nameB,, Dgip, (@—F), and cal-
0.169 is the difference between the lattice parametgfay culated Dy, cac—are presented in Table | for the
for LUBO; and FeBQ. MBO,:Fe** compound.

The GaBQ:Fe** compound has approximately the same  Figure 4 presents the linear dependence of the parameter
lattice constants as for FeBCGand therefore should have A versus the hexagonal lattice ratig/ ay of MBOg crystals.
close values for the pair and single-ion interactions thereinThe arrows indicatéd values corresponding to FeB@nd
So, in Eq.(4), for GaBQ;: Fe** the A value, calculated from  MnCO; compounds.
our data, is equal t&=-102 Oe(Fig. 4). The A value, ob- The dependence of the parameBeon the hexagonal lat-
tained from independent data, was estimated asce ratiocy/ay of MBO; compounds is presented in Fig. 5.
A=-84 0gh529-31 From Figs. 2-5, one can see that the pair exchange field for

An example of the interpreted spectrum for the antiferro-LuBO,:Fée** is about zero, in contradiction with other com-
magnetic pair in LuB@ crystal is shown in Fig. 1. One can pounds. It is in agreement with Refs. 4 and 5.
see that the pair line fd8=2 coincides with the central fine- To establish the correlation between presentation
structure line. It is noticeable that some pairs of linesSor exchange-coupled pairs in “magnetically concentrated” and
=3,4 coincide too. diamagnetic crystals, we performed the next computations.

Partial coincidence of the pair lines with each other orLet us write down the exchange energy for file ion in
single-ion lines turns out to be a typical feature for all ex-magnetically concentrated crystal @0 K as E(T=0 K)
plored crystals. Note that such coincidence and relatively--nJSS;, wheren is the nearest-neighbor number. Assuming
low intensity of some lines is typical for the pair ¥n n=n,=1 and
spectrum—for example, Refs. 22, 23, 32, and 33.

The experimental results for SH const&y and (a—f).
in MBO,:F€e** single crystals are presented as a plot in Figs.

2 and 3, respectively. Some fitting parameters, obtained frorwe define the pair effective spin vali8y, for paramagnetic
impurity in diamagnetic substance. It will corresponds to the
ith ion ground-state enerdy(T=0) in “magnetically concen-
trated” crystal at a given. [For Eq.(6) and below the lower
index “mc’ (magnetically concentrat¢éhdicates the coinci-

A dence of the unit cell parameters of the magnetically concen-
] trated and diamagnetic compounjdSolution of Eq.(6) for

E(T=0,np) =Es mo (6)

T T T T T
LuBO,
100 |- E

© o} i
e InBO; TABLE |. Experimentally determine@ o, Dip, (a—F)co) and
G_i@ ScBO, | calculated(Dgjp caid SPin-Hamiltonian parameters fo1BO3: Fe**
& compound.
-100 | i
MBOS: Fég+ Ddip calc (Oe) Ddip (Oe) Dco (OG) (a_ F)CO (Oe)
GaEO, GaBOyFe*  -70.3 -71.0  116.0 -6
-200 é é "‘ é INBO3: Fe** -65.1 -70.0 -124.0 24.0
ScBO;: Fe* -68.5 -68.0 -321.0 28.0
LuBO5:Fe* -65.8 -78.0 -593.0 29.5
FIG. 3. The uniaxial fourth-order spin-Hamiltonian parameter o0, -71.0 _ 0 0

(a—F).g for the Fé* pair in MBO; vs S dependence.
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FIG. 5. Fitting parametel for MBO3: Fe** vs hexagonal lattice
ratio cy/ay. Arrows denoteB for FeBO; crystal.

s=5=5/2isS,=1.8. Then, taking a sum over all neighbors have been determined from the same dependence for the

of the ith ion in the left part of Eq(6), one can find the

MBO;:Fe** system. The SH parameters for’Fand Mrf*

exchange energy for thigh ion in a magnetically concen- single ions have been determined from the similar depen-

trated crystal aif =0 K to be
E(T=0) =nEs ndSw)- (7)

The right part of Eq(7) represents the energy nfparamag-
netic pairs in a diamagnetic crystal.

Taking into account Eqs4) and (5) and derived from
Figs. 4 and 5 values of thé,. and B, parameters, the

dence forMBO;, Al,O; and MCO; (M=Ca,Cd, Mg, Zn,
respectively, and are presented in Ref. 4. The deviations of
the theoretical values of the single-ion and dipole-dipole an-
isotropy AH, (determined abovyefrom the experimental
ones are shown by the solid circles in Fig. 6. The experimen-
tal data for the exchange fields are denoted by the squares in
Fig. 6. From this figure one can ségking into consider-

values of the SH2) parameters, responsible for the “single- ation the “single-ion” exchange anis_otropy besides of the rest
ion” anisotropy of theith ion in magnetically concentrated ©f the usual termsthat the results in good agreement with

crystal, are equal to

Dmc: Dcfmc+ 2-251Amc- (8)

9)

The parameter®,,; and (a-F),,c involve not only the well-
known single-ion term® ¢y and(a-F)imcbut the exchange
correction terms also. The single-ion expression$=ab K

(@=F)me=(@=F)¢tmet 5.0MBc.

well known in the literature can be used to write down the
effective anisotropy field with exchange correction terms for

the rhombohedral antiferromagnetic crystlin accordance

with Egs.(8) and(9) and Ref. 29 “single-ion” contributions
to the uniaxial anisotropy fielfor second and fourth orders

of magnitude, respectivelyat T=0 K may be written as fol-
lows:

HAmc(O) = 2(5 - 1/2){Dcfmc+ 2-25]Amc+ (1/6)(S - 1)(S
- 3/2)[(3-_ F)cfmc"’ 5-0mBm(:]}a (10)

Hemd0) == (7/18)(S - 1/2)(S = 1)(S§ - 3/2)[(a— F)¢me
+5.00B,,J. (11

The dependence of the “single-ion” anisotropy fig#;,.
defined by the exchange correction terfAs,, B0 on hex-
agonal cell parameters,/ay for FeBO;, MnCQO;, and a-
Fe,0; at T=0 K is presented in Fig. Gopen circles The
parametersA,,,. and B, (used for MNnCQ and a-Fe&,0,)

the experimental data.

Thus, the dipole and “single-ion” mechanisms may be
considered as the main ones responsible for the anisotropy in
the considered crystals.

The estimation for the anisotropy field valtk,,{0) in a
magnetically concentrated crystal of hematite gives 980 Oe,
while the experimental valul(0)=-60 Oe!* The origin of
such a discrepancy may be caused by neglect of the fourth-
order terms of the anisotropic exchange, which are calculated
in general form in Refs. 11 and 13. These terms may be
significant for hematitgdue to a large exchange fig¢Jdn
contrast to all the crystals explored in this papers.

IIl. CONCLUSIONS

Below, answers are given for the questions listed in the
Introduction.

(i) The single-ion theory describes the experimental re-
sults with sufficient accuracy.

(i) The methods presented here to explore “single-ion”
exchange anisotropy are the only up-to-date ones allowing
its quantity evaluation for magnetically concentrated crys-
tals. These methods may be extended to magnetic dielectrics
with S-state ions.

(iii ) The dipole and “single-ion” mechanisms may be con-
sidered as the main ones responsible for the anisotropy in
a-Fe,03, FeBO;, and MnCQ.
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To our mind, satisfactory accuracy has been reached fawith the “ordinary” mean-field approximation.
our EPR experimental results presented in this paper. How-
ever, in to evaluate the exchange corrections the exchange ACKNOWLEDGMENTS
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