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ABSTRACT

The magnetic phase diagram for the Co2+ substituted ErfFeC>3 in the con-
centration range up to 5 at% was obtained from magnetic and neutron diffrac-
tion measurements. From the low temperature magnetostriction measurements the
temperature dependence of the threshold field along the a axis induced by
the spin reorientation G -“*GZFxwas measured and an estimation was made for
the anisotropy energy ofyfhe iron sublattice in the /be/ plane, resulting

in klf'e = 0.2 K. The calculations for the magnetic anisotropy originating
from the Cor 1ions give IC =0.2 K, which is considerably less than the
anisotropy constant in tth/ac/ plane: K%% = -120 K.

AHHOTALWA

N3 MarHUTHbIX U HEWTPOHANDPAKLMOHHBIX M3MEpeHWid nonydvyeHa MarHuTHasa ¢as3o-
Baa guarpavmma Co”+, 3amelweHHoro ErFeO-j B o6nactm KoOHuUeHTpauum go 5 at%. U3
U3MEepPEeHUn MarHUTOCTPUKLUMM B 06/1aCTU HU3KUX TemnepaTyp onpegeneHa TemnepaTyp-
Has 3aBUCUMOCTb MOPOroBOro MNOJid U OueHeHa 3Heprus aHU30TPonuU XxenesHoh noa-

peweTkn B /bc/ NNOCKOCTWU, OKasaBWAasiCSA paBHONA =0,2 K. BbuucneHuss mar-
HATHOW aHW30TPONUU, BHOCKUMOWN WMOHamMu Co*+, ganu Ty Xe camyl BenduHy = 0,2K
KOTOpasi 3Ha4YNTe/IbHO MeHble KOHCTaHThl aHW3oTponuu B /ac/ NNockocTu:K3R = -120 K
KIVONAT

Magneses és neutrondiffrakcids moédszerrel végzett mérések alapjan meg-
adjuk a Co2+ helyettesitési! ErFeO” /max. koncentracid 5 at%/ mé&gneses fazis-

abrajat. Alacsony hémérsékletli magnetostrikcids mérésekb6l meghataroztuk a
kisz6b tér hémérsékletfliggését és megbecsiultik a vas alracs anizotropia te-
rét a /bc/ sikban, amelyre = 0.2 K érték addédott. A Co™+ ionok magneses

anizotropiajara KM = 0.2 K értéket kaptuk, amely joval Kisebb, mint az /ac/
sikban az anizotropia: KCo = -120 K



INTRODUCTION

Erbium orthoferrite is the only orthoferrite in which the
decrease of temperature leads to two types of spin reorientation
transition of the Fe ions, namely: Gsz —:>GZFA/F?i TQI near
90 K and GZFX ;’Gzny/FE F1§/ near 4 K, wherebx the latter
transition is accompanied by an ordering of the spins of the
erbium ions at mode Cz/rI/'

It Is interesting to reflect on the character and the tempe
rature of the spin reorientation transition /SRT/ in ErFeO-, sub
stituting the Fe3+ ions by ions having a strong effect on %he
magnetic anisotropy of the orthoferrites, e.g. for Co2+ ions
[1.2,3]- In spite of the great number of papers devoted to the
study of cobalt substituted orthoferrites, the effect of C02+
ions on SRT in ErFeO0”™ has not been investigated intensively. 1In
particular, there are no data on the low-temperature magnetic
transition or on transitions induced by external magnetic

fields, etc.

EXPERIMENTAL

Polycrystalline ErFe” 2xCoxTix03 /x=0, 0.005, 0.01, 0.05/
orthoferrites and single crystals i1n which the electronic neu-
trality of the molecules was maintained by substituting Ti4+
ions instead of FeS' or F~ ions instead of 0% with nearly the
same Co2" ion content were investigated. The single crystals
were grown by the flux method. The concentration of C02+, Ti4+
and F ions was determined by X-ray fluorescence analysis. The
polycrystalline samples were obtained by the usual ceramic tech-

nique .



In the samples of single crystalline COZL substituted erbium
orthoferrites, the temperature dependence of magnetization and
magnetostriction were measured iIn the temperature range between
2 and 350 K. The spontaneous magnetization was determined by
extrapolating the magnetization isotherms recorded with the help
of differential coils and by measuring the torque curves with
the help of a strain-gauge anisometer. The magnetostriction was
measured by using a special strain-gauge in fields up to 60 kOe.

Neutron diffraction measurements were performed on the
powder samples in the temperature range 80 - 700 K at the WWRS-M
reactor iIn Budapest using a monochromated neutron beam of 1.14 8
wavelength.

RESULTS

Neutron scattering provides a sensitive method for iInves-
tigating the antiferromagnetic order of the iron sublattice [4].-
The spin reorientation can be observed by measuring the inten-
sity of the magnetic reflections /011/ and /101/ - indexed in
the PpbnTt space group -, the intensity of which depends on the
direction of the magnetic moments of the Fe”+ ions. Fig. 1 shows
the temperature dependence of the magnetic reflections /011/ and
/101/ for the ErFeiT” CoXTiXO} system with different Co2+ con-
centration. In pure ErFeO™ the reorientation takes place at
T = 100 K within a temperature range of 12 K, whereas in the
pFesence of Co2+ ions the spin reorientation iIs shifted towards
higher temperatures and the range of reorientation is broadened.
In the case of compounds with x = 0.005 and 0.01 the initial
™ and final T2 temperatures of the reorientation were found to
be T1 = 180 K, T2 = 320 K and Tx = 280 K, T2 = 400 K, respect-
ively. The magnetic phase diagram of the studied system as shown
in Fig. 2 describes the two different phases with the antiferro-
magnetic moment along the a axis /G F / and along the c axis
/GzFx/ of the orthorhombic crystal, respectively. For the com-
position with x = 0.05 the spin configuration GzFx is observed
at all temperatures up to Néel temperature.



The results of the magnetic measurements carried out on
single crystals are shown iIn Fig. Z. It is apparent that the
substitution of the Fe3+ ions by Co2+ ions, similarly to the
case of polycrystalline samples, strongly influence the magnetic
anisotropy and increases the temperature pf the spin reorienta-
tion; however, the temperature range determined by neutron dif-
fraction for powder samples Is somewhat wider than in the case
of single crystals. The strong influence of the Co2+ ions on
the magnetic anisotropy of the orthoferrites and on the SRT
temperatures /see ref. [4]/ 1is due to the extremely high con-
stant of anisotropy of the Co”™+ ions: KCo = -120 K, which is
considerably higher than the anisotropyagonstant of Fe3+ ions:
KZ% = 0.21 K and has an opposite sign.

On decreasing the temperature below the SRT, the magnetic
behaviour of cobalt substituted erbium orthoferrites is like
that of the pure ErFeO”™ iIn many respects. The magnetic moment
along the a axis of the crystal decreases TFTirst: i1t equals zero
at the compensation point, after which It begins to increase
and reaches a maximum at the ordering temperature of the erbium
ions. A further decrease iIn temperature causes the magnetic moment
to decrease again. Fig. 4 shows the temperature dependence of
the ferromagnetic moment along the a axis for the compositions
with X = 0 and x = 0.01. For Co substitutéd erbium orthoferrite,
the temperature of compensation agrees with that observable for
pure ErFeO, /T = 45 K/, and the magnetic moment reaches its
maximum o =9.5 emu/g at 3.4 K then it decreases with decreasing
temperature down to 7.8 emu/g at T = 2.1 K. This decrease of the
magnetic moment is apparently connected with the reorientation
of the iron spins from the GZFx to the GzyFX mode just as in the
case of the pure erbium orthoferrite. Note that the SRT in the
Fe sublattice takes place simultaneously with the ordering of
the spins of the Er3+ ions /TR2 = TN2/, because for T<TR2 the
spin configuration of the Fe™+ ions is the Gmode, of the Er™+
ions it is the Cz mode, and they are compatible, i.e. the appear-
ance of one mode induces the formation of the other. Magneto-
striction measurements support the presence of reorientation
transitions in the iInvestigated single crystals. Fig. 5 shows



the fTield dependence of the magnetostriction isotherms recorded
for ErFeO”™ below TR2* is seen that, the application of an
external magnetic fTield parallel to the a axis of the crystal
leads to magnetostriction deformations, whose measure and sign
correspond to the spin reorientation Gzy zh(SZFX [5,6]- The break
points observed on the magnetostriction curves /Hthresh”™ corre-
spond to the end of the SRT. The temperature dependence of the
threshold field for ErFeO” is observable in Fig. 6.

DISCUSSION

As was shown in refs. [7] and [8] the value of the threshold
field and i1ts temperature dependence considerably depend on the
ratio of the interactions between Er-Er ions and Er-Fe ions an
they show the best agreement with the experimentally observed
H/T/threshold curve for N1Er-Er = 3.2 K and AlEr_Fe = 1.3 K
where [L. represents the splitting of the basic doublet of the
Er3+ ioﬁs in the Cz phase. The estimation of the Er-Er and Er-Fe
interactions eneables us to determine such important parameters as
the anisotropy energy of the Fe sublattice in the (be) plane of
the crystal resulting, Kfe = 0.2 K. We obtained similar phase
diagrams indicating the %?ansition Gz~ Gz for the Co2+ sub-
stituted erbium orthoferrites as well. From the value of TN
observed in the substituted ErFeO-. - supposing that small amounts
of impurities /C02+, Ti4+/do nothhange significantly the par-
ameters of the iInteractions between Er-Er and Er-Fe ions -, one
can estimate the anisotropy caused by the impurities and separate
the magnetic anisotropy of the C02+ tons themselves. It is
remarkable, however, that the substitution of non-magnetic ions
/in our case the Ti 1ons/ iInto the orthoferrite lattice, which
can be considered as magnetic vacancies, may lead to essential
changes i1n the magnetic anisotropy [9,10]. The presence of a
magnetic vacancy leads to decompensation of the isotropic com-
ponent of the Er-Fe interaction and to the appearance of a

strong exchange field HW”C, acting on the Er®™ ions surrounding



the vacancy splace. It is apparent that H'®'® has a direction

parallel to the vector of the antiferromagnetism G and thus

the energetically most advantageous orientation will be parallel
to the direction of the maximum susceptibility of Er3+, i.e.

to the c axis of the crystal /configuration 2/ The additional
anisotropy stabilizing '™ which appears in the presence of

vacancies of x concentration, has the form:

Xc -
Env 4 (Hvac)?2 @
By using the values of ref. [11] for the susceptibility data
X =6.10 X = 1° ~ and taking into account that Hvac -~
-%134 - 105 OeD[Q], we obtain for the anisotropy caused by the

titan ions:

vac

Ean

2.10™" erg cm ™~ = 0.5 K @)

To determine the total anisotropy energy caused by the impurities
Co2+ and Ti4+ ions in the (be) plane, we can write using the
analogy of ErFeO™ after ref.[7], that

(1-8x)[2KEa - ( -zl v 2.k =0 @
1-Xg2f

where KE% denotes the anisotropy of the Fe3+ sublattice 1n the

(be) plane; 20. and 20- are the splitting of the basic doublet

of the Er3+ io% causedAby the Er-Fe interaction in the configura-
tions . and -, respectively; X is the constant of the Er-Er
interactions, QX% means the splitting of the basic doublet by
the Er-Er interaction at T=0; the quantity T is connected with
the temperature of reorientation (T = 3.4 K). From eq.(3) we

get for the effective anisotropy constant due to the impurities
the value of K*P? = 0.7 K. The magnetic anisotropy originating

from the Co2+ ions /single ion + exchange Co2+ - Er3+/ can be

obtained by subtracting K*a”™ = 0.5 K from = 0.7 K resulting

Kp® =0.2 K. This value is considerably less than the anisotropy
2+ Co

cgﬁstant of the Co ions in the (ac) plane, being Kjc = -120 K.



The above considerations are valid for concentrations less
than 1 %. For high concentrations /above 10 % the Er3* ions
will be placed in a random field of the vacancies H'°'® and the
influence of H  will be distributed almost throughout the
whole crystal which leads to a completely non-ordered state
in the rare earth sublattice. The non-ordered Er3+ ions do not
induce a Cz phase and the strong anisotropy of the magnetic
vacancies can maintain the 2 configuration of the crystal down

to the lowest temperatures.



FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.-

1.

Temperature dependence of the (Oil) and (101) magnetic

reflections for the ErFel 9 Co Ti 0O, powder samples
with x=03 0.005 and 0.01 X X X0

Magnetic phase diagram of the ErFeP_&&CoxTiXO
in the temperature range 80 - 650 K

5 System

Temperature dependence of the weak ferromagnetic moment
along the c direction (») and along the a direction

(o) for Co2+ substituted ErFeO™ single crystals in the
temperature range 80 - 360 K

Temperature dependence of the magnetic moment along the
a direction for ErFe03 (=) and ErFe”™ ggCo™ c)
crystals in the low temperature range

Magnetostriction isotherms for ErFeOé in magnetic field
parallel to a axis

Temperature dependence of the threshold field along
the a axis in ErFeOs_induced by the SRT G % G_F
- yz Z X
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