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Spin reorientation and crystal-field interaction in TbFe;,_,Ti, single crystals
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The magnetic properties of Thge,Ti, single crystals withx=0.8—1.4 have been investigated in detail
using ac and dc susceptibility and high-field magnetization measurements. A first-order spin reorientation
transition from a basal plane easy magnetization direction at low temperatures to an axial easy magnetization
direction at high temperatures occurs for all the investigated compounds. The spin reorientation temperatures
have been determined by combining ac and dc susceptibility measurements and its dependence on both the Ti
content and the applied magnetic field has been studied. A first-order magnetization process is observed below
a certain temperature when the magnetic field is applied alonda®# crystallographic direction. The
dependence of the transition critical field on the Ti content has been analyzed. The magnetic behavior has been
interpreted using a two-sublattices model for the magnetic structure, in the frame of a crystal-electric-field—
mean-field model. The parameters describing the crystal-field interaction in,LQFg compounds have been
determined. The calculated magnetic behavior shows a good agreement with experimental results in a wide
temperature range.
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[. INTRODUCTION tal, but they cannot account for the magnetic behavior of
TbFe;Ti compound’

In recent years, many studies have been undertaken to Considerable confusion also exists about the magnetic
improve the magnetic properties of iron-based rare-edth  structures occurring in th&Fe ;Ti compounds at various
transition-metalT) intermetallic compoundSIn particular,  temperatures and about the nature of the magnetic phase
great attention has been paid to the ThMtype R-T com-  transitions. In particular for TbRgTi, very large discrepan-
pounds due to their magnetic properties and simple crystaies do exist with regard to the spin reorientation
structure’ From a fundamental point of view, this series pro- yransition’2-41n a previous work these differences were as-
vides a good opportunity to study the crystal-field interactiongyineq 1o the fact that the temperature and character of the

in R-T mt:armetalllc compounds;UThese cq;r:pmlmds hsve &RT are very sensitive to the applied magnetic fiélRather
tetragonal structuréspace group4/mmm) with only one fewer investigations of the composition influence on mag-

site (2a) and three nonequivaleft sites (8, 8, and & ): netic properties inRFe;, ,Ti, compounds have been re-
Several attempts have been made in order to explain the , : )

i . ; . . ported. Generally speaking, the Curie temperallyés very
magnetic properties of these intermetallics from a micro-

scopic point of view:® Of particular interest is the knowl- sensitive to the composition in tfe-T compounds, ar_1d can
edge of the anisotropy arising from the rare-earth sublatticet,’e reggrded as a}.parameter to compare thg posslblg differ-
which has its Origin in the CryStal-eleCtriC'ﬁe(d:EF) inter- ences In CompOSItlon. However, O-Ur recent Investlgathn on
action. TheR-sublattice contribution to the magnetic anisot- RF€12-xNbB, compounds clearly indicated that a slight
ropy energy can be described in the frame of a single-iofhange of the Nb concentration in Dyke,Nb, and

CEF model, where the CEF interaction is described by thd bFe,_xNb, compounds can lead to a pronounced shift of
so-called CEF Hamiltonian, in which the CEF parameterghe spin reorientation temperature even tholighkeeps al-

BM account for the intensity of such interactidthe CEF ~ most constant® Therefore, in order to explain the discrepan-
parameters set can be determined by fitting different expericies reported in the literature about spin reorientation transi-
mental results to the CEF model, such as magnetization meéon in ThFqTi, it is necessary to further investigate, in
surements and inelastic neutron scattering. Moreover, the odbFe,_,Ti, compounds, the influence of the chemical com-
currence of the field- or temperature-induced magnetigosition and/or other external conditions on the anisotropy.
transitions like spin reorientation transitio8RT’9) or first-  Compared to polycrystalline samples, single-crystalline
order magnetization process@OMP’s) can impose strong samples enable a more precise observation of magnetic tran-
limitations on the values of the CEF paramet€rs-in the  sitions and provide more accurate information from the mag-
case of theRFe;;Ti compounds there are some discrepanciesietic measurements. It is well known that the ac susceptibil-
with respect to the number and value of the CEF parameteiity depends on the magnetic anisotropy. Therefore, the
necessary to describe tieanisotropy>*° For example Hu measurement of the temperature dependence of the complex
et al. have obtained a set of five CEF parameters by fittingsusceptibility, y.c=x'—jx” can be used to detect the
the experimental magnetization data of Dyfésingle crys-  temperature-induced magnetic transitions caused by the
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change of the magnetic anisotropy energy in tReT ¥
compounds’ TbFe, Ti, 0 o oo

In this paper, a detailed investigation of spin reorientation H=50 mT) * PY
transitions and first-order field-induced transitions in various _ H//[001] i ‘.
TbFe, ,Tiy single crystals using ac and dc susceptibility & e ¥ ] [

’ ® o = x=0.8
measurements and high-field magnetization measurements § m— x=10 | ] ®
presented. Moreover, the magnetic behavior of someg e X=1'4 e’
TbFe, ,Tiy, compounds is analyzed from a microscopic E ' . -I
point of view in a wide temperature range using a single-ion'st
exchange and CEF interaction model, which constitutes & l .' ]
very strict test of validity of the model used and also guar- &-0———. —0{»0——0“9\.
antees the reliability of the determined parameters. 4 / ®
* u /
v
Il. EXPERIMENTAL METHODS ;’ y |
I i

The magnetization and ac susceptibility have been mea #=89=%- o—o . .
sured on TbFg_,Ti, single-crystalline samples withx 0 200 400
=0.8—1.4. The samples were grown by the Czochralski T (K)

technique with a cold crucible, and cut in the Institute of
Physics, Chinese Academy of Science. Details of the prepa- FIG. 1. Temperature dependence of the magnetization measured
ration and quality of the single crystals can be found in Refon TbFg_,Ti, single crystals when the field is applied along the
18. High-field magnetization measurements were performefP01] crystallographic directionT, is marked by arrows.
in the Van der Waals-Zeeman Institute, University of Amster-
dam. The YFe,_,Ti, polycrystals have been prepared by the field influence described in Ref. 12.
argon arc melting the constituent elements with purities of at  Figures 2a) and 2b) show the temperature dependence of
least 99.9%. The ingots were wrapped in molybdenum foilthe real §’) and imaginary ") components of the ac sus-
and sealed in quartz tubes, followed by annealing in vacuumseptibility of TbFeg,Ti; 3 when the ac lf,) and dc(H)
at 1273 K for 72 h, and then quenched in water. In order tdields are applied parall¢Fig. 2(a)] or perpendiculafFig.
obtain magnetically aligned samples, fine-powdered particleg(b)] to the[001] direction, for several values of the dc field.
of the YFe,_,Ti, compounds were mixed with epoxy resin For highly anisotropic materials, the value gf is deter-
and filled in two plastic tubes of cylindrical shape. The plas-mined mainly by the magnetic anisotropy energy and the
tic tubes were placed in an external magnetic field of aboutomain-wall energy, whereas the value df gives the en-
1.0 T with their cylindrical axis either parallel or perpendicu- ergy absorption by the compound. It can be seen that a pro-
lar to the field direction, respectively, until the epoxy resinnounced anomaly occurs in boji-T and x”-T curves at
solidifies. The ac susceptibility measurements were perabout 200 K at zero dc field. In this case, whggpis applied
formed in a superconducting quantum interference devicalong thegl001] direction the shape of the anomaly in bgth
with an ac field of 4.5 Oe and frequencies of 10 and 100 Hzand x” curves is steplike, whereas when thg field is per-
In the present investigation, various dc fields have beempendicular to001] the anomaly becomes peaklike. Accord-
applied. ing to magnetization measurements performed on single
crystals when an external field is applied along different
Il EXPERIMENTAL RESULTS crystallographic directions at different temperatures, it can be
concluded that the anomaly in botti andy”, as well as the
Both x-ray-diffraction measurements and thermomagnetione observed in th&(T) measurements, is due to a spin
analysis show that all Tbkg ,Ti, single crystals and reorientation transition, in which the easy magnetization di-
YFe;,_,Ti, polycrystals are single phase, and crystallize in arection(EMD) changes from the basal plan€<Ty,) to the
ThMn,type structure. As an example, tM(T) curves ob- c axis (T>Tg). In the literature the experimental definition
tained for some selected Thke,Ti, single crystals under a of Tg from the x'(T) curves is somewhat controversial.
low magnetic field applied along tH®01] crystallographic ~Some authors assigh, to the inflection pointi.e., a mini-
direction are shown in Fig. 1. It can be seen fhatpresents mum ofdy’/dT),>*%2°while other authors plac&,, at the
an almost composition-independent val684 K), while the  y’ vs T maximum’?'?2 Here we have adopted the latest
spin reorientation temperatufie, rapidly increases with de- definition. Thereforel g, for TbFeg ;Ti4 5is determined to be
creasing Ti content. The composition dependenc&,péind 205 K (=5 K). Under a nonzero applied dc field, the values
Tc in TbFe, ,Ti, is similar to the measured on of both y’ and x” rapidly decrease and the shape of the
DyFe;,_,Nb, and TbFe,_,Nb, polycrystals'® It can be ob- anomaly in bothy'(T) and x”(T) becomes peaklike even
served that the decreasing rateTgf with increasing Ti con-  for the curves obtained with,. parallel to[001] [see Fig.
tent is larger than 300 K/Ti. This fact could explain the con-2(a)]. The position of the peak in both’ and y” shifts to
tradictory reports on th&g, values for ThFgTi in previous lower temperatures whet is applied along th¢001] direc-
references, which may result from possible differences irtion and to higher temperatures whehis applied perpen-
chemical composition of the samples except for the case dlicular to thegl001] direction. This effect means that although
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FIG. 2. Temperature dependence of the rgél,and imaginary
(x¥") components of the ac susceptibility, whbeg. andH are ap-
plied parallel(a) or perpendicularb) to the [001] direction in a
TbFeg ;Ti; 5 single crystal, for several values éf. (h,.=4.5 Oe

T(K)

andf=100 Hz)

the Zeeman energy produced by the applied external dc fieldith an increasing dc field the shape of both(T) and
keeps the magnetization parallel to the field direction, they”(T) curves becomes much sharper. A 1.0-T dc field ap-

application of an external dc field modifids,: it increases
75 K when theH is applied parallel to th€001] direction,
whereasT, decreases 60 K when th¢ is applied perpen-
dicular to the[001] direction. This implies that the anisot-
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FIG. 3. Temperature dependence of §le(a) and xy” (b) parts
of the ac susceptibility for a TbE£Ti single crystal and values of
h,c andH. In all the case$,.=4.5 Oe andf =100 Hz.

ropy energy is comparable with the Zeeman energy produced
by a 1.0-T applied magnetic field. As shown in Sec. IV this
assumption will be confirmed by our CEF analysis.

The temperature dependencexdfand x” in the case of
the TbFe,Ti single crystal when thé,. andH are applied
along the[001] direction, for several values of the dc field is
shown in Figs. 8) and 3b), respectively. The observed
peaklike anomalies atl =0 indicate that a SRT occurs at
aboutT,=285 K, confirming the results obtained by Zhang
et al1* According to magnetization measurements the EMD
changes from an easy-plane EMD at low temperature to an
easy-axis EMD at high temperature. Compared with
TbFeg ,Ti4 3, the peak corresponding to the SRT anomaly in
both x'(T) and x"(T) curves is more round in the present
compound. When a dc field of 1.0 T is applied along the
[001] directionT, decreases to 193 Khis decrease is larger
than that for TbFg, ;Ti; 5. This dependence ofg on the
value and direction of the applied magnetic field can be the
origin of the very large discrepancies with regard to the type
of spin reorientation and the value &f reported for
TbFe;Ti compound mentioned in Sec.($ee Ref. 15 for a
summary. In the M(T) curves a similar tendency for the
variation of Tg, under applied field has been observed in
single crysta and in polycrystalline samplés.

Figures 4a) and 4b) display the results fo'(T) and
x"(T), respectively, obtained on a Tbfgsliggs Single
crystal with the ac field applied along tfh@01] direction in
various dc fieldsTg, is derived to be 340 K at zero dc field.

plied along thg001] direction shiftsT, to 238 K. The effect
of the ac frequency changes from 100 to 10 HzTaphas
also been studied, but no influence on eith&fT) or x"(T)
curves has been observed.
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The magnetization isotherms, obtained when the field is
applied along the[001] direction for TbFe,,Ti, 3, are
shown in Fig. 5. A jump in the magnetization takes place
below 210 K, being more evident at low temperatufée 5 5 : .

magnetization value at 1.5 K changes from/p;3f.u. at 3.5
T to 10.4ug/f.u. at 4.2 7). This particular field dependence
of the magnetization and its similarity with the observed in

APPLIED MAGNETIC FIELD (T)

FIG. 6. Magnetization isotherms of Tbi&i obtained when the
magnetic field is applied along the crystallographic ak&80],
[110], and[001]. Full lines are the theoretical curves obtained using
the parameters listed in Table I.

TbFe, . Ti

107 13

other ThMn, compound$;® points to the existence of a
FOMP-like transition. It can also be seen that the critical
field at which this transition takes place decreases with in-
creasing temperature.

The magnetization isotherms obtained for ThFe and
TbFe 15Tig gsunder an applied field along the different crys-
tallographic directions at some selected temperatures are
shown in Figs. 6 and 7, respectively. It can be seen that the
transition critical field at 4.2 K shifts from 3.5 T for=1.3 to
4.4 T forx=1.0, and to 10.0 T fox=0.85.

Mug/f.u.)

1l|)0 )
0 2 4 6
APPLIED MAGNETIC FIELD (T)

200 300
N Il

IV. ANALYSIS

To interpret the observed behavior we will work in the
frame of an ionic CEF model. In order to account for the
total free energy of a compound we will consider two main
spond to the experimental data and the lines represent the calculgpnmbytlons' the R'SUblatt'_Ce Contr.lbut.lon and the Fe-
tion for the parameters set collected in Table I. Inset: temperaturgUPlattice one. Thé&k-sublattice contribution can be calcu-
variation of the iron anisotropy constaky and the iron magneti- ated from the Hamiltonian describing the magnetic proper-
zationM,. Symbols are the experimental values obtained from thelies of theR®" ions in the tetragonaRFe;,_4Ti, compounds
YFe,oTi; 3 polycrystal. Lines are the theoretical calculation usingin the presence of an internal magnetic fiélg. It can be
the parameters listed in Table I. written as

FIG. 5. Magnetization isotherms of TbfeTi, 3 when the mag-
netic field is applied along thg01] direction. The symbols corre-
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tion: He(T) =He(0O)[MpdT)/Mg0)]. J is the R®" total

angular momentum angl, the Landefactor. The last term of
Eq. (1) describes the Zeeman interaction of R&" sublat-

tice under an internal field;.

The magnetic free energy of th&3*" sublattice is
obtained from the canonical partition functiorZg
=3 ,exp(—E,/ksT) where E,, are the eigenvalues of the
Hamiltonian given by expressidid). The free energy of the
rare-earth sublattice is given by

FR(Q!(PIHH!(PH!Hi1T)=_kBTInZR1 (3)

whereH; is the magnitude of the internal fieldy and ¢
are the spherical angles determining the directiorigfand
0 and ¢ are the spherical angles for the exchange mean-field
(Hey) direction.

The total free energy is calculated by addingRg the
uniaxial Fe sublattice anisotropy free energy together with
the Zeeman interaction for the Fe sublattice, i.e.,

F(aa(PraH y PH 1Hi vT)
=—KgTInZg+K(T)sir? 6— M4 T)H;[sin @ sin o
(4)

whereM (T) andK(T) represent the thermal variation of
the magnetization and anisotropy constant of the Fe sublat-
tice, respectively, determined from the corresponding
YFe;, ,Tiy compound and scaled to the Curie temperature
of the corresponding Tbke ,Ti, compounds:® The mag-
netic structure at any given temperature and applied mag-
netic field is determined by the exchange mean-field equilib-
rium anglesfy and ¢y, which minimize the total free energy
given by Eq.(4).

The process of determination of the CEF parameters from
the magnetization results in the present work follows the
procedure described in Ref. 10, taking into account the re-
strictive conditions imposed by the occurrence of a FOMP-

X cog ¢y — ¢) +Cc0osH cosby],

FIG. 7. Magnetization isotherms of TbRasdliygs obtained like transition and of a SRT. For determining the CEF pa-
when the magnetic field is applied along the crystallographic axesameters we have proceeded as follows. First we consider an
[100], [110], and[001]. Full lines are the theoretical curves ob- experimental magnetization isothermexpl(Tl) obtained at
tained using the parameters listed in Table I. low temperature T, (for example, T,=1.5K for

TbFeg,Ti; 5. Given a certain parameter set, if the calculated
(1)  magnetizationM ,(T;) lies for the measured field range
where Hcgr represents the CEF Hamiltonian, which de- W"h".‘ a reasonable error bM EXPtiA.MEXP" then the_ set is
.considered for further analysis. In this way we obtain several

scribes the CEF interaction at the rare earth site. As noted IPBnm} sets associated with temperatdre. In the following

Sec. |, a knowledge of this interaction is of fundamental . . .

importance for understanding tResublattice anisotropic be- steps the ““f.“ber 9f possible spl_uhons_ is reduced gra_tdually
havior. The CEF Hamiltonian at the rare-earéh dtes in the by means of Imposing the restrictions given by other higher-
ThMnytype structure can be expressed as temperature experimental |sotherM§Xp(T2), Mexpl(ng), etc.

Due to the large number of parameters involved in the cal-
culation we did not find a unique solution. Several sets of
parameters give acceptable fits to all the experimental data.
where theB| are the CEF parameters and t0g,, are the  Among them we have considered the set which leads to the
CEF Stevens operatotsThe second term of Eq1) repre-  best fit of the experimental data. The CEF parameters deter-
sents the @-4f exchange interaction, which can be ex- mined by the fitting procedure for TbgTi, 3, ThbFeTi,
pressed, within the mean-field approximation, by an effectiveand ThFg; 15 g5 are listed in Table I. Due to the fact that
exchange magnetic field(T), considered proportional in for the ThFegg ,Ti; 3 compound we could only analyze the
magnitude and antiparallel to the iron sublattice magnetizamagnetization isotherms along tf@01] direction, the values

H=Hceget2(9;— 1) ugIHe(T) +gyupdH;,

Hcer=B50,0+ BI04+ B4O 44+ BAOgo+ BaOgu,

)
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TABLE I. Crystal field B! parametersin units of K/ion), ugH,(0) (in K units), at 0 K obtained from
fitting the single-crystal magnetization curves of Thf&i, 5, TbFa;Ti, and TbFe, 15Tiggs. A; are the
corresponding crystal-field coefficient® units of Kag"): Al'=B;/6,(r"), {6,} are the Stevens coeffi-
cients, and thér") represent the Hartree-Fock radial intergrals.

TbFeoTiz s B3 B3 B BY B 1eHed0)
0.40+0.02 (—7.2+2)x10°% (—90+10)x10 % (—21*x7)x10® 0 126

Ad Ad A3 A Ad

—48+25 —3.56r1 —44+5 2.73:0.9 0
ThFe,Ti B3 B3 X BS B: ueHe(0)
0.43+0.02 (—11+3)x10 % (—140+15)x10 % (—3.8-1.4)x10°% 0 1495

Ad Ad A} Al Ad

-51.8:2.4 —5.4+15 -69.3+7.5 0.49-0.2 0
ToFe, sTioss  BS B3 B BY B 1gHed0)
0.45+0.02 (7.3:2)x10°% (130+15)x10 % (—18%x6)x10°® 0O 150.2

A2 A2 Al A As

—54.2+2.4 3.611 64.32-7.4 2.34-0.8 0

of B; andB; for this compound have to be taken with certain i (R) = —[3B,(O o) + 5Bug(Oag) + ZBeg( Oed) ],
reservations. The calculated (H) curves for these com-

pounds are drawn by solid lines in Figs. 5, 6, and 7. In all the

cases it can be seen that the obtained parameters sets account K2(R)=§[5B4o(O40) +27Bgi Oe0) 1,

quite well for the experimental results.

In the inset of Fig. 5, the thermal variation of the magne-
tization M4 at zero field and the anisotropy const&nt of foy 1
YFe,oTiy 3, together with the curves used in the fitting for K2(R)=5[Bax Oa0) +5Bes Oen) . @
the Fe-sublattice contribution, are shown. The calculated
spin reorientation temperature in absence of an external ap-
plied field is 215 K which agrees well with the data obtained
from ac susceptibility measurement.

In the case of for TbRgTi the magnetization isotherms
shown in Fig. 6 show that the magnetic anisotropy within the K3(R)=— 1Bs«(Og0)-
(001 plane is very large, and that the magnetic field needed
to saturate the magnetization along tHel0] direction is ) L .
larger than the one needed to saturate alond@bé] direc-  1h€ p/lana_r anisotropy |s_or|g|nat4ed from the A:nterplay«;f
tion. A similar behavior was observed in a DyfB single ~ andKjz which are determined bi,(O40) andBg(Ogp. The
crystal® In a phenomenological way the anisotropy of Th ~ CEF parameters are related to the CEF coefficiéfitby the
ion in these compounds can be described by the exprédsiorexpressiorBy'= 6,A(r"), whered, are the Stevens coeffi-

cients and(r") represent the Hartree-Fock radial integfals.
According to Eq.(4), the larger planar anisotropy implies

K3(R)=— 3% Beo{Os0).

E$b=K1(Tb)sin2 0+[K,(Th)+K,(Tb)cos 4p]sin’ 6 that Aﬁ and A‘g should take a rather large value compared
, - with other two coefficientsA? and AJ. For TbFe,Ti and
+[Ks(Tb)+K3(Tb)cos 4 ]sin” 6, ®)  TbFe, 1Tigss, ONe obtainsBj3( 040 = —83.1 K, Bg(Og)

=-10.3K, andBj(040)=77.2 K andBg(Og)=18.3, re-

where @ and ¢ are the polar angles of the magnetization SPECtively. Sincie the values @(Ogo) ‘are much smaller
vector in a reference frame whexes parallel to[100] andz ~ than those 0fB4<?4o>, the planar anisotropy is actually
is parallel to[001]. The anisotropy energy betwefti0] and ~ dominated by thé,(O4q). This fact is also true for Hu and

[100] in the basal plane can be written as co-workers’ CEF parametefs?
It can be seen from Figs. 6 and 7 that at low temperatures

the planar anisotropy changes dramatically when the Ti con-
= — =—2K] +K. . tent increases from=0.85 to 1.0. A5 K the EMD in the
AE=Erg~Epoy 2K(TO+K(TD)] © basal plane changes frofdi00] for x=1.0 to [110] for x
=0.85 which is reflected from the change of the sigrBﬁn
The relationship between the anisotropy constditg for  as shown in Table I. Becaus&' are proportional to the
the rare-earth and crystal-field parametéB,'}, can be ob- electric field gradientEFG) at theR sites, due to the nearest-
tained by a rotation transformation of crystal-field te$*  neighbor atoms at theiSsites, substitution of Fe by Ti at
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Lt FIG. 9. Temperature dependence of the magnetization of
TbFeTi for several applied magnetic fields. The symbols corre-
: . spond to the experimental data and the lines represent the calcula-
tion for the parameters set listed in Table I.
H/[001] (©)
H=1.0T o _
,L —o—T=205K 8(b)]. Conversely, when such a field is applied along the
[001] direction T, shifts to 205 K, as shown in Fig.(8.
SRR These theoretical predictions for thee, behavior account
u\n\u well for the experimental results displayed in Fig. 3.
o We have also calculated the temperature dependence of
on—o" the magnetization when the magnetic field is applied along
‘r . . different crystallographic directions, using the CEF param-
0 30 60 90 eters listed in Table I. As an example, the experimental and

calculated results for Thirgli are shown in Fig. 9. The good
B(degrees) agreement between the experimental and calculated data
FIG. 8. Calculated free energy in tii200) plane for ThFgTi confirms the reliability of the obtained parameters. This is

for several orientations of the applied magnetic figlds the angle ~ &SO the case of the other two compounds.
between the EMD and th@01] direction.

these sites causes a modification of the EFG. Therefore, it V. CONCLUSIONS

may be expected that, with increasing Ti contelhi, may In the present paper, a detailed study of the magnetic
decrease and change its sign at a ceraiteading to the properties of TbFg_,Ti, single crystals is presented by
abovementioned change of tBé sign (for Th, B;>0) and mMeans of ac and dc susceptibility and high-field magnetiza-
to the observed SRT within th@01) plane. The calculated tion measurements. A FOMP-like transition has been ob-
T, using the CEF parameters listed in Table | are 270 angerved at low temperatures along tf@01] direction for

320 K for TbFa;Ti and TbFg; 15Tiogs, respectively. compounds withx=0.85, 1.0, and 1.3. The transition critical
field & 5 K decreases with increasing Ti content. A SRT has

In order to study the influence of an applied magnetic
y Pp ¢ been also observed, in which the EMD changes from lying

field on the spin reorientation temperature, we have calcuOn the basal plane at low temperatures to be parallel te the
lated the free energy in thd.00) and (110) planes (o=0 axis at high temperatured., decreases dramatically with

and ¢o=45°, respectively at selected temperatures using increasing Ti content and is very sensitive to an external

the pargmer,;terlsoget I"Sted deabIe I As an I?XSTpllg’ the ;re pplied magnetic field. This result helps to clarify the confu-
energy in the(100 plane under various applied fields at the 5, ahout the magnetic structures occurring in Ry (i

temperatures nedfy, is shown in Fig. 8 for the TbReTI  ompounds at different temperatures, as well as about the
compound. It can be seen that under zero fiéid. 8@] the  natyre of the field-induced magnetic transitions. The mag-
free energy minimum shifts from,=90° at 270 K to 0° at  petic pehavior has been analyzed in a wide temperature
280 K. This means that the EMD jumps from in th@lane  range using a two-sublattice approximation for the magnetic
at 270 K to along the axis at 280 K. When a 1.0-T field is  structure. Within this approximation the Fe sublattice contri-
applied along th¢100] direction the EMD still lies in thee  bution to the free energy has been considered phenomeno-
plane even when temperature increases up to 3g8eK Fig.  logically, whereas a single-ion CEF model has been used to
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describe theR sublattice contribution. The parameteB$, like transitions confirms the reliability of the model and of
BY, B, B}, andBg, describing the crystal-field interaction the obtained CEF parameters sets.

in TbFe,_,Ti, compounds, have been determined. The cal-

culated magnetic behavior shows a good agreement with the ACKNOWLEDGMENTS
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