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Analysis of the intrinsic magnetic properties of R,Fe;; single crystals(R=Y, Dy, Ho, Er)
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The magnetic behavior of sonf®Fe,; single crystals have been analyzed quantitatively in a wide tempera-
ture range, using a two-sublattice approximation for the magnetic structure and taking into account isotropic
exchange and single-ion crystal-field interactions. THesBblattice behavior has been described phenomeno-
logically, from the study of the experimental magnetization results infey single crystal. The parameters
A, A, A2, AS, describing the crystal-field interaction in the differdyFe,; compounds R=Er, Dy, Ho)
have been determined. The calculated magnetic behavior shows good agreement with experimental magneti-
zation results in the temperature range 4.2 to 300 K, demonstrating the reliability of the determined parameters.
[S0163-182697)05813-X

I. INTRODUCTION a good fit to the low-temperature isotherfusually 4.2 K,
but do not account for the magnetic behavior at higher tem-
In the search for less expensive new permanent magneeratures.
materials, interest has been focused in recent years on the This work attempts to provide more conclusive results on
iron-rich rare-earth R) intermetallic compounds. Some ex- the CEF interaction in th&®,Fe;; compounds. For that pur-
amples are the ternary compourfRsFe;,B and the isomor-  pose, in a previous paperthe magnetization behavior of
phousR,Fe ,C, the materials characterized by the formulasomeR,Fe;; compounds was investigated in a wide tempera-
RFe,_, Ty, where T=Al, Ti, V, Cr, Mo, W, and Si, the ture range(from 1.5 to 300 K using single-crystalline
ternarieR,Fe;C, , Ro,FesN, , andRgFey;. In particular, ma-  samples. Continuing in this line, an effort has been made to
terials obtained by nitrogen insertion in the 2:17 matrix haveobtain a set of CEF parameters that explains the magnetic
shown promising properties for permanent magnet applicabehavior in this wide temperature range. The CEF param-
tions, comparable with those of Meg, ,B.1 Knowing the in-  eters that will be presented here have been obtained from the
trinsic magnetic properties of the,Fe;; family is the first  analysis of the magnetization isotherms at several tempera-
step for understanding the basic magnetic properties of thiures, with the magnetic field applied along the different
ternary interstitial compounds derived from them. crystallographic directions. Although th@,Fe;; structure
Several attempts have been made up to now in order tpresents two crystallographically distinct sites for heavy rare
explain the magnetic properties of these intermetallics from @&arths, we will assume in our treatment that the CEF anisot-
microscopic point of view. Of particular interest is the ropy can be described using a single set of parameters aver-
knowledge of the anisotropy arising on the rare-earth sublataged over the two sites. This approach, which reduces the
tice, originated in the crystal electric-fiel@EP interaction. number of parameters to half, has also been applied in pre-
This interaction can be fully described by the so-called CERvious works?~’ Arguments will be given later that can jus-
parameterA ", which account for the intensity of such in- tify the use of this simplifying assumption for tHe,Fe,
teraction. The CEF parameter set can be determined bseries. In this study we show that the low-temperature mag-
means of fitting to the CEF-model different experimentalnetization analysis cannot by itself lead to conclusive results
results, such as magnetization measurements and inelastia the basis of the CEF model.
neutron scattering. Examples of crystal-field analysis of the In the present work the four-dimensional CEF-parameter
experimental behavior can be found foR,Fe B2  space is analyzed in detail. Several thousands of parameter
Dy(Fey,Ti),® and also for theR,Fe,, family.*~" For this last  sets are examined. THA™} set is chosen randomly within a
series theA[' values proposed in literature present a verycertain range in the parameter space. Assuming that this set
strong dispersion, and we can say that the problem is stilllescribes the CEF interaction of the compound, we can cal-
waiting for a more reliable solution. Different reasons canculate the magnetization behavior and compare it with the
lead to this uncertainty not only in the precise values but als@bserved experimental one. In this way the set can be ac-
in the order of magnitude of the parameters. In the work ofcepted or rejected as possible solution. The base of the pro-
Ref. 5, based on an analysis of inelastic neutron-scatteringedure that we have followed in this work is similar to the
experiments on Hgre;, the A values deduced were de- one described in the paper of Ref. 10, applied to obtain the
rived in combination with an unrealistically small value of CEF parameters in th&,Zn;; compounds from inelastic
the molecular field. For the works based on an analysis of neutron-scattering measurements.
the magnetic behavior, CEF parameters are given which give The process of determination of the CEF parameters from
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the magnetization results is made step by step. First we con- 1.2
sider an experimental magnetic isotherm obtained at tem-
peratureT,;, M¢,(T,). Given a certain parameter set, if the
calculated magnetizatioM .,(T) lies for all the field range 1.0y
within the experimental error bal o, =AM, then the set
is considered for further analysis. In this way we obtain sev-
eral {A]} sets associated with the temperatdig In the
following steps the number of possible solutions is reduced
gradually by means of imposing the restrictions given by 0.6
other measured isothermié,,(T,), M,(T3), etc. If adding T . Yiey
more experimental restriction does not further reduce the e §Z§Z”
number of CEF parameter sets, we have reached the limit of 04l E,fe;
our experiment for determining the solution.

One of the problems we have to face is the fact that the 0 50 100 150 200 250 300 350
computer calculation of the magnetization is highly time T )
consuming. For this reason we have to reduce as much as
possible the number dfugH ¢x5,M ey POINtS (Magnetization
ata certaln m{:\gnetlc field valyg, He) to.be caIcuIateq for taneous magnetization in,¥e;;. Lines: thermal dependence used
each studied isotherm. A careful selection of the minimumy . v« indicatedR Fe,, compounds.

. . . 2 7

number of these points must be done, in order to determine

which CEF parameter sets are giving a gaddit in all the R-M system, the direct &3d exchange is much stronger

field range with a small waste of time. This choice has ng .
rule, and depends on the particular features of the measuré[:ﬁan the.m'ﬁ coupling t)_et\yeen the andM moment, and
e relatively weak 4-4f indirect exchange between the lo-

isotherms. For example, in e, a first-order magnetiza- calized rare-earth moments can be neglected. In such a sys-
tion processFOMP) takes place at low temperatures. In this : 9 " y
fem we can consider that the molecular field acting on the 3

case the experimental values corresponding to the magne

zation and magnetic field just before and after the transitio@?;;gas Ii'?ha!nl¥h2€i;errr2|rlegor?t);'t;h?;ﬁ(ioeﬁ;]%ggeeelgér
must be taken into account. lon which 1S ges foutl 9y

determining the magnetic ordering temperatures, as observed
experimentally. The iron magnetic moments are ferromag-
Il. EXPERIMENT netically coupled belowT., and couple antiferromagneti-

. L . ) _cally to the magnetic moment of the heavy rare earths.
All the experimental magnetization data considered in this (i) The electronic structure around the Fermi level is not

work have been obtained from measurements on singlesypected to differ significantly from the one of the corre-
crystalline samples grown in the Van der Waals-Zeeman In'sponding yttrium compound with the same stoichiometry.
stitute, using the Czochralski technique. The magnetizatiofq these reasons we can assume that the magnetic behavior
measurements were performed on oriented single crystals @f the 34 sublattice inR,Fe,, is similar to that presented by
YoFeys, EnFey and HoFe,. Different isotherms were e nonmagnetic “rare-earth’-based compoundF,. A
measured at temperatures ranging between 1.5 and 300 K4y of the magnetization behavior on this intermetallic has

each 50 K approximately20 K interval for EgFei; COm-  heen performed in order to obtain the phenomenological de-
pound at low temperaturgsA sensitive vibrating sample scription of the @l-sublattice magnetization.
magnetometer was used in steady magnetic fields up to 12 T.

Details about the experimental results have been presented in
the work given in Ref. 9. The high-field magnetization re- A- Y2F€7: The magnetic contribution of the 3d sublattice
sults (up to 35 and 51 Tas well as the experimental results  One of the difficulties that we have to face in the analysis
on Dy,Fe; have been taken from literatuféne references of the iron-based intermetallics is the large thermal variation
are given below of the magnetic properties of thed3ublattice in the range
5-300 K. In order to give a full description of the behavior
of this sublattice we have to know the spontaneous magne-
tization at each temperatud,-(T), as well as the magnetic
In the R-M compounds, whereM is a 3d transition anisotropy. The last can be described phenomenologically by
metal, the magnetization behavior is given by the interplayneans of the anisotropy constatgandK,, which are also
of two main contributions: the one arising from the localizedtemperature dependent.
R moments, and the one arising from the itinerdhtmo- The spontaneous magnetization of the iron sublattice at
ment. The first contribution is analyzed within the frame of different temperatures was obtained from the magnetization
the CEF model, as will be shown later. The determination ofsotherms of the single crystal,¥e,;. The resulting thermal
the 3d magnetic contribution from a theoretical point of variation is shown in Fig. 1. When considering the thermal
view requires the use of complicated calculation formalismsyariation of the iron sublattice in aR-based compound we
which is beyond the scope of this paper. We can introducéave to take into account the deviation of the value of the
this contribution in a phenomenological and reliable way byordering temperature with respect to fhgvalue of Y,Fe,,.
taking into account the following considerations: The ytrium-based compound has an ordering temperature of
(i) Of the three magnetic interactions taking place in the327 K In this way, the Curie temperature is very close for

0.8

M(T) / M(0)

FIG. 1. Symbols: determined thermal dependence of the spon-

Ill. THEORETICAL BACKGROUND



55 ANALYSIS OF THE INTRINSIC MAGNETIC . .. 8315

0.20 — : . — 1.2
o K|(TYK,(0) this work
1.0 + K(TYK(0) this work
20151 / e o K(TVK(0) Ref. 12
2 M_ 0.8 & K(TYK0)Ref. 16
o
~§ 0.10| g 0.6
= 4 04
=
0.05} 02l Y,Fe, . A
0.0 L 1 1 n 1 N 1 )
0.00 ' 0 50 100 150 200 250 300

0 50 100 150 200 250 300

T® T (K)
FIG. 3. Thermal variation of the anisotropy constants pfré[;,
obtained according to the Sucksmith-Thompson relation: open

YaFer. circlesKy, crosseK,. The results from other authors have also

ErfFa, (310 K) (Ref. 4, and HoFe, (335 K. DUt an  beesions v e pod ‘218" 12 tangle(Fel. 10. The fnes
important difference exists in the case of Jbg,; compound

(370 K).* In the last case a renormalization of the tempera
ture scale has been made for calculating the thermal variati
of the magnetization of thedBsublattice. The result is shown

in the same figure. The scaled magnetization thermal depe@'econd-order anisotropy constaty, whose value at 4.2 K
dence could not successfully explain jfe;; magnetic be- .« peen reported to be4.7 K/f_u’_lz The thermal depen-
havior for high temperatures, and the curve displayed in thgance ysed in our calculations has been obtained using the
figure was determined for this compound, as will be ex-gcksmith-Thompson relation for the measured isotherms
plained later. , , and is shown in Fig. 3. We have also compared in this figure
As observed in ¥Fe7, we have to consider the non- yo reqyits obtained by other authors. The thermal variation
negI|g|b.Ie ,3”2'512”093/ in  the module. of the d,?’ of the anisotropy constants is in good agreement with the
magnetizatiort?*® which can be expressed in the following results of the above-mentioned work.
manner: As was noted for the thermal dependence of tdes8b-
lattice magnetization, a renormalization in the temperature
Med 6. T)=Mr{ T)[1~p cos'6], @ scale has %een performed for calculating the thermgl depen-
where 6 is the angle between the iron sublattice magnetizadence ofK; for the R,Fe; compounds, according to the

FIG. 2. Thermal variation of the high-field susceptibility of

ideal stoichiometry, whereas43.8 K/f.u. is concluded when
%he real stoichiometry of the compound is taken into account.
To the same reason can be attributed the deviations in the

tion and thec axis andp=0.02*? exact value ofT .

In a detailed description of thed3sublattice the non-
negligible high-field susceptibility; must also be consid- B. Determination of the equilibrium magnetization:
ered. In fact, the existence of this susceptibility is responsible Formulation

for the observed modification of thed3pontaneous magne- o . .

tization in theR-M compound, vs the value obtained in the _1he Hamiltonian of a rare-earth ion in tieM interme-
Y-M compound. The 8 magnetization in th&-M system tallics involves three main contributions: the electrostatic
has a higher valuéabout 3% morgdue to the effect of the CEF interaction, the Zeeman term and the 8f exchange

molecular field produced by the presence of a magnetic md€'M- The last one can be expressed in a mean-field approxi-
ment at theR site on the & moment. The strong variation Mation by means of an effective exchange field,, acting

with temperature oy in Y,Fe 7 is shown in Fig. 2. on the magnetic moment &t:
After correcting for the demagnetizing field, the anisot-
ropy constantsk; and K, were determined by the Hr=Hcert Qoped-Herrt 2(05—- D ppd - Hewe  (3)

Sucksmith-Thompson relatidfl. For an easy-plane system

this relation becomas Hs is the internal effective magnetic field acting on the ion,

H cgr represents the CEF Hamiltonian for hexagonal symme-
H/M = —2(K1+4K2)/M§+(4K2/M‘S‘)M§ ) try anng is the Lan_c'ieg factor. In this exprgssion we have

considered thaH,, is proportional and antiparallel to the
(M, is the spontaneous magnetizatidh, the magnetization iron sublattice magnetizatiod (T). The value of the ex-
measured along the haoddirection. The values for the an- change interaction existing between thé @nd 3 sublat-
isotropy constants at 4.2 K according to our results ardices has been taken from literature, determined from high-
K,=-50.4 K/f.u. andK,=—0.85 K/f.u. The firstK,, is a field magnetization studiés.
13% smaller than in the previous work of Ref. 12. This dif- The R,Fe;; compounds with a heavy rare earth present a
ference is revealing the large effect of nonstoichiomi&®?  hexagonal structure of the type J¥i;;, with space group
on the anisotropy constants. In the work of Ref. 16, a valug6;/mmct® TheR ion occupies two crystallographic differ-
of —48.5 K/f.u. is obtained foilK, when considering the ent sites, » and 2, both with the same point symmetry
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TABLE |. CEF parameteré [ (in units of Kay ") for R,Fe ;.

R AJ AY A Ag Reference
R —420 PCM inR,Coy- siteb (Ref. 2]
+310 PCM inR,Co; sited (Ref. 2]
-532 PCM inR,NI - site b (Ref. 22
+222 PCM inR,Ni; sited (Ref. 22
—150 —0.05 —0.006 PCM inRyFe 7 (Ref. 4
Dy —36.06 -9.49 +0.046 —21.88 (this work)
—-0.97 —4.6 +0.06 4
Ho —88.42 -9.78 —-0.28 —4.07 (this work)
—900 -30.3 -34 -1.7 5
Er —24.58 —11.88 +0.4915 —13.59 (this work)
+17.9 —8.9 4
—202.7 —13.3 —95.5 6
—56.3 —14.4 -394 7
Tb +5.3 —0.24 -7.8 4

(—6m2). These sites present a similar surrounding with re- The equilibrium magnetic configuration of the system is
spect to the transition-metal atoms but a dissimilar surrounddetermined by the following procedure: for a given fielgy
ing regarding the other rare-earth atoms. The CEF Hamiland a direction of the iron sublattice magnetization given by
tonian associated with this point symmetry is expressed ithe polar angle$6,¢), we calculate the eigenvalu&s and

the Stevens formulatidf as eigenvector$¥;) (i=2J+1) by diagonalizing the rare-earth
HamiltonianHg. The equilibrium direction(6,,¢,) of the
Hegr= Bgog+8202+ Bgog+ BgOG, (4) iron sublattice magnetization is obtained by minimizing the

free energy of the system:

whereB['= 0,,(r™A[, and whered,, represents the Stevens B . .
coefficients(af, BJ>, andy; for m=2, 4, and 6, respectively F(6,4)=—2KkeT In Zg:+ Ky(T)sin’(6) +K(T)sinf(9)
(r™ are the Hartree-Fock radial integrals, aAd' are the — Mg Hefr, (5)
CEF parameters. The value of thé& parameter has been
calculated using the point-charge modBCM) for the two ~ Where Zg=In[Tr(e #"®r)] is the partition function of th&R
sites in the ThNi,; structuré® for the R,Co;; compounds ion. The magnetic moment of tHyFe,; system results from
and also for théR,Ni;; compound® (see Table)l After the  the addition of the contribution arising from the iron and the
PCM calculation the values at eaéh site have different rare-earth sublattices:
signs, indicating the possibility of competitive contribution
to the magnetocrystalline anisotropy from these sites. Ex- M(T)=2Mg(T)+MedT,6q, b0), (6)
perimentally the possibility of a difference between the CEF .
! S . d : with
interaction in both sites in the hexagonal structure is not
completely clear. While the Mssbauer spectra of Tjfe;
and TmCo,, were succe_ssfully interpre'_ted in terms of two Mg(T)= —MBQJZ (P3| W) e PEIZg. (7
subspectra in an unambiguous wayo difference between !
sites was found in Mssbauer analysis of T/Ni,;.2* In ad- ] o o
dition, the anisotropy constants dedu€did not explain the Given a CEF parameter set, the equilibrium magnetization
observed magnetization results. No difference was observedf the system is calculated in this way at a certain tempera-
by inelastic neutron-scattering experiments on the compounf!ré and for different values of the applied magnetic field.
Ho,Co,,,® where the lower part of the low-energy level We calculate the valuguoH ca (T), Mca(T)] that have to
schemes was observed to be practically the same for bofff compared with experiment in order to evaluate the con-
sites. sidered parameter sdt indicating different experimental

A small or negligible difference in the crystal-field inter- data obtained at different magnetic fields
action experienced by thef4electrons(and henceAY) at
each site would not be surprising if we consider that this IV. RESULTS AND DISCUSSION
interaction is mostly determined by the rare-earth valence
electrons(5d and &).2° In our approach we assume that the
magnetic behavior of the rare-earth sublattice can be fully The magnetic behavior of this compound has very marked
described by a set of four CEF parameters averaged over tlieatures that impose restrictive conditions for the CEF pa-
two sites. This approximation in the description of the mag-rameter search. A FOMP takes place in the low-temperature
netic behavior of the system is reasonable if we take intodange(T<125 K approximately, for the field applied along
account that the rare-earth sites are strongly coupled to thie harde direction? The parameters determined have to
iron sublattice, whereas thef #4f interaction is negligible.  give also a quantitative explanation of the field-induced tran-

A. Er,Fe;
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FIG. 4. Magnetization isotherms in fEe; for the magnetic 0

field applied along the hardmagnetization direction at some se-
lected temperatures: the dots correspond to the experimental results,

the lines represent the calculation for the set of parameters deter-  -10
mined in this work(see Table)l In the inserted figure the thermal
evolution of the anisotropy fiel¢tritical field in the cas@ <125 K)

has been represented. The solid circles correspond to the experi-
mental data and the line represents the calculated behavior.
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sitions observed at high values of the magnetic field, when =30
the last is applied along theeandb directions.

The first step in the analysis of the magnetization of

Er,Fe;; has been to determine the CEF parameter sets giving  -40 L . > . , .
a good fit of the 4.2 K experimentalisotherm for an applied 08 04 00 04 08 12 16
field up to 12 T(see Fig. 4. A jump in the magnetization A60 (Ka )

valuze takes place with increasing magnetic field: from 32.0
A m?kg at 50.2 kOe to 78.4 A fifkg at 53.8 kOe at 4.2 K. FIG. 5. Projection on thé%/A% (a) and AY/AQ planes(b), of

The different parameter sets giving a correct fit to this tranyifferent{A™ parameter sets: the four-dimensional solutions fitting
sition have been represented by dots in Figa) &nd 8b).  the T=4.2 K c isotherm of EzFe,; are representegtiots, T=40 K
TheseA [ parameters have been found in combination with &solid small circley T=80 K (open circley T=100 K (crosses
value of the exchange field ,,=127.5 K Figure a) cor-  and the sets fitting also the high-field resu#tslid big circles. The
responds to the projection of tHA '} four-dimensional so- solid lines are visual guides delimiting the region of the space
lution on theAY/A plane, whereas Fig.(B) corresponds to  where the solutions are found.

the projection on th J/A¢ plane. This very wide region of

the A]" space can be reduced consecutively if we add new
restrictions: we impose the fit to the experimental magneti-

zation isotherms measured at higher temperatures. A strong 240
reduction on the allowed parameter region occurs when im-

posing the fit to theT=40 K isotherm and of thd=80 K

isotherm. Selecting between the obtained solutions the pa- X

rameter sets that give a good fit to the experimental iso- ~ 160
therms at higher temperatureg to 290 K gives practically E
I ) 2120
no reduction in the number of solutions found. =
The search procedure described up to now will be referred 0

in the following as the “first step” of the parameter search.

In this first step we only made use of the measurements 40
performed using magnetic fields up to 12 T applied along the ,
hard¢ direction. The resulting parameters are observed to oL — .
give a good fit also to tha andb isotherms in the mentioned 0 20 40
field range. In a second step we try to obtain more precise p H(D

values of the parameters by introducing other available ex- 0

perimental conditions: the magnetic measurements per- F|G. 6. Magnetization isotherms for the field applied along the
formed with high magnetic field&ip to 51 T applied along  directionsa andb at 4.2 K for EgFe;. The symbols correspond to
the a and b axis?® Two field-induced transitions are ob- the experimental resuliRef. 26, the solid lines represent the cal-
served experimentally: at 38 T along theaxis and at 45 T  culation for the set of parameters determined in this w@ée
along theb axis (see Fig. 8. As the single crystal used in Table .
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FIG. 7. Projection on théA3/AJ plane of the{A™ parameter
Zi:js ;gﬁgﬁ?g;gggﬁ;iﬁg?I;St?]&];r(]ge\;vogs ;J(ltl)d (g;cfle;)), between the rare-earth and iron sublattices for different directions
PCM indicates the solution according to point-charge model calcu-of the applied magnetic field.
Iations(Ref. 4), A indicates the solution determined from fitting to solution set, is the fact that the magnetization isotherms
experimental results in the work of Ref. 4. alonga andb for field values close to 50 T, present a non-

linear behavior(See Fig. 6. Before the transition the iso-
these experiments was not the same used in our measut&erm is slightly bent upwards. For the parameters that can
ments, a correction of the value of the spontaneous magnexplain this behavior three additional transitions are expected
tization has been done in the corresponding analysis. Thalong thea direction at 4.2 K, at values of the field of 53.5,
parameters giving a good fit to our magnetization measures8.5, and 84 T. A quick variation of the magnetization along
ments(first step of the seargthave been examined for these the b axis occurs in the field range 66 to 81 T, but no sharp
additional experimental restrictions. The solution is reprefransition is observed. Also the calculations along ¢hei-
sented by the big solid circles in Figs(as and §b). The rgction have been represented in Fig. 6: a transi_tion is pre-
values of the parameters determined in this way have beeficted at 36.5 T, but no measurements are available up to
compared with other values proposed by different authors iffoW to confirm this result.
Fig. 7, where the same kind of projection as in Figa)has The field dependence of the angig 1, between the rare-
been used. earth and iron sublattice, has been represented in Fig. 8.

We have selected, between the parameters given in Fig. §Vhen the rare-earth moment and iron magnetization are par-
the set giving quantitatively the best fit to the experimentaf@/lél the maximum magnetization value is reached. This hap-
results. TheA™ values are given in Table I. The calculated Pens at values of the magnetic field lower than 115 T for all
magnetization isotherms are compared with experimental réhe directions of the applied field. The relative position of the
sults in Figs. 4 and 6. The field-induced transition occurringMoment with respect to tHa00], [010], and[001] directions
when the field is applied along the hacdixis is present for 1S represented for some values of the field in Fig. 9. After
temperatures lower than 125 K approximately. Under thighese calculations, when the field is applied alanthe rare-
temperature the free energy of the system as a functigh of earth and iron moments can present, for some value_s of the
presents two minima, separated by an energy barrier. Whéigld, @ component along thedirection. Also when the field
the value of the magnetic field increases, the system abrupth} @pplied along the direction the moments, initially along
jumps from the high-angle minimum to a configuration par-the[100] axis, can show a component along thelirection.
allel to thec axis. For temperatures close to 125 K the energyb\fter our calculations, the high-field transitions smoothen
barrier between both minima becomes smaller and, agith temperature and for example, the anisotropy at 60 K
T=125 K, it has completely disappeared. In this situation thé?€comes negligible for fields higher than 45 T.
3d sublattice magnetization is allowed to rotate continuously The calculated results for the thermal variation of the
from the basal plane to theaxis with increasing field. magnetization with a field fol T applied along the easy

The prediction of the existence of the first field-inducedMagnetization direction have shown a good agreement in
transitions experimentally observed for the field applied@lmost all the temperature ranges. The discrepancies occur-
along thea andb axis (see Fig. $is a common characteristic "ng at high temperature can be due to the fact that the mag-
of all the parameters obtained on the first step of our searctietization behavior of the & sublattice is not completely
Also the field position is quite independent on the selectedvell described in this temperature range by the simple phe-
set, but the same cannot be said for the predicted transitiof®menological analysis made in last section: at high tem-
occurring at higher fields. The existence of a transition afPeratures the magnetization isotherms along the hard direc-
values of the field higher than 50 T for theaxis had already tion are not linear after reaching saturation.
been noted by other authorbut the field value given in that
work is higher than the one determined from our calcula-
tions. One qualitative feature that has been taken into ac- The experimental magnetization data of this compound
count in the second step of parameter selection leading to theave been taken from Ref. 12. In the mentioned work the

FIG. 8. Calculated field dependence of the angler existing

B. Dy,Fe,;
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FIG. 9. Calculated spin structure of JEie;; at T=4.2 K for some values of the magnetic fidid tesla, applied along the axis (upper
figures, theb axis (middle figure$, andc axis (lower figure$. The configurations indicated witl) do not lay in the represented plane, but
only these components of the moments are shown for simplicity.

M(H) isotherms have been measured at 4.2 and 250 K, for C. Ho,Fe7
the magnetic field applied along the three crystallographic

directions. In our calculations the exchange field has beeErZFel7 give a quantitatively good explanation for the mag-

- 27 H
take_n to bEH.eX_ 143.'0 K- Using the same parameters netization results observed at 4.2 K, discrepancies are found
obtained as final solution for §ife;;, no satisfactory fit of between the calculated and experimental thermal variation of
the magnetization results is obtained for the dysprosium- . : . P S )
e anisotropy field for which a faster reduction is predicted.

based compound. In order to find the CEF parameters for thi h h field b h handi blati
compound we have examined tAd" values obtained in the | N€ €xchange field between the rare-earth and iron sublattice

first step of the parameter search of theFgf; compound. I the analysis has been taken totg=—160 K287
The initially wide parameter region to be tested is reduced The calculated results using the same values as deter-
considerably when imposing the fit to fie,, experimental  Mined for the EjFe,;; compound can be seen in Fig. 13 for
data, as shown in Figs. (@ and 1@b). We can observe that T=4.2 K. As we observe when the magnetic field is applied
the solution region for the last intermetallic is shifted with @long the hara: direction, the magnetization already starts
respect to the results for the erbium-based compdend- with a significant nonzero value, in contrast with our experi-
tours represented by the solid lines in the same figure mental observations. This is also the case for the rest of the
Between all the solution sets obtained, we have selectesblution parameter sets found for the erbium-based com-
the parameters giving the best fit to the 4.2 K measurementpound(solid circles in Fig. %, with a spontaneous magneti-
which are given in Table I. The magnetization isothermszation component along the axis whose value can vary
calculated using these values is shown in Fig. 11, togethdsetween 15 and 22 Affkg. As shown in the same figure,
with experimental data for the temperature 4.2 K. Field-these calculations are in qualitatively good agreement with
induced transitions are expected to take place at 57.8 arekperimental results obtained in a previous work on a differ-
141.4 T for the easg-axis, and at 70.6 T for thb axis. No  ent single-crystalline sample of the same compound by
sharp transitions are predicted along the hamdirection,  Sinnema?
even for fields higher than 30 T. The two sublattices become The difference between our experimental results and Sin-
parallel under application of magnetic fields in the order ofnema’s experimental data can be ascribed to differences in
200 T. The resulting fit for the magnetization measurementstoichiometry in the samples us&tiThe small variations in
at T=250 K is shown in Fig. 12 for the different directions stoichiometry lead to deviations in the crystal electric-field
of the applied field. The thermal variation of the magnetiza-interaction in the compoun¢hnd hence iA). In this way
tion with an applied field b1 T along the different crystal- differences must be found as well in the CEF parameters
lographic directions is shown in the inset of Fig. 12. A goodvalues depending on the particular sample studied. In
qualitative agreement is obtained. The anisotropy betweeHo,Fe;- variations in the crystal field lead to the fact that for
thea andb axis for this value of the field disappears at aboutsome particular stoichiometries the easy magnetization direc-
160 K. The quantitative discrepancies observed can be attritiion can lie slightly away from thé axis. According to our
uted to deviations of the magnetization behavior of tlie 3 calculations the iron and rare-earth sublattices are not per-
sublattice from the one observed inFé,;. fectly antiparallel in Sinnema’s sample, but present an angle

Although the parameters obtained scaling, those found for
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FIG. 10. Projection on thA /A9 (a) andA¥/A? planes(b), of the{AM} parameter sets: the solid lines represent the same contours as
in Figs. 5a) and §b), in the process of parameter search for the erbium-based compound. The solid circles represent the solution determined
for Dy,Fe;; in this work (see text

of about 179.1°, and the iron magnetization lies on ltike tion behavior is known in a wide temperature range for this
plane showing a small component along thexis (#=78.9°,  compound, we are able to follow the same process described
approximately. in Sec. IV A for determining, in this case, the CEF param-

It is interesting to compare these results with the calculaeters in the holmium-based intermetallic. The resulting solu-
tions given by a CEF parameter set giving an acceptable fiion is shown in Figs. 14) and 14b). In this figure the
to our experimental results. As the experimental magnetizainserted squares correspond to the successive scans made for
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T ) FIG. 13. Experimental and calculated magnetization isotherms
FIG. 11. Magnetization isotherms of ke, for the field ap for Ho,Fe,; with the field applied along the different directions at

plied along the dlrectl_ona, b gnd ¢ aF 4.2 K. The solid lines 4.2 K. The symbols represent the data taken from Ref. 12 that can
represent the calculation obtained using the parameter set dete[gé compared with our measurements for dc directions on a
mined in this worksee Table), the symbols correspond to experi- different samplgdots. The lines correspond to the calculation us-

mental results of Ref. 12. The inset shows the predicted calculation .
for higher-field values. ing the parameters determined forEe ; (see Table)l

reaching the final solution. A determination of the particular
thermal variation of the &-sublattice magnetization had to
be performed for this compound, in order to explain the mag-
netic behavior observed at high temperatures. This depen-
dence was calculated so that the predicted saturation magne-
tization agreed with the one observed in the high-
temperature measurements. For that we selected different
parameter sets giving a good fit to the measurements in the
low-temperature range, in which thel 3nagnetization varies
very little. The thermal variation determined was observed to
be practically independent of the selected set, and is shown
in Fig. 1.

Between the solution sets found for jf@;, we have
selected the parameters giving the best fit to the 4.2 K mea-

150

surements. The values obtained are shown in Table I. The
calculated magnetization is given together with our experi- A20 (Kao-l)
mental results at 4.2 K in Figs. 15 and 16. The spontaneous
magnetization lays in this case on theaxis, and the two 0
T T T T T T T T T T T (b) .
-10
80 Dy,Fe,, T=250 K ]
- =20
=14] * e 2~
= 60f o 2
~ P ~
E + a-axis o - % -30 i
< »
~ 40L x - b-ax.ls o,// ° -40 |
E O ----- c-axis - <
9/
201 ,9,/ -50 -
9,’ 5 s200e8e g T T T T | — T T T T
,Q 00 50 100 150 200 250 300
0 L oy T 2.0 -15 —(}.0 ;0.5 0.0 0.5
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FIG. 14. Projection on thA%/A9 (a) andAY/A¢ (b) planes, of
the {A['} parameter sets. The four-dimensional solutions fitting the
T=4.2 K c isotherm(dotg, T=100 K (open circleg T=150 K
(solid circles, and the sets fitting the whole temperature range iso-
directionsa, b, and c for Dy,Fe;;. The solid lines represent the therms(hollow big circles for Ho,Fe ;. The dashed line indicates
calculation using the parameter set determined in this wede  the space parameter region that was deeply analyzed after previous
Table ), the symbols correspond to experimental results of Ref. 12scans.

FIG. 12. Magnetization isotherms of Bieg;; for the field ap-
plied along the directiona, b, andc at 250 K. Insert: Temperature
dependence of the magnetization for a field @ applied along the
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FIG. 15. Magnetization isotherms at 4.2 K for jff@,. The FIG. 16. Magnetization isotherms of kfte,; for the field ap-

solid lines represent the calculation for the parameters determine@fid along the hard- direction at different temperatures. Inset:
for this compound(see Table ), the symbols correspond to our €Mperature dependence of the magnetization for a field of 1 T
experimental results along theandc directions, respectively. The @pplied along thé direction for HgFe 7. The solid lines represent

inset shows the calculated and measured results for the low-fiel’® calculation for the set of parameters determined for this com-
range. pound (see Table ), the symbols correspond to experimental re-

sults.

sitions are expected to take place at 63.9 T foralaeis, and The averaged\; CEF parameters determined for,Ee,,
at 52.2 T for theb axis. The two sublattices become parallel gre in agreement with the results of th&Er Mossbauer
under applications of the field of the order of 200 T. effect in EpFe;, for which the rangeA3~—50+100Ka, 2

was found:” This value for the second-order CEF parameter
is smaller thgm the one og)ggrved for B6,; with Th,Zn,;
structure, A;=—-351Ka,“,> and for the GgCo,
V. CONCLUSIONS Ad~—37%Kay? from °Gd Midssbauer spectroscopy.
The CEF-parameter space has been analyzed systemafihe determined CEF paramei&f presents for all the com-
cally in order to determine the values describing the CERpounds studied in this work a non-negligible value, in agree-
interaction in some BFe; compounds. Experimental mag- ment with the experimental results and evidencing the limi-
netization measurements on single crystals in a wide temtations of the PCM(from which a negligible value is
perature rangéfrom 4.2 to 300 K have been used to con- predicted.
trast the results. A limited region in the parameter space is The A parameter is negative for all the studied com-
found for the solution describing the CEF interaction in thepounds. Generalizing this result to the rest of the intermetal-
compounds EFe,;, Dy,Fe ;, and HgFe;,. The solution re- lic in the series, the positiver; ions (Sntt, EFY, Tm®",
gion given for the different intermetallics is close when ex-Yb®") give a uniaxial contribution to the magnetic anisot-
pressed in terms of th&|' CEF parameters, but no common ropy, competing with the planar contribution of the Fe sub-
set can be found for explaining the magnetization behaviotattice. In fact, the first-order moment process observed ex-
of the three compounds. The magnetization has been calcperimentally in ThFe;,3? and TmFe;;,* is qualitatively
lated using the two-site averaged parameters giving the beekplained using the parameters determined fofF &g, al-
fit for each compound. The results show satisfactory agreethough a refinement of the particular values has to be done
ment with the experimental magnetization curves, as well afor adjusting the position of the critical field at which the
with the measured thermal variation of magnetization. Theprocess takes place in each case. This refinement has not
success of the calculations using an averaged CEF parametsgen carried out in the present work, due to the lack of
set forR=Dy, Ho, and Er suggests that for these compound&nough experimental data to impose sufficient restrictions on
the two rare-earth sites existing in the hexagonal crystallothe CEF parameters to arrive at a reliable solution.
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