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Analysis of the intrinsic magnetic properties ofR2Fe17 single crystals„R5Y, Dy, Ho, Er…

B. Garcı́a-Landa,* P. A. Algarabel, and M. R. Ibarra
Departamento de Fı´sica de la Materia Condensada e Instituto de Ciencia de Materiales de Arago´n, Facultad de Ciencias,

Universidad de Zaragoza-CSIC, 5009-Zaragoza, Spain

F. E. Kayzel and J. J. M. Franse
Van der Waals-Zeeman Laboratorium, University of Amsterdam, Amsterdam, The Netherlands

~Received 9 September 1996; revised manuscript received 9 December 1996!

The magnetic behavior of someR2Fe17 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. The 3d sublattice behavior has been described phenomeno-
logically, from the study of the experimental magnetization results in a Y2Fe17 single crystal. The parameters
A2
0, A4

0, A6
0, A6

6, describing the crystal-field interaction in the differentR2Fe17 compounds (R5Er, 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.
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I. INTRODUCTION

In the search for less expensive new permanent ma
materials, interest has been focused in recent years on
iron-rich rare-earth (R) intermetallic compounds. Some ex
amples are the ternary compoundsR2Fe14B and the isomor-
phousR2Fe14C, the materials characterized by the formu
RFe122xTx , whereT5Al, Ti, V, Cr, Mo, W, and Si, the
ternariesR2Fe17Cx , R2Fe17Nx , andR6Fe23. In particular, ma-
terials obtained by nitrogen insertion in the 2:17 matrix ha
shown promising properties for permanent magnet appl
tions, comparable with those of Nd2Fe14B.

1 Knowing the in-
trinsic magnetic properties of theR2Fe17 family is the first
step for understanding the basic magnetic properties of
ternary interstitial compounds derived from them.

Several attempts have been made up to now in orde
explain the magnetic properties of these intermetallics fro
microscopic point of view. Of particular interest is th
knowledge of the anisotropy arising on the rare-earth sub
tice, originated in the crystal electric-field~CEF! interaction.
This interaction can be fully described by the so-called C
parametersAn

m, which account for the intensity of such in
teraction. The CEF parameter set can be determined
means of fitting to the CEF-model different experimen
results, such as magnetization measurements and ine
neutron scattering. Examples of crystal-field analysis of
experimental behavior can be found forR2Fe14B,

2

Dy~Fe14Ti!,
3 and also for theR2Fe17 family.

4–7 For this last
series theAn

m values proposed in literature present a ve
strong dispersion, and we can say that the problem is
waiting for a more reliable solution. Different reasons c
lead to this uncertainty not only in the precise values but a
in the order of magnitude of the parameters. In the work
Ref. 5, based on an analysis of inelastic neutron-scatte
experiments on Ho2Fe17, the An

m values deduced were de
rived in combination with an unrealistically small value
the molecular field.8 For the works based on an analysis
the magnetic behavior, CEF parameters are given which
550163-1829/97/55~13!/8313~11!/$10.00
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a good fit to the low-temperature isotherms~usually 4.2 K!,
but do not account for the magnetic behavior at higher te
peratures.

This work attempts to provide more conclusive results
the CEF interaction in theR2Fe17 compounds. For that pur
pose, in a previous paper,9 the magnetization behavior o
someR2Fe17 compounds was investigated in a wide tempe
ture range ~from 1.5 to 300 K! using single-crystalline
samples. Continuing in this line, an effort has been made
obtain a set of CEF parameters that explains the magn
behavior in this wide temperature range. The CEF para
eters that will be presented here have been obtained from
analysis of the magnetization isotherms at several temp
tures, with the magnetic field applied along the differe
crystallographic directions. Although theR2Fe17 structure
presents two crystallographically distinct sites for heavy r
earths, we will assume in our treatment that the CEF ani
ropy can be described using a single set of parameters a
aged over the two sites. This approach, which reduces
number of parameters to half, has also been applied in
vious works.4–7 Arguments will be given later that can jus
tify the use of this simplifying assumption for theR2Fe17
series. In this study we show that the low-temperature m
netization analysis cannot by itself lead to conclusive res
on the basis of the CEF model.

In the present work the four-dimensional CEF-parame
space is analyzed in detail. Several thousands of param
sets are examined. The$An

m% set is chosen randomly within
certain range in the parameter space. Assuming that this
describes the CEF interaction of the compound, we can
culate the magnetization behavior and compare it with
observed experimental one. In this way the set can be
cepted or rejected as possible solution. The base of the
cedure that we have followed in this work is similar to th
one described in the paper of Ref. 10, applied to obtain
CEF parameters in theR2Zn17 compounds from inelastic
neutron-scattering measurements.

The process of determination of the CEF parameters fr
8313 © 1997 The American Physical Society
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8314 55B. GARCÍA-LANDA et al.
the magnetization results is made step by step. First we
sider an experimental magnetic isotherm obtained at t
peratureT1 , Mexp~T1!. Given a certain parameter set, if th
calculated magnetizationM cal~T1! lies for all the field range
within the experimental error barMexp6DMexp, then the set
is considered for further analysis. In this way we obtain s
eral $An

m% sets associated with the temperatureT1. In the
following steps the number of possible solutions is redu
gradually by means of imposing the restrictions given
other measured isothermsMexp~T2!, Mexp~T3!, etc. If adding
more experimental restriction does not further reduce
number of CEF parameter sets, we have reached the lim
our experiment for determining the solution.

One of the problems we have to face is the fact that
computer calculation of the magnetization is highly tim
consuming. For this reason we have to reduce as muc
possible the number of~m0Hexp,Mexp! points~magnetization
at a certain magnetic field valuem0 Hexp! to be calculated for
each studied isotherm. A careful selection of the minim
number of these points must be done, in order to determ
which CEF parameter sets are giving a goodM fit in all the
field range with a small waste of time. This choice has
rule, and depends on the particular features of the meas
isotherms. For example, in Er2Fe17 a first-order magnetiza
tion process~FOMP! takes place at low temperatures. In th
case the experimental values corresponding to the mag
zation and magnetic field just before and after the transi
must be taken into account.

II. EXPERIMENT

All the experimental magnetization data considered in t
work have been obtained from measurements on sin
crystalline samples grown in the Van der Waals-Zeeman
stitute, using the Czochralski technique. The magnetiza
measurements were performed on oriented single crysta
Y2Fe17, Er2Fe17, and Ho2Fe17. Different isotherms were
measured at temperatures ranging between 1.5 and 30
each 50 K approximately~20 K interval for Er2Fe17 com-
pound at low temperatures!. A sensitive vibrating sample
magnetometer was used in steady magnetic fields up to 1
Details about the experimental results have been present
the work given in Ref. 9. The high-field magnetization r
sults~up to 35 and 51 T! as well as the experimental resul
on Dy2Fe17 have been taken from literature~the references
are given below!.

III. THEORETICAL BACKGROUND

In the R-M compounds, whereM is a 3d transition
metal, the magnetization behavior is given by the interp
of two main contributions: the one arising from the localiz
R moments, and the one arising from the itinerantM mo-
ment. The first contribution is analyzed within the frame
the CEF model, as will be shown later. The determination
the 3d magnetic contribution from a theoretical point
view requires the use of complicated calculation formalism
which is beyond the scope of this paper. We can introd
this contribution in a phenomenological and reliable way
taking into account the following considerations:

~i! Of the three magnetic interactions taking place in
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R-M system, the direct 3d-3d exchange is much stronge
than the 3d-4 f coupling between theR andM moment, and
the relatively weak 4f -4 f indirect exchange between the lo
calized rare-earth moments can be neglected. In such a
tem we can consider that the molecular field acting on thed
moments is mainly determined by the 3d-3d exchange in-
teraction which is the largest contribution to the free ene
determining the magnetic ordering temperatures, as obse
experimentally. The iron magnetic moments are ferrom
netically coupled belowTc , and couple antiferromagneti
cally to the magnetic moment of the heavy rare earths.

~ii ! The electronic structure around the Fermi level is n
expected to differ significantly from the one of the corr
sponding yttrium compound with the same stoichiomet
For these reasons we can assume that the magnetic beh
of the 3d sublattice inR2Fe17 is similar to that presented b
the nonmagnetic ‘‘rare-earth’’-based compound, Y2Fe17. A
study of the magnetization behavior on this intermetallic h
been performed in order to obtain the phenomenological
scription of the 3d-sublattice magnetization.

A. Y2Fe17: The magnetic contribution of the 3d sublattice

One of the difficulties that we have to face in the analy
of the iron-based intermetallics is the large thermal variat
of the magnetic properties of the 3d sublattice in the range
5–300 K. In order to give a full description of the behavi
of this sublattice we have to know the spontaneous mag
tization at each temperature,MFe(T), as well as the magnetic
anisotropy. The last can be described phenomenologicall
means of the anisotropy constantsK1 andK2, which are also
temperature dependent.

The spontaneous magnetization of the iron sublattice
different temperatures was obtained from the magnetiza
isotherms of the single crystal Y2Fe17. The resulting thermal
variation is shown in Fig. 1. When considering the therm
variation of the iron sublattice in anR-based compound we
have to take into account the deviation of the value of
ordering temperature with respect to theTc value of Y2Fe17.
The ytrium-based compound has an ordering temperatur
327 K.4 In this way, the Curie temperature is very close f

FIG. 1. Symbols: determined thermal dependence of the sp
taneous magnetization in Y2Fe17. Lines: thermal dependence use
for the indicatedR2Fe17 compounds.
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55 8315ANALYSIS OF THE INTRINSIC MAGNETIC . . .
Er2Fe17 ~310 K! ~Ref. 4!, and Ho2Fe17 ~335 K!,11 but an
important difference exists in the case of Dy2Fe17 compound
~370 K!.4 In the last case a renormalization of the tempe
ture scale has been made for calculating the thermal varia
of the magnetization of the 3d sublattice. The result is show
in the same figure. The scaled magnetization thermal de
dence could not successfully explain Ho2Fe17 magnetic be-
havior for high temperatures, and the curve displayed in
figure was determined for this compound, as will be e
plained later.

As observed in Y2Fe17, we have to consider the non
negligible anisotropy in the module of the 3d
magnetization,12,13 which can be expressed in the followin
manner:

MFe~u,T!5MFe~T!@12p cos2u#, ~1!

whereu is the angle between the iron sublattice magneti
tion and thec axis andp50.02.12

In a detailed description of the 3d sublattice the non-
negligible high-field susceptibilityxHf must also be consid
ered. In fact, the existence of this susceptibility is respons
for the observed modification of the 3d spontaneous magne
tization in theR-M compound, vs the value obtained in th
Y-M compound. The 3d magnetization in theR-M system
has a higher value~about 3% more! due to the effect of the
molecular field produced by the presence of a magnetic
ment at theR site on the 3d moment. The strong variation
with temperature ofxHf in Y2Fe17 is shown in Fig. 2.

After correcting for the demagnetizing field, the aniso
ropy constantsK1 and K2 were determined by the
Sucksmith-Thompson relation.14 For an easy-plane system
this relation becomes15

H/Mc522~K114K2!/Ms
21~4K2 /Ms

4!Mc
2 ~2!

~Ms is the spontaneous magnetization,Mc the magnetization
measured along the hard-c direction!. The values for the an
isotropy constants at 4.2 K according to our results
K15250.4 K/f.u. andK2520.85 K/f.u. The first,K1, is a
13% smaller than in the previous work of Ref. 12. This d
ference is revealing the large effect of nonstoichiometry16–18

on the anisotropy constants. In the work of Ref. 16, a va
of 248.5 K/f.u. is obtained forK1 when considering the

FIG. 2. Thermal variation of the high-field susceptibility o
Y2Fe17.
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ideal stoichiometry, whereas243.8 K/f.u. is concluded when
the real stoichiometry of the compound is taken into accou
To the same reason can be attributed the deviations in
second-order anisotropy constantK2, whose value at 4.2 K
has been reported to be14.7 K/f.u.12 The thermal depen-
dence used in our calculations has been obtained using
Sucksmith-Thompson relation for the measured isothe
and is shown in Fig. 3. We have also compared in this fig
the results obtained by other authors. The thermal varia
of the anisotropy constants is in good agreement with
results of the above-mentioned work.

As was noted for the thermal dependence of the 3d sub-
lattice magnetization, a renormalization in the temperat
scale has been performed for calculating the thermal dep
dence ofK1 for the R2Fe17 compounds, according to th
exact value ofTc .

B. Determination of the equilibrium magnetization:
Formulation

The Hamiltonian of a rare-earth ion in theR-M interme-
tallics involves three main contributions: the electrosta
CEF interaction, the Zeeman term and the 3d-4 f exchange
term. The last one can be expressed in a mean-field app
mation by means of an effective exchange field,Hex, acting
on the magnetic moment ofR:

HR5HCEF1gJmBJ•Heff12~gJ21!mBJ•Hex. ~3!

Heff is the internal effective magnetic field acting on the io
HCEF represents the CEF Hamiltonian for hexagonal symm
try andgJ is the Lande´ g factor. In this expression we hav
considered thatHex is proportional and antiparallel to th
iron sublattice magnetization,MFe(T). The value of the ex-
change interaction existing between the 4f and 3d sublat-
tices has been taken from literature, determined from hi
field magnetization studies.8

TheR2Fe17 compounds with a heavy rare earth presen
hexagonal structure of the type Th2Ni17, with space group
P63/mmc.19 TheR ion occupies two crystallographic differ
ent sites, 2b and 2d, both with the same point symmetr

FIG. 3. Thermal variation of the anisotropy constants in Y2Fe17,
obtained according to the Sucksmith-Thompson relation: o
circles K1, crossesK2. The results from other authors have al
been represented: squares~Ref. 12!, triangles~Ref. 16!. The lines
are guides to the eye.
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TABLE I. CEF parametersAn
m ~in units ofKa 0

2n! for R2Fe17.

R A2
0 A4

0 A6
0 A6

6 Reference

R 2420 PCM inR2Co17 siteb ~Ref. 21!
1310 PCM inR2Co17 sited ~Ref. 21!
2532 PCM inR2NI17 siteb ~Ref. 22!
1222 PCM inR2Ni17 sited ~Ref. 22!
2150 20.05 20.006 PCM inR2Fe17 ~Ref. 4!

Dy 236.06 29.49 10.046 221.88 ~this work!
20.97 24.6 10.06 4

Ho 288.42 29.78 20.28 24.07 ~this work!
2900 230.3 23.4 21.7 5

Er 224.58 211.88 10.4915 213.59 ~this work!
117.9 28.9 4

2202.7 213.3 295.5 6
256.3 214.4 239.4 7

Tb 15.3 20.24 27.8 4
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~26m2!. These sites present a similar surrounding with
spect to the transition-metal atoms but a dissimilar surrou
ing regarding the other rare-earth atoms. The CEF Ham
tonian associated with this point symmetry is expressed
the Stevens formulation20 as

HCEF5B2
0O2

01B4
0O4

01B6
0O6

01B6
6O6

6, ~4!

whereBn
m5um^rm&An

m, and whereum represents the Steven
coefficients~aJ , bJ , andgJ for m52, 4, and 6, respectively!,
^rm& are the Hartree-Fock radial integrals, andAn

m are the
CEF parameters. The value of theA2

0 parameter has bee
calculated using the point-charge model~PCM! for the two
sites in the Th2Ni17 structure

21 for the R2Co17 compounds
and also for theR2Ni17 compounds

22 ~see Table I!. After the
PCM calculation the values at eachR site have different
signs, indicating the possibility of competitive contributio
to the magnetocrystalline anisotropy from these sites.
perimentally the possibility of a difference between the C
interaction in both sites in the hexagonal structure is
completely clear. While the Mo¨ssbauer spectra of Tm2Fe17
and Tm2Co17 were successfully interpreted in terms of tw
subspectra in an unambiguous way,23 no difference between
sites was found in Mo¨ssbauer analysis of Tm2Ni17.

24 In ad-
dition, the anisotropy constants deduced23 did not explain the
observed magnetization results. No difference was obse
by inelastic neutron-scattering experiments on the compo
Ho2Co17,

5 where the lower part of the low-energy lev
schemes was observed to be practically the same for
sites.

A small or negligible difference in the crystal-field inte
action experienced by the 4f electrons~and henceA2

0! at
each site would not be surprising if we consider that t
interaction is mostly determined by the rare-earth vale
electrons~5d and 6p!.25 In our approach we assume that t
magnetic behavior of the rare-earth sublattice can be f
described by a set of four CEF parameters averaged ove
two sites. This approximation in the description of the ma
netic behavior of the system is reasonable if we take i
account that the rare-earth sites are strongly coupled to
iron sublattice, whereas the 4f -4 f interaction is negligible.
-
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The equilibrium magnetic configuration of the system
determined by the following procedure: for a given fieldHeff
and a direction of the iron sublattice magnetization given
the polar angles~u,f!, we calculate the eigenvaluesEi and
eigenvectorsuCi& ( i52J11) by diagonalizing the rare-eart
HamiltonianHR . The equilibrium direction~u0,f0! of the
iron sublattice magnetization is obtained by minimizing t
free energy of the system:

F~u,f!522kBT ln ZR1K1~T!sin2~u!1K2~T!sin4~u!

2MFe•Heff , ~5!

whereZR5ln@Tr~e2bHR!# is the partition function of theR
ion. The magnetic moment of theR2Fe17 system results from
the addition of the contribution arising from the iron and t
rare-earth sublattices:

M ~T!52MR~T!1MFe~T,u0 ,f0!, ~6!

with

MR~T!52mBgJ(
i

^C i uJuC i&e
2bEi/ZR . ~7!

Given a CEF parameter set, the equilibrium magnetizat
of the system is calculated in this way at a certain tempe
ture and for different values of the applied magnetic fie
We calculate the values@m0Hcal,i(T), M cal,i(T)# that have to
be compared with experiment in order to evaluate the c
sidered parameter set~i indicating different experimenta
data obtained at different magnetic fields!.

IV. RESULTS AND DISCUSSION

A. Er 2Fe17

The magnetic behavior of this compound has very mar
features that impose restrictive conditions for the CEF
rameter search. A FOMP takes place in the low-tempera
range~T,125 K approximately!, for the field applied along
the hard-c direction.9 The parameters determined have
give also a quantitative explanation of the field-induced tr
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sitions observed at high values of the magnetic field, wh
the last is applied along thea andb directions.

The first step in the analysis of the magnetization
Er2Fe17 has been to determine the CEF parameter sets gi
a good fit of the 4.2 K experimentalc isotherm for an applied
field up to 12 T~see Fig. 4!. A jump in the magnetization
value takes place with increasing magnetic field: from 3
A m2/kg at 50.2 kOe to 78.4 A m2/kg at 53.8 kOe at 4.2 K.
The different parameter sets giving a correct fit to this tr
sition have been represented by dots in Figs. 5~a! and 5~b!.
TheseAn

m parameters have been found in combination wit
value of the exchange fieldHex5127.5 K.12 Figure 5~a! cor-
responds to the projection of the$An

m% four-dimensional so-
lution on theA 2

0/A 4
0 plane, whereas Fig. 5~b! corresponds to

the projection on theA 6
0/A 6

6 plane. This very wide region o
the An

m space can be reduced consecutively if we add n
restrictions: we impose the fit to the experimental magn
zation isotherms measured at higher temperatures. A st
reduction on the allowed parameter region occurs when
posing the fit to theT540 K isotherm and of theT580 K
isotherm. Selecting between the obtained solutions the
rameter sets that give a good fit to the experimental
therms at higher temperatures~up to 290 K! gives practically
no reduction in the number of solutions found.

The search procedure described up to now will be refer
in the following as the ‘‘first step’’ of the parameter searc
In this first step we only made use of the measureme
performed using magnetic fields up to 12 T applied along
hard-c direction. The resulting parameters are observed
give a good fit also to thea andb isotherms in the mentione
field range. In a second step we try to obtain more prec
values of the parameters by introducing other available
perimental conditions: the magnetic measurements
formed with high magnetic fields~up to 51 T! applied along
the a and b axis.26 Two field-induced transitions are ob
served experimentally: at 38 T along thea axis and at 45 T
along theb axis ~see Fig. 6!. As the single crystal used in

FIG. 4. Magnetization isotherms in Er2Fe17 for the magnetic
field applied along the hard-c magnetization direction at some s
lected temperatures: the dots correspond to the experimental re
the lines represent the calculation for the set of parameters d
mined in this work~see Table I!. In the inserted figure the therma
evolution of the anisotropy field~critical field in the caseT,125 K!
has been represented. The solid circles correspond to the ex
mental data and the line represents the calculated behavior.
n

f
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0
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er-
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FIG. 5. Projection on theA 2
0/A 4

0 ~a! andA 6
0/A 6

0 planes~b!, of
different $An

m% parameter sets: the four-dimensional solutions fitti
theT54.2 K c isotherm of Er2Fe17 are represented~dots!, T540 K
~solid small circles!, T580 K ~open circles!, T5100 K ~crosses!
and the sets fitting also the high-field results~solid big circles!. The
solid lines are visual guides delimiting the region of the spa
where the solutions are found.

FIG. 6. Magnetization isotherms for the field applied along t
directionsa andb at 4.2 K for Er2Fe17. The symbols correspond to
the experimental results~Ref. 26!, the solid lines represent the ca
culation for the set of parameters determined in this work~see
Table I!.
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8318 55B. GARCÍA-LANDA et al.
these experiments was not the same used in our mea
ments, a correction of the value of the spontaneous ma
tization has been done in the corresponding analysis.
parameters giving a good fit to our magnetization meas
ments~first step of the search! have been examined for thes
additional experimental restrictions. The solution is rep
sented by the big solid circles in Figs. 5~a! and 5~b!. The
values of the parameters determined in this way have b
compared with other values proposed by different author
Fig. 7, where the same kind of projection as in Fig. 5~a! has
been used.

We have selected, between the parameters given in Fi
the set giving quantitatively the best fit to the experimen
results. TheAn

m values are given in Table I. The calculate
magnetization isotherms are compared with experimenta
sults in Figs. 4 and 6. The field-induced transition occurr
when the field is applied along the hard-c axis is present for
temperatures lower than 125 K approximately. Under t
temperature the free energy of the system as a functionu
presents two minima, separated by an energy barrier. W
the value of the magnetic field increases, the system abru
jumps from the high-angle minimum to a configuration p
allel to thec axis. For temperatures close to 125 K the ene
barrier between both minima becomes smaller and,
T5125 K, it has completely disappeared. In this situation
3d sublattice magnetization is allowed to rotate continuou
from the basal plane to thec axis with increasing field.

The prediction of the existence of the first field-induc
transitions experimentally observed for the field appl
along thea andb axis~see Fig. 6! is a common characteristi
of all the parameters obtained on the first step of our sea
Also the field position is quite independent on the selec
set, but the same cannot be said for the predicted transit
occurring at higher fields. The existence of a transition
values of the field higher than 50 T for thea axis had already
been noted by other authors,7 but the field value given in tha
work is higher than the one determined from our calcu
tions. One qualitative feature that has been taken into
count in the second step of parameter selection leading to

FIG. 7. Projection on theA 2
0/A 4

0 plane of the$An
m% parameter

sets for Er2Fe17: solutions determined in this work~solid circles!,
and solutions proposed by other authors:Xa ~Ref. 6!, Xb ~Ref. 7!,
PCM indicates the solution according to point-charge model ca
lations~Ref. 4!, A indicates the solution determined from fitting
experimental results in the work of Ref. 4.
re-
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solution set, is the fact that the magnetization isother
alonga andb for field values close to 50 T, present a no
linear behavior~See Fig. 6!. Before the transition the iso
therm is slightly bent upwards. For the parameters that
explain this behavior three additional transitions are expec
along thea direction at 4.2 K, at values of the field of 53.5
58.5, and 84 T. A quick variation of the magnetization alo
theb axis occurs in the field range 66 to 81 T, but no sha
transition is observed. Also the calculations along thec di-
rection have been represented in Fig. 6: a transition is p
dicted at 36.5 T, but no measurements are available u
now to confirm this result.

The field dependence of the angleaR-T , between the rare-
earth and iron sublattice, has been represented in Fig
When the rare-earth moment and iron magnetization are
allel the maximum magnetization value is reached. This h
pens at values of the magnetic field lower than 115 T for
the directions of the applied field. The relative position of t
moment with respect to the@100#, @010#, and@001# directions
is represented for some values of the field in Fig. 9. Af
these calculations, when the field is applied alonga, the rare-
earth and iron moments can present, for some values of
field, a component along thec direction. Also when the field
is applied along thec direction the moments, initially along
the @100# axis, can show a component along theb direction.
After our calculations, the high-field transitions smooth
with temperature and for example, the anisotropy at 60
becomes negligible for fields higher than 4.5 T.

The calculated results for the thermal variation of t
magnetization with a field of 1 T applied along the easy
magnetization direction have shown a good agreemen
almost all the temperature ranges. The discrepancies oc
ring at high temperature can be due to the fact that the m
netization behavior of the 3d sublattice is not completely
well described in this temperature range by the simple p
nomenological analysis made in last section: at high te
peratures the magnetization isotherms along the hard d
tion are not linear after reaching saturation.

B. Dy2Fe17

The experimental magnetization data of this compou
have been taken from Ref. 12. In the mentioned work

-

FIG. 8. Calculated field dependence of the angleaR-T existing
between the rare-earth and iron sublattices for different directi
of the applied magnetic field.
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FIG. 9. Calculated spin structure of Er2Fe17 at T54.2 K for some values of the magnetic field~in tesla!, applied along thea axis ~upper
figures!, theb axis ~middle figures!, andc axis ~lower figures!. The configurations indicated with~* ! do not lay in the represented plane, b
only these components of the moments are shown for simplicity.
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M (H) isotherms have been measured at 4.2 and 250 K
the magnetic field applied along the three crystallograp
directions. In our calculations the exchange field has b
taken to beHex52143.0 K.27 Using the same paramete
obtained as final solution for Er2Fe17, no satisfactory fit of
the magnetization results is obtained for the dysprosiu
based compound. In order to find the CEF parameters for
compound we have examined theAn

m values obtained in the
first step of the parameter search of the Er2Fe17 compound.
The initially wide parameter region to be tested is reduc
considerably when imposing the fit to Dy2Fe17 experimental
data, as shown in Figs. 10~a! and 10~b!. We can observe tha
the solution region for the last intermetallic is shifted wi
respect to the results for the erbium-based compound~con-
tours represented by the solid lines in the same figure!.

Between all the solution sets obtained, we have sele
the parameters giving the best fit to the 4.2 K measureme
which are given in Table I. The magnetization isother
calculated using these values is shown in Fig. 11, toge
with experimental data for the temperature 4.2 K. Fie
induced transitions are expected to take place at 57.8
141.4 T for the easy-a axis, and at 70.6 T for theb axis. No
sharp transitions are predicted along the hard-c direction,
even for fields higher than 30 T. The two sublattices beco
parallel under application of magnetic fields in the order
200 T. The resulting fit for the magnetization measureme
at T5250 K is shown in Fig. 12 for the different direction
of the applied field. The thermal variation of the magnetiz
tion with an applied field of 1 T along the different crystal-
lographic directions is shown in the inset of Fig. 12. A go
qualitative agreement is obtained. The anisotropy betw
thea andb axis for this value of the field disappears at abo
160 K. The quantitative discrepancies observed can be at
uted to deviations of the magnetization behavior of thed
sublattice from the one observed in Y2Fe17.
or
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C. Ho2Fe17

Although the parameters obtained scaling, those found
Er2Fe17 give a quantitatively good explanation for the ma
netization results observed at 4.2 K, discrepancies are fo
between the calculated and experimental thermal variatio
the anisotropy field for which a faster reduction is predicte
The exchange field between the rare-earth and iron subla
in the analysis has been taken to beHex52160 K.28,7

The calculated results using the same values as de
mined for the Er2Fe17 compound can be seen in Fig. 13 fo
T54.2 K. As we observe when the magnetic field is appl
along the hard-c direction, the magnetization already star
with a significant nonzero value, in contrast with our expe
mental observations. This is also the case for the rest of
solution parameter sets found for the erbium-based c
pound~solid circles in Fig. 5!, with a spontaneous magnet
zation component along thec axis whose value can var
between 15 and 22 A m2/kg. As shown in the same figure
these calculations are in qualitatively good agreement w
experimental results obtained in a previous work on a diff
ent single-crystalline sample of the same compound
Sinnema.12

The difference between our experimental results and S
nema’s experimental data can be ascribed to difference
stoichiometry in the samples used.18 The small variations in
stoichiometry lead to deviations in the crystal electric-fie
interaction in the compound~and hence inAn

m!. In this way
differences must be found as well in the CEF parame
values depending on the particular sample studied.
Ho2Fe17 variations in the crystal field lead to the fact that f
some particular stoichiometries the easy magnetization di
tion can lie slightly away from theb axis. According to our
calculations the iron and rare-earth sublattices are not
fectly antiparallel in Sinnema’s sample, but present an an
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FIG. 10. Projection on theA 2
0/A 4

0 ~a! andA 6
6/A 6

0 planes~b!, of the $An
m% parameter sets: the solid lines represent the same contou

in Figs. 5~a! and 5~b!, in the process of parameter search for the erbium-based compound. The solid circles represent the solution de
for Dy2Fe17 in this work ~see text!.
la
e
iz

his
ibed
m-
lu-

de for
of about 179.1°, and the iron magnetization lies on thebc
plane showing a small component along thec axis ~u578.9°,
approximately!.

It is interesting to compare these results with the calcu
tions given by a CEF parameter set giving an acceptabl
to our experimental results. As the experimental magnet
-
fit
a-

tion behavior is known in a wide temperature range for t
compound, we are able to follow the same process descr
in Sec. IV A for determining, in this case, the CEF para
eters in the holmium-based intermetallic. The resulting so
tion is shown in Figs. 14~a! and 14~b!. In this figure the
inserted squares correspond to the successive scans ma
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reaching the final solution. A determination of the particu
thermal variation of the 3d-sublattice magnetization had t
be performed for this compound, in order to explain the m
netic behavior observed at high temperatures. This dep
dence was calculated so that the predicted saturation ma
tization agreed with the one observed in the hig
temperature measurements. For that we selected diffe
parameter sets giving a good fit to the measurements in
low-temperature range, in which the 3d magnetization varies
very little. The thermal variation determined was observed
be practically independent of the selected set, and is sh
in Fig. 1.

Between the solution sets found for Ho2Fe17, we have
selected the parameters giving the best fit to the 4.2 K m
surements. The values obtained are shown in Table I.
calculated magnetization is given together with our exp
mental results at 4.2 K in Figs. 15 and 16. The spontane
magnetization lays in this case on theb axis, and the two

FIG. 11. Magnetization isotherms of Dy2Fe17 for the field ap-
plied along the directionsa, b and c at 4.2 K. The solid lines
represent the calculation obtained using the parameter set d
mined in this work~see Table I!, the symbols correspond to exper
mental results of Ref. 12. The inset shows the predicted calcula
for higher-field values.

FIG. 12. Magnetization isotherms of Dy2Fe17 for the field ap-
plied along the directionsa, b, andc at 250 K. Insert: Temperature
dependence of the magnetization for a field of 1 T applied along the
directionsa, b, and c for Dy2Fe17. The solid lines represent th
calculation using the parameter set determined in this work~see
Table I!, the symbols correspond to experimental results of Ref.
r
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-
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FIG. 13. Experimental and calculated magnetization isothe
for Ho2Fe17 with the field applied along the different directions
4.2 K. The symbols represent the data taken from Ref. 12 that
be compared with our measurements for theb andc directions on a
different sample~dots!. The lines correspond to the calculation u
ing the parameters determined for Er2Fe17 ~see Table I!.

FIG. 14. Projection on theA 2
0/A 4

0 ~a! andA 6
0/A 6

6 ~b! planes, of
the $An

m% parameter sets. The four-dimensional solutions fitting
T54.2 K c isotherm ~dots!, T5100 K ~open circles!, T5150 K
~solid circles!, and the sets fitting the whole temperature range i
therms~hollow big circles! for Ho2Fe17. The dashed line indicate
the space parameter region that was deeply analyzed after pre
scans.
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sublattices are perfectly antiparallel. The field-induced tr
sitions are expected to take place at 63.9 T for thea axis, and
at 52.2 T for theb axis. The two sublattices become paral
under applications of the field of the order of 200 T.

V. CONCLUSIONS

The CEF-parameter space has been analyzed syste
cally in order to determine the values describing the C
interaction in some R2Fe17 compounds. Experimental mag
netization measurements on single crystals in a wide t
perature range~from 4.2 to 300 K! have been used to con
trast the results. A limited region in the parameter spac
found for the solution describing the CEF interaction in t
compounds Er2Fe17, Dy2Fe17, and Ho2Fe17. The solution re-
gion given for the different intermetallics is close when e
pressed in terms of theAn

m CEF parameters, but no commo
set can be found for explaining the magnetization beha
of the three compounds. The magnetization has been ca
lated using the two-site averaged parameters giving the
fit for each compound. The results show satisfactory ag
ment with the experimental magnetization curves, as wel
with the measured thermal variation of magnetization. T
success of the calculations using an averaged CEF param
set forR5Dy, Ho, and Er suggests that for these compou
the two rare-earth sites existing in the hexagonal crysta

FIG. 15. Magnetization isotherms at 4.2 K for Ho2Fe17. The
solid lines represent the calculation for the parameters determ
for this compound~see Table I!, the symbols correspond to ou
experimental results along theb andc directions, respectively. The
inset shows the calculated and measured results for the low-
range.
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graphic structure present qualitatively similar behaviors.
The averagedA2

0 CEF parameters determined for Er2Fe17
are in agreement with the results of the166Er Mössbauer
effect in Er2Fe17, for which the rangeA2

0;2506100Ka0
22

was found.29 This value for the second-order CEF parame
is smaller than the one observed for Gd2Fe17 with Th2Zn17
structure, A 2

052351Ka 0
22,30 and for the Gd2Co17,

A 2
0;2375Ka 0

22 from 155Gd Mössbauer spectroscopy.31

The determined CEF parameterA6
6 presents for all the com

pounds studied in this work a non-negligible value, in agr
ment with the experimental results and evidencing the lim
tations of the PCM~from which a negligible value is
predicted!.

The A2
0 parameter is negative for all the studied com

pounds. Generalizing this result to the rest of the interme
lic in the series, the positiveaJ ions ~Sm31, Er31, Tm31,
Yb31! give a uniaxial contribution to the magnetic aniso
ropy, competing with the planar contribution of the Fe su
lattice. In fact, the first-order moment process observed
perimentally in Tb2Fe17,

32 and Tm2Fe17,
4 is qualitatively

explained using the parameters determined for Er2Fe17, al-
though a refinement of the particular values has to be d
for adjusting the position of the critical field at which th
process takes place in each case. This refinement has
been carried out in the present work, due to the lack
enough experimental data to impose sufficient restrictions
the CEF parameters to arrive at a reliable solution.

ed

ld

FIG. 16. Magnetization isotherms of Ho2Fe17 for the field ap-
plied along the hard-c direction at different temperatures. Inse
temperature dependence of the magnetization for a field of
applied along theb direction for Ho2Fe17. The solid lines represen
the calculation for the set of parameters determined for this c
pound ~see Table I!, the symbols correspond to experimental r
sults.
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