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Effect of Mn substitution on the volume and magnetic properties
of Er 2Fe17
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The effects of Mn substitution on the magnetic properties of Er2Fe172xMnx compounds have been
investigated by different experimental techniques. An unusual composition dependence of the unit
cell volume at room temperature occurs due to a strong magnetovolume effect, which has been
confirmed by high temperature linear thermal expansion measurements. From magnetization
measurements the composition dependence of the spontaneous magnetization of the 3d-sublattice
magnetic moment and of the Curie temperature has been determined. Spin reorientation has been
detected for compounds with 3<x<5.5, as well as remarkable magnetic history effects. ©2002
American Institute of Physics.@DOI: 10.1063/1.1489718#
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INTRODUCTION

Intermetallic compounds based on rare-earth elem
~R! and 3d-transition metals~T! form a large family of ma-
terials that is very important from technological and fund
mental points of view. It is well known that in these inte
metallics, the R-sublattice magnetic moments and
T-sublattice magnetic moments are either ferro- or antife
magnetically coupled if R is a light or heavy rare-ea
element.1 In general the magnetic behavior of these co
pounds can be explained by a local moment two-sublat
model. This is also true when magnetic atoms are substit
for by nonmagnetic ones.2–5 In order to improve the mag
netic properties of a compound, deep knowledge of the
trinsic mechanisms of the exchange and crystal electric fi
interactions is needed. With this in mind a series of exp
ments that replace either the R or the T atoms by other m
netic atoms6–9 have been undertaken. In these cases the t
sublattice model is no longer applicable and a multisublat
model has to be introduced to describe the experimenta
sults. Recently, the effects of manganese substitution on R
intermetallic compounds have attracted significant atten
due to possible enhancement of the magnetization, whic
expected from the large magnetic moment of Mn atoms.10–16

In Er2Fe17, the rare-earth sublattice and the Fe-sublatt
anisotropy constants have opposite signs, and the Fe su
tice contribution to the anisotropy energy prevails over
whole temperature range. The substitution of Fe by
modifies the balance between contributions to the anisotr
energy. On the other hand, the presence of Mn will mod
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the Curie temperature and the effective magnetic momen
the 3d sublattice. Insight into these effects has been achie
by investigating the spontaneous magnetovolume effec
several compounds with different Mn concentrations.

EXPERIMENT

Er2Fe172xMnx alloys with x50, 1.0, 2.0, 3.0, 3.5, 4.0
4.5, 5, 5.5 and 6.0 were prepared by arc melting 99.9%
rity materials in argon atmosphere. The ingots were anne
in argon atmosphere at 1273 K for 24 h, and subseque
quenched in water. X-ray diffraction~XRD! with Cu Ka
radiation was used to check whether the samples were si
phase and to determine the lattice parameters. X-ray diff
tion of magnetically aligned powder samples allowed us
determine the easy magnetization direction~EMD! at room
temperature. Thermal expansion measurements were
formed using a ‘‘push-rod’’ linear differential transforme
method in the temperature range of 150–550 K. The te
perature dependence of the magnetization,M (T), was mea-
sured in a magnetic field of 500 Oe in a superconduct
quantum interference device~SQUID! from 5 to 350 K. The
Curie temperaturesTC were derived fromM2 vs T plots and
by extrapolatingM2 to zero. The magnetization curves at 1
K of free powder samples were measured using an extrac
sample magnetometer~ESM! in magnetic fields up to 6 T.

RESULTS AND DISCUSSION

Based on x-ray diffraction analysis and on the tempe
ture dependence of the magnetization at low magnetic fie
can be concluded that all the compounds investigated
single phase and crystallize in a hexagonal Th2Ni17-type
3 © 2002 American Institute of Physics
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structure. Lattice parametersa and c were obtained from
XRD patterns of randomly oriented powder samples and
shown in Fig. 1. It would be expected that the unit-cell v
ume increases monotonically with an increase in the Mn c
tent, given that Mn atoms are larger than Fe atoms. Ne
theless, our experimental results indicate that
composition dependence of the unit-cell volume at ro
temperature is not monotonical. Similar behavior was fou
earlier in Pr2Fe172xMnx and Tb2Fe172xMnx compounds14,15

and it was ascribed to the possible existence of magneto
ume effects in those compounds which are magnetically
dered at room temperature. In order to prove this assump
we obtained spontaneous volume magnetostrict
DV/V(T), in the Er2Fe172xMnx series by measuring the
linear thermal expansion~LTE!, D l / l (T), given that
DV/V(T)53 D l / l (T). The measurements were perform
up to very high temperatures in order to obtain the nonm
netic contribution. As an example, in Fig. 2 we sho
DV/V(T) and the temperature dependence of the LTE co
ficient, a(T), of Er2Fe16Mn and Er2Fe15Mn2 , in which their
magnetic ordering temperature,TC , is above or close to
room temperature.DV/V(T) tends towards linear behavio
at high temperatures and bothDV/V(T) anda(T) exhibit a
clear Invar-like anomaly around the Curie temperature. T
magnetic contribution to the thermal expansion which giv
rise to Invar behavior can be obtained by comparing the
perimental results with the lattice volume contributio
(DV/V) latt . This contribution can be calculated through t
Grüneisen relation,anm(T)5kgCv(T)/3, with anm being
the phonon anharmonic LTE coefficient,k the isothermal
compressibility,g the Grüneisen parameter andCv the spe-
cific heat. We have calculated (DV/V) latt , using a Debye
temperature ofuD5450 K.17 (DV/V) latt was fitted to the ex-
perimental results in the paramagnetic regime. The ther
dependence of (DV/V) latt is shown in Fig. 2 by a dashe
line. It can be seen also that even in the paramagnetic p
a considerable value of spontaneous magnetostriction
measured, which indicates the existence of strong sh
range magnetic correlations aboveTC .17 On the other hand
it has been reported that for small amounts of Mn subst
tion, the Mn atoms preferentially occupy 6c/4f sites of the

FIG. 1. Composition dependence of lattice parametersa andc and unit-cell
volumeV at room temperature for Er2Fe172xMnx compounds.
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crystallographic structure, which have the largest Wigne
Seitz cell volume.18 Therefore, the unusual behavior of th
unit-cell volume whenx<3.5 mentioned above can be un
derstood by considering the magnetovolume effect in co
pounds whose Curie temperatureTC is above or close to
room temperature, even though the influence of the 6c/4f
site preferential occupation by Mn cannot be completely d
carded.

The magnetization curves at 1.5 K of the free powd
samples of Er2Fe172xMnx compounds are shown in Fig. 3
The spontaneous magnetizationMs was derived from Arrot´

plots of M2 vs H/M . The composition dependence ofMs at
1.5 K is shown in Fig. 4. It can be seen that with an increa
in Mn content the spontaneous magnetizationMs first de-
creases almost linearly, going through a minimum at ab
x54, and then increases with a further increase in Mn c
tent. Based on the slope of the linear part in the composi

FIG. 2. Volume expansion and thermal dependence of the linear the
expansion coefficient of Er2Fe16Mn and Er2Fe15Mn2 . The dashed line rep-
resents the calculated nonmagnetic anharmonic phonon contribution.

FIG. 3. Magnetization curves at 1.5 K of Er2Fe172xMnx compounds
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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dependence ofMs , it can be derived that for compound
with x,4 the substitution of Mn atoms for Fe leads to
decrease of around 4.8mB per Mn atom. The appearance
the minimum of the composition dependence ofMs can be
explained in terms of a compensation concentration
originates from the ferrimagnetic coupling between the
bium and the 3d-sublattice magnetization. The transitio
metal sublattice magnetizationMT can be obtained from the
Ms measured by subtracting the rare-earth sublattice ma
tization. We believe that the rare-earth sublattice magnet
tion is the same for all the compounds and is obtained fr
the free ion magnetic moment. The results are shown in
4. It can be seen thatMT monotonically decreases with a
increase in Mn content. The calculated composition dep
dence ofMs based on a simple dilution model, in which th
Mn atoms do not have magnetic moment, is also shown
comparison~dashed line!. It is obvious that the observe
decrease ofMT with an increase in Mn content is faster tha
that
expected with a simple dilution model. This suggests t
the Mn atoms have magnetic moment which should
aligned antiparallel to the Fe moments. This assumptio
supported by neutron diffraction results obtained for
Er2Fe142xMnxB series, in which the presence of mangane
induces antiferromagnetic coupling, not only between M
moments and Fe moments, but also between Fe momen11

From Fig. 3, it can also be seen that for compounds w
x.3.0 the magnetization curves at 1.5 K exhibit a large h
field susceptibility. It is particularly high for compounds wit
x53.5 and 4.0~0.434 and 0.500T21mB /f.u., respectively!. A
mean-field theory analysis of the ferrimagnetic compou
in terms of the two-magnetic sublattice model19 indicates
that at low magnetic fields the moment configuration
strictly antiparallel, but beyond a critical magnetic field t
exact antiparallel configuration is broken up and the two s
lattice magnetizations start to bend towards each other.
critical field is given byBcrit5uMT2MErunErT , wherenErT

FIG. 4. Composition dependence of the spontaneous magnetizationMs and
of the transition-metal sublattice momentMT at 1.5 K for Er2Fe172xMnx

compounds as well asMs for Y2Fe172xMnx compounds~taken from Ref.
12!. The dashed line corresponds to the composition dependence oMs

according to the dilution model.
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stands for the intersublattice molecular-field coefficient a
MEr for the Er sublattice magnetization. In general, the va
of Bcrit in the R2Fe17 compounds with R5heavy rare earth is
very high. Nevertheless, in Er2Fe172xMnx compounds the
difference betweenMT andMEr becomes smaller as the M
content increases and thereforeBcrit decreases, making th
rotation of the Er- and T-sublattice moments towards e
other easily occur at low fields. The existence of this nonc
linear magnetic moment structure is responsible for
above-mentioned large high field susceptibility.

The temperature dependences of the magnetization m
sured in an external magnetic field of 0.05 T are shown
Figs. 5~a! and 5~b!. The M versusT curve forx50 reflects
ferrimagnetic behavior. In the case of compounds withx
53.0, 3.5, 4.0, 5.0 and 5.5 an anomaly, marked by arrow
Fig. 5, has been observed, which can be ascribed to
reorientation: the easy magnetization direction changes f
the basal plane at high temperature to thec axis at low
temperature.12 It is generally accepted that in the R–T com
pounds the overall anisotropy is determined by the interp
of the R-sublattice and T-sublattice anisotropies. It is kno
that in Er2Fe17 the Fe-sublattice magnetization tends to lie
the basal plane of the Th2Ni17-type structure~planar anisot-
ropy! and the Er-sublattice magnetization tends to align p
allel to thec axis ~axial anisotropy! over the whole tempera
ture range.12 The fact that the easy magnetization direction
Er2Fe17 lies on the basal plane means that the Fe-sublat
anisotropy dominates over the whole temperature range
low the Curie temperature. The occurrence of spin reorien
tion in Er2Fe172xMnx compounds withx53 – 5.5 indicates
that Mn substitution strongly influences the balance amo
different contributions to the anisotropy energy. At low tem
perature the Er-sublattice contribution to the anisotropy
ergy dominates and the total anisotropy is uniaxial. This i
consequence of the different temperature dependences o
and T-sublattice anisotropy energies. For an increase in t

FIG. 5. Temperature dependence of the magnetization in a field of 0.05
Er2Fe172xMnx compounds withx50.0– 3.5~a! and 4.0–6.0~b!. The arrows
indicate theTsr .
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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perature the Er-sublattice anisotropy decreases faster
that of the T sublattice. This leads to spin reorientation a
certain temperature,Tsr. The composition dependence ofTsr

is shown in Fig. 6.
From Fig. 5 it can also be seen that for compounds w

x55 and 5.5 the magnetization has a compensation poin
Tcomp'15 and'12 K, respectively~also see Fig. 6.! The
total magnetization is parallel to the rare-earth moments
low Tcomp and parallel to the T moments aboveTcomp.

The composition dependence of Curie temperatureTC is
shown in Fig. 6.TC first changes very slowly up tox52 and
then decreases rapidly with a further increase in Mn cont
This behavior is different from that observed in R2Fe14C
~Ref. 19! and R2Fe14B ~Ref. 10! compounds, where Mn sub
stitution for Fe leads to a rapid decrease ofTC with an in-
crease in Mn content even atx50.

In general, we can consider thatTC is determined by the
intensity of the exchange interaction and by 3d-sublattice
magnetizationMT . Among the three types of exchange i
teraction present in R–T intermetallics~T–T, R–T, and
R–R!, T–T interaction is the strongest and the R–R inter
tion is the weakest. The T–T interaction is sensitive to
distance between T–T atoms, and it is represented by
exchange interaction constant,JTT . According to molecular
field approximation, if we only consider the T–T interactio
the relation amongTC , the T–T interaction and the
3d-sublattice magnetizationMT , can be written as

3kBTC5JTTZTTST~ST11!. ~1!

Here,ST is the so-called pseudospin, which is related to
3d-sublattice magnetization:1

MT52gTmBST . ~2!

In compounds withx.2 the decrease ofTC with a fur-
ther increase in Mn content can be considered a result o
decrease of 3d-sublattice magnetization. In the case ofx
<2 the observed slow decrease ofTC with x could be due to
the competition between the variation of the intensity of T
interaction and the variation ofMT with the Mn content. This

FIG. 6. Composition dependence of the Curie temperatureTC , spin reori-
entation temperatureTsr and compensation point temperatureTcomp for
Er2Fe172xMnx compounds.
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behavior could be related to preferential occupation of
6c/4f Fe sites by Mn in this doping range, which leads
enhancement of the T–T interaction, as previously repor
for the case of Nd2Fe172xMnx compounds.18

The strong decrease of the magnetization at low te
peratures observed in the compounds withx>1 ~see again
Fig. 5! is similar to that observed by Jacobset al.16 in the
Ho2Fe8Mn6C compound. In that case it was ascribed to ma
netic history effects that resulted from the presence of n
row domain walls. In the case of Er2Fe172xMnx compounds
with x54 and 4.5, below 50 K the magnetization remai
constant. This implies that below this temperature the m
netic domain walls no longer move and that the magne
domains are randomly oriented. This can be seen by com
ing the hysteresis loops at 5 and 100 K. In Fig. 7 the hys
esis loop at 5 K of a free powder sample and the initia
magnetization curve at 5 K and hysteresis loops at 5 K and
100 of a bulk sample of Er2Fe13Mn4 are shown. It can be
seen that the coercivity of a bulk sample decreases qui
with an increase in temperature from 1.4 T at 5 K to 0.1 T at
50 K.

In Fig. 8 the temperature dependence of the magnet
tion of Er2Fe13Mn4 measured at different magnetic applie
fields is displayed. In both the zero-field cooling~ZFC! and
the field cooling~FC! processes the measurements were
tained when the temperature was increased. The sample
previously cooled from above the Curie temperature to 1.5
in zero applied magnetic field~the ZFC curve! and under a
certain applied field~FC curve!. The ZFC and FC processe
exhibit different behavior, which can be considered to be
magnetohistory effect.16 The critical temperatureTcr at
which both curves diverge~marked by an arrow in Fig. 8!
decreases as the magnetic field applied increases.

FIG. 7. Hysteresis loop at 5 K of a powder sample~a! and initial magneti-
zation curve at 5 K and hysteresis loop of a bulk sample at 5 and 50 K~b!
for an Er2Fe13Mn4 compound.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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CONCLUSIONS

Positive spontaneous volume magnetostriction an
negative thermal expansion coefficient were found below
ordering temperature for Er2Fe172xMnx compounds withx
<3.5. This strong magnetovolume effect, together with
Mn initial affinity for the largest Wigner–Seitz cell volum
sites, leads to an irregular composition dependence of
unit-cell volume at room temperature. The spontaneous m
netization exhibits a minimum at aboutx54 and the
3d-sublattice magnetization decreases monotonically with
increase in Mn content. A spin reorientation transition w
detected below room temperature for compounds withx
>3. The large high-field magnetic susceptibility observed
low temperatures suggests a noncollinear arrangement o
R and 3d-sublattice magnetizations in these compounds. T
Curie temperatureTC slightly changes at low Mn doping
rates and rapidly decreases with a further increase in
content. This variation can be explained in terms of the co
position dependence of the 3d-sublattice magnetization an

FIG. 8. Temperature dependence of the magnetization at various fields
zero field cooling or field cooling processes for Er2Fe13Mn4 .
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the strength of the T–T interaction. The compounds withx
>1.0 show remarkable magnetic history effects that are
cribed to the presence of narrow domain walls.
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