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Magnetic behavior in the Er(Mn,Al), system: Neutron diffraction study
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A neutron diffraction study of the Er(Mn,Al,), system shows that with the substitution of Mn by Al the
hexagonal structure of ErMrbecomes unstable and is replaced with a cubic structure. In both phases the Mn
ions are nonmagnetic or have very small magnetic moments>2.02 a long-range ferromagnetic order
observed in ErMp transforms into a canted antiferromagnetic order with induced Mn spins, which, in turn, at
x=0.15 transforms into a short-range order. In the cubic phase the stability of the antiferromagnetic order is
provided by the negative next-nearest-neighbor exchange interaction in the rare-earth lattice, in contrast with
otherR(Mn,Al), systems, where the antiferromagnetic order is stabilized by the strong neBa#weinter-
action. The evaluated ratio of the exchange parameters describing the next-nearest-neighbor and nearest-
neighbor Er-Er interactions is found to bel/6.
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. INTRODUCTION served inRMn, compounds, which can coexist in a wide
temperature and concentration range, the study of the mag-
The intermetallic compound®Mn,, whereR stands for a  netic properties of substituted systems by macroscopic meth-
rare-earth element, are characterized by a magnetic instabtbds cannot answer many questions. The high-resolution neu-
ity, which is strongly dependent on a certain critical Mn-Mn tron diffraction technique is a very powerful method for this
distance, above which thed3electrons exhibit a localization purpose, since it can determine the complex magnetic and
of the magnetic momerit. atomic order existing in the region of the magnetic instabil-
Our systematic studies of the Dy(Mn,Al(Ref. 2 and ity.
Ho(Mn,Al), (Ref. 3 systems with Mn-Mn distance close to
the critical value have revealed a complex magnetic order-
ing, in which both intrinsic and induced Mn moments coex-
ist. In order to get more insight into the magnetic behavior of  The polycrystalline samples of the Er(Mn,Alsystem
the itinerant magneticRMn, near the region of magnetic have been synthesized in an induction furnace in a water-
instability we have performed a neutron diffraction StUdy Ofcoo|ed copper crucible. The ingots were Subsequenﬂy an-
the Er(Mn,Al), system. nealed at 750 °C for 48 h.
In this system the interatomic distances are smaller than The diffractometer G4-2 of the Laboratory dre Brillouin
in the Ho(Mn,Al), and Dy(Mn,Al), systems and the Mn-Mn  with a neutron wavelength of 2.343 A was used. All neutron
spacing is below the critical value. For that reason, in thejiffraction patterns were treated by tReLLPROF program’
compound ErMp, Mn ions do not carry magnetic The form factors for E¥" and Mrf™ implemented into this
moments’® However, the substitution of Mn by Al increases program were used.
the Mn-Mn spacing, allowing one to reach the instability
region from below. The purpose of the present work is an
investigation of the magnetic ordering in the Er(Mn,Al)
system with increasing Al content. The substitution of Mn by Al in Er(Mp_,Al,), increases
It is known that Er(Mn,Al} compounds crystallize in the the lattice parameter along with the Mn-Mn spacing. In con-
hexagonal structur€14 (SG P6;/mm¢@ and that at small trast with early neutron diffraction experimentsyhere an
Al content the structure becomes culii¢5 (SGFd3m).° It immediate breakdown of the hexagonal structure was re-
means that it is possible to study the magnetic behavior oported, the present experiments show that phases with differ-
compounds with practically identical composition, which ent structures coexist at low Al concentration. A single cubic
differ by the type of packing only, hexagonal or cubic—i.e., phase is observed at>0.25 only. In Fig. 1 the variation of
by the topology of the magnetic interactions. Note that thethe cubic and hexagonal fractions is shown as a function of
edge between the itinerant and localizettifBagnetism may Al concentration.
be affected by the difference in cubic and hexagonal packing, This result follows immediately from the analysis of the
as was shown for the dimorphic compound,ya, ;Mn,.°  diffraction patterns because there is a set of reflections of the
Owing to the variety of complex magnetic structures ob-hexagonal phase, which is well separated from the reflections

II. EXPERIMENTAL RESULTS

A. Transformation from hexagonal to cubic structure
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FIG. 1. Fractions of the cubi€15 (solid circles and the hex- FIG. 3. Concentration dependence of the lattice parameters

agonalC14 phasessolid triangle$ at different content of Al. Errors ~ and the equivalent parametat for cubic C15 (circles and hex-

[estimated standard deviati¢e.s.d)] do not exceed the size of the agonalC14 phasegtriangles, respectively, in the Er(Mn.,Al),

symbols, if not shown. The solid lines are guides for the eye. ~ at temperatures 200 K and 2 olid and open symbals The
horizontal lines correspond to the critical Mn-Mn distance for the
Ho(Mn,Al), and Dy(Mn,Al), systems. Errorée.s.d) do not exceed

. . . . the size of the symbols, if not shown. The solid lines are guides for
of the cubic phase. It gives an opportunity to refine indepeng, o eye.

dently with good accuracy not only the structure parameters
of two coexisting phases but the size and stress parameters
extlrtaigtek(rj];\rlsrr]n trtr;? iﬁetilt(a tég)sidgp g]r? .ideal Mn tetrahedra thellcose (CO”SW“ ing Sp"’?‘:@’ while the b.roadening due to
c/a ratio should be 1.633. However, refinement of the Iattice'nn'i;;’r;ifssii tlﬁepgzgirlg?r:jaelr}gntggr;g (|)r]: ?thsggk broaden-
arameters in the hexagonal phase of the substituted com- ) U
gounds shows that the tgetrahezra are far from ideal and that?. Slh%WS thakt] |n.the hexagohr)arll phase the pLoa:jemng IS
they are distorted along theaxis in contrast with ErMp Mainly due to the size effect, which increases wit Al content
The edge of the hexagonal prisanincreases proportionall and is obviously conngqted with the mst_abnny of the hgx-
ith Alg tent whil tr? h 'pht £ the ori P pth hy agonal phase. The minimal averaged size of the particles
\;v'maxir(r:](L)JrrlnFEigWZ(I;)}] € height ot the prismgoes through i, hexagonal ;tructure is about 200—ZSQ ﬁxaiO.lS_.
There are tWo no.nequivalent positions 2nd 4 for In contrast with the hexggonal phase, in the cubic .phase
Mn(Al) atoms in the hexagonal phase in contrast with thethe broadenlng of refle_'c.tlons mamly rgsults from. Inner
stressegFig. 2(b)]. Surprisingly the variation of the distor-
tion factors of Al in these nonequivalent positions differ It%(.)nS in the_ hfexagonal structure with A.I content _correlates
X T . . ' .. with the variations of the inner stresses in the cubic phase. It
explains the uniaxial distortions in the Mn tetrahedra and thereflects the mutual mechanical interaction of the tWo coex-
observed instability of the hexagonal phase at larger Al con:

tent. isting phases.
In the cubic phase, as well as in the hexagonal one, a
marked broadening of the nuclear reflections was observed. B. Magnetic behavior of the Er(Mn,Al), system

The peak broadening due to a size effect is proportional 0 |, Fig. 3 the lattice parameterof the cubic structure and

the equivalent parameter in the hexagonal structare,

< 865 =(y3a%c)¥®*=V¥3 whereV is the unit cell volume, are

§ 8.60 /.,C\' a) given as a function of Al concentration at two temperatures
£ 8.55 200 K and 2 K. The upper and low horizontal lines in Fig. 3
2 5,301 a correspor)d to the lattice parar_neters at which the critical
g 5.95 M . ' Mn-Mn distances are reached in the Ho(MnAlRef. 3

5 and Dy(Mn,Al), (Ref. 2 systems, respectively.

+ 061 b) In the hexagonaC14 phase the Mn-Mn distances are far
g 047 below the critical one, so that the Mn intrinsic magnetic mo-
2 0.2 ment cannot be stabilized and this phase shows a simple
g 0.0 ferromagnetic structurfFig. 4(a)] with weak Mn moments

00 01 02 03 slightly above three standard deviations.
content of Al In ErMn, the Er moment is found to be 7.76(4y , close

FIG. 2. (a) Concentration dependence of the lattice parameters {0 the values previously reportéa.The Er moment is ori-
(open circles and ¢ (solid circle in the hexagonal phase at low €nted along the axis, in contrast with hexagonal Holyn
temperature(b) Inner stresses in the cubic phase, which contributesvhere the Ho moments lie in the basal pl&rwith increas-
in a Gaussian part of the diffraction profiliangles and those in  ing Al content the Er moment value shows a minimum at Al
a Lorenz partsolid circles. Errors(e.s.d) do not exceed the size of concentration at which the maximum of the hexagonal prism
the symbols, if not shown. The solid lines are guides for the eye. heightc [Fig. 2(@)] is observed. In contrast with the hexago-
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Y a— hexagonal G14 phase — magnetic ordering in the fcc lattice. The absence of the re-
26{°. ¢ a) flection 133 indicates that the antiferromagnetic components
;,’ g: are aligned along thgl11] direction. The observed antifer-
g 0d5r® ' ' romagnetic re_fl_ections are notably broadened, which corre-
E 55 ferromagnetic components - sponds to a finite correlation length of abou(@SA. .
€gle in cubic C15 phase The presence of ferromagnetic and antiferromagnetic
2 4] components in the cubic phase of the Er(MnAgystem
gz. . b) indicates so-called “canted(AF2) magnetic structure. This
g O:W structure is similar to those reported for other cuBigin,
B g_ in cublo C15 phase compounds_. HoMp(Re_f. 9, DyMn, (Ref. 10 and TbMn, _
5 4] (Ref. 1. Itis gharapterlzed by the existence of nonmagnetic
'g 2] * c) layers of Mn ions inserted between two double ferromag-
oloa—2 . o] netic layers with opposite antiferromagnetic components.
0.0 0.1 0.2 0.3 Such an arrangement, known as a “sandwich”-type struc-
content of Al ture, is typical of cubic Laves phases in the region of insta-
bility.

FIG. 4. Magnetic moments of Hsolid circles and Mn (open . _ .
circles vs Al content:(a) in the hexagonaC14 phase(b) ferro- At high Al content, abovex=0.15, a long-range order in

magnetic components in the culid5 phase, an¢t) antiferromag- ~ the Ef(Mn_,Al,), system disappears and only diffuse mag-
netic components in the cubic15 phase. Error¢e.s.d do not  Netic scattering is observed in the difference patterns, show-

exceed the size of the symbols. ing the presence of a short-range order. This diffuse scatter-
ing is maximal around the nodg} 3, corresponding to short-
range antiferromagnetic correlations.

At the highest Al contenx=0.3, above the instability
threshold, one could speculate the presence of disordered

In the cubicC15 phase the Mn-Mn distance is larger andNtrinsic Mn moments. Several indirect arguments support
increases with increasing Al conteffig. 3), encompassing this interpretation. First, in contrast with the hexagonal
the instability threshold. Nevertheless, at any Al content thé?hase, where the Er moment weakly depends on Al content,
ordered Mn moments are practically absent and Er magndl the cubic phase the ordered ferromagnetic component of
tism dominates. In this phase, the magnetic structure evolvd3€ Er moment rapidly decreasgiig. 4b)]. A similar rapid
with increasing Al content from ferromagnetic to a C(,Jmt(_}dreducnon of the rare-earth magnetic moment with increasing
antiferromagnetic structure, then to a short-range-orderefd! content was observed in Ho(Mn,AlXRefs. 1 and Band

structure. The ordered ferromagnetic component of the EPY(MN,AI); (Ref. 2 and was attributed to random molecu-
moments decreases to zero at Al content0.15 while a  ar fields from spontaneous Mn moment& Er(Mn,Al),,

ferromagnetic component of the Mn spins is absent ax all the rate of moment reduction is smaller than in Ho(MnzAl)

nal compound DyglLa, ;Mn,,® the magnetic structure is not
affected by distortions of the Mn tetrahedra.

[Fig. 4(b)]. and Dy(Mn,Al),, suggesting smaller values for the disor-
At x>0.05, small antiferromagnetic reflections are de-dered intrinsic Mn moments. _ _ _
tected in the low-temperature diffraction patter(i&g. 5). Second, the intensity of the diffuse magnetic maxima,

They can be indexed with the propagation vector ~Which appear ax=0.1, increases with increasing Al content,
=(31%), which corresponds to the second type of antiferro- 1K€ In Ho and Dy systems. This proposes that the short-
2225 P yp range correlations involve intrinsic Mn moments, gradually
stabilized by the lattice expansion.
Third, in Fig. 3 it is seen that at the highest Al content the

200 F 1

I lattice thermal expansion markedly slows down, which is
-*5'24005 E typical for the onset of intrinsic moments. All these facts
> E 1

e ] strongly suggest the appearance of weak spontaneous disor-
a 1 dered Mn moments abovwe=0.15-0.2.

Intensity (arb
>
8

- 1 IIl. MAGNETIC INTERACTIONS IN THE CUBIC PHASE

'\"N‘l"'

[0
o
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' ] The transformation of the magnetic structure in the cubic
ENREUREEEE R phase of the Er(Mn,Al system from a ferromagnetic to a
£ FEErrr R canted antiferromagnetic one with increasing Mn-Mn spac-
6 50306080 100120 140' ing differs from that observed in the Dy(Mn,Al)Ref. 2,
26© (Dy,Y)Mn, (Ref. 1%, and (Ho,Y)MQ (Ref. 13 systems
where a canted antiferromagnetic structure transforms into a
FIG. 5. Neutron diffraction pattern of Er(M@sAloo), mea-  collinear antiferromagnetic structure.
sured at 2 K. Upper, middle, and bottom rows of stripes correspond The stability of a canted antiferromagnetic phase in
to reflections of the hexagonal, cubic ferromagnetic, and cubic anDyMn,, HoMn,, and other Mn-based compounds is pro-
tiferromagnetic structures, respectively. vided by the strong negativB-Mn interaction, 4-5 times
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. the ground state is FM wheb,,,/J,,>—1/6 and is AFM
8 K otherwise.
> °F e The observed transition from a ferromagnetic to a canted
"§ ar 5. . antiferromagnetic structure in Er(MgsAl g g5 suggests that
s 2F I AP | in this compound the energies of the FM and AFM states are
§0 F v close to each other. It could be the casd,jf, is negative
2F . :
EE 4l and the ratio ofl,,,/J,n is close to the threshold value of
> 6F ™ —1/6
-6 S : . . .
L ——— — A negative exchange interaction between the next-nearest
4 02 Of /J°'2 a4 0b neighbors, resulting from the oscillating character of the
oo RKKY interaction J(R), is known inRAl, compounds. In

FIG. 6. Variation of the free energy as a function of the ex-the inset of Fig. 6 the variation aK(R) in NdAl, calculated
change parameters rati,,,/J,, for antiferromagnetic and ferro- from inelastic neutron scattering data is show&imilar re-

magnetic states. In the inset the dependence of RKKY interactionsults have been reported for HgAIRefs. 15 and 16 One

J(r) for NdAI, (Ref. 14. Solid circles are the experimental data could speculate that in Er(Mn,Al)a small change of inter-

and the solid line is the least-squares fit. The two pairs of closelyatomic distances induced by Al substitution changes the rela-

placed vertical lines correspond to the radii in the first and secondive magnitudes of thd,,, and J,, exchange interactions

coordination spheres for Al content 0:92<0.1. and consequently the energy balance between FM and AFM
states.

The proposed simple model clearly shows the importance
larger than the positiv®-R interaction? This interaction is ~ of the negative next-nearest-neighbor exchange interaction in
responsible for the transformation of a canted antiferromagforming of the magnetic structure in Er(Mn,Alsystem and
netic structure to a collinear antiferromagnetic structure. Acan explain the appearance of antiferromagnetic components.

simple model taking into account the nearest-neigHRdr This model cannot be applied for the hexagonal phase
and R-Mn exchange interactions explains such awhich has a different symmetry from the Er environment. In
transformatiorf. the cubic phase the Er ion has point symmetBymwhile in

In the Er(Mn,Al), system the Mn ions are practically the hexagonal phase the inversion is absent and the point
nonmagnetic an&-Mn interactions are negligible. Therefore group is 3n only. Indeed a simple antiferromagnetic struc-
the model based on the strong negatRéVin interaction ture similar to that observed in the cubic phase has not been
cannot account for the stability of the antiferromagneticobserved in the hexagonal Laves phases. However, some
structure observed in the Er(Mn,Alsystem in the interval hexagonal phases like PrMrand NdMnr, show complex
0.05=x=0.1. noncollinear magnetic arrangeméhtyhich could be related

The stability of the antiferromagnetic structure in the rare-to a negative next-nearest-neighb&<R exchange interac-
earth lattice with cubic Laves phase structure can be qualitaion, combined with the dominamR-Mn interaction.
tively explained by taking into account the next-nearest-
neighbor exchange interactian,, betweenR ions together IV. CONCLUSION
with the nearest-neighbor interactidp,, .

The canted antiferromagnetic structure AF2 has been dis- The neutron diffraction study of the Er(Mn,Al,), sys-
played in a number of works, for example, in Fig. 6 of Ref.tem shows that with increasing Al content the hexagonal
2. In this type of ordering each magneficatom has three C14 structure becomes unstable and the c@iié structure
nearest neighbors in the same double plane with parallel m@ppears. The hexagonal phase, which exists at low Al content
ments and one neighbor with opposite moment in anothe@nly, shows a ferromagnetic structure with very weak Mn
double plane. Each magnetic atom has six next-nearegfioments. In the cubic phase ®&0.15 long-range ferro-
neighbors with parallel moments and six next-nearest neighhagnetic order of Er moments with practically nonmagnetic
bors with opposite moments. Mn moments is observed. At higher Al content, in the region

Following Ref. 2 we define the ferromagnetic and antifer-of the instability, the long-range order of the Er moments is
romagnetic components asMg=Msind and M,r replaced by a short-range order, which probably involves
=M cosé, respectively, wher# is the total moment and ~ Weak intrinsic Mn moments.
is the canting angle. The free energy written within the frame  The presence of antiferromagnetism in the Er-Mn system,

of Heisenberg model is given as follows: previously considered as a simple ferromagdfietan be
qualitatively explained by taking into account the negative

next-nearest-neighbor Er-Er exchange interactlgg,, to-
gether with the positive nearest-neighbor exchange interac-
tion J,,. A threshold value for the appearance of antiferro-
Minimization of Eq. (1) gives two stable magnetic con- magnetism in Er(Mn,Al) is expected for the ratio
figurations: ferromagnetiFM) (6= w/2) and antiferromag- J,,n/J,n= — 1/6.
netic (AFM) (#=0). The energy of the FM state depends The Mn moments remain very small and do not play any
linearly onJd,,nn/Jnn, While the energy of the AFM state does role in stabilization of the long-range magnetic order in
not depend onl,,,n/Jnn (Fig. 6). According to this model, Er(Mn,Al),, in contrast with Ho(Mn,Al} (Ref. 3 and

E=-J,,M%(3—cos 20)—6J,,,,M?(1—cos 20). (1)
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