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The magnetic properties of tetragonal YM&,_, compounds, which crystallize in the Thiyltype struc-
ture, are governed by both strong competing exchange interactions between the magnetic moments on three
nonequivalent sitesi88j, and & occupied by MnFe) atoms preferentially inig8f) and Mn-planaKFe-axia)
magnetocrystalline anisotropies. Using low field ac magnetic susceptibility versus temperature, zero-field-
cooled and field-cooled magnetization versus temperature, and applied magnetic field, specific heat, x-ray-
absorption spectroscopy at Reand MnK edges, and neutron-diffraction experiments, the magnetic phase
diagram of YFgMn,,_, has been determined. Up to six different phases were found as a function of the Fe
concentratiorx. Some of them have not been thoroughly investigated until now. In particular, the antiferro-
magnetic ordering of the itinerant YMpis different from the phase proposed before, and the spin-glass-like
phase observed at low temperatures fe£X2<6 has been characterized in more detail. Contrary to other
intermetallic Mn-based systems, the magnetism in, Xffg,_, cannot be correlated in a straightforward way
to 3d-3d distances and it seems to be more sensitive to the electronic density and the localization-
delocalization of electronic band states on the three site8j8and §&.

DOI: 10.1103/PhysRevB.71.174422 PACS nun®er75.40.Cx, 75.25tz, 75.50.Ee

[. INTRODUCTION in the cubic Laves-phase YMnthe magnitude of the mag-
netic moment of Mn and its itinerant or localized character
The magnetic properties of ternary intermetallic depends strongly on the MaMn distances: above a critical
RFgM1,., compounds, wher® is a rare earth and a  spacing(2.667 A), the Mn atoms are localized with a large
stabilizing elementAl, Si, Ti, V, Mo, Sc, W, Tg, with the  magnetic moment, whereas below this critical value the Mn
ThMny-type structure, have been studied intensively, mainlyatoms have no intrinsic localized magnetic moment. Hence,
because the compounds with higher Fe content, such as YFeMn,_, the Fe- and Mn-rich compounds order mag-
SmFg.Si,, have permanent magnet properfidsess work netically while for 0.12<x<0.16 a spin-glass state is
has been devoted to investigate these ternary compoundsund®
with low Fe concentration and whev is also a magnetic Mn is the unique @ magnetic element that stabilizes the
atom (Mn, Cr, or Co. Competing magnetocrystalline tetragonal ThMgp-type structurgspace group4/mmnj. In
anisotropies and exchange interactipfessromagnetidF) or  this structure, there is a unique site for the Th aisite 2a)
antiferromagneti¢AF) with itinerant or localized character and three site8i, 8j, and &) allowed for the 8 element.
between the three magnetic elementsRfgMq,_, led to  Below Ty=120 K, YMn;, orders in a noncollinear AF ar-
novel and interesting magnetic properties with differentrangement with the magnetic moments in the basal plane of
phases depending on the relative strength of the interactioihe tetragonal structufeThe Mn magnetic moments were
parameters. found to be much reduced in comparison with other Mn
Mn compounds have rarely been reported as potential malloys. The substitution of Fe for Mn leads to a preferential
terials for producing high magnetization, but isolated Mnoccupation of the sitesf&y Fe and the sites &y Mn, while
atoms exhibit magnetic moments ofu§ which is larger the sites § are occupied by both Mn and FeThe com-
than that of Fe. In particular, for an expanded crystal strucpounds with low Fe concentratiofx<7) are AF, but, in
ture, Mn compounds might exhibit ferromagnetic behaviorcontrast to the YFe,Mn, and Yz(Fe,Mn),; systems, the
like in hexagonal GdMgGe; and RMngSrs (R substitution of Fe for Mn leads to an increase of both the
=Th,Ho,Gd,Dy compounds:® Furthermore, sufficiently ordering temperatur&, and the magnitude of magnetic mo-
strong internal or external fields can break the AF ordering ofments, at least in the sites &nd §, reaching a maximum at
Mn. For these materials, we cannot predict the behavior ofiround x=52 The YFgMn, compound is F(T¢=250 K)
Mn ternary compounds from their properties in the limiting with the magnetic moments aligned along thexis, while
concentration cases of binary compounds. In particularbelow 150 K the AF structure found for the AF compounds
Y sMn,3 and YgFe,; order magnetically at temperatures closeappears superimposé&ddowever, recent resulshow still
to 500 K, while the ternary ¥reMn,3_, compounds show some discrepancies regarding the magnetic structure and the
no evidence of long-range magnetic order for4x<13.8 nature of phase transitions in these Y¥a;,_, compounds.
and a cluster glasslike state is also observed at low temperahis work proposes a ferromagnetic ordering fram6 and
tures as a result of spin fluctuatiohi other compounds, as no AF transition at low temperatures for these F materials. In
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TABLE |. Refinement parameters of Yfn,,_, found at room temperatura;es is the refined Fe compositioa; andc are the lattice
parameters. Shown are the distribution of the Fe content on the three transition-metdl Siiear8l &; the fractional position coordinates;
the nearest-neighbor distances between the three $jt8, &nd &; and the reIiabiIityRQ factor.

%Fe Coordinates Lattice parameters Distatfee
Xref 8i 8j 8f x (8i) x (8j) a(h) cA) 8i-8i 8j-8f 8f-8f RY (%)
YMny, 0.3621) 0.2791) 8.54215 4.728G3) 2.36 2.45 2.36 5.2

YFe,Mn,g  2.1(1) 3.64) 16.44) 33.44) 0.3561) 0.2581) 8.53665) 4.75035 2.38 244 2.37 4.1
YFey,Mng 4.2(1) 9.23) 37.02) 59.03) 0.3641) 0.2722) 8.5291) 476035 231 245 2.38 5.6
YFe;Mng 6.33) 18.43) 59.85 78.25 0.3633) 0.2761) 8.49889) 4.75883) 2.35 2.44 2.38 4.5

YFegMny 8.21) 38.44) 77.24) 88.94) 0.3633) 0.2801) 8.4731) 4.765@5 2.32 244 2.38 4.0

)
)
)
)

addition, a spin-glass-like behavior has been observed iphase was not present and the amoung-dfin was getting

these series for all the compositions. Recently, complemersmaller with the rising of the Fe concentration, being 5% for

tary works have also been reported on the electrical resistivk=2 and almost zero fox=4.

ity of polycrystallineRFg,Mn;,_, compounds with &x<9 The dc magnetization and ac susceptibility were measured

over the temperature range 4—400'%2 It follows from  in a Quantum Design SQUID magnetometer at the Univer-

these works that the anomalous rise of the electrical resistivsity of Zaragoza and the University of Pais Vasco. The zero-

ity for x=0, belowTy, is explained invoking electron scat- field-cooled (ZFC) isofield magnetizatiorM(T) was mea-

tering by substitutional and thermal spin disorder in additionsured at the desired magnetic field during heating. The field-

to scattering by phonons and impurities, instead of using theooled (FC) M(T) behavior was measured on heating at a

theory of Elliot and Wedgodd for magnetic superzonés. fixed field, after cooling the sample from the paramagnetic
In this paper, we focus our attention in YMn,,,, as a phase. In some cases, we have also meadurf&d in a field

first step to study the compounds with a magnetic rare earttsooled during the cooling process from room temperature.

in the hope of getting better insight into the main interactions The heat capacityC,(T) was measured in an adiabatic

that govern the physics of the system, i.e., the magnetocrygalorimeter based on the heat pulse method at the University

talline anisotropies and the exchange interactions in the 3of Oviedo. For all the compounds studied, the sample mass

sublattices. In particular, to understand the role ofysed for the measurements was around 3 g. The accuracy of

localization-delocalization effects on thel 3nagnetic mo-  the equipment is 0.3% for temperatures higher than 100 K

ment, the magnetic phase transitions previously observegind better than 1.5% for the lowest temperatdfe$he

and the spin-glass behavior, we have measured magnetizgeytron-diffraction spectra were collected using the D1B dif-

tion, ac susceptibility, heat capacity, neutron diffraction, andractometer at the ILL(Grenoble, Frande Rietveld refine-

x-ray-absorption  spectroscopy in  YfMni,. (X  ments were carried out using tFeLLPROF programt® Fi-

=0,2,4,6,8. Using all this information, the magnetic phase nally, x-ray-absorption spectra were recorded at the beam

diagram of YFeMn,,_, has been established. line 7.1 at SRYDaresbury, working in the usual transmis-
This paper is organized as follows. Section Il is devotedsion geometry.

to the experimental details. The results and discussion about

the structural properties, macroscopic magnetic properties,

and the magnetic structures obtained from neutron- lll. RESULTS AND DISCUSSION

diffraction experiments are given in Sec. Ill. The magnetic

. . . A. Structural properties
phase diagram and the main results are presented in Sec. IV, prop

while a general conclusion is summarized in Sec. V. All the YFeMn,, (x=0,2,4,6,8 samples were found
to crystallize in the body-centered-tetragonal structure
Il. EXPERIMENTAL DETAILS (ThMn,-type) having l4/mmmspace group. The Y atoms

lay at the Wyckoff position 2 and the transition metals at

Polycrystalline samples of composition Yn;,, (x  positions 8, 8j, and &. The site occupancies, refined from
=0,2,4,6,8 have been synthesized by induction melting ofthe neutron-diffraction patterns collected at room tempera-
the constituent elements with an excess of Mn due to théure, show that Fe prefers to occupy the sitésvBereas Mn
high Mn vapor pressure. They were subsequently annealed ate found preferentially on the sites, 81 good agreement
1000 °C for 5 days in argon atmosphere. The samples wengith the results found previously by other authé6fsThe
then checked by x-ray powder diffraction, in a high- main crystallographic data of the investigated YWR;,_,
resolution SEIFERT-XRD-3000 diffractometer at the Univer-compounds are gathered in Table |. The cell paramater
sity of Oviedo, for phase purity. For YMp some small decreases linearly with the Fe concentration, whitemains
amounts of ¥Mny; (less than 2% and 8-Mn (11%) were nearly constant. Within the accuracy of the experiment, the
detected as in the work of Moralest al® For the other structural parameters are temperature-independent except for
YFeMn,,, compounds (x=2,4,6,8, the Yg(FeMn),; the cell parameters. Althoughandc decrease linearly from
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distances of atoms at position$-8f. Neither these values
nor the mean interatomic distances betweerdaiystallo-
graphic site and its nearest neighbors vary with the Fe con-
centration through the YE®In,,_, series investigated.
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350 400

FIG. 1. Temperature dependence of the dc susceptibility for B. Magnetic properties

YFeMn,_, (x=2,4,6 in ZFC and FC conditions, under an ap- In order to make a macroscopic magnetic characterization
plied field of 0.5 kOeTy is the Néel temperature arig the spin-  of the YFgMn,,_,, we have performed susceptibility and
freezing temperature. The insets show the temperature dependengmgnetization measurements. The temperature dependences
of the inverse susceptibility in the paramagnetic region. The solicof the dc susceptibilityM/H for YFeMn,,_, under applied

line in the inset ofk=2 represents the fit to a modified Curie-Weiss fields of 0.5 kOe(for x=2,4,6 and 1 kOe(for x=8), mea-

law: x=xo+C/(T~6p). Forx=4 andx=6, a Curie-Weiss law witha  syred in ZFC and FC conditions, are shown in Figs. 1 and
change of slope is more likely. 2(a), respectively. For the higher Fe concentratior8, the
gusceptibility is three orders of magnitude larger than that

room temperature, below 50 K they are almost constanf d for the | ) 2 and dh
with a similar trend to the one found from the thermal ex-'ound for the lowest Fe concentratiors 2 and 4, and has a

pansion measured on ThfMn,.1” This behavior at low tem- SIfonger temperature variation wherincreases. The mea-
peratures suggests that the volume magnetostriction is posit!red susceptibilities confirm that the compound wit8 is
tive and of such magnitude that it fully cancels the latticeF the one withx=6 is AF, and the compounds witt+2 and
thermal expansion. 4 are itinerant AF, as described in a previous repdrhe

In order to get a better insight into the discussion of thesmall amount of the ferrimagnetic impurity gMny; (T
magnetic structures in YERIn,,_, (see below, a detailed =486 K) is sufficient to disguise the magnetic measurements
analysis of the 8-3d interatomic distances has been madefor YMn .
(see Table )l The nearest @ atoms correspond to positions  In Fig. 1, besides the AF ordering observed at the Néel
8i-8i, though these distances are similar to the correspondinggmperaturgTy=185+5 K, 225+5 K, and 215+5 K fok
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=2,46, respectively, a second anomaly is found at lower magnetic moment and paramagnetic Curie temperature are
temperatures, below which the magnetic data differ in theuz=2.97 ug/at andg,=253 K. On the contrary, the inverse
ZFC and FC measurements. This behavior seems to be rae magnetic susceptibility for the=2 compound in the para-
lated to the spin-glass phase previously observed for alnagnetic region presents a curvature, and the one=cf
compositiong® From the ZFC and FC variations, we can shows a change of slope at about 300 K, in a way similar to
estimate the freezing temperatures to be at arolipd the data observed in dc susceptibility measurements.
=45+5 K, 755 K, and 20+5 K fox=2,4,6,respectively. The isothermal magnetization curves of {Fm, show a

On the other hand, in the paramagnetic region the temferromagneticlike behavior with a rapid increase at low
perature dependence of the inverse susceptibiyH)™*  fields, but no saturation is seen up to the highest applied field
does not vary linearly with the temperature for2 [see the of 100 kOe. In this material, the anisotropy field,, has
inset in Fig. 1a)]. A modified Curie-Weiss expressihac-  been measured in an oriented powder sample, applying the
counting for the contribution of conduction electrons to themagnetic field along and perpendicular to thexis of the
magnetic susceptibilityy,, needs to be used for fitting the tetragonal structure. The easy magnetization axis turned out
experimental datay=x,+C/(T-6,) yielding to the values to be thec direction for all the temperatures measured
Xo=6.84x 1072 emu/mol Oe6,=20 K, and from the Curie (10—200 K. H, is higher at low temperature, as was also
constant we obtain the average magnetic moment per 3observed in YFgTi,® but the magnitude in our case is
atom uer=0.34ug/at. In contrast, forx=4 and x=6, smaller(H,<10 kOe atT=10 K for YFgMn, compared to
(M/H)™* shows a change of slofsee the insets in Figs(d) 40 kOe for YFe Ti).
and Xc)]. The paramagnetic Curie temperature and the ef-
fective magnetic moments obtained below and above this 2. | ow-temperature spin-glass-like behavior MFegMng
slope change are as follows for the=4 compound, 6,
=-198 K andpuer=2.1 ug/at (below), 6,=-360 K andue The temperature dependence of the real and imaginary
=2.4 uglat (above; and for thex=6 compoundf,=-11 K  components of the ac magnetic susceptibility for ¥¥iee
and ue=2.6 ug/at (below), 6,=-85 K anduer=2.2 ug/at shows two peaks in botly’ and y”; in contrast with the
(above. This behavior in the paramagnetic phase could inbehavior of the compound witk=8, the one at higher tem-
dicate the existence of short-range interactions enhanced fpgrature corresponds to the Néel temperalfyrand the sec-
spin fluctuations, as suggest similar phenomena observed {nd one is associated with the freezing temperalyravhere
Th(FeMn), compounds? It is worth noting the following FC and ZFC differences have been observegimeasure-
two main results found on YgMn, and YFgMns com-  ments. We ascribe this latter to spin-glass behavior, as was

pounds. pointed out previousii® One of the important features in a
_ _ ) o spin-glass materigf which characterizes the random freez-

1. Zero-field-cooled and field-cooled (1) data irreversibility ing of the magnetic moments, is the appearance of a cusp in
and anomalous ac susceptibility iNFegMn, the ac susceptibility af;, which depends both on magnetic

Forx=8 (Fig. 2(a)) together with a rapid increase M/H field and frequency. As a trademark of this behavior found in
below Tc=250+10 K, there are differences between theYFeMn;,, compounds, we present in Fig. 3 the frequency
ZFC and FC measurements below 100 K. As shown fron?nd magnetic field dependencesydffor YFe;Mng. The po-
neutron-diffraction measurementsee Sec. Il D, for T  sition of the maximum at around;=20 K shifts to higher
<T,=150 K a change in the magnetic structure takes placéemperatures with increasing frequerisee Fig. &)] and
leading to the appearance of an AF component and resultin%;“e anomaly is strongly reduced by the application of 10 kOe
in an effective canted magnetic structure. The lower value ofsee Fig. 80)]. The relative variation ofl; per frequency
M in the ZFC curve for this compound could be explained aglecade,AT;/(TtA In w), is about 24<10°%, in agreement
an intrinsic pinning of the F components by the anisotropy ofwith the values typically reported for metallic spin glas$es.
this AF component, as it was proposed inWe have plotted in the inset of Fig(8 the spin-freezing
Nd,_,Dy,Mn,Ge,.2° temperaturegdefined as the cusp in the ac susceptibility

In Fig. 2b), the ac susceptibility for the F compound  Versus 1/lwy/v). From this figure, it can be seen that the
=8 exhibits two anomalies i’, while only one is detected slowing down of the dynamics follows a Vogel-Fulcher
in x’. A broad anomaly(extended through 100)Kis ob-  law:?2In addition, initial magnetization curves measured in a
served in bothy’ and y” close to the Curie temperature. YFesMng compound show a linear variation of the magneti-
Below T,=150 K, where an additional AF component ap- zation, with no metamagnetic transitions up to 70 kOe.
pears, the susceptibility falls down. It could be due to a re- To summarize the data presented in Figs. 1-3, the magne-
duction in the degrees of freedom of the magnetic momenttization and susceptibility measurements suggest the coexist-
inhibiting the response to an applied ac magnetic field. Simience and competition of F and AF components in the mag-
lar behaviors have been found in the 1:2 compoundsetic structure of YRgMn,,, compounds. In particular, for
Tb(MnFe), and Z(FeC0,.1%21 In addition, there is a knee- the AF compounds & x=<6 (Ty~ 200 K), a spin-glass-like
like anomaly iny’ at around 90 K, where differences be- phase is favored below 80 K, while for the F compound
tween FC and ZFC magnetization measurements have be&r8 (Tc~250 K) an AF component develops beloW
observed. The temperature dependence of the inverse a&d50 K. In the following, we shall concentrate on the nature
magnetic susceptibility of YR#n, above the Curie tem- of the magnetic phases observed in these materials from a
perature follows a Curie-Weiss law. The calculated effectiveheat capacity study.
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0.025
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The heat-capacityC,) measurements of YE®IN;, (x | 0 30 100, 150 3200 250

=0,2,4,6,8 are shown in Fig. 4. For all the compounds, 0 50 100 150 200 250 300 350
except for the one with the highest Fe concentratio®, we T (X)

observe a second-order anomaly corresponding to the AF

ordering of the 8 sublattice. The anomalies are very reduced F|G. 4. Heat-capacity measurements of YWiBi,., (X

and smoothed owing to the itinerancy of thd 8lectrons. =0, 2 4,6,8 with the nonmagnetic base lirfsolid line). The inset
Taking the Néel temperature at the maximum of g 1 shows the change of slope & for YFesMn,. In inset 2, the
anomaly, we obtainy=110+3 K (x=0), Ty=181+3 K (X  low-temperature heat-capacity measurements showing the linear fit
=2), Ty=224+3 K (x=4), andTy=215+3 K (x=6), which  (line) to the expressiolC/T=y+8T? are presented.

are quite close to those found in magnetic and neutron mea- . .
surements(see below. In the ferromagnetic compound similar to the values found in our compounds, and there are

experimental and theoretical evidences that the magnetic

=8, the anomaly appears to be very much extended in ternc'ontribution to the heat capacity i 3netals is very small at

perature, and only a very small change of slopeTat tem : :
s ) . ? ! peratures below one-half the magnetic ordering
=24213 K is observedsee the inset of Fig.)4This could o heratur@4 In Fig. 4, we present, as a continuous line, the
be due to the substitutional disorder of the Fe/Mn atoms ango o capacity of LuFgTi from 5 to 300 K23 From the sub-
broad contributions due to the appearance of an AF compgzaction of this baseline, the resulting contribution of the
nent at 150 K that leads to a progressive canting of the Magnagnetic ordering in YEMn,,_, (x=0,2,4,6,8 is ob-
netic moments. _ o tained and the relevant parameters are gathered in Table II.
In order to evaluate the magnetic contribution to the total The entropy content of the phase transitfg,, and the
heat capacity, we have taken the heat capacity of L{lf@s  heat-capacity jump\Cy,q at the ordering temperature are
the baseline that includes phonon and electronic contribuyery reduced compared to the values obtained in a localized
tions up to 300 K. This compound has been successfullynodel[S;,g=nNRIN(2S+1)=13.R andAC,,5= 24R, wheren
used as a baseline to study the spin reorientation transition ¢ the number of magnetic atoms with s@nandR is the
NdFe1Ti.?% Furthermore, LuFgTi has a Debye temperature ideal gas constant, and have been calculate®dt].
0p=371K and an electronic  contribution y The YMny, binary alloy has the lowest value of the jump
=146 mJ/mol K, calculated from the low-temperature data, in the YFgMn,_, series (ACy,¢/ 3d atom=0.0R) and is
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TABLE II. Transition temperatures in the YRdn,_, series: the Néel temperatu(€y) and the Curie
temperaturgT¢) have been obtained from heat-capacity measurements, the spin-freezing temg@gature
from magnetic measurements. Electronic specific-heat coeffi¢igntDebye temperaturédy), magnetic
entropy content of the magnetic anomalyS,,,9, and the jump of the specific-heat anomehC,,,) at the
ordering temperature in the compounds investigated.

TWK)  TcK) Ti(K)  y(mMImolkd) 6y (K) ASpagREU  ACy R fu.

YMny, 1103 14809) 426(3) 2.3 0.48
YFeMn,, 181(3) 45(5) 151(9) 41004) 2.3 3.17
YFeMng 2243 75(5) 166.44) 4191) 3.3 5.01
YFeMng  2153) 20(5) 186.94) 424(2) 3.3 4.62
LuFeMng  216(3) 176.84) 412(2) 3.6 4.60
YFegMn, 242(3) 244.94) 426(1) 35

also smaller than most of the intermetallic compounds, suck12 mJ/K at for YMn,,) is not large, compared to other
as TmFe;; (0.1R), Y,Fe B (1.7R),25and YMn, (2.2R),2”  Mn metallic systems with large spin fluctuations, such as
but has the same order of magnitude as in the itinerant com¥ (SgMn, (70 mJ/K at),! LaMn,Alg (66 mJ/K at).32 In
pound ZrZn (0.023R).28 From these results, we conclude fact, this value for YMn, is of the same order of magnitude
that YMny, is an itinerant AF with reduced magnetic mo- as the values found in Ig¥n,; (12 mJ/Kat),3® YMn,
ments and with important spin fluctuations abolg that (7.5 mJ/Kat),2” and YMnAlg (21 mJ/K at).32 This is in
cause a C(_)ntributio_n to the h_eat capacity. This_ main fe_at“”égreement with NMRRef. 34 and uSR (Ref. 29 results
agreeszgwnh the interpretation ofkSR experiments N yhat found quasistatic Mn moments beldl. The coeffi-
YMn, = . . . ient y is typically an order of magnitude larger ird 3ys-
One important issue of our results is the increase 0fems than in simple-p metals due to the relatively narrower

A_Cmag W.'th the Fe concentration, rgachlng a maximum f0r3d band at the Fermi levélLuzn,;, with the same crystallo-
x=4. This compound also has the highest value of Néel tem- . B 5
raphic structure hag=0.8 mJ/K Zn a¥.

erature. This feature means that there is an evolution frorﬁ . .
P To correlate the character of the magnetic order with the

an itinerant(x=0) to a more localized behavior of thed3 e X )
Fe contenty, the variation of the main parametdigmp of

electrons upon the addition of Fe in Y,Mn,,_,. For x=6, c h " C | - o
both Ty and ACy,q diminish because of the proximity of the Cp  the transition temperaturéCpyg electronic coeffi-
cient, y magnetic moments atd3sites, usq (see the next

crossover point from AF to F ordering. h ) I
No additional anomalies have been observed in the lowS€ction, and ordering temperatur€,q] are presented in Fig.
temperature region confirming thereby that the features seen The value ofy rises with the Fe concentration, as the
in magnetic measurements at low temperatuig=e Sec. Magnetic moment, the jump @, and T,y do. This agrees
Il B) do not arise from any long-range magnetic ordering. Awith the prediction of rise ifl,,q when the density of states
spin-glass-like transition, with low heat-capacity contribu-at the Fermi level gets large for the itinerant electron
tion, is more likely. Spin glasses can show a linear term inmodel®® The highest value of the density of states at the
the heat capacity in some temperature range below the freeFermi level, n(Egz), corresponds to the F compound
ing temperaturé? Therefore, besides the electronic contribu- YFesMn,, as expected.
tion, the random freezing of the magnetic moments in the Trying to obtain a deeper insight into the modification of
alloys withx=2,4,6 cangive an additional small contribu- the density of states linked to the substitution of Mn by Fe,
tion in the linear term of the heat capacity. we have performed an x-ray absorption spectroscopy study
For obtaining information about the electronic specificat the Fe&K and MnK edges at room temperature. The x-ray-
heat coefficienty the low-temperature heat-capacity data,absorption near-edge structuP¢ANES) region around the
C,/T versusT?, is shown as an inset in Fig. 4. It is worth absorption threshold at the MK and FeK edges for the
noting that forx=0 andx=2, the B8-Mn impurity, with no  YFe,Mn,,_, (x=4,6,8 compounds has been measured. The
magnetic order but with a large value f70 mJ/K¥mol),*®°  absorption edge position does not depend on the composi-
influences the results on Yfdn,, . For this reason, we tion. As the Fe concentration increases, the peak located near
have made a correction of the experimental values to subtrathe absorption threshold of Mn reduces. This behavior re-
the contribution associated witB-Mn using the amounts flects a net decrease in the density of empty states near the
obtained from diffraction data in these two samples. As weFermi level in the Mn 8 band; this band is progressively
see in the figure, all the plots are linear, so the magnetiéilled up by the Fe acting as an electron donor. The same
contribution in this temperature range is very small or has aonclusion can be drawn from the measurements at th€¢ Fe
T® dependence. The data were least-squares fitted to the esdge. These results show that the change in the magnetic
pression,C/T=+T?, and the values of the electronic co- behavior is driven by the effects in the density of states pro-
efficient, y and Debye temperatureg;, derived from the fit duced by the additional electrons coming from Fe, rather
are listed in Table Il. The magnitude of per Mn atom(y  than solely from the interatomic distances.
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) 8j difference (bottom) neutron-diffraction profiles for YMp mea-
2 sured at 1.5 K. The first, second, and third series of tick marks
os| 8f N correspond to the positions of the allowed Bragg reflections: top,
nuclear; middle, AF 8 component; bottonB-Mn impurity.
0 , , , l , tion of the AF structure in the basal plane is seen in Fig).7
‘ ' ' IS This arrangement is different from the one proposed by
2 X Deporte§ and Morale3 because of the change in the orien-
i tation of the 8 moments. In addition, we observe that there
200 | ! . is not any straightforward relation between the effective cou-
o pling F/AF and the interatomic distance betweeha®ms in
g AF ' F these alloys. In fact, the two nearest@® Mn atoms have AF
&= : coupling but the nearestf&8f Mn ions situated at the same
150 | I | distance,(2.36 A), have F coupling. The magnetic moment
in the & site is the lowestsee Table lll. Furthermore, the
; arrangement of thej&ublattice moment can be explained by
100 . ! 1 T — 8j-8f (2.45 A) AF coupling. Other aspects like local envi-
0 2 4 6 8 ronment or local density of states at the Fermi level seem to
X

ref

FIG. 5. Jump of the magnetic specific-heat anom@{Z g
(O) and electronic specific-heat coefficignt) (®) of YFeMn o,
(a); magnetic moment at the site§ @), 8j(O), and &(X), derived
from neutron-scattering experiments); ordering temperaturg®
(Ty) and O (T¢)] from heat-capacity measuremerit3, as func-
tions of the neutron refined Fe conteRfes).

D. Magnetic structure

From neutron-diffraction experiments, the magnetic struc-

ture and its evolution with temperature for the YM®&,,_,

play a more important role than the distances betweendhe 3
ions.

For the compounds with Fe concentratiorrs2, 4, and 6,
we have found the same magnetic mode associated
with T'j but with different sublattice relative arrangement.
The orientation of the 8 magnetic moments in the com-

(x=0,2,4,6,8 alloys have been determined. In Fig. 6, the
neutron-diffraction spectrum at 1.5 K for the binary com- _
pound YMny, is presented. The best agreement between cal”
culated and observed intensities corresponds to a noncol S
linear AF structure of 8 moments in the basal plane. The

propagation vector i€Q=(1,0,0, which is located in the

point M of the first Brillouin zone. The magnetic arrange- 2a(R) 8iM) 8i(M) 8AM)

ment is described according to the representalipifor the .z=o @z=0 @z=0 @ z=1/4,3/4

three crystallographic sitesi,88j, and & [I'3:(-Aqyy §z=1/2 Sz=12 Sz=1/2

+A5xy)8i + (Alxy_A5xy)8j + (_A1X+A5X+ Gly_ GSy)Sf]a where

A1xy=S1x~ Sox— Sayt Say(Asxy=Ssx— Sex— Szy + Sgy), A1x FIG. 7. Projected magnetic structure in the basialplane of

=S1x~ Sox Saxt Sux(Asx=Ssx—Sex—Srx+Sex),  and Gy YMny, (@) and YFeMny,, (x=2,4,6,8 (b). Note the different
=Sy~ Sy + S5y~ Suy(Gsy =S5~ Sy + S7y—Sgy). The projec-  arrangement for the magnetic moments at the site 8
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TABLE lll. Magnetic parameters obtained from the neutron-diffraction profile refinements of
YFeMni,_,: Néel temperaturéTy); Curie temperaturéTc); transition temperaturél,); magnetic moment
in the sites 8 8}, and & (ug;, ugj, pgr); and reliability factorsRly andRY .

TNK) T  To(K)  ug(ue)  wg (we)  wer (us) Ry (%) Ry (%)

YMnq, 1155) 0.926) 0.645) 0.556) 5.8 8.5
YFe,Mn,q  1855) 1.108) 1.057) 0.126) 6.2 8.7
YFe;Mng 230(5) 1.345) 1.244) 0.344) 5.5 4.6
YFe;Mng 220(5) 1.349) 1.406) 0.8(1) 5.4 6.5
YFegMny 2505) 15010 0.811) 1.4(2) 1.4(2) 4.1 6.3

pounds withx=2 is inverted with respect to the one found (being larger at high temperatujesvhile the anisotropy of
N YMny, [[3:(=Agy+Asyy)sit (A —Asy)si+(Ax—Asc  the Mn sublattice favors the basal plafieing larger at low
-Gyy+Gsy)gf]. This arrangement is the same as the one detemperatures in agreement with the magnetic behavior of
scribed previously for YMp, by Deporte® and MoraleS.  YFgMj,_, (M=Ti,V,Mo, Si) compounds.
The projection of this structure is presented in Figh)7 It is worth noting that the magnetic phase transition for
These solutions are different because the addition of Fe i¥FegMn,, that takes place a,=150 K, does not correspond
the & and § sites changes the relative orientation betweerto an order-disordefAF-para phase transition, and therefore
the magnetic moments of the neare$t88 atoms from ef- it is not appropriate to name this temperature the Néel tem-
fective antiparallel to parallel direction and the contrary forperature of the system, as it was quoted befaBaur inter-
the 8-8f atoms. This means that the interaction MiMn is pretation of the neutron-diffraction data is more consistent
AF, the Fe—Fe is F, and the Ma-Fe is AF. with a canting of the magnetic moments from tbeaxis
From the analysis of the neutron spectra of YWe,,_,at  towards the basal plane beloW=150 K. However, if a
1.5 K, the main refinement parameters are presented in Tab&econd-order parameter perpendicular to the spontaneous
lll. As we see in Fig. 5, the magnetic moment associatednagnetization could be generated by higher-order exchange
with the site § for x=0 is 0.5%ug, for x=2 (33% Fe in site  interactions(biquadractic, three-spin, and four-spin interac-
8f) is nearly zero, and fox=4 (59.2% Fe in site § rises in  tions), evidence for independent magnetic ordering along the
the opposite direction. An AF coupling in this site betweenc axis and in the basal plane would be observed. In order to
the Fe and the Mn ions can explain this feature, as it has beeglucidate these two possibilities, further research is needed
observed by x-ray magnetic circular dichroism investigating the third-order susceptibility.
measurement®. The magnitude of the magnetic moments in
sites 8 and § increases with the addition of Fe, giving rise
to an increase ofy. This behavior is very different from the

one observed in the series RM®,, and RFeMn,3-.*"**  Erom the combined analysis of all the experimental data
In the latest case, the addition of Fe causes the magnetitarformed in the present work, we have established the mag-
long-range magnetic order for intermediate concentrations. ypn,, is an itinerant AF(AF-I, noncollinear magnetic

YFe,Mny.
The YFgMn, magnetic structure at 1.5 K is canted show-

IV. MAGNETIC PHASE DIAGRAM

300

ing a coexistence of F componerji®,=(0,0,0] alongc YFe Mn

and AF onegQ,=(1,0,0] in the basal plane. The AF com- 550 - x o P
ponent, which appears beloly=150 K, has the same ar-

rangement shown in YE®In,,_, for x=2, 4, and 6. Above 200 |

this temperature, all the moments are ala@grming a fer-

romagnetic structure up fo.. For YFgMn,, the Fe concen-  =,150 - :

tration (see Table )l is enough to favor an F coupling be- =~ |

tween the different sites and also to lead to the appearance ¢ 100 (- :

an F component in all the threel 3ublattices. This compo- AR

nent is larger for the sites with higher Fe concentraiidh S0r . /*\
4 AF-II + SG

and § with #=31° and 28° at 1.5 K while in the site 8

which is occupied mostly by Mn, the component is smaller 0, 5 7 p

alongc (6=60° at 1.5 K than in the basal plane. This feature YMn x

can be explained by the magnetocrystalline anisotropy of ”

two types of sublattices that exist in Y§\@n,: one is mostly FIG. 8. Magnetic phase diagram of Yén;,. T\(®) [the

occupied by F&8f and §) and the other by Mr8i). In this  datum forx=7 has been taken from Moralesal. (Ref. 9]; Tc(O);
way, the anisotropy of the Fe sublattices favors thaxis  T;(x); and T,(0).
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with reduced magnetic moments, small jump@y at the  the addition of Fe, displaying the competition between the
transition temperature, and spin fluctuations abdyeThe  axial and planar anisotropies of the Fe and Mn sublattices,
magnetic structure of YMp reflects already the site- respectively. Below 150 K, in the F compouré 8 the pla-
selective dependence of the exchange interaction @m  nar anisotropy of the Mn sublattice overcomes the axial an-
atoms at equal distances have F coupling if they are in sitegotropy of Fe, leading to a reorientation of the magnetic
8f and AF coupling if they are in sites)8 moments in the three crystallographic sitds 8, and &

With the introduction of Fe, the extra electrons fill up the from thec axis to the basal plane, resulting in a canted mag-
3d Mn band leading to more localized states and giving risg,etic structure.

to the increase of the magnetic moments, of the ordering
temperaturely, and of the jump irC, at the transition tem-
perature. In addition, the density of states at the Fermi level
increases, being sufficient a&8 for the appearance of fer-  |n the present investigation, combining different physical
romagnetisn{T¢=250 K). In this compound, this ferromag- properties of the body-centered-tetragonal YWe,,_, com-
netism coexists at low temperatures with the same type ghounds, the magnetic phase diagram has been determined.
antiferromagnetism found for the compounds rich in Mn. ItEach phase and boundary have well been defined and char-
is expected that for highes, the ferromagnetism will estab- acterized, and new phases have been evidenced. From these
lish completely. In fact, our results for Thién, indicate  results, it seems that the interplay between competing ex-
that this AF component only remains in the sitg Being change interactions and magnetocrystalline anisotropies in
zero in all the other sitesj&nd &.17 3d sublattices mostly occupied by MAF coupling and pla-
YFeMn,,_, compounds with Fe concentratior’=6 are  nar anisotropyor Fe(F coupling and axial anisotropgov-
AF with the magnetic moments in the basal plane of theerns the physics of this system. This interplay makes the
tetragonal structure, but the magnetic structdde-1) is dif-  magnetism of these materials extremely sensitive to small
ferent from the one of YMp, (AF-I1). There is a site depen- changes in external parameters, such as temperature, mag-
dence of the exchange interaction, regarding first neighborsietic field, or Fe concentration. In particular, the transfer of
8i-8i is AF, while at the same distancé-8f is F, and finally ~ 3d Fe band electrons to thed3Vin band seems to play a
8j-8f is AF in YMn,, but F for the compounds with<x  major role for understanding the crossover from antiferro-
=<8. In addition to these phases, a spin-glass behavior imagnetism to ferromagnetism, instead of the influence
observed at low temperatures for the compounds with played by the distances between tlieeBoms and its neigh-
=2,4,6.This suggests that, as long as there is disorder, thepors, as was thought before.
are likely to exhibit spin-glass behavior. The disorder in
these compounds is due to the dilution Fe/Mn and frustra- ACKNOWLEDGMENTS
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