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Magnetic and structural properties of ErpBr;_,Ga, (x=0—2.0) with the HfFgGe;-type structure have
been investigated. The compounds=(0.2—2.0) are characterized by ferrimagnetic ordering, and Curie tem-
peratures increase from 75 K fgr=0 to 383 K forx=0.4 and then decrease to 288 K for 2.0, which are
due to the contraction of the unit cell and the decrease of conduction-electron density with Ga substitution. The
compounds X=0.2—2.0) display large coercive fields (0%3.y H.<2.2 T) at 5 K. The sign of the second-
order crystalline electric-fieldCEP coefficientAg of the Er sublattice reverses by a small amount of Ga
substitution for Sn. Moreover, the fourth-order CEF coefficigéhiof the Er sublattice and sixth-order Stevens
factor y; are proved to play important roles in the determination of the easy magnetic direction.
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The magnetic structures and magnetic properties of hexsized by arc melting the constituent elements in a highly
agonal HfFgGe;-type (space groupP6/mmmnm) RMngSrny  purified Ar atmosphere, and then annealing at 750 °C for 10
(R=Mg, Zr, Hf, Sc, Y, Gd-Tm, L0 have been studied days in an evacuated quartz tube. After the heat treatment,
extensivelyt~" All these compounds are composedroind  x-ray-diffraction (XRD) studies were carried out using a
Mn layers alternately stacked along thexis. The magnetic Rigaku Rint 1400 diffractometer with CK, radiation. The
structures are characterized by ferromagnetic (001) MmXRD patterns indicate all the ErMBns_,Ga, (0=x=<2.0)
planes with moments lying in the basal plane. The interlayecompounds crystallize to a Hff@&e;-type structure with a
Mn-Mn coupling is always ferromagnetic through the Mn- minor impurity of Mn3Sn,. The cell parameters of all the
Sn-Sn-Sn-Mn slab while the Mn moments arrangemensamples are listed in Table I. Due to the smaller ionic radius
within the Mn-(R,Sn-Mn slab depends on the nature of the of Ga compared with that of Sn, the substitution leads to a
R elements. Previous studies have revealed that thestecrease of the cell parametarandc. However, the ratio of
Mn-Mn interlayer interactions are strongly related to fRe c/a is constant for all the samples, indicating an isotropy
valence®* and it is suggested that some significant effects ofcontraction. The Mn-Mn interatomic distances between lay-
magnetic properties may be produced by a change of the Ssrs are proportional to the lattice constanSo the decrease
sites valence. of the lattice constants by the substitution of Ga for Sn

Recently, we have noticed that large magnetocrystallineneans the reduction of the interatomic distances of Mn at-
anisotropy appears RMngSrg_ T, andRMngGe; _, Ty (R: oms, both within and between the layers. A Rietveld study of
rare-earth elements anb=Ga, In compound$™° Those the XRD datd! was carried out for the ErMySn,Ga, com-
studies have suggested that the magnetocrystalline anisgiound(see Fig. 1 The refinement result reveals that the Ga
ropy is mainly driven by the fourth-order Stevens coefficientatom occupies all the three Sn positions and prefers the 2
in the germanides and by the second-order one in theite(see Table Ii. The site occupancies of ErM8nGa are
stannide$:° In order to better understand these behaviors, waot in agreement with those of ErM@e;Ga in which the
decided to investigate the structural and magnetic propertigsreferential site of Ga is thee2site°
of the ErMn;Sns_,Ga, (0=<x=<2.0) compounds. According to the cell parameters and the site occupancies

ErMngSny_,Ga, polycrystalline samples were synthe- above, we have calculated the total energies of

TABLE |. Structural and magnetic data of the Erp8n;_,Ga, compounds.

X a (nm) ¢ (nm) c/a U(nms) Tc (K) Tsr(K) JMnmn (10—23 J) mn (5 K) (ug) fmn (300 K) (ug)

0@ 0.5518 0.9007 1.631 0.2373 75 222 K) 1.31 (this work
0.2 0.5508 0.8990 1.632 0.2362 379 36 20.9 2.38 1.72
0.4 0.5470 0.8973 1.632 0.2348 383 56 21.3 2.42 1.73
0.8 0.5485 0.8954 1.632 0.2333 376 106 21.2 2.43 1.75
1.0 0.5473 0.8927 1.631 0.2315 360 156 20.4 2.34 1.68
15 0.5450 0.8881 1.630 0.2284 342 227 19.5 2.35 1.62
2.0 0.5343 0.8710 1.630 0.2154 288 247 2.37

@References 5 and 6.
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FIG. 2. Calculated variation of the total energies for the
FIG. 1. Observedsolid lines and calculatedcrosses XRD ErMngSn_,Ga, compounds.

patterns for ErMgSn,Ga,. Positions for the Bragg reflection are
marked by vertical bars. Differences between the observed and the
calculated intensities are shown. Jnnin= 3K Twn 1)

nvin ZZMnMnGMn’
ErMngSns_ ,Ga, (0=<x=2.0) using a total-energy pseudopo-
tential method based on generalized gradient approximationshereGy, [ Gyn= Sun(Sun+ 1)] is the de Gennes factor for
in the density-functional theory. The result reveals that the the Mn atom,Zy.w. represents the number of Mn nearest
total energies of ErMgBns_,Ga, (0=<x=<2.0) decrease mo- neighbors of a Mn ion, and, is derived from the Curie
notonously with increasing content of Gsee Fig. 2 sug- temperatures of YMgBns_,Ga, (0.2<x=<1.8).” The values
gesting that the substitution leads to the stabilization of thef Jy,, are given in Table |. For ErMybns_,Ga, com-
formation of HfFgeGe;-type compounds. pounds Jynmn Should be the sum of the three different mag-

The magnetization measurement on all the samples wagsetic exchange interactions: a direct ferromagnégienter-
carried out in the temperature range of 5-400 K using action within the (001) Mn planes, and two Mn-Mn
superconducting quantum interference device magnetometguperexchange interactiods within the Mn-Sn-Sn-Sn-Mn
with a maximum field of 50 kOe. The temperature depen=slab andJ, within the Mn-(R,Sn-Mn slab mediated via the
dence of the magnetization for powder Erdm;_,Ga, (0 polarization of the conduction electrons. The decrease of
=<x=2.0) samples measured in 0.5 kOe after zero-field coolMn-Mn interatomic distances, especially the Mn-Mn dis-
ing is shown in Fig. 3. It is interesting that compoundstance along the axis, may strengthen the exchange coupling
(0.2=x=<2.0) display ferrimagnetic behaviors in the mag-to some extent. Another reason might be related to the
netic ordering temperature range. The values of the Curiehange of electronic structure. For the valence-electron con-
temperaturél increase at first from 75 K fax=0 (Refs. 5  figurations of Sn and Ga as free atomg)'%s?p? and
and 6 to 383 K forx=0.4, and then decrease markedly for 3d'%4s?p?, respectively, the substitution of Ga for Sn de-
larger Ga content. FdRMngSry compounds ordered at rela- creases the conduction-electron density of the system. The
tively high temperature owing to strong ferromagneticinterlayer interactionsd, andJ;, which are mediated by in-
Mn-Mn intrasublattice exchandethe variation ofT¢ can be  direct superexchange via the conduction electrons, like the
explained by the Mn-Mn interaction using the mean-fieldRuderman-Kittel-Kasuya-Yosida interaction, can be weak-
model®® It is reasonable to neglect the Er-Er interaction rela-ened by the change of conduction-electron density.
tive to Er-Mn and Mn-Mn interactions at high temperatures. Forx=0.2, an abrupt change in ti¢-T curve around 36
Therefore, the exchange-coupling paramelgfy, can be K is due to the spin reorientatiofsee Fig. 3. It can be
deduced by the following expression: proved by theM-H curves of a magnetically aligned sample

TABLE Il. Refined structural parameters of ErlyBn,Ga, at room temperaturéspace groug?6/mmm).

Atom Position X y z Occupancy
Er 1b 0 0 0.5 1.00
Mn 6i 0.5 0 0.259 1.00
Sn/Ga 2 0 0 0.164 0.75/0.25
Sn/Ga 2 0.333 0.667 0.5 0.72/0.28
Sn/Ga 2z 0.333 0.667 0 0.53/0.47
a=0.5343 nm c=0.8710 nm v=0.2154 nid
Rp=9.35% Rwp=12.09% S=1.80
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FIG. 3. Temperature dependence of magnetization for the FIG. 5. XRD patterns of the traditionally and rotationally
ErMngSns_,Ga, compounds in an applied field of 0.5 kOe. aligned ErMRSn; (Ga, , samples.

(see Fig. 4 The (hk0)-type and (0D)-type peaks are domi- plane to thec axis with decreasing temperature. The tem-
nant in the patterns of the traditionally aligned sample anci;;eratures of the spin reorientatiofigg, are gathered in
the rotationally aligned one, respectivelyee Fig. 5. Itis  Taple I, and are elevated monotonously with Ga content. The
evidenced that the easy magnetic directiiMD) has to be  yalues indicate that the introduction of Ga strengthens the
in the ab plane at room temperature, in agreement with thecharacter of the axial magnetocrystalline anisotropy for the
EMD of RMngSny at high temperaturesMagnetic measure- ErMngSns_,Ga, compounds.

ments were carried out with applied field parallel and per-  Figyre 6 shows isothermal magnetization curves for pow-
pendicular to the aligned direction for the rotationally ger samples with variation of applied field®K and 300 K.
aligned sample. While theb plane is the EMD at 60 K, it~ At 300 K, the magnetization curve displays a metamagnetic
turns into the hard magnetic directidhiMD) at 5 K (see  pehavior for ErMgSn, with a threshold field of 10 kOe. For
Fig. 4). Therefore, it is reasonable to assume that the spighe samples with 02x<1.5, the magnetization increases
reorientation exists between 5 and 60 K. The same measurgs|atively faster at low fields and approaches saturation at
ments have been carried out for ErimGa, and itis veri-  high fields, indicating their ferrimagnetic character. The
fied that the EMD changes from theeaxis to theab plane  sample withx=2.0 exhibits a linear variation of th¥-H

between 125 and 180 K. So, it is believed that the magnetigyrye, corresponding to the paramagnetic stfite<(288). It
moments of all the samples (6-x=2.0) rotate from th@b  i5 poticeable that all the samples (&2<2.0) displays dis-

continuous magnetization curves at low fields at 5 K, espe-
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FIG. 4. Magnetization curves of the rotationally aligned T (K)

ErMngSn; (Ga&,, sample with the field applied perpendicular and
parallel to theab plane at 60 K and 5 K. The external magnetic field  FIG. 6. Magnetic-field dependence of magnetization for the
is applied from 5 T to O. ErMngSr_,Ga, powder samples at 5 and 300 K.
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as a function of applied fields at 5 K. The inset displays the varia-

tion of coercive fieldsuo iH. with Ga concentration. FIG. 8. Experimental(symbol$ and calculated(solid lineg

. . ) L magnetization curves of the rotationally aligned Eg@n;_,Ga,
cially for x=2.0[see Fig. &)]. This variation is not related samples measured perpendicular to ¢hexis at 5 K.
to a metamagnetic transition from an antiferromagnetic ar-

rangement to a ferrimagnetic one, but it can be considered

the first-order magnetization process with a considerabl netization curves of rotationally aligned samples were mea-
contribution of high-order magnetocrystalline anlsotropySureol by applying the field perpendicular to thaxis at 5 K

terms. This is discussed in detail below. The saturation mo- . X X : o
ments of the Mn atoms are derived by extrapolatinghhél W'.th a decreasing field mod¢see Fig. & Considering the
curves toH =0, and we adopt the values of &4 at 5 K and misalignment of the_ EMD.and the total free energy com-
2 414, at 300 K measured for ErMBa;Ga as the moment pos_ed of the crystalllne_ anisotropy energy and the magneto-
of Ert3.19The temperature dependence of the magnetic m0§tat|c energy for the oriented samples, the magnetic field

ment of EF2 for ErMngGe;Ga is shown in Ref. 10. These and the component of magnetizatidh parallel toH are

3lline anisotropy constants; andK,, the isothermal mag-

moments of Mn atoms are slightly larger than those (220 given by

at 4.2 K and 1.3&g at 300 K) for ErMngSry (see Table),

which might arise from variations in the Mnd3band over- 2K sin 6 cosf+ 4K ,sin> 0 cose

lap due to the decrease of the Mn¢Gi) interatomic dis- H= ' @)
tance and the decrease of free-electron density. oM sEi [Picog &+ 6)]

It is very interesting to find large coercive fields in the
M-H curves for the compounds (Gx=<2.0) at 5 K(see
Fig. 7). For ErMn;Srg, easy-planar magnetization is exhib-
ited in the whole magnetic ordering temperature rérayel M=Mg>, [Pisin(&+6)], 3
coercive field can be seldom observéd17 kOe at 5 K :
However, the sample witx=0.2 presents large coercive
fields (0.74 kOe at 5 K indicating easy-axial magnetic be- where represents the angle between the spontaneous mag-
havior, in good agreement with the EMD along thexis at  netizationMg and the EMD, andP; = Pyexp(—2&/w?) de-
low temperature proved by the isothermal magnetizatiomotes a Gaussian distribution of theaxis around the align-
measurement for the aligned sample abtee Fig. 4 The ing direction of graini where¢; is the angle between the
values of the coercive fields increase with Ga content, anEMD and the aligning direction of grain is the degree of
even reach a magnitude of 21.8 kOe witk-2.0 (see the misalignment, and®, is a normalization constant.So, the
inset of Fig. 7. experimentalM-H curves in the HMD direction for the
To better understand the evolution of the magnetocrystalaligned samples can be perfectly fitted with E@S.and(3)
line anisotropy with the Ga content for these compounddy using the angle distribution, which is shown in Fig. 8, and
(0.2=x=<2.0) at low temperature, we have investigated thethe values of constants,; andK, are depicted in Fig. 9. For
magnetization process for the oriented samples. All the XROhe samples, the anisotropy constaitare the sum oKg,
patterns of the oriented samples are fairly similar to those o&ndK,,, which are the anisotropy constants of the Er sublat-
ErMngSn; §Ga, » in that the fik0)-type and (0D -type peaks tice and Mn sublattice, respectively. Since the magnetocrys-
are dominant for the traditionally aligned and the rotationallytalline anisotropy of the rare-earth sublattice is preponderant
aligned samples, respectivelyee Fig. 5. It is obvious that  at low temperature foRMngSng, ! it is reasonable to take no
the EMD has to be in thab plane at room temperature and account of the anisotropy contribution of the Mn sublattice,
along thec axis at 5 K. In order to obtain the magnetocrys-i.e., K=Kg, at 5 K.
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FIG. 9. Composition dependence of magnetocrystalline anisot-
ropy constant¥, andK, of the ErMn;Sn;_,Ga, compounds. The
inset shows the composition dependence of magnetocrystalline al
isotropy coefficientse and x35.

FIG. 10. Magnetization of the ErM&n,Ga, powder sample as
@ function of applied fields at various temperatures. The inset dis-
plays the thermal variation of coercive fielgs H. .

In the single-ion anisotropy theory, a simple relationship . . _ _
between the anisotropy constaits and the anisotropy co- magnetocrystalline anisotropy in the sublattice and the

efficients x™ for the hexagonal symmetry can be given by Positive one induces an easy-plane behabBince the sub-
Egs.(4) and (5):*° stitution of Ga for Sn decreases the conduction-electron den-

sity of the system, it makes the coefficiem% negative and
@ A§ positive, from which the negativB) and the positiveB]
parameters can be derived by E@) while Bg is positive in
. 0 0 ErMngSn.° The absolute values @3 andA? increase with
Ka=75 (35%4+18%). ) shorter Er-StGa) distances and decrease the conduction-
) ) . . electron density of the system, which gives rise to the change
Assuming thg S|xth-8rder coefﬂugn@zq, the variations of ¢ yo anisotropy coefficients and »J with Ga content.
coefficientsx, and x, are shown in the inset of Fig. 9. Itis therefore, the uniaxial magnetocrystalline anisotropy behav-
well known that the relations between the coefficierfS  jor of the compounds is reinforced by the introduction of Ga.
and the crystalline electric-fiellCEP parameter8;' can be  The result is in good agreement with the fact that the anisot-
expressed as

Ki=— 3 (3294 105+ 2152),

#n=Br(On), (6)
where (O]") denotes the expectation values of the Stevens

operators of orden. The CEF parameteiB,' can be written
as

BR'= 0n(ranAn', (7)

M (emu/g)

where 6, represents the Steven facotrg, 85, andvy;, and
(rjs) is the mean value of theth power of the 4 shell
radius, which depends only on the nature of the rare-earth
atoms®® For ErMnsSny_,Ga, (0<x=<2.0), the defining fac-

tor is the CEF coefficientd" which are determined by the ¢ 100K 150 K
electrostatic potential due to the environment. For the ® 200K * 260K
ErMnsSns compound, the Er atom in the center is sur- 0 10 20 30 20 50
rounded by six Sn atoms at thel Bite, two Sn atoms at the H (kOe)

2e site, and 12 Mn atoms at the &ite. According to the
XRD analysis of ErMgSn,Ga, above(see Fig. 1 and Table FIG. 11. Experimentalsymbol3 and calculatedsolid lines

I), it is clear that the Ga atoms replace Sn at all three Sphagnetization curves of the rotationally aligned Eg@n,Ga
positions, especially at thed2and 2 sites, which changes sample with the applied field perpendicular to the EMD at various
the coordination configuration of the Er atom. RIVINngSry  temperatures. The EMD s in theb plane at 260 K and is along the
compounds, the negati\JEG‘,Z0 parameter leads to an easy-axis c axis at other temperatures.
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FIG. 12. Temperature dependence of magnetocrystalline anisot- FIG. 13. X-T magnetic phase diagram for the Erj@m, ,Ga,
ropy constant¥;, K,, andKs for ErMngSn,Gay. compounds. Fi, AFM, and PM represent ferrimagnetism, antiferro-

magnetism, and paramagnetism, respectively. The magnetic state in
the dotted region of the figure is ambiguous.

ropy behavior ofRMngSry is determined not only by the
second-order parametéy, but also by the parameters of
order higher tham\3.? E

. . . rMngSn_,Ga, compounds with Ga content is shown in the
I.n c_)rder to cla_lrlfy the magnetic ha}rdn.ess with temperaturg magnetic phase diagrafeee Fig. 18 According to the
variation, the isothermal magnetization curves for the

- e studies orRMngSry_,In, (R=Er, Tm) in which the In-poor
ErMnsSn,Ga, powder sample with applied field from 5T to compounds display reentrant ferrimagnetfSin,should be

coercive field at various temperatures were recorded in F'qgteresting to examine the magnetic properties of the weakly

In summary, the evolution of magnetic properties for the

10. The compound maintains a rather large coercive field o ubstituted ErMgSn,,Ga, (0<x<0.2) compoundsdotted

about 2.2 T in the range 5-50 K, and decreases from 2.25]_ .~ .~ X T .
t50 K to0 0.04 T at 200 the inset of Fi 0Th egion in Fig. 13. This investigation reveals that the substi-

a oY a Ksee the inset of Fig. 1 € tution of Ga for Sn plays an important role in the magneto-

M-H curves of the rotationally _aligned sample with app”edcrystalline anisotropy. The Er sublattice displays consider-
field parallel to the HMD at various temperatures are shown, .’ easy-axial behavior arising from the positive CEF

in Fig. 11 and are fitted by Eq&2) and(3). The temperature coefficient A). The fourth-order CEF coefficiend) and

dependence df; andK, is shown in Fig. 12. With increas- _. . .
) o . . sixth-order Stevens factoy; play some role in the determi-
ing temperature, the contribution of the third-order anisot-" .. . SR

nation of the easy-axis magnetic direction at low tempera-

ropy constanKs has to be considered and the valueaf tures and the easy-plane magnetic direction at high tempera-

E\éigursiaiﬁgse;'sz? minfiﬁfrgcfe(rsge rgilr?forlcze dTT:s tII‘S1€ Mtures for the compounds, respectively. Moreover, it is
sublattice with inc¥e€;\sin temperature and the eas _y lane al articularly interesting to examine the evolution of the mag-
9 b y-p petocrystalline anisotropy iRMngSrs_,Ga, (R=Gd, Tm)

isotropy is dominant when higher than the temperature Ocompounds sinc® sublattices ofRMngSn, (R=Gd, Tm)

spin reorientation Tgg= 247 K). This is compatible with the . ) D 0L
fact that the EMD within the basal plane is governed by thedre characterized by easy-plane behaviors in the whole range

sixth-order Stevens factoy; for RNis compounds® The of magnetic ordering temperature.

temperature dependencies of the anisotropy coefficients of This work was supported by the State Key Project of Fun-
the Mn sublattice may be obtained from studies of the magdamental Research and National Natural Sciences Founda-
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In) or GAMnSr. Zhao and Dr. Chang-min Xiong for helpful discussions.
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