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MAGNETIC STRUCTURES AND MAGNETIC PHASETRANSITIONS IN RAuIn (R = Tb, Ho) COMPOUNDS�W. Ba»elaInstitute of Physi
s, Cra
ow University of Te
hnologyPod
hor¡»y
h 1, 30-084 Kraków, Poland�. Gondek, B. Pen
, A. SzytuªaInstitute of Physi
s, Jagellonian University, Reymonta 4, 30-059 Kraków, PolandN. Stüsser,BENSC, Hahn-Meitner Institute, 14-109 Berlin, Germanyand A. ZygmuntW. Trzebiatowski Institute of Low Temperature and Stru
ture Resear
hPolish A
ademy of S
ien
esP.O. Box 1410, 50-950 Wro
ªaw, Poland(Re
eived June 21, 2001)TbAuIn and HoAuIn 
ompounds 
rystallize in the hexagonal ZrNiAl-type stru
ture and order magneti
ally below 35 K for R = Tb and 4.8 K forR = Ho. In the 
ase of TbAuIn a non
ollinear antiferromagneti
 stru
turedes
ribed by the propagation ve
tor k = (0; 0; 12 ) is stable in the tem-perature range from 1.5 K up to TN. The magneti
 stru
ture of HoAuIndetermined at 1.5 K is non
ollinear antiferromagneti
 one. This low tem-perature magneti
 stru
ture 
ould be des
ribed by two propagation ve
torsk1 = (0; 12 ; 12 ) and k2 = (0; 0; 12 ). At T = 2:5 K an additional phase transi-tion to a modulated stru
ture is observed.PACS numbers: 75.25.+z, 75.30.Kz, 75.50.Ee� Presented at the XII S
hool of Modern Physi
s on Phase Transitions and Criti
alPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3387)



3388 W. Ba»ela et al.1. Introdu
tionThis paper, 
on
erning magneti
 properties of RAuIn, reports a part ofour systemati
 study of rare earth intermetalli
 
ompounds. RAuIn 
om-pound 
rystallize in the hexagonal ZrNiAl-type of 
rystal stru
ture [1℄. Mag-neti
 properties of these 
ompounds have not been investigated till now.This paper reports the results of magneti
 and neutron di�ra
tion mea-surements whi
h have been 
arried out to determine magneti
 properties aswell as the 
rystal and magneti
 stru
ture of TbAuIn and HoAuIn.2. Experiment and resultsThe poly
rystalline samples were prepared from high-purity rare earth,gold and indium elements by ar
 melting in a puri�ed argon atmosphere.The rea
tion produ
t was annealed at 800Æ C for several days. X-ray powderdi�ra
tion (CuK� radiation) analysis show that the samples have hexagonalstru
ture with the latti
e parameters a = 7:7018(11) Å, 
 = 3:9355(7) Åfor TbAuIn and a = 7:6755(8) Å, 
 = 3:8920(5) Å for HoAuIn. Theseparameters are in fair agreement with the data reported in Ref. [1℄.Magneti
 sus
eptibility and magnetization data were 
olle
ted using aSQUID (in low magneti
 �elds) and a vibrating sample (up to H = 50 kOe)magnetometer in the temperature range 1.9�300 K. Neutron di�ra
togramswere obtained using the E6 di�ra
tometer at the BER II rea
tor, Hahn�Meitner Institute, Berlin (with the in
ident neutron wavelength 2.441 Å)in the temperature range from 1.5 up to 70 K. The Rietveld-type programFULLPROF [2℄ was adopted for pro
essing the neutron di�ra
tion data.X-ray (at room temperature) and neutron di�ra
tion patterns re
ordedin the paramagneti
 state have 
on�rmed that TbAuIn and HoAuIn havethe hexagonal 
rystal stru
ture of the ZrNiAl-type (P�62m spa
e group).The unit 
ell 
ontains three formula units. The atoms o

upy the followingpositions: R atoms in 3(g) site: xR; 0; 12 ; Au atoms in 1(b) site: 0; 0; 12 and2(
) site: 13 ; 23 ; 0 and In atoms in 3(f) site: xIn; 0; 0. The values of the latti
eparameters a and 
 as well as the positional parameters 
orresponding tothe minimum of the reliability fa
tor are listed in Table I.The temperature dependen
e of the magnetization at low magneti
 �elds(50 and 100 Oe) and 10 kOe are shown in Fig. 1. The parameters deter-mined on the basis of magnetometri
 data are 
olle
ted in Table II. They in-di
ate that both 
ompounds are antiferromagnets at low temperatures. Themagnetization 
urve M(H) at 1.9 K shows the existen
e of metamagneti
transition at the 
riti
al �eld H
r equal 20.5 kOe for TbAuIn and 8 kOe forHoAuIn.Magneti
 peaks observed in the neutron di�ra
tion pattern of TbAuIn
olle
ted at T = 1:5 K are indexed with the propagation ve
tor k = (0; 0; 12)
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 Phase Transitions : : : 3389TABLE IThe re�ned stru
tural parameters of TbAuIn and HoAuIn (spa
e group P�62m(No. 189)); standard deviations are given in parentheses.Compound TbAuIn HoAuInT (K) 70 40 1.5 10 2.5 1.5a (Å) 7.674(5) 7.672(5) 7.642(2) 7.628(4) 7.624(2) 7.619(2)
 (Å) 3.909(3) 3.901(3) 3.883(2) 3.866(3) 3.859(1) 3.857(1)
a 0.5094(7) 0.5085(7) 0.5081(4) 0.5068(6) 0.5062(3) 0.5062(3)V(Å3) 199.35(42) 198.84(42) 196.38(20) 194.81(35) 194.25(15) 193.89(15)xR 0.596(2) 0.597(2) 0.588(2) 0.598(2) 0.595(2) 0.599(2)xIn 0.250(5) 0.253(5) 0.272(7) 0.265(5) 0.287(6) 0.290(5)RBragg(%) 13.1 10.9 14.8 12.6 12.2 9.5Rprof(%) 11.0 8.3 11.7 11.8 13.9 6.4
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Fig. 1. Temperature dependen
e of the (a) magnetization of TbAuIn and HoAuIn atlow magneti
 �elds (50 and 100 Oe) and (b) magneti
 sus
eptibility and re
ipro
almagneti
 sus
eptibility at H = 10 kOe.(Fig. 2). The Tb magneti
 moments, whi
h are equal to 8.98(18)�B, formin the 001 plane a non 
ollinear magneti
 stru
ture typi
al for a triangularlatti
e (see Fig. 3(a)). The temperature dependen
e of the peak intensitygives the Néel temperature of 35 K (Fig. 3). In the neutron di�ra
tionpattern at 40 K only peaks 
onne
ted with the 
rystal stru
ture are observed.The peaks of the magneti
 origin on the neutron di�ra
tion pattern ofHoAuIn 
olle
ted at 1.5 K are indexed by the propagation ve
tor
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Fig. 2. Neutron di�ra
tion patterns of TbAuIn at 1.5, 40 and 70 K. The squaresrepresent experimental points; the solid lines are the 
al
ulated pro�les for 
rystaland magneti
 stru
ture model (as des
ribed in the text) and the di�eren
e betweenthe observed and 
al
ulated intensities at the bottom of ea
h diagram. The verti
albars indi
ate Bragg peaks of nu
lear and magneti
 sublatti
es. The insert showsthe temperature dependen
e of 000� magneti
 peak.
a) b)

Fig. 3. Proje
tion of the magneti
 stru
tures of (a) TbAuIn and (b) HoAuIn onthe 001 plane.
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 Phase Transitions : : : 3391TABLE IIMagneti
 data of TbAuIn and HoAuIn: TN-Néel temperature, Tt-metamagneti
transition temperature, �p-paramagneti
 Curie temperature �e� -e�e
tive mag-neti
 moment, �-magneti
 moment, LH � low �eld, HF � at 10 kOe.Compound TN (K) Tt (K) �p (K) H
r (kOe) �e� (�B) � (�B)exp. theor. exp. theor.M ND R3+TbAuIn LF 58.5 37 8.98(18) 9.0HF 53.8 37 17 20.5 9.8 9.72 1.5HoAuIn LF 4.8 6.0(1) 10.0HF 4.5 �9 8 10.1 10.61 4.9
T=1.5 K

HoAuIn

 

 

N
um

be
r 

of
 c

ou
nt

s 
[a

. u
.]

2Θ [deg]

 I
obs

 I
cal

 I
obs

-I
cal

 Bragg positions

S2S1

M

T=2.5 K
 

20 40 60 80

T=10 K

 

In
te

ns
ity

 [a
. u

.]

T [K]

 

 

1 2 3 4 5

S2

S1

M

Fig. 4. Neutron di�ra
tion patterns of HoAuIn at 1.5, 2.5 and 10 K. The squaresrepresent experimental points; the solid lines are the 
al
ulated pro�les for 
rystaland magneti
 stru
ture model (as des
ribed in the text) and the di�eren
e betweenthe observed and 
al
ulated intensities at the bottom of ea
h diagram. The verti
albars indi
ate Bragg peaks of nu
lear and magneti
 sublatti
es. The insert showsthe temperature dependen
es of the magneti
 peaks.



3392 W. Ba»ela et al.k1 = (0; 12 ; 12 ) (high intensity peaks) and by k2 = (0; 0; 12) (low intensitypeaks) (Fig. 4). In the resulting stru
ture the Ho moments equal to 6.0(1) �Bform a non 
ollinear stru
ture with 
omponents in the 001 plane and per-pendi
ular to it (see Fig. 3(b)). While in
reasing temperature additionalpeaks of low intensity appear at 2.5 K. They 
ould be indexed, as satellitepairs, with the propagation ve
tor k3 = (0; 0; 0:1365). The dependen
e ofthe intensities of magneti
 peaks give the Néel temperature equal to 4.5 K.3. Dis
ussionThe neutron di�ra
tion data for TbAuIn and HoAuIn 
ompounds 
on-�rm the 
rystal stru
ture of the ZrNiAl-type and lead to 
ompli
ate magneti
stru
tures for these 
ompounds. For TbAuIn large di�eren
e between thevalues of the Néel temperature determined from magneti
 (58.5 K) and neu-tron di�ra
tion (35 K) data is observed. This 
ould not be explained on thebasis of the data 
olle
ted in this work and new measurements on a single
rystal are ne
essary. In HoAuIn neutron di�ra
tion measurements indi
atethe additional phase transition at T = 2:5 K 
onne
ted with the long-rangemodulation of the magneti
 stru
ture observed at low temperatures.Kind hospitality and �nan
ial support extended to the three of us (�G,BP and AS) by the Berlin Neutron S
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