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Abstract 

The angular dependence of metamagnetic transitions is examined for RNi,B.,C (R = Er - Tb) as a function of the angle the 
applied magnetic field makes with respect to the easy axis. For R = Ho and Dy the easy axis is [ 1 I0] and for R = Er and Tb the 
easy axis is [100]. All four conlpoutlds manifest clear angular dependencies of three or more transitions. © 1997 Elsevier 
Science S.A. 
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I. Introduction 

The superconducting and magnetic properties of 
lhe RNi: B,Co IR ~ Gd o~o Lu) [I] have b,,ccn sludied in 
detail over Ihe pasl 3 years. The interaction between 
local moment magnetism and superconductivity is 
clearly evident for R ~ Tm ~ Dy, [2=5] while strong 
hybridization of the Yb 41' levels with the conduction 
electrons leads to heavy fermion behavior in 
YbNi:B:C [6,7]. In addition, the effects of non-local- 
ity have been seen to manifest themselves as a hexag- 
onal to square vortex lattice transition in R ~ Y, Lu 
and Er compounds [8-10]. 

For R ~  E r - T b  there is an extreme magnetic 
anisotropy associated with the crystalline electric field 
(CEF) splitting of the Hund's rule ground state J-mul- 
tiplet [3=5,11]. In each case the local moment is 
confined to the basal plane ol the tetragonal unit cell 
for temperatures below fourthly 100 K~ i.e. tempera~ 
tures well above the magnetic ordering temperatures. 

Recently, we have observed that there is a strong 
inoplane anisotropy, leading to the I(~cal moments 
essentially being confined to either the [100] (R ~ Er 
and Tb) or [I 10] (R ~ Ho and Dy) directions [12,13]. 
This inopianc anisotropy leads to a characteristic ano 
gular dependence of the metam~gnetic transitions 
detected in the MtH)isotherms lbr H applied in lhe 
basal plane. In specific, for HoNi:B:C there can be 
up to three metamagnetic transitions with angular 
dependencies of Hc~ ~ 4.1 kG/cos(O), He: ~ 8A 
k G / c o s ( 0 -  45) and Hc~ ~ 0.0 kG/sin(0 ~ 45), where 
O is the angle that the applied magnetic field makes 
with respect to the easy axis while remaining perpeno 
dicular to the coaxis [12]. 

In this paper we report preliminary data and analy° 
sis of the anisotropic magnetization and the angular 
dependence of the metamagnetic transitions in R 
Er. Dy. and Tb. 

2. Experimental methods 

* Cort'e~ponding author, 
IPresent address: Dr. Xavier Sigaud 1511, Rio tie .hmciro. 222t~11 - 

1811. Brazil. 
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All samples are single crystals of RNi:B:C that 
have been grown from Ni:B flux [3]. The M(H,0) 



t 7|] P C (+'.t@iehl, S. L, Bud 'ko / Jo.mal 0[A#m'.+ am/Comlnn+ml+~ 202 203 11997) 109 - 174 

10 

9 A 

t~ 

= 8 

I " I " I ' I " 

L T=2K 

I O O o  O 

P A A A  O 

. ~0 O A 
A o O A 

A 
A O O 

A A 

"64-+ 

I " I - + -  ' i ......... ; I ' I . . . . .  i 

RNi,B,C o Ho 
A Tb 
+ Er 

o o o 
0 0 

z~ o OA 

0 C~ 
A 

+ 4 - + + + + +  
+ + + + 

+ 4- + 
+ + 

+ 
+ + 

+ 

+ 
+ 

÷ 
+ 

-80 -60 40 -20 0 20 40 60 

0 (deg.) 

Fig. 1, Magnetization as a function of O for t t  + 55 kG for RNi: B:C (R ~ He. Tb, Er). 
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isotherms were taken using a mt~ified Quantum De+ 
sign rotator with the sample mounted in such a man- 
her that H l c+axis at all times. Magnetization data 
++'ere taken either as a function of applied field with 
tem~rature and 0 held constant, or as a function of 

0 with temperature and lield held constant. All data 
were taken at T = 2.0 K. 

3. Data and analysis 

The four members of the RNi:B:C hmily studied 
(R ~ Er, He, Dy, and Tb) all have extreme planar 
anisotropy with each having an addm~ nal, distinct, 
in°plane anisotropy. Fig. 1 shows the high field (55 
kG) longitudinal magnetization to t  ErNi:B:C, 
HoNi:B:C and "II}Ni:B:C as a function of #. The 
easy ax!s' °~ tot ErNi+B+C° ° and II}Ni:B:C is the [IIHI] 
axis while the easy axis tbr HoNi:BaC and DyNieB:C 
is the [I 10] axis. The angular dependence of all three 
data sets is well described by cos(0) [12]. This is 
consistent with the local moments being fully along 
the easy axis and the measured longitudinal moment 
simply hlling off as the projection of the local mo- 
ment onto the applied field direction, 

The angular dependencies of the metamagnetic 
transitions ~en  in HoNi+ B,C at 2 K are summarized 
[121 in Fig, 2, Depending upon the angle that the 
applied field makes with the [I 10] axis, up to three 
transitions can be seen, The two, lower field, transi- 
tions are l+ounded while the third transition diverges 
as 0 ~+ 45 +, The angular decadence of the~ three 
transition (see intr~uction) as well as the angular 
dependence of the I~dlv+ s +.aturated+ +• magnetization 
(between the transitions) can be explained via the 
assumption that the net distribution of moments along 
the four c+stallographically similar [ll0] axes is + +, 
t'1'~., ??  =', and ?? 'PT,  where t is a moment 
along the [] 10] axis. $ is a moment along the []]0], 
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Fig, 3, (a) Representative M i l l )  ist~therms for DyNi ,B:C.  (b) Ap- 
plied magnetic lield u p / d o w n  hysteresis for representative M ( I t )  

isotherm (c) Hi4 O) for DyNi ~ B:C for T ~ 2 K. The solid line is 7.3 

k G / c o s ( 0  = 45). 

and ~ is a nmment along the [li0] axis [12]. For the 
lowest field region it is knowu that, at 2 K, the 
moments are in a commensurate antiferromagnetic 
state with ferromagnetically aligned basal planes that 

are rotated by 180 ° with respect to each other along 
the c axis [14,15]. The wave vector associated with the 
? ? ~ or ? ? --, net distribution of moments is not 
known and ? ? ? ? is thought to be a saturated para- 
m~ gnetic state. 

in low fields, DyNi2B2C orders in the simple com- 
mensurate antiferromagnetic structure that 
HoNi2B2C adopts at low temperature [16]. In addi- 
tion, DyNi2B2C has the same easy axis [110~ and a 
similar saturated moment [5]. With all these si~lari- 
ties, it is reasonable to assume that field-stabilmed 
magnetic states in DyNi2BaC will bear a strong simi- 
larity to those in HoNiaBaC. The data presented in 
Fig. 3a support this assumption. The primary differ- 
ence between the DyNi2B:C and HoNi:B:C data is 
the relatively large, field up/field down, hysterisis 
found for DyNi., B2C in the first metamagnetic transi- 
tion (Fig. 3b). This hysterisis is much larger than that 
found in HoNi2B,C (see [12] [Fig. lb]). Fig. 3c shows 
the He(0) phase diagram determined from Fig. 3a 
using only the onset of metamagnetism to give a 
single value for He,. In qualitative terms it is indeed 
similar to the phase diagram found for HoNi2B2C: 
two lower transitions that are bounded in field, and a 
third transition that is diverging as 0 ~ 45 °. The sig- 
nificant quantitative differences are: ( i ) the larger 
angular range for which there is a transition directly 
from the first metamagnetic state to the ~turated 
paramagnetic state (20 ° to - 20°); and (it) He, can not 
be cleanly fit to l/cost 0 ~ 45) over the whole angular 
nmge due to the lack of cusps for 0 ~, 0 °. This latter 
difl~rence may bc due to our method of determining 
itct in the highly hysteretic, low field region, 

ErNieB2C is attother superconducting member of 
the series, but the easy axis of ErNi~B~C is along the 
[100] direction and the low temperature, low field, 
magnetically ordered state has a wave vector of q 
0.55 a* [17,18]. Fig. 4a presents a manifold of M(H) 
isotherms. As 0 is increased the lower two transition 
move up in field, the third transition is relatively 
insensitive to 0 and there is a subtle, final transition 
with a critical field that diverges as 0 ~ 4 5  °. The 
angular dependencies of these critical fields are shown 
in Fi~g. 4b. The lower two critical fields (inset) are well 
fitted by 7.4 kG/cos0 and II.I kG/cosO. The field 
up/field down hysterisis for ErNi:B2C is relatively 
small, being comparable to that seen for HoNi~B~C. 

TbNi: B~C does not supcrconduct for v:mperatures 
above 0.3 K [19] and has [l~l] as the easy axis. Like 
ErNi~B~C, TbNi~B~C orders in low fields with a 
q ~ 0.55 a* wave vector. Fig. 5a presents a manifold 
of M(H) isotherms and Fig. 5b is the H~(O) phase 
diagram. The first metamagnetic transition, Hot, fol- 
lows 12.1 kG/cos0 angular dependence (solid line}, 
and, like ErNi,B:C there is a w,:ak high field transi- 
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tion that diverges as 0 ~, 45 °. Instead of a clear, well 
defined HI.:, there ap~ar  to be up to three, closely 
spaced transitions for 21) kG < H < 30 kG. 

Some basic trends can be seen to emerge from 
these data. HoNi,B,C and DyNi,B,C both have the 
[110] a~ the easy ares, They both order in a commen° 
surate antiferromagnetic ground state at 2 K in low 
field, and in ~ t h  cases the final transition is clearly 
revivable and diverges as 0 ~ 4 5  °. ErNi:B:C and 
~ N i : B : C  both have [1~] as the easy in axis. Both of 
these compounds have magnetic ordering with q = 
0.55 a • and at 2 K both have a ferrimagnetic compo- 

nent associated with the low field magnetization 
[I 1,13]. Both of the~ compounds have a faint upper 
transition that diverges as 0 ~ 45 °, In addition, while 
all compounds have some field up/field down Ilysteri. 
sis. DyNi~B~C has a large hysterisis ass~wiated witll 
the low field metamagnetic transitions. 
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