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Abstract. The magnetic fealuces of GdNi2BzC (14/mmm.o = 3.578 A, c = 10.361 A) and 
GdNiBC (P4/jnmm.o = 3.631 A. c = 7.546 A) have been studied for 1.2 K c T c 300 K 
and in fields up to 140 kOe. In both types of compound, the spherical RS state of the Gd3+ ion 
can be unambiguously observed in the features of the paramagnetic state as well as the low-T 
field-induced ferromagnetic state. The observed N&l points for GdNizBzC and GdNiBC are, 
respectively. 19.5(5) K and 14.3(5) K, and their magnetic structures at 7 = 0 are presumably 
the collinear N&l-type stmctues. The saturating field in GdNi2B2C (H 2 125 kOe at 1.7 K) is 
approximately three Limes that of GdNiBC implying that the average interlayer interactions in 
the f o r "  are much stronger than in the latter. The overall magnetic femres of both compounds 
are interpreted in terms of the picture that assumes the Gd moments to have strong ferromagnetic 
i ndaye r  couplings and averaged antiferromagnetic interlayer interactions. 

1. Introduction 

The basic structural building blocks of the chemically layered sen? (RC),(NiB), where 
R = rare earth, Y; (m. e) = ( 1 ,  l ) ,  (1,2), (2, 1) are the rock-salt-type RC layer and the 
inverse PbO-type Ni2B2 layer [ l ,  21: the structures of the compounds for various values 
of (m. n)  differ only in their stacking patterns. The magnetism in this series [3, 4, 5, 61 
is found to be governed solely by the magnetic moment of the square-coordinated R3+ 
ions, indicating that the tetrahedrally coordinated Ni ions have no magnetic contribution. 
In general, these structural features are found to give rise to various interesting magnetic 
properties. As an example, in the isomorphous intermetallics RNi2B2C (R = Tm, Er, Ho, 
Dy, Tb), the 4f moments have strong intralayer ferromagnetic (FM) couplings.and relatively 
weak interlayer antiferromagnetic (AFM) interactions 13, 61. The latter interactions are 
responsible for the magnetic ground state which plays a determinant role in the interplay 
between magnetism and superconductivity as demonstrated elegantly by neutron diffraction 
studies on HoNizBzC [4, 51. 

It is interesting to investigate how the magnetic properties of the (RC),(NiB), family 
evolve with the variation of the number of intercalated RC layers. In this work we present 
our studies on GdNi2B2C and GdNiBC compounds. We have deliberately chosen R = Gd 
since the Gd ions are in the *S spherical state [6,7, 8, 91. and therefore complications due to 
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crystal-field effects are avoided while the restriction to (m. n) = (1, 1) and (1,2) is imposed 
due to the ease of preparing these compounds in a chemically pure and stable form. 

The nonsuperconductor GdNiZBZC [2] crystallizes in a body-centred tetragonal structure 
(space group 24jmmm) with an alternate stacking of NizB2 and GdC layers. Its magnetic 
ordering temperature ( T ,  = 20 K) is the highest among those of the magnetic members 
of the RNiZBZC series [ I ,  3, 61. This is not surprising since, for this series, TN is shown 
[3, 61 to scale with the de Gennes factor, (g - l )*J(J  + l), and this factor is largest for 
the Gd ion. Its low-T magnetic structure is not yet elucidated. In this work, (magneto-) 
resistivity and high-field magnetization studies are employed in an attempt to deduce the 
overall features of its magnetic ground state. 
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GdNi2B2C GdNiBC 
Figure 1. The ac-plane projection of the stmcturd features and the magneric ground sme at 
T = 0 K of GdNiZBzC aod GdNiBC. The units cells are marked by dotted lines. The mows 
indicate the orientations of the Gd moments. 

On the other hand, the structural features of the GdNiBC compound (isomorphous to 
LuNiiC [2] and HoNiBC [lo]) indicate that the NiZBZ sheets are separated by double 
NaCI-type GdC layers (see figure 1). An insertion of an extra GdC layer into the structure 
of GdNizBzC (see figure I )  is expected to modify drastically the magnetic properties of 
the derived GdNiBC compound. In this work we describe our preliminary magnetic and 
resistivity studies which confirm this expectation. 

Finally, the magnetic structures, as studied by neutron diffraction techniques, are 
available only for RNi*B*C, where.R = Er, Ho, Dy [4, 5, 11, 121. The low-T spin 
structure for R = Er is an incommensurate modulated AFM state with Q = 0.5,53a*, 
while for R = Ho, Dy, it is a commensurate AFM state. It is highly possible that (due to 
energy minimization considerations) the low-temperature magnetic structures of GdNiZBZC 
and GdNiiC are as sketched in figure 1: the FM layers are coupled into a collinear AFM 
structure. However, at intermediate temperatures, the magnetic structures of these layered 
compounds axe not so obvious. In this work, an attempt is made to investigate their 
intermediate magnetic structures. 
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2. Experimental details 

The samples were prepared and afterwards annealed according to the conventional argon arc- 
melting method [ 1, 21. Room-temperature Cu Ka x-ray diffraction, and Rietveld refinement 
were used for the stluctural analysis. Magnetization measurements were canied out for 
the following set-ups: ac susceptibility (500 Hz,  1 Oe, 1.5 K < T < 50 K): a SQUID 
magnetometer (1.7 K < T < 100 K, H c 80 kOe); and an extraction magnetometer 
(1.7 K < T c 100 K. 0 < H < 140 kOe). The dc four-point method was used for 
he (magneto-) resistivity measurements. In this work, no correction was made for the 
diamagnetic contribution or for form factors and, in addition, because of the combined 
effects of impurities and polycrystallinity, no attempt was made to estimate the spin-flop 
field in the high-field magnetization isotherms. 

GdNIzBzC 

. . . . 

I I 
0 10 20 

I 

Temperature (Kl 

Figure 2. M-T CUNCS (H = 10 Oe) of GdNizBzC showing the field-cooled (FC) and the zero- 
field-cooled ("2) behaviour. The inset shows the reciprocal of the dc susceptibility, I /X, ,~,  
against T .  

3. Results 

3.1. GdNi&C 

Preliminay results on this compound were reported in [7, 81. Our structural analysis showed 
that the GdNiZBzC is the major phase (93%) and the prime impurity phase was identified as 
GdNiBC. The structural parameters (see table 1) are in good agreement with the published 
results [Z] and, together with the important Gd-Gd distances, are listed in table 1. 
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Table 1. Some structural panmeten of GdNiBC and GdNhB2C. Gdl-Gdl denotes the 
reparation between the intnalayyer nearest neighbours while Gdl-Cd2 and Gdl-Gd3 denote the 
sepmtions between. respectively. the newest and the next-neuest interlayer neighbours. 

Space Gd-site (I C Gdl-Gdl Gdl-GdZ Gdl-Gd3 
Compound group symmetry (A) (A) (A) (A) (A) 
GdNiBC P4Jnmm 4mm 3.631 7.546 3.631 3.577 7.546 
GdNizBlC I 4 /mmm 4/mmm 3.578 10.361 3.578 5.765 10.361 

For T > 50 K, the Curie-Weiss (CW) paramagnetism is characterized by p,ff = 
7.97 p~ (the expected value is 7.937 p ~ )  and 0 = i-2.7 K (figure 2). As the temperature 
is decreased, a set of magnetic transitions appear (figure 2). A weak peak at around 45 K 
is attributed to an unidentified magnetic impurity. It is highly possible that the hump at 
around 14 K is due to a small impurity in Cdh'iBC (see later). The two transitions that 
are intrinsic to GdNiZBzC are: one peaking at around TN = T, = 19.5(5) K (attributed 
to an AFM transition); and another weak inflection in the xdc-T curve at E = 7.2(3) K 
(figure 2). 
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Figure 3. Magnetiution isotherms of GdNizBlC at different tempentures. (a) M - ( H / T )  
curves illusming the difference between the ordered md the p m a g n e t i c  states (see the text). 
(b) M-H curves for different temperatures. (. . .) denotes the thermally avenged value (g is the 
8-factor and S is the total orbital momm).  
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Magnetically layered GdNizB2C (see figure 1) can be investigated by the use of the 
molecular field (MF) treatment so as to roughly calculate the exchange interactions from 
TN and 0. Let us assume only intralayer interactions J ,  (among Z1 nearest neighbours) and 
interlayer interactions J2 (among Z2 neighbours). Then [13], 

where S (=7/2), C (=7.94 emu K mol-') and ~ ( T N )  (%0.5 emu mol-') are the total angular 
momentum, the Curie constant and the molar susceptibility at TN, respectively. Equations 
(1)-(3) yield ZI J I  = 1 .I K and Z? J2 = -0.8 K. Since the magnetic interactions are of a 
long-range type, Zi does not represent the chemically neighbouring Gd ions. The negative 
sign of 52 emphasizes the AFM character of the average interlayer interactions while the 
positive sign of J I  and 0 indicates that the dominant interactions are of FM character. 

Below TN,  the field-cooled (FC) and the zero-field-cooled (ZFC) magnetization curves 
(figure 2) show that a fraction of the magnetization is remnant under even a 10 Oe magnetic 
field. This effect may be attributed to domain pinning on defects arising from a small amount 
(a few per cent) of atomic disorder (such as C deficiency or B-C site interchange) that are 
beyond our XRD diffraction resolution. 

Figure 3 shows the magetization isotherms at T = 2 K, 9.76 K, 24.23 K, 33.84 K, 
48.16 K, 76.56 K. In the paramagnetic state (T > e), the M versus HIT curves should 
collapse to 

M X H  = C H / ( T  -0) % C H I T ,  (4) 
This is confirmed in figure 3(a). In addition, figure 301) shows that, in the ordered 

state, the M-H curves at T = 9.76 K and~T = 2.0 K are not different for higher fields. 
Furthermore, the high-field powder M-H curve at 1.7 K (figure 4) shows that the magnetic 
moment per Gd ion, (gS). rises rapidly at low field and then slowly up to 40 kOe. Above 
that, for 40 kOe < Hup e 100 kOe, the magnetization rises quasi-linearly: 

(5) (gS) = (0.055H0,, + 0.79) w~g. 
For H > &,, = 125(5) kOe, the saturated moment is 7.13 pa (the expected value is 

7 ps).  The excess moment (0.13 g~g) is most probably due to the contaminating magnetic 
phases since, in the magnetic members of RNiZBzC, no magnetic contribution from the Ni 
ions was found. The high value of the saturation field stressed the fact that the magnetic 
interactions in GdNizBzC are extremely strong. This fact is convincingly demonstrated by 
the M-H curve of (Gdo.2Yo.a)NizBzC (see the inset of figure 4) where 80% of Gd ions have 
nonmagnetic Y ions substituted for them [7, SI. In spite of this drastic magnetic dilution, the 
magnetic saturation at T = 1.6 K in (Gdo.2Yo.8)NiZB2C is achieved only for H > 70 kOe. 

The resistivity (figure 5) reveals a metallic behaviour down to 30 K and, for TN e T < 
30 K, p shows T-independent saturation features. Below T N ,  a drop in the resistivity is 
observed, which is obviously related to the onset of the long-range magnetic order. 

3.2. GdNiBC 

Our XRD structural analysis showed that the GdNiBC is a tehslgonal compound with space 
group P4/nmm. The lattice parameters and the relevant Gd-Gd distances are given in 
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Figure 4. The M-H curve at 1.7 K for GdNiZBZC. The continuous line is a fit to the MT 
predictions for a weakly anisplropic Heisenberg AFM (see the text). The inset COmpms the 
magnetiwtion isotherms for GdNiZB2C (T = 1.7 K), (G&,.zYII.R)N~zBzC {T = 1.6 K) and 
GdNiBC (T = 4.2 K). 

table 1. Traces of impurity phases~were detected (4%) and the prime contaminating phase 
was identified as GdNizBzC. 

The magnetic susceptibility measurements (figure 6) show a CW behaviour down to 
approximately 45 K. The CW parameters obtained are: kLrfr = 7.94 p~ and 0 = 23.8(4) K. 
A remarkable deviation from the CW behaviour stam to be evident below 45 K (see 
later). Furthermore, figure 6 shows clearly that the long-range magnetic order sets in at 
TN = 14.3(5) K and is of an AFM character. As can be deduced from table 1 and figure 1 
(see figure 9 later), on the insertion of an additional GdC layer in GdNizB2C, the intralayer 
separations (intralayer interactions) are slightly modified while the interlayer separations 
(interlayer interactions) are drastically changed. If, then, Z, J ,  are considered to be similar 
in the two compounds, the average interlayer interaction of GdNiBC, ZzJz,  is -0.28 K. 
one third of the corresponding value for GdNi2B.C. 

Table 2. Some magnetic panmeten of GdNiBC and GdNizBzC, 

GdNiBC 7.0 7.94 ~ 14.3(5) 23.8(4) ~440 
GdNhBlC 7.13 7.97 19.5(5) 2.7 W 5 )  

The field response of the AFM state is indicated by the magnetization isotherm at 
T = 4.2 K (see figure 7). The magnetization increases monotonically with the applied field 
until saturation is attained for H z 40 kOe. As is evident from table 2, the saturation field 
is approximately one third of the value found for GdNi2BzC. 

The resistivity (figure 8) shows a metallic behaviour in the high-T regime. Below 100 K, 
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Figure 5. The room-temperature normalized resistivity versus temperature for GdNizBzC. 
The insel shows the influence of the magnetic ordering on the resistivity below TN;  the 
conlinuous line is the square of the sublattice magnetimtion as given by Mossbauer spectroscopy 
(MU-) w H ~ ~ / ( T ) )  ~91. 

TN = 443(5) K GdNiBC 
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Figure 6. The magnetic susceptibilities of GdNiBC. The inset demonstrates the Curie-Weiss 
features of GdNiBC. 

p starts to.deviate from the linear behaviour and reaches a minimum at around 50 K and then 
increases monotonically as the temperature is decreased down to T,. Below T N ,  the long- 
range magnetic order causes a steady drop in the p-T curve and with no sign of saturation 
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Figure 7. The M-H C U N ~  at T 5 4.2 K for GdNiBC. The small hysteresis 
attributed to lanice imperfections. 

effecw may be 

down to the west measured temperature. Both anomalies (in the p-T curve (figure 8) and 
in the xdrT curve (figure 6)) are found. to be sensitive to the sample preparation route and 
may be due to short-range ordering or magnetic fluctuations accompanying the AFM order. 
It is less likely that these features arise solely from magnetic impurities (having T.. FX 45 K 
and TN = 20 K) since, if there are sizable magnetic impurities to the extent that they give 
rise to such a deviation from the CW law, then the ordering of these impurities is expected 
to induce a decrease (and not an increase) in the net pm. 

4. Discussion 

In the paramagnetic phase. 0 reflects the dominant intralayer interactions while the strength 
of TN is largely determined by the interlayer couplings. It is an experimental fact that in 
RNizB2C (R = Tm, Ho, Dy, Gd ), TN can be scaled to (g - 1 ) J ( J  + l), while 0 cannot. 
Therefore, it is tempting to infer that the interlayer interactions in these compounds are 
of RKKY type while the intralayer interactions, in addition, include a superexchange-type 
(mediated through the carbon ions) component. The RKKY-type interaction is usually 
written as [15, 16, 171 

1 x cos(x) - sin@) 

and the paramagnetic spin-disorder resistivity, pmo, is 
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Figure 8. The mom-temperaton normalized resistivity versus temperature for GdNiBC. The 
inset scales A p ( H )  (T = 1.89 K) with M 2 ( H )  (T = 4.2 K), assuming that M(H)  at 4.2 K IS 
not drastically different from that at T = 1.89 K. 

where r is the s-f exchange coupling (-1 eV A3), n (1.1 x loz2) is the carrier concentration, 
R,: is the distance separating two Gd moments, sF (0.38 eV) and kF ( -0 .32~ 10' cm-') are 
the Fermi energy and wave vector [ 18,191 and h (>R) is the mean free path. For GdNizBzC 
(to which also belong the bracketed numerical values), equation (7) gives pmo xz 6x  a, 
in fair agreement with the experimental values (see figure 5) and, from equation (6), the 
interlayer interactions J ( R O I  = 5.765 A) = -1.1 K (in good agreement with ZzRz-values 
found from equations (1)-(3)) and J(Rn2 = 10.361 = 0.25 K. The sinusoidal character 
of J(2k~R, i )  is plotted in figure 9 as a function of~the separating distances along the c-axis. 

It is worth mentioning that for GdNizBzC, J (RnI) / J (Rn2)  c -4.4, which is not 
far from satisfying the condition for the onset of the helimagnetic spin arrangement [15] 
(lJ(Rn,)/J(R,,~)l < 4). In~fact our susceptibility data (figure 2) suggest a second (though 
weak) magnetic transition at T2 = 7.2(3) K. So far there are no experimental studies that 
evaluate directly the magnetic structure of GdNi2B2C below TN. Nevertheless. this transition 
can be qualitatively interpreted if we assume (in analogy with the magnetic features of 
HoNi2BzC [1, 31) that the ordering at TN = 20 K is accompanied by an incommensurate 
component that transforms to a commensurate AFM state at T2 = 7.2(3) K. In contrast, in 
GdNiBC, the uneven spacing of themagnetic layers along the c-axis makes it impossible 
to sustain a constant spiral angle between the moment orientations of adjacent FM sheets, 
and so no~helical state will be expected. 

The MF analysis of the previous section is expected to hold since it does not depend 
on the specific nature of the magnetic interactions. In general, these space-dependent 
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RNiZBZC 

Figure 9. A scheimtic representmon of the interlayer magnetic bonds in the layered compounds 
CidSiZBgC md GdNiBC (Jn, IS ke coupling among the nlh and (n + t n h  Isjers). Thc "nil cells 
m reprcrcn[cd by doned rectmgles while the ferromgnetic plmes (pecpendicular to thd e-xis) 
are represented b) discs. The mddle cune is 3 plot of J\c) JS a luncuon of the separating 
disunce dong the c-ahis. If th? interactions rrsvictrd 10 on]) the first- and second-nema 
neighbours. [his gives tho so-wlled rhree-layer exchange model [151. 

interactions dictate the strength of Hza,(Hex), TN and 6. Thus it is not surprising that 
&(Hex), TN and 6 are different for GdNiBC and GdNizBZC (see table 2). However, what 
is really surprising is that both &, and TN for GdNiBC are systematically lower than those 
for GdNiZBZC. This is contrary to what is generally expected: on increasing the magnetic 
dimensionality of the system these parameters should increase (GdNiBC is a step towards 
the fictitious three-dimensional limit compound GdC). It is remarkable that 6 follows the 
expected trend (see table 2). 

This lowering of H,, ,  and TN in GdNiBC as compared to in GdNizBzC can only be 
due to the variation in the interlayer interactions since, as mentioned above, the intralayer 
couplings are considered to be quasi-equal in the two compounds. The intercalation of 
extra GdC layers involves the creation of additional magnetic bonds (see figure 9) that 
may have opposite and competing tendencies for magnetic ordering. Such competition 
may lead to the lowering of the interlayer interactions and to a thermally assisted magnetic 
fmstration which are manifested as an increase in the spin-disorder resistivity and also as 
an anomalous deviation from CW law well above TN. Frequency-dependent susceptibility 
and IS1Gd Mossbauer spectroscopy studies are under way to test this proposition. 
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Now let us discuss the field response of the low-T AFM structures of both compounds. It 
is mentioned above that the single-ion magnetic anisotropy in both compounds is negligibly 
small (see table 1 for the point symmetry at the Gd site). Moreover, the magnetic 
interactions are expected to be isotropic. Thus, GdNiZBzC and GdNiBC can be considered 
as (weakly anisotropic) Heisenberg AFMs and, within the MFA. the magnetization isotherms 
for T c TN can be described as follows [13, 141: 

(8) 
(9) 

M1M.r = HcpI(2Ha - Hu) % H0012Hex 
K a t  = (2Hcz - Ha) e 2He.r 

f lS f  = JS o (10) 

where, Hex, H,, I&,, and Hsf are, respectively, the exchange field, the anisotropy field 
(<< 2H,), the saturation field and the spin-flop field. M ,  is the sublattice magnetization 
(iNg@BJ). These relations are valid:only for single crystal and, if polycrystalline results 
are desired, they must be integrated over the angular variables, in which case the sharp 
behaviour of the spin-flop transition will be smeared out. In this work, equations (8)-(10) 
are applied only for obtaining a qualitative understanding of the general field response 
features of the AFM state. As is evident, the qualitative features of the M-H curves 
of GdNizB2C (figure 4) and GdNiBC (figure 7 )  are in accord with these equations: 
the external field first flops the spins to the perpendicular direction (from equation (10) 
Hsf e 0) and afterwards works to align them parallel to the field against the AFM 
interlayer couplings. Complete moment saturation is achieved only when the exchange 
field is completely counterbalanced. For the case of GdNiZBzC, equation (8) is fitted to 
the M-H curve of figure 4 over the range 40 kOe c Hao c 100 kOe and the calculated 
H,,, (flyat = 2H, -Ha  % ZH, = 127(7) kOe) agrees with the experimentally determined 
fiYut = 125(5) kOe, in full agreement with equation (9). Moreover, the MFA estimate for 
the average exchange interaction is [13] 

The derived average exchange interactions are in fair agreement  with^ those of equations 
(1)-(3) and that for GdNizBzC (1.2 K) is three times larger than that for GdNiBC (0.39 K). 

Although, the MF treatment has self-consistently succeeded in estimating the exchange 
interactions from the experimental parameters (equations (1)-(3), (6), (11)) and gave a 
reasonable value for pmo (equation (7)), it fails to account for the thermal and field 
dependence of the resistivity of these compounds. This will be demonstrated by the T- 
dependent p(T, H = O) (T < 20 K) for GdNiZBzC and the H-dependent p ( T  = 1.8 K, H )  
for GdNiBC. The MFA connects Ap to the thermally averaged Gd moment (S )  [15]: 

where pm = pror - P , , ~  - p,r.v and pl,h and pres are, respectively, the resistivity as contributed 
by the phonon and that from the lattice imperfections. For GdNiZBzC, the inset of 
figure 5 demonstrates the relation between the normalized magnetic resistivity Ap and 
the sublattice magnetization, M, as measured by '"Gd Mossbauer spectroscopy [9] where 
M is proportional to the effective hyperfine field, Hef,s. The inset shows that while -H& 
drops very fast below TN and slowly afterwards, A p  drops with a much slower rate. No 
doubt the trend is similar; however, the fact that Ap does not scale well with (S)' implies 
that the MF approximation is not applicable in this case. 
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For GdNiBC, the feature of normalized longitudinal magnetoresistivity (see the inset 
of figure 8) shows that the magnetic contribution to the resistivity decreases monotonically 
with H until magnetic saturation is attained. For comparison, the experimentally determined 
M-H curve at 4.2 K (figure 7) is substiruted into equation (12) and plotted together with 
Ap at 1.89 K in the inset of figure 8. As is evident, the failure of scaling ( M ) 2  with 
A p ( H )  indicates, once more, that the MFA relation (equation (12)) is not appropriate for 
the description of the magnetoresistivity behaviour of these compounds. 

5. Conclusion 

The quaternary intermetallic conductors GdNi2B2C and GdNiBC show high-T paramag- 
netism and low-T field-induced ferromagnetism which are compatible with a Gd3+ ionic 
state. Their magnetic features are dictated by strong FM intralayer interactions and (aver- 
aged) AFM interlayer couplings and the low-T magnetic ground states are expected to be 
the commensurate AFM structures. 

MF treatment shows that GdNiBC (TN = 14.3 K, &, e 40 kOe) is characterized 
by relatively lower interlayer interactions than those of GdNi2B2C (TN 20 K, I&", e 
125 kOe), even though the presence of additional GdC layers in its structure is expected 
to enhance its three-dimensional magnetic character and thus increase TN and H,,,. 
Furthermore, GdNiBC shows two additional anomalies: a deviation from CW behaviour 
in the xde-T curve and an anomalous rise in the p-T curve just above TN. Both features 
are evident at temperatures as high as ~ T N  and are found to be sensitive to the sample 
preparation route. These anomalous features of GdNiBC are tentatively attributed to possible 
shofi-range order effects or magnetic frustration that may be arising from the presence of 
opposing coupling tendencies in the interlayer interactions. 

The magnetoresistive properties of the two compounds do not compare favourably with 
the simple MFA. Finally, in contrast to those of the Rh'izBzC compounds, the structural 
features of GdNiBC, with its non-uniform spacing of magnetic layers along the c-axis, 
exclude the possibility of sustaining an incommensurate state at an intermediate range of 
temperatures. 
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