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Recently we observed a cascade of magnetic modes in Tb(CoxNi1-x)2B2C: from a LSDW k = (0.55,0,0) state at x = 0, to a
collinear k = ( 0.5,0,0.5) AFM state at x = 0.2, 0.4; then a transverse c axis modulated k = (0,0,1/3)mode at x = 0.6, and
finally a simple FM mode at x = 0.8, 1. The observation of the k = (0,0,1/3) mode, which has not been observed before in
borocarbides, confirms the prediction by Rhee et al. [PRB51,15585(1995)] of a peak in the generalized susceptibility.
Although this model explains the surge of this mode, however it fails to explain the surge of the other modes: this is most
probably due to dis-consideration of the interplay between superconductivity (SUP) and magnetism (MAG). Such an
approach was undertaken by Bertussi et al [PRB79,220513(2009}] who did predict a co-existance of SUP and MAG and
also the surge of a cascade of magnetic modes if MAG and SUP couplings are properly tuned. In fact TB(CoNi)2B2C can
be considered as non-SUP limit of their phase diagram. To explore fully this model we proposed to investigate this
interplay in Ho(CoxNi1-x)2B2C wherein x=0 (x=1) is a AFM SUP (normal FM). Does the modes of this series verify the
predicted phase diagram?
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HoNi2B2C is a model system wherein magnetism, su-
perconductivity and their interplay are manifested:1,2 it
superconducts at Tc ≈ 8.5 K and, well below Tc, it ex-
hibits two incommensurate AFM modes around Tm ≈ 6
K and these are replaced by an AFM state below TN ≈ 5
K (see Table I). Within TN < T < Tm, a reentrant be-
havior of Hc2(T ) emerges testifying to the strong cou-
pling between magnetism and superconductivity. The in-
fluence of chemical substitution on such a rich manifesta-
tion of magnetism, superconductivity and their interplay
had been extensively probed in, e.g., Ho(CoxNi1−x)2B2C
(0 ≤ x ≤ 1):3,4 superconductivity is steeply suppressed
(see Fig. 1(b)], nonetheless, the parent magnetic modes
are hardly influenced at low x. Obviously, such a mode
stability is not expected for higher Co substitution (in-
deed the magnetic structure of HoCo2B2C is FM5). The
question is how does the magnetic structure evolve with
substitution, going from AFM mode at x = 0 to FM at
x = 1. This work investigated the evolution of the mag-
netism (in particular the magnetic structure with their
distinct ~kx, µxsat , T

x
cr) of Ho(CoxNi1−x)2B2C (0 ≤ x ≤

1).

FIG. 1. Some properties of Ho(Ni1−xCox)2B2C plotted as
function of x. The dashed lines are guide to the eye. (a) Mag-
netic moment as obtained from neutron diffraction (stars),
µ(2 K,90 kOe) (open squares), and µ(2 K, 1/H → 0) (filled
squares). (b) Magnetic transition temperatures as determined
from the magnetic susceptibility and specific heat (data of
x=0 are taken from Refs. 1 and 2 while that of x=1 from
Ref. 5). The solid line represents the superconducting transi-
tion temperature as reported in Ref. 3. (c) Unit-cell volume
measured at 2 K (open circles) and 30 K (solid circles); (d)
measured unit-cell a parameter at 2 K (open stars) and 30
K (solid stars); c/3 parameter at 2 K (open circle) and 30 K
(solid circle).

Powder neutron-diffractograms were collected at the
high resolution powder diffractometer D2B (λ =

1.6Å, T = 1.5K and 30K). Rietveld analysis of the neu-
tron diffractograms taken above T xcr [see Fig. 3 (a-d)] in-
dicate an almost single-phase tetragonal I4/mmm crys-
tal structure. The lattice parameters, Fig. 1(c-d), evolve
smoothly but non-monotonically with the Co concen-

FIG. 2. The 1.5 K magnetic structures of the studied
Ho(CoxNi1−x)2B2C compositions. For completeness, we also
include the contaminating spiral modes of x=0.2, 0.4 (see
text).

tration. On lowering the temperature down to 1.5 K,
the same tetragonal crystal structure is maintained for
all studied compositions (i.e. no orthorhombic distor-
tion within available accuracy). Evidently, anisotropic
magnetoelastic forces are much weaker than the ones ob-
served in, say, isomorphous Tb(CoxNi1−x)2B2C.7—9

FIG. 3. (Color online) Neutron diffractograms of
Ho(NixCo1−x)2B2C, measured at (a-d) T = 30 K showing the
tetragonal crystal structure, and (e-h) at T = 1.5 K showing
additional magnetic contribution. Insets (a-c): Difference
plots showing the thermal evolution of the magnetic contri-
bution: I(1.5 K)-I(30K) (black), I(3 K)-I(30K) (red), and
I(6 K)-I(30K) (green). Insets (e-g): an expansion show-
ing the lower peaks of the involved magnetic modes. Space
groups, positions, occupations, thermal parameters are simi-
lar to those reported by Lynn et al.6 ~µND and lattice para-
meters are given in Fig. 1, while ~kx in Fig. 2.

The magnetic modes which are evident in Fig. 3 can
be readily identified:
a. Ho(Co0.2Ni0.8)2B2C: The main magnetic mode

of Fig. 3 (e) is a commensurate AF structure with
~kx=0.21 = (0, 0, 1) and µx=0.2ND =8.7(1)µB . This mode is
the same as the one observed in the x = 0 case and as
such the easy axis is assumed to be along (1, 1, 0).6 A
careful look at Fig. 3 (e) reveals additional (but weak)
magnetic peaks; the most evident ones are shown in
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TABLE I. Selected magnetic properties of Ho(CoxNi1−x)2B2C. For studied samples, µND is moment as obtained from neutron
diffraction while µM is the saturated, 1/H → 0, moment as obtained from magnetization isotherms. Moments are confined to
the ab planes (see text). For completeness, the contaminating spiral modes at x=0.2 and 0.4 are included. Data for x=0 are
taken from Refs.6 while that of x=1 from Ref.5.

x 0 0.2 0.4 0.6 0.8 1.0
structure AFM Spiral AFM Spiral Spiral Spiral Spiral FM FM
~kx (0, 0, 1) (0,0,0.92) (0, 0, 1) (0, 0, 0.85) (0, 0, 0.49) (0, 0, 0.89) (0, 0, 26) (0, 0, 0) (0, 0, 0)
|~µ|ND (µB) 8.6 6.7 8.7 4.8(2) 5.3 5.2 7.4(2) 8.3 7.2
|~µ|M (µB) 8.6 9.0 8.8 8.3 8.3 7.2

the inset of Fig. 3 (e). These pertain to an incom-
mensurate c-axis spiral ~kx=0.22 = (0, 0, 0.85) mode with
µx=0.41 =4.8(2) µB (each consecutive FM plane is rotated
by 153.7◦); this mode is similar to the ~kx=02 = (0, 0, 0.92)
mode observed in HoNi2B2C within the range 5< T <8.5
K (Ref. 6) and in Ho(CoxNi1−x)2B2C (x ≤0.015).4 As
the strength of this mode is extremely weak and further-
more it is also present as a minority mode in the x=0.4
composition, then it is taken to be due to magnetic con-
tamination.

b. Ho(Co0.4Ni0.6)2B2C: Figure 3 (f) indicates that
the main magnetic contribution is an incommensu-
rate c-axis spiral modes with ~kx=0.41 = (0, 0, 0.49) and
µx=0.41 =5.3 µB (the FM planes along the c-axis are ro-
tated by almost 90◦). There is an additional weak
~kx=0.42 = (0, 0, 0.89) mode with µx=0.41 = 5.2 µB (the spi-
ral rotation angle is 161◦): as discussed above in the
x = 0.2 case, it is taken to be due to a contaminating
phase.

c. Ho(Co0.6Ni0.4)2B2C: The magnetic order,
shown in Fig. 3 (g), consists of a single incommensu-
rate mode with ~kx=0.61 = (0, 0, 0.26) (the FM planes are
rotated by 46.8◦) and µx=0.6sat =7.4(2)µB .

d. Ho(Co0.8Ni0.2)2B2C : The magnetic structure,
Fig. 3 (h), consists of a single FM ~kx=0.81 = (0, 0, 0)
mode with µx=0.8sat =8.3(2)µB : this magnetic structure
is similar to the one observed in HoCo2B2C wherein
µx=1sat =7.6(2)µB .
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A variation in Co substitution (or temperature) is ex-
pected to modify the detail of the electronic structure
which in turn influences the generalized susceptibilities,
χ(q), and as such leads to the observed cascade of mag-
netic modes. Specifically, the energetically favorable
magnetic mode is the one wherein χ(q) [or J(q) since
J(q) ∝ I2.χ(q)] reaches a maxima. For borocarbides,
the calculated normal-state χ(q) function, along the c∗

axis, does reveal local maximas, e.g., at ~k,cal = (0, 0, 0.3)

and ~k,,cal = (0, 0, 0.9):10 these vectors have been observed
before.6,8 One of the main result of this work is the rev-
elation that such a wave vector can be controlled by Co
substitution: variation in x of Ho(CoxNi1−x)2B2C mod-
ifies ux of ~kx = (0, 0, ux). It is recalled that a simplified
molecular field approach indicates that Tcr ∝ J(q); ac-
cordingly, the observation that T xcr ∼ 5 K for all composi-
tions indicates that though the position of J(q) (or χ(q))
shifts with x but its value (thus T xcr) is hardly modified.
The ease with which these wave vectors can be mod-

ified by temperature or electron count variation sug-
gests that the exchange couplings are much stronger
than the CEF forces which, if dominant, would tend
to pin the R moments along the equivalent easy axes.
Then the results on Ho(CoxNi1−x)2B2C (0 ≤ x ≤ 1)
(as well as that on Tb(CoxNi1−x)2B2C (0.4 < x ≤ 1)8

indicate that all these widely different magnetic modes
are nothing but a variation on the stacking sequence
of the individual FM R sheets: see Fig. 2 wherein
moments orientation along the z-axis is described by
~Sn = S.

(
cos(~kx.~rn), sin(~kx.~rn), 0

)
.
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