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THE ORIGIN OF THE LOW-T HELICAL STATE AND THE FIELD-
INDUCED PHASE TRANSITIONS IN THE REENTRANT
SUPERCONDUCTOR HoNizB2C.
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ABSTRACT

Longitudinal magnetoresistivity of textured polycrystalline HoNi2B2C in the
reentrant region (T = 4.7(2) K, 0 < H< 80 kOe) shows a cascade of field-
induced magnetic phase transitions. These transitions (and the reported H-T
phase diagram) are interpreted as follows: for T < T, an external field ( >H¢p )
first transforms the superconducting antiferromagntic ground state into a non-
superconducting distorted helical state. This distorted helical state is
transformed (on further field increase) into the ferromagnetic state via two types
of fan-like spin-structures. On the other hand, the formation of the helical state
is attributed to the competing character of the RKKY-type antiferromagnetic
couplings among the neighboring and the further neighboring planes of
ferromagnetically-aligned moments. A modification of these interactions by
magnetic field, pressure, impurity, etc., will drastically influence the helical

state and consequently the interplay between magnetism and superconductivity.

Keywords: HoNipB»C, helimagnetism, magnetoresisivity, field-induced phase
transitions.
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1. INTRODUCTION

Resistivity [1,2], specific heat [3], neutron diffraction [4,5], pressure [6]
and magnetization [3,7] studies on the superconducting (T = 7.5K) HoNizB2C
characterized its low-T magnetic properties as follows: crystal field effects
force the Ho moments along the ab-plane (with negligible in-plane anisotropy)
leading to anisotropic paramagnetic susceptibilities below 100K. The planar
Ho-moments have strong ferromagnetic (FM) intraplanar coupling and
relatively weak antiferromagnetic (AFM) interplanar couplings. The latter
couplings lead to an AFM transition (T = 5K) with an accompanying helical
state. The helical state, which plays a decisive role in the interplay between
superconductivity and magnetism, is energetically unstable at T<4.7K and
transforms into a commensurate AFM state.

The single-crystal high field magnetization (H applied along the easy
plane, T< 5K) reveals a cascade of three phase transitions [3]. For low-T, the
first transition occurs at H{~3.8 kOe where almost one third of the total
magnetic moment is oriented along the field direction, the second transition at
H»~8.6 kOe where two thirds of the magnetic moment is along the field
direction. Almost full saturation is reached at H3=13.2 kOe

In this communication we discuss the formation of the helical state and the
features of the H-T magnetic phase diagram of HoNi2B2C. In addition, we
show new experimental results that confirm the findings of the single-crystal

magnetization measurements. The formation of this helical state (Sec.2) is
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related to the competition between the interplanar long-range AFM interactions.
Furthermore, the influences of the physical parameters (pressure[6], applied
magnetic field[1-5], sample inhomogeneity[6], etc.) on the reentrant state are
related to their influence on the RKKY interactions. Our discussion of the H-T
phase diagram (Sec.3) is based on the following assumption: on the application
of an external magnetic field, the AFM superconducting state is unstable
against a distorted helical state. The field-induced transitions (and the derived
H-T phase diagram) are then a consequence of the well-studied influence of the
applied field on the (distorted) helical spin structure [8]. Finally, we report in
Sec.4 a novel longitudinal magnetoresistivity of HoNipB2C (at the helical
region and in fields up to 80 kOe). The Ap(H) = {p(H)-p(H=0)}/p(H=0)
showed three magnetic phase transitions in agreement with the reported H-T
phase diagram [3].

2. THE FORMATION OF THE HELICAL STATE AND ITS RESPONSE
TO AN EXTERNAL FIELD.
A collection of RKKY-coupled moments with a large and positive out-of-

plane (c-axis) D anisotropy, in an applied field H along the a-axis, can be
described by the following Hamiltonian [8]:

H==Y J(Ru)S.Su+DY, (5:) +guHY, 5° )

mn{m#n)} n
where S denotes the total angular moment. The other symbols have their usual

meanings.
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Depending on the strength of the J(R;;),), the solution of Eq.1 predicts three
stable ordered spin configurations: the FM, the AFM and the helical state [8].
Without loss of generality, let us assume that the JRyy), D, S and Ry, are
given by the structural-chemical properties of HoNipB2C. For this compound, it
will be shown below that the lowest magnetic ground state is a helical state (the
observed transformation into an AFM state at lower temperatures [4,5] is
discussed below). A small external field will distort the helical state such that
the spiral angle ¢y, at the nth plane, to first order in H is given by :
nQc

nQc guSHsin( 2 )
2 S20(Q)-J(0)-J(20)]

¢, = 2

where J(Q) is a Fourier transform of J(R,,;,,) at wave vector (, and c is the
chemical cell parameter. Eq.2 shows that the spiral angle does not depend
explicitly on the anisotropy factor D; i.e., the planar anisotropy is not necessary
for the formation of the helical state.

A further application of the external field will transform the helical state
into the saturated FM state through a set of field-induced magnetic phase
transitions. The number of such transitions may vary depending on the strength
of the exchange parameters, anisotropic factors and magnetostriction, etc. At
these intermediate states, the so-called fan structures, the magnetic moments
oscillate around a fixed direction [8].

On the experimental side, the influence of an applied magnetic field on a

helical ground state had been extensively studied [8]. As an example, the
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magnetic ground state of the Ho metal is a helical structure between 20K and
133K. Above this range of temperatures, the metal is paramagnetic while below
that range it has a conical spin ordering. In the helical state, the application of a
magnetic field, along the Ho-metal easy axis, leads to a cascade of magnetic
phase transformations: the low-field helical structure transforms into the high-
field FM arrangement through a set of intermediate fan structures.

Now, we show that the conditions (required by Eq.1) for the formation of
the helical state are satisfied in the HoNip2B2C compound. Let us assume that
the anisotropy D and the intraplanar FM couplings in Eq.1 are large enough so
that the Ho-moments within each plane form a FM sheet. Further, let us
consider the interplanar RKKY exchange forces only among the first and the
second nearest planes [9] denoted, respectively, by Jo1 and Jg2. This is
equivalent to a magnetic chain having nearest (Jo1) and next-nearest (J52)
interactions (see Fig.1). From Eq.1, the zero-field stable ordered configurations

are given by the condition

[ Jo1 + 4302 cos(91) | sin(d1) = |Jo1 + 4Jo2 cos(Qe/2) | sin(Qc/2) =0 3)
where ¢ is the zero-field spiral angle (Eq.2). Eq.3 reiterates the previously
mentioned statements: there are three magnetic ground states; the FM state

when Q = 0, the AFM state when Q = 27t/c and the helical state when

Jo15J02 <0and Jg1/Jo2 =- 4cos(dp]) <4. 4)
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For HoNi2B>C, this conditions are satisfied because :

Jo1/J02 = -4cos($1) = -4c0s(16.4°+180°) ~ 3.84, (5)

where the substituted value of the spiral angle, ¢}, is taken from Ref.4. It is
worth remembering that for an electron gas polarized by a plane of
ferromagnetic aligned moments, the polarization strength decays with an 1/(r2)
dependence (where r = ¢/2 is the interplanar separation). This dependence yields
Jo1/702 = 4 in good agreement with the value determined by substituting the
experimental parameters in Eqs.4-5.

In the above analysis, the helical state is shown to be energetically
favorable at lower temperatures. However, it is shown experimentally [1-6] that
below 4K, superconductivity is fully restored and coexists with a commensurate
AFM order. Such type of transformation (from helical into AFM) may be due to
the competition between the helical order and the superconductivity and/or a
temperature-dependent variation in the parameters of the Hamiltonian (Eq.1).
Magnetostriction and ab-plane anisotropy may be additional factors. It is worth
mentioning that, in the Ho metal, the planar anisotropy and the magnetostriction
are affecting the low-T transformation of the helical structure into the conical
state [8].

Clearly, the AFM interplanar RKKY couplings which extend beyond the
nearest neighboring planes drive the system into the helical state. Consequently

any physical factor that affects these interactions influences the helical state and
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thus influences the interplay between magnetism and superconductivity. Clear
demonstrations of these effects were given by the pressure [6], magnetization
[3,6,7] and magnetoresistive studies{2]. Another illustration is the experimental
fact that the reentrant behavior is strongly sensitive to the presence of impurities
[6] such as foreign phases, intergrowth, defects, sample inhomogeneity, etc.
The impurity influences are equivalent to random modifications in the magnetic
RKKY bonds and as such, they will inhibit the establishment of the helical
state. This explains the observation of Schmidt et al [compare Figs.3-4 in Ref.6]
that in a contaminated (impure) sample, the reentrant behavior was quenched or

quasi-quenched while the superconducting transition was increased by 1K [11].

3. THE CASCADE OF FIELD-INDUCED PHASE TRANSITIONS IN
HoNizB2C.

If the low-T AFM ground state in HoNi3B7C is stable under an external
in-plane magnetic field (>H2), then a spin flop transition (with the moments
perpendicular to H) will occur at a critical field Hgf and the magnetization

isotherms above Hgf, must evolve as [9,10] :

M/Mg = H/(2Hex-Ha) ~ Hap/(2Hex) (6.a)
Hgat = (2Hex-Ha) ~ 2Hex (6.b)
Hsf = V(2HgHex-Ha?) (6.c)



8 CBPF-NF-067/94

where, Hex , Ha , Hgat and Hgt are, respectively, the interplanar exchange field,
the in-plane anisotropy field (<< 2Hgy), the saturation field and the spin-flop
field. My is the sublattice magnetization (}2aNguRpS).

As demonstrated in Ref.3 (shown in Fig.2), the easy plane magnetization
of HoNisB»C did not show such a behavior. It is tempting to assume that the
AFM state is not stable for magnetic field higher than H.2. Rather, it transforms
into a distorted helical structure with a spiral angle as given by Eq.2. Then, the
reported magnetization isotherms (Fig.2, middle) and the derived H-T phase
diagram (Fig.2, right) can be discussed (and assigned) in terms of the theoretical
arguments given in Sec.2. The field induces, firstly, a phase transition at Hj
from the distorted helical ground state to a fan structure (type-I). Secondly, a
phase transition at Hy from a fan structure (type-I) to a fan structure (type-II).
Finally, a phase transition at H3 from the fan structure (type-II) to the FM
saturated state.

The facts that the zero-field ground state at 4.7K < T< 5K is the helical
state (with similar field-induced magnetization jumps) and that this helical state
is energetically close to the AFM state provide extra supports to the assumption
that for Heo<H<H|, the superconducting AFM state is transformed into a
distorted helical state (see Fig.2).
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4. MAGNETORESISTANCE EVIDENCES OF THE FIELD-INDUCED
MAGNETIC PHASE TRANSITIONS IN HoNizB2C.

As well known, magnetoresistivity can provide an invaluable information
on field-induced magnetic phase transitions [see e.g. 8]. It can readily be used to
construct an H-T phase diagram with reasonable agreement with other
techniques such as neutron diffraction and magnetization. The magnetoresitivity
of some of the RNipB2C compounds had been measured in field up to Ho[see
e.g. 2]. We are particularly interested in studying this effect in higher fields (H
> H¢2) so as to confirm the H-T phase diagram and to check the validity of the
picture we proposed for the formation of the helical state.

Samples were prepared according to the standard argon arc-melt
procedures [1-6]. Room-temperature structural characterization was carried out
in standard CuKa diffractometer. The longitudinal magnetoresistivity (j // H)
was measured on a bar of a polycrystalline sample in fields up to 80 kOe using
the four-point dc method. The sample temperature was monitored by Carbon
glass thermometer with its long axis set perpendicular to the field direction.
Temperatures were corrected for the magnetic field's influence following the
procedure described in Ref.11.

The XRD diffractogram (shown indexed in Fig.3) demonstrates that the
majority phase (>90%) is the tetragonal [4/mmm HoNi2B,C phase and with the
following lattice parameters: a = 3.520(2)A, ¢ =10.521(2)A. As clearly to be

seen from Fig.3, the sample is well textured and the c-axis is the preferred
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orientation. Physical characterization showed T, ~ 8K and a quasi-reentrant
feature. The weakening of the reentrant behavior is attributed to the presence of
small impurity (marked with x in Fig.3) which, as discussed above, influences
destructively the formation of the helical state.

A typical curve of the Ap(H) is shown in Fig.4. As evident, the Ap(H) and
the magnetization jumps are following each other. Moreover, Ap(H) reaches its
minimum saturated value when the magnetic saturation occurs. From Fig.4, the
estimated critical fields are: H1=3.4(3) kOe, Hy=8.5(5) kOe, H3=12.8(4) kOe.
These agree qualitatively with the reported critical fields [3]: Hi~3 kOe, Hy~7
kOe and H3~12 kOQe.

Although, the sample is a polycrystal and is contaminated with a minority
impurity phase, nevertheless, the results confirmed unambiguously the single-
crystal magnetization results and the H-T phase diagram {3]. This agreement is
sketched in Fig.2. In fact, the H-T phase diagram is lending a transparent
interpretation for the magnetoresistivity features. In a first approximation, the
anomalous magnetoresistivity is related to the thermally averaged magnetic

moment <p> by the following relation [8]:

Ap(H) = {p(ED)-p(H=0)}/p(H=0) < - <y>? ™

Comparison of Eq.7 with the experiments is not attempted because of the
polycrystalline form of the samples. The saturation of the magnetization of a

(textured) sample implies that all the spins of the randomly oriented ab-planes
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are aligned along the field direction. Therefore, the anisotropic field Hg ( and
the strength of the anisotropy parameter D) must satisfy the following: Hy <
Hgat.

Fig.5 shows that at least 78% of the magnetic incoherent resistive
scattering is removed on applying a small magnetic field (~ 1.327 kOe), in
agreement with the magnetoresistivity results of Eisaki et al [2]. From Eq.7, this
corresponds to an 88% of the full magnetic alignment. In addition, in these low-
fields ranges, the Ap(H) can be described by (see inset of Fig.5):

Ap(H) = 0.068[sin(H/0.089)]2 (8)

Such a functional dependence is reminiscent of the behavior observed in
ferromagnetic materials where the applied field influences Ap(H) through the
reorientation of the magnetic domains. In the absence of good single crystal, we
can not exclude the possibility that this fast drop in Ap(H) is related to the low-

field fast saturation of the impurities' magnetization.
5. CONCLUSION

The helical state in HoNipB2C is shown to arise from the competing character
of the long-range interplanar AFM couplings. At lower temperatures, the
competition between magnetism and superconductivity provides an extra

energy term that may stabilize the commensurate AFM state. The application of
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a magnetic field at T < 4.7K leads to the destruction of the Cooper pairs and
thus provides additional electrons to intermediate the interplanar magnetic
coupling. We argued that the resulting magnetic ground state is a distorted
helical structure. Further application of the field induces a phase transition at
Hj from the (distorted) helical state to a fan structure (type-I), then a phase
transition at Hy from a fan-I to a fan-II structure and finally a phase transition at
H3 from the fan-II to the FM saturated state.

The magnetoresistivity measurement on HoNipB2C in the reentrant
(helical) region revealed a cascade of three magnetization jumps in agreement
with the H-T phase diagram derived from the single-crystal magnetization
studies. Single-crystal magnetoresistivity studies on the magnetic RNipB2C
may be used to map out the H-T phase diagram and to address the low-T field-
induced instability of the AFM state against a distorted helical state.
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FIGURES CAPTIONS

Fig.1 The linear chain equivalent of the helical state in the HoNipBsC
compound. The ferromagnetic planes are perpendicular to the chain axis.
The periodicity is across 22 HoC planes[4]. The nearest neighbor exchange
coupling is J51 while the next nearest neighbor coupling is Jg2.

Fig.2 An idealized sketch of the low-T magnetic properties of the HoNi7?B.2C.
Left: the Ap(H) versus H at the reentrant region (see text and Fig.4).
Middle: is the magnetization versus H at the low-T region, H is along the
easy plane (adapted from Ref.3). Right: is the H-T phase diagram (Ref.3).
The assignment of the field-induced magnetic phases is as follows: Fan-1
(Fan-II) denotes the fan structure of type-I (type-II), s.c.+afm denotes the
superconducting commensurate antiferromagnetic phase and helical
denotes the (distorted) helical state. Hp denotes the critical field that
induces the nth magnetization jump.

Fig.3. Room temperature Cu-Ky X-ray diffractogram of a polycrystalline
sample of HoNi2B2C. The strong peaks of an unidentified phase are
marked with an x. The c-axis is the preferred orientation.

Fig.4 The longitudinal magnetoresistivity versus field of the polycrystalline
HoNi7B2C in the helical region (T=4.7(2) K). The inset demonstrates the
three phase transitions. For this curve, the sample was field-cooled in 80
kQe. After stabilizing the temperature at 4.7K, the measuring points were

taken on decreasing the magnetic field.
Fig.5 emphasizes the low-field squared-sinusoidal functional dependence.
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