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Microscopic theory of magnetic phase transitions in HoNi2B2C
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~Received 26 June 1997; revised manuscript received 28 January 1998!

We present a microscopic theory for the low-temperature metamagnetic phase diagram of HoNi2B2C that
agrees well with experiments. For the same model we determined the zero-field ground state as a function of
temperature and found thec-axis commensurate-to-incommensurate transition in the expected temperature
range. The complex behavior of the system originates from the competition between the crystalline electric
field and the Ruderman-Kittel-Kasuya-Yosida interaction, whose effective form is obtained. No essential
influence of superconductivity has to be invoked to understand the magnetic phase diagram of this material.
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The recent interest in HoNi2B2C and similar borocarbide
compounds is motivated by the possibility of a detailed stu
of the mutual interaction between superconductivity~SC!
~Ref. 1! and magnetic order~MO! ~Refs. 2 and 3! coexisting
in a few of these materials as bulk properties. The superc
ducting critical temperature for HoNi2B2C is Tc58 K ~Ref.
1! and the upper critical fieldHc2

sc is about 2;3.5 kG.4

Temperature-dependent measurements show a pronou
anomaly ofHc2

sc~T! around 5 K that nearly leads the materia
to reentrance into the normal state.2,5 In the same tempera
ture range several magnetically ordered structures are
served in the Hof electrons sublattice: a commensurate~C!
antiferromagnetic phase below 5 K,2,3 an incommensurate
~IC! c-axis complex spiral state (5 K, T , 6 K) ~Refs. 3,6
and 7! and ana-axis IC modulation in a narrow range o
temperature around 5.5 K.6,8 Although no satisfactory theory
is available presently, many experiments point to a corre
tion between this complex magnetic phase diagram and
SC anomalies.9,10 Much insight on the magnetism of thi
material can be gained from a number of experiments rep
ing metamagnetic transitions at low temperature and fie
higher thanHc2

sc .2,11 In particular, the detailed anisotropi
metamagnetic phase diagram atT52 K presented in Ref. 12
can be used to extract many features of the magnetic in
action. In this work we propose a realistic microscop
model for the Ho 4f -electrons subsystem of HoNi2B2C that
reproduces the main features of the low-temperature m
magnetic phase diagram as well as the zero-field sequen
phases as a function of temperature. It is important to n
that many physical elements need to be included in
present theoretical description to have reasonable agree
with experiments and a model of a comparable complexit
needed to treat the mutual interaction between SC and M

The coexistence and weak coupling of the two pheno
ena of SC and MO is due to the different degrees of loc
ization of electrons in the borocarbides. Local-density
proximation calculations show that the conduction band
composed mainly of Ni 3d electrons,13 which undergo the
superconducting transition. On the other hand, magn
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properties are related to the well localized electrons in
incomplete 4f shell of Ho. The exchange interaction b
tween these two electron systems is mediated by the s
fraction of Ho 6s and 5d character in the conduction band
As far as magnetic properties are concerned, the conduc
electrons can be eliminated in a standard way leading to
effective Ruderman-Kittel-Kasuya-Yosida~RKKY ! ex-
change interaction among the stable Ho 4f moments. The
appropriate Hamiltonian is then given by:14

H5(
i

@Hc f~Ji !2mi•B#2
1

2(i j J~ i , j ! Ji•Jj . ~1!

This Hamiltonian includes the crystalline electric field~CEF!
single-ion partHc f(Ji) expressed in terms of the total ang
lar momentumJi , the Zeeman interaction between the loc
magnetic induction B and the magnetic momentmi
5mBgJi (mB is the Bohr magneton andg5 5

4, the gyromag-
netic ratio for Ho!, and the effective RKKY exchange inter
action. The direct dipole-dipole interaction is not relevant
borocarbides15 and this allows us to use a magnetic inducti
field B independent of the position. The CEF single-io
Hamiltonian we use is the one extracted from neutro
diffraction experiments in Ref. 16 and contains no adjusta
parameter. Its ground state is aG4 singlet and the first exited
states are aG5* doublet at 0.15 meV from the ground sta
and aG1 singlet at 0.32 meV. The other 13 CEF states ha
much higher excitation energies (. 10 meV! and their ma-
trix elements with the low-energy quartet is very sma
therefore they may be neglected in the whole range of te
perature and fields that we explored. Regarding the magn
interaction, no previous knowledge is available about
RKKY function J( i , j ) and an important aim of this work is
to obtain a realistic model for it.

Since we are dealing with a three-dimensional system
large angular momenta (JHo58) it is possible to treat its
Hamiltonian at a mean-field~MF! level. Introducing the
mean thermal valuêJi& and neglecting the terms containin
10 684 © 1998 The American Physical Society
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57 10 685MICROSCOPIC THEORY OF MAGNETIC PHASE . . .
the two sites’ fluctuations, it is possible to decouple the
namics of the different sites. The single-ion MF Hamiltoni
is then given by:14

Hm f~ i !5Hc f~Ji !2Ji•Bi
e1E ~2!

in which Bi
e5(mBgB1( jJ( i , j )^Jj&) is the effective mo-

lecular field andE5 1
2 ^Ji&( jJ( i , j )^Jj&. The diagonalization

of this single-site Hamiltonian can be easily achieved
merically. The single-ion Gibbs free-energy densityFi

M and
the corresponding average angular momentum^Ji& can be
computed as functions ofBi

e and T. This leads to the self-
consistent MF equations for the^Ji& that can be solved itera
tively. Two experimental evidences can be used to red
the number of independent sites whose MF magnetiza
should be computed. First of all, almost all the observ
structures in this compound share the property of ferrom
netic alignment in theab plane. The only exception is th
a-axis modulation whose structure is not yet clear. Howev
it appears not to coexist microscopically with thec-axis
ones7 and we will neglect it. Therefore we impose ferroma
netic alignment in the plane from the beginning, thus red
ing the calculation to one dimension. Then the RKKY inte
action has onlyc-dependence and, taking the magne
moment in the site 0 as the reference, it may be parametr
with the help ofJi5($ j i %

J(0,j i), with j i running on all the

sites of thei th plane. TheJi with i>1 are the interaction o
the reference moment with those in the neighboring lay
andJ0 is the interaction with the other moments in the sa
plane. The second simplification is related to the CEF str
ture, in fact thec-axis is a very hard direction in the whol
range of temperature we are interested in, therefore we f
the moments to lie in theab plane neglecting their sma
out-of-plane component.

In order to establish the actual MF ground configurat
for the ^Ji& out of the possible stable ones, we introduce
Helmholtz free-energy~HFE! density given by

F~r !5FM~B!1
B2

8p
2

H•B

4p
5FM~B!22pM22

H2

8p
,

~3!

with B~r ! 5 H~r ! 1 4pM ~r !.17 The integral ofF(r ) over all
space is the proper thermodynamic function to be minimi
when external fields are kept constant.17 The magnetization
contribution (;10 kG! is not negligible with respect to th
typical external field~4–25 kG!. However, the full problem
of solving forM ~r ! in a finite sample with a given geometr
is beyond our purpose. This is indeed a typical problem
the thermodynamics of magnetic materials17 whose most
practical solution is to assume cylindrical symmetry arou
the external fieldH in order to eliminate the spatial depe
dence of bothB andM . The homogeneous magnetization
the sample is calculated asM 5 gmB /Vc^Ji &̄ whereVc 5 65
Å 3 is the volume of the unit cell and the bar indicates t
average on all ions. Similarly, the contribution of the ma
netization to the HFE per unit cell can be written as 2pM2V

5 2p(gmB)2/Vc^Ji &̄
2.

Until now the actual RKKY interaction among magnet
moments remained unspecified. In order to achieve a co
nient parametrization for it, we make extensive use of
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T52 K magnetization data in Ref. 12. From the clear pr
ence of a flat magnetization plateau and from the value of
magnetization as a function of the angle, we argue that
magnetic moments of the ions are almost at the satura
value Js5JHo58 and they are locked in one of the fou
equivalent̂ 110& in-plane easy directions.12 The sharp meta-
magnetic transitions are then due to first-order transiti
among different arrangements of the moments along thc
axis. We assume that the relevant phases in the field-a
phase diagram are the easiest commensurate structures
the observed magnetization~they are listed in the upper pa
of Table I!. We notice that all the phases in Table I may
represented in a chain of six unit cells with periodic boun
ary conditions. This is important because the Fourier tra
form of the interaction for a system with six sites has on
four free parameters, namely,Ji with i 5 0, 1, 2, 3. Any
further Fourier component may be removed with a redefi
tion of these parameters~i.e., theJ6 is equivalent toJ0).
Neglecting the CEF energy and entropy it is possible to c
culate analytically the HFE for each configuration. Some
these energies are listed in Table I. From the twou50°
metamagnetic transitions it is possible to establish two c
ditions for the parametrization of the RKKY interaction. Fo
lowing the convention of Canfieldet al.12 we call the meta-
magnetic transition fieldsHc1 5 4.1 kG andHc2511.1 kG
~this value is somewhat higher than the 10.6 kG given in R
12!, and they should not be confused with the supercond
ing critical fields. Imposing the energy of theAF2 andAF3
phases to be equal atHc1 and the ones ofAF3 andP at Hc2,
we obtain the following relations:

J152J22
gmB

2Js
Hc22

2

3
EM , ~4!

J35J21
gmB

6Js
~Hc22Hc1!1

1

6
EM ,

TABLE I. Stacking sequence of ferromagnetically orderedab
planes along thec axis for the phases found in the T5 2 K mag-
netic anisotropic phase diagram in Fig. 2. At low temperature
CEF forces the moments to lie in one of the four easy directi
^110& indicated by arrows. The external field forms an angleu with
the ~21,1,0! (↖) direction. The third column is the relevant part o
the HFE per site, the term2Js

2J0/22H2/8p may be added to have
the total HFE.H i5gmBH cos (u) is the projection of the field along
the easy axis and all other symbols are explained in the text.
only give the HFE for the phases needed to compute the relat
~4!.

Phase Structure HFE per site

P ↖ 2Js
2(J11J21J31EM)2JsH i

AF2 ↖↘ Js
2(J12J21J3)

AF28 ↗↙ Js
2(J12J21J3)

AF3 ↖↘↖ @Js
2(J11J223J32EM/3)2JsH i#/3

AF38 ↖↗↙ @Js
2(J11J223J32EM/3)2JsH i#/3

F3 ↖↗↖
F2 ↖↗
C6 ↖↘↖↗↙↗
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10 686 57A. AMICI AND P. THALMEIER
whereEM52p(gmB)2/Vc58.131023 meV comes from the
contribution of the magnetization to the HFE. They ass
that the relative stability of the three phases foru50° is the
observed one. In order to use the easiest possible mode
setJ350, which impliesJ1528.031023 meV andJ25
22.431023 meV. The final freedom in the model is th
parameterJ0, which works basically as a self-interaction an
cannot be extracted starting from the energy differen
among magnetic structures. We useJ054.831023 meV in
order to have the transition between the paramagnetic
the incommensurate state at the experimental value T5 6
K.4 Moreover, this choice make the internal molecular fie
large enough (;15 kG! to maintain the moments close to th
saturation regime, as required.

After the model has been defined and all its parame
fixed, we present now the numerical results of the comp
self-consistent MF calculation for the field-angle phase d
gram at T5 2 K. The starting values for̂Ji& in the iteration
algorithm are a set of random numbers and the possible
riods allowed are in the range from one to nineteen plan
Typical magnetization curves are evaluated and they
shown in Fig. 1. They refer to experimental geometries w
different anglesu between the external fieldH and the clos-
est magnetic easy axiŝ110&. The resulting metamagneti
phase diagram is presented in Fig. 2. It contains all
phases in Table I and it agrees remarkably well with
experimental one. In particular, all the transition lines sh
simple trigonometrical dependence as a function of the an
u as well as the corresponding magnetization values at
plateaux. In all the regions where the stable phases areAF2,
AF3, F3, andP, we observe remarkable quantitative agre
ment with the experimental data in Ref. 12. The main qu
tative differences between our model and experiments is
presence of two additional phases, theF2 and theC6, whose
magnetization is different from the reported ones. Howev

FIG. 1. Magnetization vs magnetic field for some representa
anglesu between the field and the closest^110& direction. Foru
50° the thick dashed line represents experimental data taken
Canfieldet al. ~Ref. 12!. and the thick continuous line give resul
of our calculation. The two experimental parameters entering
model are the transition fields of the two metamagnetic transiti
Hc154.1 kG andHc2511.1 kG. This figure should be compare
with Fig. 1~a! of Ref. 12.
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the strongest disagreement is in the region of relatively l
field and high angles where experimentally the strongest h
teresis is found. Another minor point is the absence of dir
AF3-P transition foruÞ0°. Experimentally, the direct tran
sition is observed for small angles up tou56° in the Ho
compounds, but seems to have a much wider range in
similar phase diagram of DyNi2B2C.18 We would like to
stress however that it is not possible to improve this ph
diagram by simply refining the parameters for the RKK
interaction. For example, allowing forJ3Þ 0, it is possible
to stabilize at low field an additional phase, which is a d
torted helix structure with wavelength five, but no chan
appears in the phase transitions among the other phase
addition, as explained before, the effect of further effect
interactions with neighboring planes beyond the third o
may be eliminated by proper redefinition of theJi with i
,3. Therefore, if the two phasesF2 and C6 are not ob-
served in the experiments, we have to conclude that a
tional interactions~i.e., magnetoelastic couplings! have to
play a role in the stability of the magnetic phases
HoNi2B2C.

Starting from the same model, it is possible to analyze
zero-field behavior as a function of temperature. In princip
this requires some attention since the magnetic system
now embedded in a superconducting material. This imp
important changes in theq;0 region of the Fourier trans
form of the RKKY function,19 but leaves the relevantq;p
region almost unchanged. Relying on this fact and on exp
ments on doped nonsuperconducting materials such
HoNi22xCoxB2C, which show a magnetic behavior ver

e

m

r
s

FIG. 2. Field vs. angle metamagnetic phase diagram for T5 2
K. The filled dots are calculated within our model and indicate
phase transitions where a sensible jump in the magnetization is
(DM.0.2mB /Ho). The thick dashed lines are given in Ref. 12
the best fit of the experimental data. Their functional form
Hc3

0 /sin (45°2u), Hc2
0 /cos (45°2u), andHc1

0 /cosu. The values we
used for the proportionality constants areHc3

0 5 Hc2
0 58.4 kG and

Hc1
0 54.1 kG. The two additional thin curves refer to the pha

boundaries not yet observed in the experiments. Empty sym
refer to the stability of the AF3 phase with respect to AF2~circles!
and F2 ~diamonds!. The apparent tetracritical point in the pha
diagram is composed of two very close usual tricritical points~in-
set!.
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57 10 687MICROSCOPIC THEORY OF MAGNETIC PHASE . . .
similar to the undoped superconducting one,20,21 we will use
our purely magnetic model for the description of the ze
field phase diagram. At the MF level the second-order ph
transition between the paramagnetic state and an ord
structure is expected to occur at theQ vector for which the
J(q) has its maximum. In our model, this corresponds
Qc50.78 p in the ^001& direction, not far from the experi
mental value Qexp50.91p.7 The helical state is preferre
with respect to the longitudinal modulated structure due
the ab easy plane for the moments. This truly incommen
rate structure can be the ground state of the system onl
long as the average moment per ion is small enough,
close to the transition temperature. Lowering the tempera
the ordered state develops and the CEF part of the H
proportional to fourth and the sixth powers in^Ji&, force the
structure to find a commensurate compromise. Becaus
the self-consistent MF treatment it is not possible to treat
the same time, truly incommensurate structures and the C
we cannot observe the actual C-IC transition. However,
temperature of T5 5.5 K there is observed a first-orde
transition from AF2 to a helical state of wavelength 17
where the moments no longer point only along the easy
-
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ed
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-
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re
E,

in
at
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a
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rections. This is a clear indication that the RKKY ener
starts to become dominant with respect to the CEF poten
and drives the system into a state whose wave numberQ is
closer to the maximum of the RKKY function. To obtai
better quantitative agreement for the ordering wave num
and for the temperature interval in which the incommens
rate state is stable, the functionJ(q) has to be refined in the
Qc region by including further parameters.

In conclusion, we presented a microscopic model for
rare-earth borocarbide system HoNi2B2C that explains the
main reported features of the anisotropic magnetic and t
perature phase diagrams. The minimal model to achiev
semiquantitative description of the complex magnetic beh
ior of the system needs to include realistic CEF and effec
RKKY interaction among the planes. On the other hand,
influence of SC needs to be included in the determination
the magnetic structures observed.
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