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The linear perturbation group transformation (LPRG) is used to study the thermodynamics of the axial next-
nearest-neighbor Ising model with four spin interactions (extended ANNNI) in a field. The LPRG for weakly in-
teracting Ising chains is presented. The method is used to study finite field para-ferrimagnetic phase transitions
observed in layered uranium compounds, UAs;_Seyx, UPd2Si> or UNisSio. The above-mentioned systems are
made of ferromagnetic layers and the spins from the nearest-neighbor and next-nearest-neighbor layers are
coupled by the antiferromagnetic interactions J; <0 and J» <0, respectively. Each of these systems exhibits a
triple point in which two ordered phases (ferrimagnetic and incommensurate) meet the paramagnetic one, and
all undergo the high field phase transition from para- to ferrimagnetic (+ + —) phase. However, if in UAs;_,Sex
the para-ferri phase transition is of the first order as expected from the symmetry reason, in UT2Sis (T = Pd, Ni)
this transition seems to be a continuous one, at least in the vicinity of the multicritical point. Within the MFA, the
critical character of the finite field para-ferrimagnetic transition at least at one isolated point can be described
by the ANNNI model supplemented by an additional, e.g., four-spin interaction. However, in LPRG approxima-
tion for the ratio x = Jo/J; around 0.5 there is a critical value of the field for which an isolated critical point
also exists in the original ANNNI model. The positive four-spin interaction shifts the critical point towards higher
fields and changes the shape of the specific heat curve. In the latter case for the fields small enough, the specific
heat exhibits two-peak structure in the paramagnetic phase.
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1. Introduction

The Linear Perturbation Renormalization Group (LPRG) [1] method uses a simple one-dimensional
decimation to study universal (critical) and non-universal such as a location of the critical temperature
and temperature or field dependence of the properties of thermodynamic quantities of several classical
and quantum higher-dimensional models. For the first time, this kind of method was proposed by Suzuki
and Takano (ST) [2]. In the ST approach the one-dimensional decimation is combined with the Migdal-
Kadanoff (MK) bond moving approximation. The disadvantages of the latter method especially for the
quantum systems were discussed by Barma et al. [3] and Castellani et al. [4]. Here, we wish only to remind
that the MK approach gives rather poor quantitative results even for the two-dimensional Ising model
and there is no possibility to construct any systematic approximation procedure within this method.
For example, the MK procedure gives for the Ising model on the square lattice the values of the inverse
critical temperature k; = 0.61 whereas the exact value is k; = 0.44 and for the s = % XY model k. =
1.2 [2] much larger than the value k. = 0.64 estimated from the high-temperature series expansion [5],
k. = 0.71(67) found from Monte Carlo simulations by fitting to the exponential law [6,|7] and power law
[8], respectively or rotationally invariant non-linear (block) transformation k. = 0.62 [9,[10]. The LPRG
method has been proposed for the so-called quasi-one-dimensional magnets made of spin chains with
the intrachain coupling k and much weaker interchain coupling k; < k. However, even for the standard
Ising model k; = k, the LPRG approximation gives the results which are in very good agreement with the
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exact ones k¢ = 0.45 . For k > k; > 0.15k, the deviation from the critical temperature exact values is less
than 2% and for 0.5k > k; > 0.15k even less than 1% [11].

In this paper, the LPRG is used to study the thermodynamics and the existence of a critical point in
two-dimensional axial next-nearest-neighbour Ising model with four spin interactions (extended ANNNI)
in a field.

2. LPRG

We first describe in detail the LPRG approach in the simplest possible case, i.e., the Ising chains with
intrachain interaction J coupled by the weak interchain interactions J; defined by the Hamiltonian

F=k) SiiSije1+ki ). SijSis1j (2.1)
(ij) (ij)
where the label i refers to rows and j refers to columns, the factor —1/kg T has already been absorbed
in the Hamiltonian (k= J/kgT, k; = J1/ksT), and k; < k. The LPRG approach starts with an exact deci-
mation for one-dimensional system. Dividing the spins of the chain into two groups, in the simplest case,
S2i+1 (0dd spins — survived) and s»;.» (even spin — decimated) one can write the decimation transfor-
mation in the form

e (s2i41) — Trs,; e (S2i+1,52i42) (2.2)

In each step of the transformation (2.2), every other spin is decimated. The same transformation can be
written by using a linear weight operator P(o;, s;)

e @) —Tr,P(a, 5)e ', 2.3)

where the weight operator P(c, s) which couples the original (s) to the new spins (o) is chosen in a linear
form as follows:

1 N
P(o,s) = ﬁi:l_[l(1+0i+152i+l)- (2.4)

The weight operator P(o,s) projects the original spin s space onto the space of the effective spins

o. For the one dimensional Ising model with interchain interaction k; = 0, the transformation or

equivalently can be carried out exactly. So, we can separate the Hamiltonian in a manageably

exactly unperturbated part # containing intrachain interaction k [first term of the Hamiltonian @Z.1)],

and a remainder 7 containing interchain interaction k; [second term in equation (Z.I)]. With the nota-
tion

zo = TrsP (0, 5)e”0) 2.5)

and )
(A = —TrsAP(o, 5)e”® 2.6)
0

the transformation (Z.3) can be written as
F'(0) = Inzg + Ine”1®)y, @.7)

with the following cumulant expansion for In(e”(*)y [12]
1
In(e”19y = (7)o + o (%0 — (F0D)7). (2.8)

The idea of LPRG in two dimensions is presented in figure[Il The chains are divided into two black
and white groups. In each renormalization step, every other spin from a black chain is decimated and in
a white chain all spins are removed. As a result, one gets the system of effective spins o. The single chain
“partial” partition function zp can be easily found as [13]

zg = (cosh2k +1) + (cosh2k-1)0;,j0; j+1, 2.9
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S11 S12 813 o, o,

Figure 1. The LPRG procedure for weakly interacting chains in two dimensions.

and
1 1
Inzy = E(ln2+lncosh2k) + Eaiyjaiyjﬂlncosth. (2.10)

To evaluate the cumulants 2.8), one has to know the averages (s;, jyand (s j...S; j+n) from the black
(decimated) and white (removed) rows. For the spins from the black rows (figure )

1
(s1,1) =011, (s1,2) = 5(01,1 +01,2) tanh 2k, (s13) =012, (2.11)

and )
($1,181,2) = 5(1+01,101,2)tanh2/€, (81,181,3) =01,101,2. (2.12)

For the spins from the white rows
(82,70 =0, (82,j82,j+n) =tanh" k. (2.13)
Now it is relatively easy to find the renormalized Hamiltonian #’ (o) (2.7) in the form
F(0)=Gk)+ K'Y 04j0;ja1+K ) 0;j0141,j +Q0), (2.19)

where G(k;) is a constant (independent of effective spins o) term which can be used to calculate the free
energy per site according to the formula

=Y —. (2.15)

and “n” numbers the LPRG steps. (o) denotes the additional interactions generated eventually by LPRG
transformation.

The approach presented above can be also used to consider a quantum spin model or an interacting
electron model. However, in these cases the LPRG does not start with an exact but with an approximate
decimation for one-dimensional systems [2]. We should also emphasize that generally, the approach is
relevant for higher temperatures. Using LPRG one can show the existence of the critical point, and can
obtain the location of a transition point, if any, and the temperature or field dependences of the thermo-
dynamic quantities.

3. Extended ANNNI model in a field

There exists a class of compounds with a layered structure and strong c-axial anisotropy which can
be described by the Ising-like ANNNI model or its extensions. For example, models of this kind have
been proposed to describe the phase diagrams of the uranium compounds: UAs;_,Se, with x < 0.1 [14]
or UT,Siy (T = Pd, Ni) [15,/16] made of ferromagnetic layers which comprise three ordered phases: anti-
ferromagnetic (+ — +-), ferrimagnetic (+ + —) and incommensurate. Each of this system exhibits a triple

13704-3



J. Sznajd

point in which two ordered phases (ferrimagnetic and incommensurate) meet the paramagnetic one, and
all undergo the high field phase transition from paramagnetic to ferrimagnetic (+ + —) phase. However,
if in UAs;_Sey the para-ferri phase transition is of the first order, in UT»Si, this transition, at least in
the vicinity of the multicritical point, seems to be a continuous one. For the symmetry reason, the para-
ferrimagnetic (+ + —) phase transition in the presence of an external field should be discontinuous and a
question has arised if the ANNNI model can exhibit in such a case a critical transition. Within the MFA it
has been shown that the ANNNI model should be supplemented by some additional, e.g., four-spin inter-
action to exhibit an isolated critical point [17]. In order to answer this question, we have used the LPRG
to study the extended ANNNI model in a field

A = kY SijSija1+ki ). SijSis1j+ke Y. SijSis2j (3.1)
(i) Gj) G
+ks ) SijSi+1,jSij+1Si1,j+1 +h)_Si.
€ij) (@)

In the ground state in zero field, the standard ANNNI model with ks =0, k1, k2 <0and x = k»/k; = 0.5
exhibits a multicritical point where antiferromagnetic phases (+ —+—) and (++ ——) meet a ferrimagnetic
phase with the spins of the ferromagnetic planes ordered in the sequence (++ —) ({2,1) phase in the
notation of the paper [16]). The external magnetic field extends the (+ + —) phase in the (x, H) plane
[19]. All magnetic structures of UPd,Si, as well as UNi,Si, and UAs;_,Sex (0 < x < 0.1) in the fields along
¢ axis exhibit ferromagnetic layers with moments perpendicular to the layers. So, only the magnetic
order between the ferromagnetic layers is of interest. Consequently, it seems that to understand the main
feature of the paramagnetic-ferrimagnetic (++—) phase transition one can confine oneself to consider the
two dimensional (2D) problem. Thus, in the present paper we use the LPRG method to study the extended
ANNNI model in two dimensions.

The idea of the LPRG for ANNNI-type model in 2D with the following projector for one decimated row

1
P(o,s) = Z(l+Ul,181,3)(1+0'1,281,6) (3.2)

is presented in figure [21 The full circles represent the spins which survive in the decimation procedure.
According to figure 2] in each step of the RG transformation every other row (“even row”) is removed,
and from odd rows every third spin survives. The cluster presented in figure[2can be used to study sys-
tems made of ferromagnetic or antiferromagnetic chains but it does not preserve the antiferromagnetic
and much less modulated order between the chains. However, this cluster preserves the ferrimagnetic
(++ —) ordering which is a matter of interest in this paper. In order to take into account both possibilities
(antiferromagnetic and ferrimagnetic orders) one should consider a cluster of 11 chains and for three

k ° o) o) ° o) o) S(l)
ki
o o o o o o o o o §@
k>

o o ° o o ° o o S(3)

o o o o o o o o o o) S(4)
) ) ° o o ° o o S(S)

O_(i) O_(j)
1 2

Figure 2. Cluster (8-10-8-10-8) used to get renormalized Hamiltonian of the extended ANNNI model in the
LPRG procedure.
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possibilities (antiferromagnetic + — +—, antiferromagnetic + + ——, and ferrimagnetic orders) 16 chains.
Although calculation with such clusters is straightforward it becomes quite involved. It should be em-
phasized once more that the LPRG with the cluster presented in figure[2is suitable to describe, except for
para-ferro, only para-ferrimagnetic (++ —) phase transitions. Such phase transitions can occur in both 2D
and 3D systems. Thus, we have confined ourselves to consider 2D problem although the incommensurate
phases observed in the mentioned uranium compounds can be described by 3D ANNNI model.

As usual, the RG procedure leads from the set of original parameters of the Hamiltonian 2.3 (k, k,
k1, k2, k4) to the set of renormalized parameters (1, k', k}, k3, k)

(j+2) 0 (j+1)U;j)

R kyo"o; gUth. (3.3)

kéa(lj)a 5

h/aj-, k’agj)aéj), kia{a(ljﬂ),
However, in the lowest nontrivial order of the cumulant expansion, which in our case is the second order,
several new odd and even interactions come into play. For the sake of simplicity, we will take into account
the contributions up to the second order only from the one- and two-spin interactions, contributions to
the first order from three- and four-spin interactions, and neglect any contributions from the higher order
spin terms [21]. Accordingly, we consider 17 parameters, i.e., five original (3.3) and 12 generated by the
RG transformation.

To evaluate the transformation one has to know the averages of spins (S; ;) and two spins prod-
ucts (S;,jS; j+n? from the decimated (“odd”) and removed (“even”) rows. The chain averages for the spins
from decimated rows of the Ising model in a field with the weight operator have been presented in
paper [9], and for the spins from the removed rows, these averages are known exactly (see for example
[18] and references therein). Now, we are able to numerically evaluate the renormalization transforma-
tion which in our approximation has a form of 17 recursion relations. As usual, in order to deter-
mine the critical temperature, one has to find a critical surface which separates in the parameter space
the region of attraction of the two stable fixed points, zero temperature, kg = co and infinite tempera-
ture kg = 0. The existence of such a surface means that the system can undergo a second order phase
transition. Moreover, we can also numerically calculate the free energy per spin collecting the constant
terms generated in each step of the iteration process (2.15). In a disordered phase we obtain a rapidly
convergent infinite series for the free energy which can be used to find the specific heat as a function of
the reduced temperature t=T/].

Let us start with the standard ANNNI model with k=1, k; = —0.6, ks = —0.3 and k4 = 0 [21]. The value
of the critical temperature has been determined on the ground of the recursion relation analysis. Using
the formula Z.I5), the free energy per site and the specific heat as functions of temperature and a field
have been found. In figure [3] the temperature dependence of the specific heat for several values of the
field is presented. The specific heat divergence corresponding to a critical point is visible for & = 0 and for
h around 0.11. For 0 < h < h¢ = 0.11, the specific heat exhibits a maximum. Unfortunately, the LPRG fails

Ch(h)

1500

1000

500

0
155 1.60 1.65 170 175 1.80 185

Figure 3. (Color online) The specific heat temperature dependences of the ANNNI model with k; = —0.6,
ko = —0.3, k4 = 0 for several values of the field.
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Figure 4. (Color online) The specific heat temperature dependences of the extended ANNNI model with
k1 =-0.6, kp = —0.3 at zero field for several values of the four spin coupling k4.
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Figure 5. (Color online) The specific heat temperature dependences of the extended ANNNI model with
k1 =-0.6,kp =—0.3, k4 = 0.2 for several values of the field.
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Figure 6. (Color online) Comparison of the specific heat curves of the standard ANNNI model at fields
h =0 and & = 0.11 around the critical field with such a curve for the model with k4 = 0.2 around the
critical field h = 0.121.
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Figure 7. (Color online) The temperature dependences of the nearest-neighbor (s;s;;1) (bottom curve)
and next-nearest-neighbor (s;s;.2) chains correlation functions for extended ANNNI (k4 = 0.2) model at
h=0.121.

to properly describe the specific heat behavior below the maximum because it is not capable of describing
the ordered phase which is expected below the maximum, if the system undergoes a discontinuous phase
transition. For some value of the field & > k¢ (h = 0.15 in figure [3), specific heat has only a broad hump.

This means that the considered ANNNI in the presence of the external field can exhibit a continuous
phase transition to the ferrimagnetic phase (+ + —) at # = 0 and & = h. = 0.11. Thus, within the LPRG
unlike in MFA it is not necessary to supplement the original ANNNI model by an additional four-spin
interaction to reach an isolated critical point for a finite field around & = 0.11 [21].

Now, we proceed to the extended ANNNI model with k=1,k1 =-0.6,k2 = —0.3 and k4 # 0. In figure[d]
we present the temperature dependences of the specific heat in zero field for several values of negative
and positive values of k4. As seen, the four-spin interaction simply shifts the critical point towards higher
temperature for ks > 0 and towards lower temperature for k; < 0. Figure Bl shows the temperature de-
pendence of the specific heat for the model with k; = 0.2 in finite fields. Similarly to the standard ANNNI
model case, the application of the external field changes the divergence of the specific heat into a maxi-
mum for 0 < i < h¢. For h =~ 0.1214, the divergence appears again indicating a critical point. In figure[6]
we compare the shapes of the specific heat curves for the field strengths close to the critical values for
standard and extended ANNNI models. In the case of the k4 = 0.2 model, a small peak in specific heat
appears above the critical temperature. In figure [7] the two-site correlation functions for the spin from
adjacent (G1 = (s;s;j+1)) and next nearest neighbor (G2 = (s;s;+2)) chains are presented. As seen, a kink
of Gy around the temperature of the specific maximum is observed. It can suggest some preliminary or-
dering between the spins from the next nearest neighbour chains. To summarize, it has been shown that
within the LPRG approximation, both the original ANNNI model and the one supplemented by the four-
spin interaction with ky/k; = 0.5 and ki, k2 < 0 undergo the continuous phase transition at 4 =0 and can
undergo such a transition for some finite value of the field & = k.. In the calculations presented in this
paper, a sharp anomaly in specific heat is evident at fields around k. which could explain the experimen-
tally observed anomalies in UPd,Si». The four-spin interaction shifts both the critical temperature and
field, and changes the shape of the specific heat curves.
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MeToga niHiliHoi nepTyp6aTMBHOI peHopManisayiliHoi rpynun
ANA i3UHIonoAi6HNX CNiIHOBUX CUCTEM

. WHraig

IHCTUTYT HM3bKOI TeMMnepaTypu | CTPYKTYPHUX AocnigxeHb, Monbcbka akageMis Hayk, Bpounas, Monblya

NiHiiHe nepTypbaTuBHe nepeTBopeHHs (LPRG) BUKOPWUCTOBYETLCS ANA BUBYEHHA TePMOAMHAMIKM aKcianbHOT
Mogeni I3nHra 3 HacTyNnHUMM A0 HaBAMXKYMX CyCifamy 3 YOTMPUCMIHOBOK B3aEMOJIELD (PO3LLMPEHa MOAeNb
ANNNTI) y noni. NpeactaBneHo LPRG gna cnabos3aemogitounx naHLXKiB I3nHra. MeTtog 3actocoBaHo A0 BU-
BYeHHs napa-pepoMarHiTH1X pa3oBuX NEPexosiB y CKiH4eHHOMY Mo, Lo CNOCTepiralTbCs B LLAPYBATHX CMO-
nykax ypaHy UAsj_xSey, UPd5Sia um UNiSio. Bule 3ragaHi cuctemun 3pobaeHi 3 gepomarHiTHuX Lwapis i cni-
HW 3 HaNBAMXKYUX | HACTYMHMX A0 HaBGAMXKUMX LLaPiB € 3B'A3aHi aHTUdepoMarHiTHUMK B3aemogiammn J; <0
i Jo <0, BignoBigHO. KOXHa 3 LX CMCTeM AeMOHCTPYE NOTPiliHy TOYKyY, B AKill ABi BopsiAKoBaHi ¢asm (pe-
pomarHiTHa i HecniBMipHa) 3ycTpivatoTbCs 3 NapamarHiTHow $a3oto i Bci Gasm 3a3HaoTb Ga3oBOro nepexoay
y CUibHOMY Nnofi 3 napa- A0 ¢pepomarHiTHoi (+ + —) ¢asn. MpoTe, Akwo B UAs_Sey € napa-pepo ¢pazosuii
nepexiz NnepLLIoro poay, ik O4iKy€eTbCA 3 CUMeTPIHMX MipkyBaHb, B UT2Sio (T = Pd, Ni) ueii nepexis Buaaetbcs
HenepepBHUM, MPVHaMHi B OKO/i MybTUKPUTUYHOT TOUKW. B pamKax HabanxeHHs cepeAHbOoro Noas, KpUTny-
HWIA xapakTep napa-GepomarHiTHOro nepexoay B CKiH4€HHOMY NoAi, MPUHANMHI B OAHIli i30N1bOBaHIN TouLj,
Moxe 6yTi onucaHuii 3a gonomoroto mogeni ANNNI, sika JONOBHeHa A0AATKOBO, HaNpuknag, YoTmpucniHo-
BOIO B3aeMogi€to. MpoTe, B HabawxeHHi LPRG ansa koediuieHTa kK = Jo/J1 nobamsy 0.5 € KpUTUYHE 3HaYeHHS
nons, A5 AKOTO i30/1bOBaHa KPUTUYHA TOUKa TaKoX iCHYE B opuriHanbHin mogeni ANNNI. Mo3nTusHa voTtupu-
CMiHOBA B33aEMOZiA 3CyBa€ KPUTUYHY TOUKY AO BULLMX MOAIB i 3MiHIOE GOPMY KPMBOT MUTOMOT TeMI0EMHOCTI. B
OCTaHHbOMY BUMNaAKY ANS AOCTaTHbO ManuMX NOAIB NMUTOMA TEMNOEMHICTb AeMOHCTPYE ABOMIKOBY CTPYKTYpY B
napamarHiTHin ¢asi.

KnrouoBi cnosa: mogesns ANNNI, peHopmanizayifiHa rpyna, i30/1b0BaHa KpUTMYHa TOYKa
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