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The magnetic phase diagram of KEr(Mg@ a dipolar magnetic system with strong tetragonal distortion is
investigated. The analysis of the experimental results indicates that the dipolar magnet with strong tetragonal
distortion in external magnetic field applied along the easy axis resembles the behaviorSaef 12 two-
dimensional Ising model on the rectangular latticeBitz with the nearest neighbor interactions only. The
Monte Carlo studies of the corresponding critiBatT .. line revealed the second order character of the phase
transitions down to the critical temperatuxe0.7 K and critical fieldB.~50 mT. The behavior of experi-
mental and numerical data at lower critical temperatures suggests the vicinity of a tricriticallpaiharac-
teristic for metamagnets.
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[. INTRODUCTION tion has been devoted to the investigation of the dipolar sys-
tems with a highc/a ratio in magnetic field. Consequently,
The problem of the applicability of exchange coupling the present work attends to the experimenta_l and numerical
models for the description of magnetic structures with long-Study of magneti®-T phase diagram of the dipolar magnet
range interactions, especially for the systems with dominanf/ith strong tetragonal distortion. The main motivation is to
dipolar interaction has been a subject of intensive theoretica{€"Fy the applicability of the 2D Ising model with the
and experimental investigations for a few decades. Materialgearest_—ne_lghbor Interactions I the presence of external
such as dysprosium aluminum garm@AG) and DyPQ magnetic field applied parallel to the easy axisGenerally,

represent magnetic systems with dominant dipolar interact-he behavior of th&k magnetic subsystem iRBa,Cu;07

. . . N compounds was predominantly studied in the absence of the
tions which have cubic and weakly tetragonelg~1) lat- .magnetic field because of the insufficient penetration of ex-

tices, respectively. It has been found that in zero magnetig, magnetic fieldB into the superconducting specimen.

field these high crystql symmetry matgrials may bg approXivhe magneticB-T phase diagrams of thR subsystem in
mated by the three-dimension@D) Ising model with the  ,nquperconductinBBa,Cu,O;_ , series have been studied
near_est-nelghbor mteractléﬁ. The possibility of sugh ap-  in detail>~16 However, the reduction of the oxygen content
proximation has been explained by the compensation of exntroduces significant changes in the effective magnetic lat-
change and dipolar fields arising from the sites farther thagice and spin dimensionalifiz**
the nearest neighbors. However, the exchange coupling mod- Another class of dipolar magnets with the higha ratio
els used in zero magnetic field analysis proved not to bgs represented by the rare earth series with the general for-
useful for the description of the behavior observed in magmula AR(MoQ,),, whereA=Cs, K, Rb. The rare earth di-
netic field. The experimental investigations have been commolybdates are ionic compounds with a layered crystal struc-
pleted by a number of mean-field studies of 3D antiferro-ture of orthorhombic symmettywith nominallya/c~1 and
magnetic Ising models with long-range interactions inb/a~2. Previous studies of a magnetic phase transition in
external magnetic fiefc which approximate the studied ma- zero magnetic fief!° together with the value of the latter
terials. ratio indicate that these dipolar systems approach theoreti-
The critical behavior of a dipolar Ising system on the cally predicted 2D behavior.
simple tetragonal lattice witk/a>1 has been theoretically In particular, the present work is devoted to the experi-
studied in zero magnetic fiefdlt was revealed that the te- mental study of the temperature dependence of KEr(MeO
tragonal dipolar lattice with the ratio/a>2.5 is in the uni-  specific heat in external magnetic field. On the basis of the
versality class of the two-dimensional Ising model with specific heat data the experimenBdT phase diagram has
short-range interactions. The conclusion was supported blgeen constructed. The analysis of the diagram was performed
Monte Carlo studies of 2D Ising antiferromagnet with long-in the frame of two limit theories; a pure dipolar approach
range interactions in zero magnetic fiél8uch behavior was and the 2D Ising model with the nearest-neighbor coupling
experimentally observed in the rare eaif®) series of super- constants obtained from the previoBs-0 analysis?® Since
conductingRBa,Cu; O, s materials at low temperaturés'?  the exact solution for th&=1/2 2D Ising model on the
In these compounds tHRsubsystem forms nearly tetragonal rectangular lattice ifB| z is not known we have used mean-
lattice with c/a~3 anda/b~1. Since the 4 electrons of field approximation and the standard single-spin-flip Monte
trivalent rare earths are effectively isolated from the superCarlo (MC) algorithn???to construct theoretical prediction
conducting(Cu-O) sublattice, magnetic correlations among for the B-T phase diagram of the 2D Ising model with the
Rions are predominantly of dipolar origin. Much less atten-nearest-neighbor interaction.
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The outline of the paper is as follows. Section Il is de-orthorhombic with the symmetr3; , the parameters of the
voted to the description of a sample and experimental appamit cell area=5.063 A ,b=18.25 A, andc=7.915 A.
ratus used for the measurement of heat capacity. The comowever, the real distance betweer? Erions along thec
struction and analysis of experimental and theore®al  ajs isd=3.957 A. The unit cell contains two pairs of mag-
diagram together with MC details is given in Sec. Ill. The netically nonequivalent Bf ions with local symmetry axes
main conclusions are summarized in Sec. IV. tilted in theac plane by the angle of 9° with respect to the
¢ axis. The ground state of a freeErion is *l 5, with
2J+1 degeneracy. This state is split by the local crystalline

The crystals of KEr(MoQ), have been prepared by the field into eight doublets with the lowest enerdie&€,=0
flux method® at the Institute of Low Temperature Physics in and E;=15 cni'l. The energy separatiod=E,—E, is
Kharkov. They were good optical quality crystals prepared inmuch larger than Jahn-Teller interaction energy
the shape of' parallelepipeds with typical dimensionX15 ~4 cm! estimated for KEr(Mo@),. The condition A
X 10 mn? with the edges cut along tha,b,c crystallo- <A prevents the realization of the cooperative Jahn-Teller
graphic axes. However, for the purposes of specific heattect in the compourfd in B=0 and magnetic fields suffi-
measurements in the vicinity of a phase transition mucz?enﬂy lower than the critical valuB,~4 T. In addition,

smaller piece of a sam.ple was requ[red to avoid t_he onset Qljectron paramagnetic resonance stufdi€performed at the
extremely long relaxation times during the experiment. Be-

; temperatures from 1.8 to 4.2 K, revealed the field-induced
cause of the layered crystal structure, the materials prefer: . ) .
ably cleave in thec plane. The optical quality of the crystal Ja_hn-TeIIer effect only ITB oriented perpen(_jlcular o the

has been somewhat Iowéred due to crystallographic defec is forB>4 T. Th_e Ising character Of.thls compound at

. : X : 3w temperatures is quite well established by a strong
introduced by internal stressses during the cutting. A sample-factor anisotropy with

of approximate dimensions»60.4x3 mn? and the weight g Py

of 33.6 mg was used for specific heat measurements. Since _ o —

the crystal was not ellipsoidal in shape the fields inside the =18, 0,<0.9. g.=g=14.7, 3.1
crystal were not uniform throughout, hence, strictly speakingcorresponding to the lowest doublet. Given the tilting angle
there is no unique demagnetizing factor. Using the methodbetween the axis and local symmetry axes is neglected, in
described in Refs. 24,25, the averaged value Nf the first approximation the axis coincides with the easy axis
~0.15-0.2 was estimated for the used sample. The crystalof the studied system. Previous thermodynamic studies of
was mounted in the experimental cell so that the applied fieldkEr(MoOQ,), in zero magnetic fiekf have revealed that be-
was parallel to the axis. The specific heat measurementslow the temperature of abb® K the system resembles the
were performed using a dual slope metffeda relaxation behavior of 2DS=3/2 Blume Capel model on a rectangular
technique established in the commercide-*He dilution lattice. Belav 2 K this model converges to the 28=1/2
refrigerator TLE 200 type made by Oxford Instruments. Thelsing rectangular lattice model

temperature of the sample was monitored by Rug3istance

thermometer manufactured by Dale Electronics with a nomi- _ - ; 7

nal value of 1 K), RC 550 type calibrated against a commer- Ho= _Jlizj Tij%1+1, _‘]Zizj o0+ (32

cial germanium thermometer Lake Shore GR 200A-30. Mag-

netoresistive effects were not considered because of lowith

values of applied magnetic field which did not exceed 130

mT, while the temperature in the measurement was not lower J1 —0.85 K J2 — 016 K 3.3

than 400 mK. The thermometer was varnished directly on the ks ' ' ' '
sample by GE 7031 varnish. For a homogeneous heating of . ) _ )
the sample the tensometric gauge of nominal resistance 124h€reds represents eﬁegtlvezlntrachaln exchange interaction
Q was used varnished on the opposite side of the crystaRNdJ2 interchain interactiony; takes on the values 1. The
The entire assembly was suspended by nylon threads in tfeagnetic phase transition into the antiferromagnetic ordered
experimental cell and thermally connected to the thermal resstaté has been observedTaf=0.955-0.005 K. On the ba-
ervoir via a link made of silver wire of 5@m diameter. No ~ Sis Of the aforementioned facts the title compound might be
attention was paid to the addenda contribution since the sp& interesting subject of thermodynamic studies of magnetic
cific heat was not directly analyzed and the temperatures dfhase diagram of Ising system with long-range interactions
maxima necessary for the constructiorBell phase diagram N BllZ.

could be obtained readily. Furthermore, our previous inves-

tigations show that the behavior of the addenda vs tempera- A. Experimental data

ture is monotonous and_ in the \_/icinity of a phase transition The temperature dependence of KEr(MYQ specific
does not exceed experimental inaccuracy of the used teClye ot iy constant magnetic field was studied in the tempera-
hique which is about 5%. ture region under 1 K. Within the experimental accuracy the
c axis of the crystal was aligned parallel to the magnetic
field. For clarity, Fig. 1 only includes segments of the tem-
KEr(Mo0Q,), belongs to the most studied compoundsperature dependence of the specific heat curves that contains
from the aforementioned series. The crystal structure ishe \-like anomaly. It can be seen that the height of peaks

Il. EXPERIMENTAL DETAILS

Ill. MAGNETIC PHASE DIAGRAM
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B - - - transition; the maximal height of the peak is about 23

4 P ont 1 J/IKmol which is lower in comparison with the value 30
m

110 mT J/IKmol in the previous experiment. Furthermore, strong
ﬂt\\ rounding appears; the width of the peak measured in the
] height 0.95C,,.« is about 5 mK in the current experiment
while the width of the peak in the previous experiment is
about 1 mK. As was mentioned above, the current specific
heat data did not enable the study of a low temperature part
130 mT of the diagram. However, the zero-temperature valuB gf
denoted as8? provides information on the physical param-
eters of the system. Since our range of temperatures and
magnetic fields is low in the comparison with Jahn-Teller
interaction energy, we can neglect all types of spin-phonon
and orbital-phonon interactions. Thus, as a further ﬁ%p

FIG. 1. (a),(b) The temperature dependence of KEr(Mp9  Was estimated by using the formifla
specific heat in constant external magnetic fig|it. )

Bc
steeply decreases with the increasing magnetic field while 1_(§)
the width of the peaks increases. This behavior prevents any ¢
detection of a phase transition by specific heat measurementghereé= 0.35 for the Ising model on the simple cubic lattice
in magnetic fields higher than about 100 mT since the posiand £=0.87 for Ising model on the square lattice with the
tion of a maximum becomes practically unreadable. Takingnearest-neighbor interactions. Since the previous zero-field
the position of a maximum denoted d@s observed in the studies revealed the system resembles the behavior of two-
corresponding magnetic field denoted Bis, the magnetic dimensional Ising model under 2 K, the valge-0.87 was
phase diagram given in Fig. 2 has been constructed. It shoulgsed in the fitting of the experimental phase diag(&ig. 2).
be noted that in this experiment the temperaflige=0.946  The fitting procedure yieIdeoBg=160 mT. Before the
+0.005 K is about 1% lower than the value observed in theanalysis of this value, the effect of a sample shape was con-
previous experimerff This difference can be explained by a sidered. Assuming that the sample at zero temperature is
combined effect of calibration err@the average relative er- fully magnetized in the paramagnetic region, saturated mag-
ror of the used thermometers is about 0)%d the crystal- netization was calculated & s,~ngjugS, wheren=5.48
lographic defects involved to the sample during the cuttingx 10?” atom/n? represents the number of Er atoms in the
of the material. The presence of the latter is indicated by th@olume unit of the studied materighg is Bohr magneton

aforementioned lower optical quality of the crystal and theandS=1/2. Then internal magnetic field at zero temperature
behavior of the specific heat in the vicinity of the phaseBg'=65_go mT was estimated by using the standard equa-
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ol s MC | where uq is the permeability of vacuum, the dependence of
~N=0.2 N on the position throughout the sample was replaced by the
=R L 0.15 averaged valudl~0.15-0.2. As shown in Ref. 31, given the
e 80 I i magnetic correlations in the compound are predominantly of
dipolar origin, the internal_fiel&ﬁ" can be directly related to
4o ] the Zeeman energgu,uBBg' . This energy is required for the
transition from the antiferromagnetic ground state with the
0 ' ' ' ' corresponding energk, to the ferromagnetic ground state
0.0 0.2 0.4 0.6 0.8 1.0 . .
_ (saturated paramagnetic statgth the energyEg
e _ 0i
FIG. 2. MagneticB-T phase diagram of KEr(Mof), in exter- Er—Ea=0jmsBc - (3.9

nal ma_lgnetic fieldB| c ((_)pen circleg _The_solid line represents the 11,5 caiculation of the energies performed within a pure di-
behavpr of S=1/2 aqtlferromagneth Ising model on the square polar approac:‘r‘? yielded E,/kg=—1.3 K and Eg/kg=

lattice in Bjlz. MagneticB-T phase diagram of KEr(Mog), cor- —0.6 K. In the latter the corrections for internal demagne-
rected for demagnetizing effects fr=0.15 (dashed lingand N tizing factorNg=1/3 have been already included. The corre-

=0.2 (dotted ling. For clarity the corrected data are presented by . .\ . ) - .
the lines drawn on the basis of the points shown in the Fig. 3. Thec‘pondlng critical field resulting from E¢3.6) estimated in a

: =2 0i(dip) _
full circles represent the MC prediction f&= 1/2 Ising model on  Pure dipolar approach B2 (“"P=69.5 mT. The reasonable

the rectangular lattice i[z with J;/kg=0.85 K andJ,/kg= agreement of the theoretical and experimeB@ilvalues in-
—0.16 K. The estimated zero-temperature critical fiBff®“" is  dicates that the dipolar interactions play a dominant role in
also included. the magnetic subsystem of KEr(Mg}.
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The 3D S=1/2 antiferromagnetic Ising model with ex- ' ' ' ' '
change and dipolar interactions in magnetic field applied
along the easy axis has been solved in the mean-field ap-
proximation yielding

2z 1
Be'= g~ 2 NoMsa Bap~ Boen, (3.7

B, (mT)

where J represents the total antiferromagnetic nearest-
neighbor interaction-dipolar plus exchangesepresents the
number of nearest neighboiBy;, is the dipolar field arising s 02 o o5 o3 m
from all ions on the opposite sublattice inside the sphere ’ ’ ’ ' ’ ’
excluding the nearest neighbors in the paramagnetic state at T
T=0. Similarly Be,c, is the exchange field arising from all g1 3. Magneticd-T phase diagram of KEr(Mog, calculated
ions on the opposite sublattice except the nearest neighbor. he mean-field approximation of the modal8) (solid line). The
For KEr(MoQy), the value of B obtained within the  open and full squares represent experimental data corrected for de-
nearest-neighbor  coupling  calculation  isBY " magnetizing effects wittN=0.15 and 0.2, respectively.
=2zJ/gjug, wherez=2 and J=J,, J,/kg=—-0.16 K,
yielding BY®**M=64.7 mT. The small difference in , 1
BY(eX and BY (P indicates that the correspondence be-  F= ~Ja(Mi+my)—2J,mim,—>gjugB(m;+my)
tween the 2D Ising model with the nearest-neighbor interac-
tion and dipolar magnet with strong tetragonal distortion is
preserved also in the presence of external magneticBigtd

To support this suggestion, the experimental data of the

+%kBT[(1+ my)In(1+my)+(1—my)In(1—m;)

B-T diagram at finite temperatures corrected for the shape +(1+my)In(1+my) +(1—-mp)in(1-my)], (3.11
effects were analyzed in the frame of the Z>1/2 Ising  \yherem,, m, are sublattice site magnetizations. The total
model with the nearest-neighbor interaction magnetization per site is defined as=(1/2)(m,+m,)
1 =M/Mg,. Having applied the conditions for the existence
H="Hy— EQIIMBBZ o2, (3.9 of the_ extreme of, 9F/9m,;=dF/om,=0 we obtained the
i equations

where H, is introduced by Eq(3.2) with the parameters m, =tanh(j;m;+j,m,+h), (3.12
given by Eqgs.(3.1) and(3.3). The correction at finite tem-
peratures has been performed using the relation my=tanh(j,m,+j,m;+h), (3.13

BI(;:BC_NMOM(Bl(;yTC)v (39) where jl=(2J1)/(kBT), J2:(2J2)/(kBT) and h

=(9j1gB)/(4kgT). This system of equations was solved
where B}, denotes internal critical field at the temperaturenumerically for the parameter.1), (3.3 and the stable
T.. Since to our knowledge no experimental magnetizatiorfolution corresponding to the minimum of the free energy
data are available, we used a simple approximatioMof has been selected. The solution consists of paramagnetic and
based on the assumption that the behavior of paramagnet@tiferromagnetic branches corresponding to the jump of the
magnetization induced by the external magnetic field in thdotal magnetizatio; on the criticalB¢-T line presented in
vicinity of a phase transition can be described by Brillouin Fig. 3. The calculation confirms thBf™P =B while
function for S=1/2 the zero-field critical temperature is approximately twice
larger thanTy, observed in the experiment. This difference in
¢] ﬂBBic the temperatures can be considered as a.typ_ical _artifact of the
kT | (3.10  used mean-field approach. The magnetization jump on the
Blc critical line indicates that the system exhibits the first order

Bic is defined by Eq(3.9). In a further step the corrected data phase transition in the full temperature range. However, ex-

given in Fig. 2 were analyzed in the frame of the aforemenPerimental study of the specific heat performed in a wide
tioned model. temperature interval did not reveal the existence of two

peaks characteristic for a mixed phase present under the tri-
critical temperature. As can be seen from Fig. 3, qualitatively
good agreement between the theory and experimental data

Mean field models can be considered as suitable startingorrected for demagnetizing effects has been achieved down
points for the qualitative studies of the critical phenomenato T./Ty~0.6. The question whether the character of the
For this step we proposed a simple version of the mean fielphase transition really coincides with the prediction of the
approximation of the moddB.8) adapted from Ref. 32. The mean-field calculation has been the main subject of our
approach is based on the definition of the free energy densitylonte Carlo studies.

M( Bi: To)=M sattam‘(

B. Mean-field model
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FIG. 4. MC simulations of the temperature dependence of spe-
cific heat of S=1/2 Ising model on the rectangular lattice with
J;/kg=0.85 K andJ,/kg=—0.16 K inB|z. 24 28 32 36

InL

FIG. 5. The finite size dependence of a specific heat maximum
Monte Carlo(MC) single spin flip calculations have been Cma{L) in the magnetic field=0 (plus), 10 mT (cross, 20 mT

applied to perform a detailed analysis of the mo@e$) with ~ (asterisk, 30 mT (open squarg 40 mT (full square, 45 mT (open

the parameters given by Ed8.1),(3.3). The physical quan- circle), 50 mT (full circle). The inset shows that the specific heat

tity of the main interest is the specific heat calculated bycalculated forB=50 mT atT=0.756 K taken from the neighbor-

C. Monte Carlo results

using the fluctuation-dissipation formula hood of T, andL =8-40 is also logarithmic with respect Lo
T-T(L)|?
<E2>—<E>2 C(L,T)Zcma)&L)— W (3.15)
C=R——, (3.19
(kgT)?L? reflecting the rounding effects. The strength of the rounding

is characterized by the paramet®(L). The fitting was re-
where(- - -) means the ensemble averadg) is the mean Peated iteratively within the temperature rang&.(L)
energy of a lattice consisting &fx L spins, anRis the gas  —A(L), Tc(L)+A(L)) until the variations of the fitted
constant. The MC simulations were carried out for periodicTc(L), A(L), andCpa(L) reached a fixed point.

boundary conditions, various size lattices, frarw 10 up to The dependenc@p,,(L) vs L is the signature of the char-
L=50 and for various numbers of MC steps. The MC simu-acter of a phase transition; the second order phase transition
lation on the larger of the lattices comprisedk 50 initial-  leads to the logarithmic behavi@ry,(L)<In L whereas qua-

ization steps/spin to equilibrate the system. Consequently, dratic dependenc€,,(L) should indicate the presence of

X 10° steps/spin were done to calculate the statistical averthe first order transitiof® The logarithmic plot in Fig. 5
ages of interest. The MC simulations of the equilibrium tem-indicates that the transition is of the second order Bor
perature dependences were performed by startirff>et, <50 mT. The behavior oCma?<(.L) for Ia_lrgler field values is
from a randomly chosen spin configuration close to the paradot transparent due to prevailing statistical errors. The MC
magnetic state. Then the magnetic field was switched on angflculations performed for various revealed significant fi-

the system was cooled with a temperature t@pin a field-  hite size effects including the shift df.(L) towards lower
Coo“ng regime in the same Way as the experimenta| mea\lalues Wlth InCI’easmg. In the lelOWIﬂg, -f|n|te- Size Sca“ng
surements. The MC calculations of the temperature deperf Tc(L) was performed to obtain the estimation of the phase
dence of specific heat in the constant magnetic field revealediagram for the infinite system. The analysis@fa4(L) vsL

the presence of a phase transition from the paramagnetic infiependence suggests that at least for the lower fields the
the antiferromagnetically ordered state at the temperaturegXtrapolation
approaching the value of the pseudocritical temperature _
T.(L). The magnetic field varied from 0 to 60 mT. The ex- Te(L)=Tetb/L (3.1
treme rounding of specific heat maximum observed in thes justified. This formula involves two unknown parameters:
fields above 60 mT prevented us from further calculations irthe true critical temperatur&. and thermal coefficienb,
higher magnetic field$Fig. 4). The resulting points of the which is the measure of the shift of the critical temperature
B.-T. line were constructed in the similar way like the ex- for the finite system. However, the fitting @f.(L) can pro-
perimental diagram by taking the position of the specific heatide rather naive prediction if the number of lattices is small.
maximum and the corresponding magnetic field. The maxiTo avoid this problem, we have supplemented the scaling
mum C, L) and the position of the maximuifi.(L) were technique[Eq. (3.16] by the method in which the plot
obtained as parameters of the fitting procedure performed i€(L,T) vsL(T—T,) is used for the location of the truk;;

the critical region where the specific heat was approximatedinding this value requires that the specific heat peaks
by the phenomenological formula coincide near the critical regioffFig. 6).
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omT, SomT LomT linearity of the dependence clearly indicates the second order
character of the phase transitféfiFig. 5 (inseb].

The significant contradictions between the estimations of
T. yielded by Binder’'s cumulant technique and the previous
two methods were observed f8=60 mT. A complicated
crossing of the Binder’s cumulants appears close to the value
T.=0.45 K, whereas rescaling of the specific heat provides
T.=0.55 K. Inthe cas8=60 mT, the rounding of specific
heat peaks attains the resolution threshold. Thus, we tried to
analyze the numerical data by using the energy cumulant
method based on the definition of the quarftity

12

C
[L
Kmol
Ve=1 <E4> (3.18
2 E: - . .
3< E2>2
01234 01234 01234
(T-T(B))L [K] Contrary to our expectation of some anomaly, also in the

worst caseB=60 mT the careful analysis ofg in the vi-
FIG. 6. Specific heat vs scaled temperatfitle-Tc(B)]L in  ¢injty of the aforementione@.=0.45 K shows only small
constant magnetic field ca!culated for various lattices10 (plus), deviations of the order of 10 from the limiting value 2/3
L =16 (cross, L =20 (asteriskk andL =30 (dot squarg typical for the second order phase transition. The
coincidence is better for larger latticéiSig. 7).
Another subsidiary tool for the analysis of the position of | the following we attend to the investigation of the for-
critical points is Binder's cumulant techniq@@ln the case  mal resemblance between the specific heat maxima deter-
of the antiferromagnetic chainlike system, the suitable formmined experimentally and by Monte Carlo technique. As was

of Binder’s cumulant is mentioned above the width of the peaks is proportional to
A(L). In the case of the second order transition one can write

<Mgr> A(L)=cqy/L, wherecy is the universal constant independent

Uu=1-———5, (3.17  of the lattice size. The parametes was chosen here as a
My useful measure of the rounding effects of the Monte Carlo

specific heat data. The comparisoncgfandb indicates that

whereMg, is the staggered magnetization defined as an abrounding and shifting effects are of the same order in the
solute value of the difference of sublattice magnetizations iramplitude and increase with increasing magnetic field. The
two adjacent chains along tleaxis. In the case of the sec- comparison of these quantities with the width of the experi-
ond order phase transitiody,(L,T) is invariant under the mental peakdV, defined as the one at which the value of
change ol for T approachingl’. (Fig. 7). The application of  specific heat is 95% of its maximal val®,,, (see Fig. 8
Binder’s cumulant technique requires the special care in thehows the qualitative agreement. This similar behavior of the
interpretation of the cumulant crossings constructed for difMonte Carlo and experimental results is probably associated
ferent lattices. The treatment by, also requires better sta- with the aspect of the finite size effects in the former while in
tistics of the data compared to the statistics necessary for tht@e latter it corresponds to the combined influence of crystal
specific heat. It was found that a regular behavior oflattice defects due to the space distribution of local easy axes
Un(L,T) providing reasonable predictions comparable withand nonellipsoidal sample shape effects. The broadening pro-
the predictions from the specific heat requires the calculatiomounced in external magnetic fields higher than about 70 mT
of averages over fOMC steps/site. and critical temperatures under 0.75 (Rig. 8) indirectly

Using the estimation of . obtained by Binder’'s cumulant indicates that the system might be in a domain state, i.e., in
technique, the second order character of the phase transitioghese external fields the system wiil¥ 0 achieves so called
in B=50 mT has been verified; a temperatlirfom a criti-  mixed phase consisting of antiferromagnetic and paramag-
cal region around th&. has been chosen and the behavior ofnetic domains. According to E@3.9), the external field 70
C(T,L) vs InL dependence has been investigated. The goothT corresponds to the internal fieRl~45-50 mT which

U U Ve FIG. 7. (a) The temperature dependence of Bind-
0.57 - 0.6 0.666668 . L . T
b . b) er's cumulant inB=0 for various latticesl. =10
5 R, 05 X — (plus), L=16 (crossg, L=20 (asterisk, L =30 (dot
0.54 ' 0. square, L=40 (full square. (b) The temperature
04 _ dependence of Binder’s cumulant B+=50 mT for
051 B=50mT % 0.666664 : .
’ 0.3 ﬁ;-x ’ various latticesL. =10 (plus), L=16 (cross, L=20
LY * s66c6 (asterisk, L=30 (dot squarg (c) The temperature
0.48 = 0.2 0. 2
094 095 096 06 07 08 09 03 04 05 06 o7 dependence of the energy cumulantBr-60 mT
T[K) TIK] T[K] for various lattices.
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4.5 - - - - ™75 The analysis of the experimental and theoretical zero-
- — temperature value of the critical fieBl‘c’I suggests the pres-
/ / ervation of the correspondence between the 2D Ising model
30k J+ with the nearest-neighbor interaction and dipolar magnet
. / 2o with strong tetragonal distortion even in the presence of the
) /+ / E’ magnetic field applied along the easy axis. This conjecture
L +/ 2 has been supported by the analysis of the experimental phase
o 137 M—/‘/.,/ 2o diagram performed in the frame of the 2D Ising model with
bt E the nearest-neighbor interactions. Theoretical studies of this
| —— ! ' model using the mean-field approximation yield the predic-
0.0 . . . B@D |, 1, tion for theB-T phase diagram which qualitatively describes
0 30 60 90 120 150 the behavior of experimental data in lower magnetic fields.

B (mT) Monte Carlo calculations have been applied to elucidate the

FIG. 8. Magnetic field dependence of the shifting parambter order_ O_f the_ phase_transmons_ on the C_”t'ml'TC Ilne._The
(open squareand rounding parametes, (plus). External magnetic MC finite size scaling analysis unamb|guously confirms the
field dependence of the width of the peak in the experimental speS€cond order character of tli&-T, line at least up to the
cific heat of KEr(MoQ), (full square. The inset shows magnetic fields of 50 mT. The steep increase of thg, parameters
field dependence of the inversé dldength calculated af(L) for ~ and the inverse Na length in higher fields together with
various lattices = 10 (plus), L=16 (cros3, L=20 (asterisk, and  rising statistical errors coincides with the steep increase of
L =30 (open square the width of experimental specific heat peaks. This behavior

might indicate the vicinity of a tricritical point. Conse-
might indicate the vicinity of a tricritical point. This sugges- quently, the classical single-spin flip algorithm dynamics be-
tion is supported by isothermic measurement ofcomes extremely slow and not very effective even for
KEr(MoO,), magnetization alf=0.6 K in B|c, where a smaller lattices where the corrections to the scaling may be
metamagnetic phase transition has been obs&twéth the  of considerable importand&® In this region critical expo-
rough approximation of the critical field®,,,~70 mT and nents are affected, hence, MC studies of crossover phenom-
Bhigh=200 mT. The used temperature is rather low, so weena yield less reliable resuft®.Furthermore, as is demon-
can assum®,,,,~ Bg'. Since the authors in Ref. 33 did not Strated in the current work, the ignoring of the potential
perform any correction for demagnetizing effects, we cannogXistence of the first order character of the critical line can be
quantitatively compare their results with our MC predictions.@ source of disagreement between the estimations of true

We now address the question how the rounding and shiftcritical temperatures yielded by different methods.
ing are related to the corresponding spin configuration. We As was shown in Refs. 37,38 the algorithm working with
found that appropriate quantity proportional to the cross secspin cluster flip8’ or loops is more effective than the single
tion of 2D spin clusters of the studied antiferromagneticspin flip algorithm in the recovering of the first order line at
chainlike system is the ™¢ length I, introduced by low temperatures. We suppose that completion of the whole

the expression theoretical phase diagram of KEr(M@Q will require the
application of such efficient MC methods. As for the experi-
LxL -1 mental counterpart, the extension of the diagram down to
l,=L2 |_+<_21 50;1_ U-Z,-+1>> , (3.19  lower temperatures could be performed by experimental
ij= i i,

measurements of isothermic magnetization carried out on a

where the terms with the usual Kronecker's delta functionsample with a well defined demagnetizing factor. We expect
sum up the number of pairs of neighboring spins with thethat this complex study might support the suggestion that the
same projection; the pairs break the antiferromagnetic ordeifitical behavior of tetragonal dipolar magnet in the field

in the direction perpendicular to tieeaxis. The temperature Parallel to the easy axis resembles the behavior of 2D meta-
dependencé,(T) was calculated for various fields and vari- Magnet with the nearest-neighbor interactions. Similar fea-
ous lattice sizes. The rapid decrease of the quantity with thEires have been observed in the MC studies of Ising dynam-
increasing field observed on the criti@l—T,(L) line above ICS In dots of patierned magnetic materials in external
50 mT indicates the growth of paramagnetic clusfig. 8 ~ Magnetic field. The studies led to the conclusion that the
(insed]. Such development of spin structure corresponds td1volving of a long-range magnetic interaction of the type

the similar behavior of the rounding and shifting effects with N(M/M sa)” into short-range Ising system does not bring a
respect to the magnetic field. significant change in Monte Carlo relaxation dynanifts.
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