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The ESR line shapes @fH,),ZnCl, crystals doped with Mfi were studied in a range of temperatures from
160 to 80 °C. It was found that the crystal undergoes an incommensurate phase transition at 135 °C and an
incommensurate-commensurate transition at 92 °C. The form and temperature dependence of the ESR spectra
throughout these changes are in good agreement with the predictions of the phase-soliton theory. The param-
etersh;, and h, determining the variation of the resonant magnetic field show a power-law behavior as a
function of temperature. The critical expong®of this crystal was determined two independent ways to be
0.36+0.03. The soliton density does not change significantly during the whole incommensurate phase and
drops abruptly to zero at the incommensurate-commensurate transition, a behavior that is quite different from
those of other incommensurate systef®0163-182608)01614-2

INTRODUCTION structure couplingD is sensitive to the lattice deformation.
The principle values of thg andT tensors arg=2.004 and
The ferroelectric compound ammonium tetrachlorozin-T=97 G2

cate, (NH,),ZnCl,, undergoes a transition from an ortho- Therefore Eq(1) can be rewritten as
rhombic structure with space gro@éﬁ (Pnam) and unit-
cell volumeagbycy (Ref. 1) to an i_ng:ommensurate phase at H=gusS-B+D
about 133 °C and a second transition from the incommensu-
rate phase to the commensurate structure with space group 2
C3, (Pn21a) ?ng lattice constanta=4a,, b=bg, C=Co  The resonant field, is then given, to first order in the
(Ref. 1 at 92 °C? The incommensurate phase is CharaCte_r'crystal-field splitting, by
ized by the fact that the fundamental crystal structure is
modulated with a wavelength which is not commensurate 3
with the underlying crystal lattice constaat i.e., the ratio Bi=Bo+M T+ (2Ms—1)d, (©)
\/a cannot be expressed as a ratio of two integers so that the
translation symmetry is lost. In this phase, there is essentiallwhered=d, sir? 6 cos ¢-+d, sir? 6 sir? p+d. cos ¢ and 6,
an infinite number of physically inequivalent sites for the Zn ¢ are the spherical coordinates of the direction of the applied
ion to occupy. When Mf1" is substituted randomly for Zfi, ~ magnetic field in theD principle coordinate system, am,
each MR" experiences a slightly different environment dy, d. are the principle values db.
which is reflected in the electron-spin-resonance spectrum. The complete ESR spectrum consists of five groups of six
The observed ESR signal is therefore a superposition dines each. To maximize the sensitivity to variationdinve
many individual lines. This is in contrast to the high- analyze the shape of the line correspondingMe=5/2,
temperature case where the environment of each ion is ideM s=5/2 in Eq.(3).
tical, and the low-temperature commensurate phase where The modulation wave in the incommensurate phase is
there are four inequivalent sites. In this paper we present given byt
guantitative analysis of the ESR spectra which is in excellent
agreement with the predictions of the one-dimensional phase U=Ug cos ¢(X), (4)
soliton model.

+E(S-S)+TS 1.

1
S;—3S(S+1)

where ug is the amplitude of the distortion, or the order
parameter, andg(x) is a solution of the sine-Gordon

THEORY equatio
The spin Hamiltonian for the spiS=>5/2, Mr?* ion is d?¢ .
P p W:_az sSin(po). )
H=upgS-g-B+S-D-S+S-T-1, (D) The parameter ! measures the width of the soliton, apd

is the order of commensurability with=4 in the present
where the nuclear spih=5/2. Theg factorg and the hyper- casé? The resonant field Eq3) can be expressed as a power
fine coupling constanT are nearly isotropic, and the fine expansion in the modulation amplitude
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1 ESR spectrum of Mn?*
B,=Bo+h; COSH(X)+ 5 hy COF d(x)++ . (6) P

In the incommensurate phase, ef(%) varies nearly continu-
ously from—1 to +1, while in the commensurate phase, it
takes on discrete values.

The probability of finding a resonant signal at a magnetic
field B:f(B,)dB,, should be proportional to the probability
of finding an atom(or ion) with a particular displacement,
which is given byP(u)du=P(x)dx. SinceP(x) is uniform,
the probability distribution of resonant fields can be given by

const const
f(B)= dB,]  |(d¢/dx)(h;+h, cos ¢)sin ¢|’ ™
dx

whered¢/dx is obtained from the first integral of the sine-
Gordon equatior5):

12

do¢ a | , 1
&—2\/—5 5 +co§(§ p¢>) , (8)
where §°=(c—pa?)/2pa? andc is an integration constant,

c=pa’.

The parameteb is closely related to the soliton density
ng, which is generally defined as the ratio of the soliton
width to the intersoliton spacing, and which vanishes in the
commensurate limit and approaches one in the plane-wave
limit ¢(x)=kx. The relation between the two quantitie8 is

{ ! {
T T ¥

1500 2500 3500 4500 5500
T magnetic field (gauss)
ns=m, 9)
FIG. 1. Complete ESR spectrum of ¥ normal phase, witl
whereK (8) is the elliptic integral of the first kind defined by axis perpendicular to the applied magnetic field.

- —-1/2
K(5):J * de. (100  9ular dependence due to the position of the’Mrelative to
0

the four CI" ions. In Fig. 1, the magnetic field is perpendicu-

lar to thea axis of the crystal and the sample was rotated

around thea axis to a position so that the spectrum is well

resolved. On cooling below 134.8 °C, the resonant lines be-

come broader and eventually split into doublets. A least-
o squareqLSQ) fit of the experimental spectra to the theoret-

I(B)zf f(B,)L(B—B,,o)dBr. (11 ical line shapg11) was performed to extract the parameters
0 h,, h,, and § (Fig. 2). We noticed that the linewidth de-

The predicted line shapéB) depends on the parameters ~ creases slightly and the center of the IBgincreases as the
h,, h,, and &. By fitting the measured spectra to the line temperature goes down, and these parameters were included
shape(11), we can determiné1;, h,, and § and compare in the LSQ fitting. The temperature dependencépf h,,
them with the predictions of the phase-soliton model. andng shown in Figs. 3 and 4 clearly demonstrates that the
crystal undergoes two transitions, one at 134.8 °C from nor-
mal to an incommensurate phase and an incommensurate to
commensurate “lock-in” phase transition at 92 °C. The line
Single crystals ofNH,),ZnCl, doped with about 0.1% of shape was found to be very sensitive to the valuds, aind
Mn?* were grown by slow evaporation of an aqueous soluh,, but not very sensitive to the value 8fA 50% change in
tion at room temperature. The Mihsubstitutes randomly for & only gives about a 10% change in the simulated spectra
Zrn?* and is surrounded by four Clions. The crystals are when the value oBis in the range of 10*~10"3. However,
colorless and transparent. because is slowly varying withé for small § [Eg. (9) and
In the high-temperaturé¢norma) phase T>134.8°C), Fig. 5], this insensitivity does not prevent us from getting a
characteristic ESR lines of Mh were observed at a micro- reasonably good estimation fag. A constant initial phase
wave frequency 9.1 GHzFig. 1). The fine and hyperfine ¢y can be added t@ in Egs.(5) and(6), to which the line
structures of the spectrum are in very good agreement witshape is very sensitive in the low-temperature incommensu-
the Hamiltonian(1). The spectrum also shows a strong an-rate range. Its value was found to be zero for the best fitting.

1- sir 6

1
1+ 62

The line intensity profiles can be calculated by convoluting
the distribution of resonant fielt{ B,) with a Lorentzian line
shape of widtho:

RESULTS AND DISCUSSIONS
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FIG. 2. Experimental spectra plus four examples of line-shape simulation. The derivative of the observed ESR line intensity of the
highest field M, = —5/2, Mg=5/2, Eq(3)] hyperfine line in the spectrum of Mn is shown plotted as a function of external magnetic field.

In the critical region neail, the order parameteu, is

expected to vary with temperature ag~ (T,—T)?, which  —T), whereT, is the incommensurate phase-transition tem-
should be reflected in the temperature dependentg ahd  perature. The linear relationship between them indicates the
h,. Values ofg for other incommensurate crystals have beerexpected power-law behavior bf andh,:

reported: for REZnCl, B=0.35+0.03"°"° for Rb,ZnBr,

$=0.35+0.031° for KH,PO, 8=0.33+0.021* for ThBr,

B=0.34+0.02%2

In Fig. 6 we show Inf;) and Inf,) plotted versus I

hy=c,(T,—T)~, (12
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h1 & h2 vs Temperature Soliton density as a function of
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FIG. 3. Temperature dependence of paramédteandh, show-
ing incommensurate phase transition at about 134.8 °C. Values of S

h, are negative so absolute values are plotted in the graph.
FIG. 5. Relation between the soliton densityand the param-

h,=cy(T,—T)?~. (13 eter 8. The values ofé are extracted by the simulations of the
» ) . spectra, and the values of are calculated by Eq9).

The critical exponents3 and 28 are determined indepen-
dently form the slopes of the straight lines to be 3-3603
and 0.74-0.04. The uncertainty in the critical exponents is log(h1) & log|h2| vs log(Ti-T)

Soliton density vs Temperature
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FIG. 4. Temperature dependence of soliton density in the in- FIG. 6. Logarithm to base 10 of parametérs, h, plotted as
commensurate and commensurate phases. The incommensurdteaction of the logarithm of the temperature differente—T,
commensurate transition temperature is estimated from this plot tehowing the power-law behavior. The expong¢his determined
be 92 °C. from the slope to be 0.360.03.
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due mainly to the uncertainty in measurifg, which is of  lent agreement with the predictions of the phase-soliton

the order of+0.5 °C. theory. The parametets;, andh, determining the variation
Since we have established a multisoliton picture for theof resonant magnetic field show a power-law behavior as a

incommensurate phase, we would like to find the phase ofunction of temperature, from which the average vdlEgs.

the commensurate domains. In the commensurate domaing,2) and (13)] of the critical exponenf3 was found to be

we have, approximately 0.36+0.03. Here, the value g8 for (NH,),ZnCl, has been
do measured and reported. The value of the critical exponent
—“~0. (14)  that we determined for this particular crystal and the values
dx determined by other researches for other crystals of the
It follows immediately from Eq(5) or (8) A,BX, family and some crystals not belonging to theB X,

family'® are in very good agreement with tXeY model?>8

m 37 Our results also show that the soliton density does not
p=F— . (15 iqnifi i i
4 4 change significantly during the whole incommensurate phase
and this behavior is quite different from that of ZnCl,.*
CONCLUSION With a better temperature controller, our future work on this

particular crystal will focus on its critical behavior, espe-
Our results confirm the existence of a one-dimensionallycially on the temperature dependence of soliton density at
modulated incommensurate phaséNtH,),ZnCl,. The form  temperatures very close to incommensurate-commensurate
and temperature dependence of the ESR spectra are in excphase transition.
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