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Abstract

Doping of BaLiF; by rare-earth ions is considered using computer modelling
techniques. Solution energies for a range of possible doping mechanisms
are calculated, and predictions made of doping sites and charge-compensation
schemes. It is shown that there are definite trends going along the rare-earth
series. Comparisons with experimental measurements are made where these
are available.

1. Introduction

The incorporation of rare-earth dopants into BaLiF; is of interest because the presence of
these dopants can give rise to potential technological applications in solid-state laser and other
optical devices.

Experimental work on rare-earth-doped BaLiF; has included crystal growth studies of
Ce’**-doped and Ce**—Na* co-doped samples [1], EPR studies of Nd**-doped systems [2], and
optical and ESR studies of Ce**-doped systems [3]. An important aspect of this work is the
determination of the sites occupied by the dopant ions, which is still a matter of debate. For
example, in [2] it is concluded that Nd?* ions substitute at the Li site, while [3] suggests that
Ce’* ions substitute at the Ba site, while it might be expected that they would show similar
behaviour.

Computer modelling based on lattice energy-minimization techniques can be used
to provide useful information on the energetically favoured locations for dopant sites in
BaLiF;. Recent work by the authors on divalent-ion-doped BaLiF5 predicted that Pb>* would
preferentially substitute at the Ba site, while Co?* and Ni?* substitute at the Li site, with charge
compensation by Li/Ba substitution [4, 5]. This prediction was confirmed later by EXAFS
measurements [6]. The present paper applies the same strategy to rare-earth-doped systems,
with the aim of predicting the preferred location of the dopant ions.
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2. Methodology

The computational method employed in this paper is based on empirical potential fitting,
followed by lattice energy minimization, and calculation of defect properties using the
methodology of Mott and Littleton [7]. The approach will be summarized below; previous
papers contain more detailed accounts [4, 5].

2.1. Empirical potential fitting

The potentials used in this study use the Buckingham form, supplemented by an electrostatic
term:

V(rij) = qiq;/rij + Aexp(=rij/p) — Cr~°.

Here g; and g, are charges onionsi and j, and A, p, and C are parameters to be fitted. A shell
model is used for the fluoride ions, for which ionic polarizability is expected to be significant.
The ionic polarizability, «, is related to the shell charge, Y, and spring constant, k, by the
expression

o=Y*/k.

A potential was fitted to the structure and lattice properties of BaLiF3. A slightly different
approach was used from the previous papers [4, 5], in that the F-F interaction was represented
using a potential taken from a previous study [8], with the remaining terms in the potential being
fitted. Table 1 gives the agreement between experimental and calculated lattice properties,
showing that the potential gives a good account of the perfect-lattice properties. Table 2 gives
the potential parameters themselves.

Table 1. Comparison of experimental and calculated lattice properties for BaLiF3.

Property Experimental value  Calculated value
alA 3.995 3.995

Elastic constants

c11 12.98 12.98

c12 4.65 4.65

Dielectric constants

£0 11.71 11.70

£0o 2.25 2.24

Table 2. Interionic potential parameters for BaLiF3.

Interaction  Potential type  Parameters

Ba-F Buckingham A = 2190.01 eV, p = 0.3068 A
Li-F Buckingham A = 113.72 ¢V, p = 0.3654 A
F-F Buckingham A = 1127.7 eV, p = 0.2753 A,

(four regions) C = 15.83eV A,
r1=2.0A, rmin =2.795 A, rp = 3.031 A®
Feore—Fshenn  Harmonic Y=-159¢,k=2077eVA2

 r1, rmin, and r are the cut-offs for the four-region Buckingham potential.
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2.2. Defect calculations

As already mentioned, defects are modelled using the Mott-Littleton approach [7], in which
a spherical region immediately surrounding the defect is treated explicitly, and a continuum
approach is used for more distant regions of the lattice. In modelling the substitution of dopant
ions into the lattice, an important quantity is the solution energy, which is defined as the total
energy involved in the substitution of the dopant ion at a given lattice site, including charge
compensation where required.

All calculations were performed using the GULP code [9], which is a general-purpose
computer code for empirical potential fitting, lattice energy minimization, and defect calc-
ulations on solids.

3. Results

When the BaLiF; lattice is doped with rare-earth ions, there are two possibilities for the
location of the dopant ions, and several possibilities for charge compensation. In general terms,
substitution might occur at either the Ba or Li site, and in each case charge compensation is
needed. The possible schemes are given below:

(i) Substitution at the Ba site. Charge compensation can occur by (i) Li vacancies, (ii) F
interstitials, (iii) a Li at a Ba site, and (iv) Ba vacancies. In the case of Ba vacancy
compensation, it should be noted that one Ba vacancy compensates for two substituted
rare-earth dopant ions. In addition, each charge-compensation mechanism may have more
than one possible symmetry. The interstitial sites used are given in a previous paper [4].
The reactions describing the solution process are given in table 3.

Table 3. Reaction schemes for solution of rare-earth dopants in BaLiF5.

M3* at a Ba?* site M3+ at a Li* site

MF; + Bag, +Li; — (M§,-V],) + BaLiF; MF; + 3Lis; — (M{3-2V],) + 3LiF

MF; + Bag, — (M},—F)) + BaF, MF; + Lig; — (M{*-2F)) + LiF

MF; + 2Bag, + LiF — (Mj,,-Lif,,) + 2BaF, MF; + 2Bag, + Lir; + LiF — (M{$-2Lif,) + 2BaF,
2MF; + 3Bag, — (2M§,—Vi,) + 3BaF> MF; + Lig; + Bag, — (M{$-V},) + BaLiF;

(1) Substitution at the Li site. Charge compensation occurs by the same four mechanisms
as for the Ba site but for the first three possibilities, two compensating defects are
required per dopant rare-earth ion. However, in the fourth case there is direct charge
compensation. Again, there may be more than one symmetry for a given charge-
compensation mechanism. The reactions are also given in table 3.

(iii) Defect formation and solution energies. It is important to distinguish between the defect
formation energies and solution energies. The former energies only involve the creation
of the defect in the lattice. The latter, however, include all the terms in the thermodynamic
cycle involved when the formation process occurs. These are the important energies when
deciding which site and form of charge compensation occurs, and they are calculated from
the reactions given in table 3.

Table 4 contains the defect formation energies, and table 5 contains the solution energies.
The notation used in tables 4 and 5 for the different symmetries is explained in the appendix.
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Table 4. Defect formation energies (eV).
Defect La Ce Pr Nd Sm Eu Gd
Basic defects
Mg, —-2084 2113 -2140 2169  -21.72 223l —22.20
My —2647  —2742  -2836  —29.13  —3031 -3154  -3195
M].Safvii

—13.17  —1347  -1375  —1405  —1416  —1481 —14.76
M];a_Fi,
(300 —2298  —2350  -24.00 2449  -—2485  -2576  —2578
Gih —-22.98 -2291 —23.40 nc nc nc nc
GibH -2230  -2280  —2329 = -2375 —2416 2502  —25.10
M].Ba_Liéa
(100) —9.11 -945  —1020  -1003  —1013  —11.73  —11.69
(110) -9.27 -957  —1009  —10.14  —1003  —11.60  —11.84
(a1 -9.27 —9.56 —9.84 -998  -1016  —1059  —10.68
ZM.Ba_V;Ba
L(100) —24.18 2514  -2564 2645  —2773  —2850  —26.83
L(110) —2396  —2439  -2547 2619  -2562 = -2822  —28.14
L(11) 2384  —2439  -2491 —2546  —2546  -2662  —26.44
bl —2357  —2476  -2538  -2517 2537  —2836  —28.58
b2 —24.11 -25.02  —2578 2664  —2571 —28.71 —28.64
b3 2407  —2463  -2560 2640  —27.06  —28.65  —28.03
b4 —2409  —2464  -2574 2605  -2566  —2874  —28.89
b5 —-2393  —2448  -2535 2630  —26.66  —2669  —28.65
M2V,
L(100) 1142 —1237  -1331 —-1409  —1528 1651 -16.93
L(110) —1147  —1242  -1336  —1414  —1532  -1655  —16.96
L(11) —11.82  —1275  —13.68  —1445 1561 -16.83  —17.23
bl —1146  —1241 —1334  —1412 1533 -1655 1697
b2 —-1195  —1260  —1352  —1428  —1546  -1669  —17.10
b3 1424  —1362  -1566  —1629  —l6.11 -1737  -17.18
b4 —1256  —1329  —13.94 1484  —1586  —17.10  —17.47
b5 1193  —1285  -1376  —1453  —1569  —1691 —17.31
Mp$-2F]
L(300) 3276  —3345  -3413 3475  -3539  -3646 = —36.59
V1(300) —-3523  —35.99 nc —-3740  —3808  —39.22  —3935
V2(3 00) 3274 3346 -3413 3475  -3537  -3646  —36.59
L3 3276  —3345  -3413 3475  -3538  -3646  —36.59
VG ih —-3274 3343 —3412  -3473 nc —27.87 nc
LG1hH —-32.14 3495 3372 3441 -3516  —3631 —36.47
VG D —-3322  —34.00 nc —-3545 3617  -3734 37152
M}3-2Lig,
L —5.45 —6.28 -7.10 ~7.80 —8.79 -9.94  -1027
Vi —6.05 —6.78 ~17.52 -8.18 -9.07  —1018  —1048
V2 -5.25 —6.08 —6.90 -7.61 -8.62 -9.77  —10.11
MI.;_V/Ba

-1032  —1112  -11.92  —1261 —13.61 —-1476  —15.10
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Table 4. (Continued)

Defect Tb Dy Ho Er Tm Yb Lu
Basic defects
Mg, —-2220  -2247  -2221 —22.91 -2278  —2257  -23.05
M 3222 3311  -3054  -3391 -3453 3434 3536
M.Ba_vii

—-1480  -1517  -1462  -1568 1571  -1604  —l6.12
M.BafFi,
(300) -2585  —2637  -2538  —27.04 2710  -2406 = —23.94
Gih nc —26.35 nc —26.18 -25.29 nc —26.96
Gib -2521 —25.75 —2460  —2636  —2659  -2347 = -27.14
M].SafLiéa
(100) —-1224  —-1278  -1058  —1347  —1095  -1395  —1143
(110 1168  —1235  —1124  —1281 —-1293  -1316  —12.73
(atn —-1069  —11.02  -1065  —1065  —1126  —11.88  —12.46
ZM;Ba_Véa
L(100) —29.71 -3075 2876  —3212  -27.9 2793  -27.56
L(110) -2833  —2728  -27.59  -30.69  —30.11  -31.06  —31.88
L1 2646  —27.11 —2643  —28.09  —2804  —2880  —288l
bl -29.15  —3020  -28.19  -3032  —3L07  -3248 3225
b2 —-2883  —2978  -2800  -3136  -3136  -3150  —33.01
b3 2888  —2927  —28.09 nc —30.34 nc —32.50
b4 2659  —2992  -27.96  -3181 -28.09 3141  -28.83
b5 2824  —2904  -27.86  —28.14  —2808  —3215  —30.97
MJ-2Vy,
L(100) —-1720  —18.10  —1550  —1890  —19.53  —1933  —20.37
L(110) -1723  -18.12  —1554  —1893  —1955  -1936  —20.38
L1l —-1750  —1838  —1584  —19.8  —1979  -19.61  —20.62
bl —1724  —1813  —1557  —1894  —1957  —1937  —20.41
b2 -1737 1826  —1568  —19.06  —19.68  —1949  —20.5I
b3 —1744  —1833  —1580  —19.3  —1975  —1956  —20.58
b4 —-17.74 1862  -1609  —1942  -20.03  -19.85  —20.86
b5 —-1758  —1846  —1592  —1926  —1987  —19.69  —20.70
Mp$-2F,
L300 3673  —3740  -3586  —38.18  —385l -3867  —39.92
V1(}00) —-3949  —40.18  -3859  —4099  —41.19 = -4153  —41.86
V2(00) 3673  —3734  -3586 3892 3018 -394l ne
Ld1hH —36.73 -3740  -3586  —38.18 -3840  -38.67  —39.06
Vi h nc -29.21 —35.84 nc -3050  —38.64 nc
LD —36.62 —37.34 —35.63 —38.14 —38.38 —38.66 —39.06
viih —-37.64 3838  —36.67  —39.18 ~39.43 -39.74  —40.10
Mji-2Lig,
L 1049  —11.31 -9.07  —1208  —1260  —1252  —13.38
V1 —-10.69  —1147 -937  —-1223  —1271  -12.66  —13.46
V2 —-1034  —11.17 -889 1194  —1260  —1238  —13.26
Mi-Vg,

—15.33 —16.15 —13.89 —16.93 —17.47 —17.37 —18.25
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Table 5. Solution energies (eV)

Defect La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
M]‘}a_vii

230 246 262 276 286 311 316 320 336 451 354 359 369 3.76
M]'3a7F€
(300 310 3.04 298 293 277 277 276 276 278 436 280 281 628 6.55
315 310 363 358 nc nc nc  nc  nc 280 nc 366 463 nc 354
GiD 379 374 369 367 346 351 343 340 340 515 348 333 687 335
M]'SafLi;Sa
(100) 300 312 280 342 352 283 286 238 239 518 239 499 241 509
(110) 284 300 292 331 361 295 271 295 282 453 305 301 321 378
(arn 284 300 3.6 347 348 396 3.87 393 414 512 521 468 448 4.06
ZM.Ba_Vga

L(100) 219 216 235 239 195 247 331 194 196 355 197 451 457 490
L(110) 230 254 244 252 301 261 265 263 370 4.14 268 3.05 3.00 2.75
La1n 236 254 272 289 3.08 341 350 357 378 472 399 4.09 4.13 4.28

bl 249 235 248 3.03 3.13 254 243 222 224 384 287 257 229 256
b2 222 222 228 230 296 237 240 238 245 393 235 242 278 218
b3 224 242 237 242 229 240 271 235 270 3.89 nc 294 nc 243
b4 223 241 230 259 299 235 228 350 238 395 212 406 283 427
b5 231 249 250 247 248 338 240 268 282 4.00 396 4.06 246 3.20
Mi-2Vy

L(100) 937 8.87 837 804 7.04 672 630 6.10 575 894 564 508 571 4.82
L(110) 931 882 832 799 7.00 6.68 626 607 572 890 561 506 5.68 4.81
La1n 897 848 800 7.68 671 640 6.00 581 547 860 536 482 543 457

bl 933 8.83 833 8.00 699 6.68 626 607 571 887 560 504 567 479
b2 883 864 816 784 686 654 6.13 594 559 876 547 493 555 4.68
b3 6.55 7.62 6.02 583 621 586 605 586 552 8.64 540 486 548 4.6l
b4 822 795 774 728 646 6.13 575 557 523 835 511 458 519 433
b5 885 839 792 760 663 632 591 573 539 852 527 474 535 449
M} -2F;

L (% 00) 731 7.07 356 6.65 622 605 591 585 572 7.86 563 538 5.65 4.55
Vi (% 00) 4.84 453 nc 400 352 328 316 3.10 294 513 282 271 279 261
V2 (% 00) 733 7.06 682 666 623 605 592 586 578 786 490 471 491 nc

L(344) 731 707 356 665 622 605 591 585 572 7.86 563 549 565 541
VL) 733 709 684 667 nc 1464 nc  nc  nc 788 nc 1339 568 nc
L3415 793 557 362 699 645 620 604 596 579 809 568 551 566 541
V(4D 684 652 nc 595 543 517 499 495 474 705 463 447 458 438
Mi;-2Lig,

L 6.66 628 590 565 485 461 428 413 386 6.69 378 334 384 3.14
\Z! 606 578 548 527 457 437 407 394 370 639 3.63 323 370 3.05
V2 686 648 610 584 503 478 444 428 400 687 392 334 399 325
M-V,

516 481 445 420 340 3.15 282 266 238 524 229 184 236 1.63
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4. Discussion and conclusions

The following conclusions may be made about the results given in table 5:

(i) All the solution energies are positive, indicating that the rare-earth ions are not readily
soluble in the BaLiFj5 lattice.
(i) The rare-earth ions can be classified into four groups according to the solution energies:

e Group I, La—Nd. The lowest-energy process involves substitution at the Ba site with
Ba vacancy compensation, and the second lowest also involves substitution at the Ba
site but with Li vacancy compensation.

e Group II, Sm—Eu. The lowest-energy process is the same as for group I, but the
second-lowest-energy process changes to substitution at the Ba site with F interstitial
compensation.

e Group Ill, Gd-Th. The lowest-energy process is the same as for group I, but the
second-lowest-energy process changes to substitution at the Ba site with compensation
by Li-Ba exchange.

e Group IV, Dy-Lu (except Ho). Substitution at the Li site becomes more favourable,
and is the lowest-energy option for Tm and Lu, with barium vacancy compensation.

Ho has high energies for all processes, and is very unlikely to be dissolved in BaLiFs. The
lowest energies are as for group II.

(iii) In all cases there are a number of different types of defects with solution energies within
20%. Given this small difference in energy, it should be possible to have more than one
kind of charge compensation for a given rare-earth ion.

(iv) Finally, it is useful to make some comments concerning agreement with experimental
work on the subject. It is clear from the calculations, for example, that Nd** prefers
energetically to substitute at the Ba site, which is contrary to the results presented in [2].
However, using similar experimental techniques [1, 3], Ce3* is found to substitute at the
Ba site, a result confirmed by the calculations. In this regard, the calculations provide a
useful complementary source of information to experimental measurements.
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Appendix. Explanation of symmetry notation used in tables 4 and 5

In tables 4 and 5, according to the specific charge-compensation mechanism, different
symmetries of the defects are possible. These are explained below:

e My —F/. Here there are three possibilities depending on the position of the fluorine
interstitial.

e My, —Lig,. The three possibilities are related to the position adopted by the lithium ion,
assuming the rare-earth ion to be at (0 0 0).

e 2Mp, —Vy,. Eight possibilities are considered. In all cases the barium vacancy is at
(0 00). The first three are linear arrangements of the defect, while the remaining five are
bent arrangements. The numbers in the first three descriptions refer to the direction along
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which the defect is aligned. The bent configurations are defined as follows, where the
coordinates are those of the rare-earth cations:

bl 100 010
b2 110 —-110
b3 110 011
b4 111 —-111
b5 111 —-1-11.

M;2-2Vi,. The rare-earth cation is always at (0 0 0), and the two lithium vacancies are
arranged in the same manner as above.

Mp$-2F;. Seven different configurations have been considered. In the first three, the
fluorine interstitials are located at (% 0 0) or symmetrically equivalent sites. Of these
three, the first is a linear configuration and the other two are V-shaped, with the rare-earth
ion located in the (% % %) position. In the V-shaped configurations, one has the fluorine
interstitials in two different edges of the same face, and for the other one they are on
different faces. The next two configurations involve the second interstitial site, which is
at (% le }T). One of these is linear and the other is V-shaped. The last two are similar,
involving the third interstitial site at (% % %).

Mii—ZLi{ga. There are three configurations, one of which is linear, in the 1 1 1 direction,
and two which are V-shaped, V1 having the two lithiums on the same edge, and V2 which

has them on the face diagonal.
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